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Summary of the workshop

An international workshop entitled: ‘Modern Solar Facilities — Advanced Solar Science’
was held in Gottingen from 27 to 29 September, 2006. It took place in the new physics build-
ing located in the northern campus of the Georg-August-Universitit. The workshop was
attended by 88 participants from 24 different countries (see the list of participants, pp. 375—
381, containing the institutional addresses at the time of the workshop). With 11 invited
talks, 28 contributed talks, and 44 poster contributions the workshop gathered leading re-
searchers in the field and gave a broad overview of the current state of solar research.

The following three main topics were covered by the invited talks, contributed talks, and
poster presentations during the workshop:

1. Solar telescopes, instruments and techniques

This included space missions and ground-based facilities in operation and under de-
velopment, as well as new post-focus instrumentation.

2. High-resolution observations and results

This included high-resolution and high-precision solar observations, methods and re-
sults, including adaptive optics, image processing, spectroscopy and polarimetry, as
well as helioseismology.

3. Theoretical models, simulations, and interpretations

This included model calculations, inversion techniques, numerical simulations includ-
ing line formation, diagnostics with the Zeeman and the Hanle effects, and MHD
simulations.

Solar physics is developing at a fast pace. During the recent years we have witnessed,
and will witness in the years to come, observational facilities on ground and in space of
unprecedented potential. Large telescopes of the 1-meter class and larger are in operation
or will soon be commissioned (e.g. GREGOR, 1.5m). Most of the existing and newly-
planned ground-based solar telescopes are equipped with adaptive optics (AO). The design
and the planning for the Advanced Technology Solar Telescope (ATST) have reached a state
that it can possibly be brought into operation within the next five years. In 2006 the space
missions Solar-B (HINODE) and STEREO have been launched successfully. SUNRISE, in
its first stage a balloon experiment, shall follow within a few years. Likewise, on the side
of detectors and of data acquisition in general, we notice immense improvements. And last
but not least, new fast computing facilities including very efficient numerical codes allow
realistic simulations of processes of the Sun. All these developments permit an enormous
progress in solar science. Especially the understanding of small-scale dynamics on the Sun,
in the solar atmosphere, and in sub-photospheric layers, is rapidly growing.
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According to subject across the sessions, the workshop covered the scientific topics:

1. Solar interior and helioseismology
2. Solar photosphere and chromosphere, and their dynamics in quiet and active regions

3. Solar corona and solar wind, including flares, CMEs, and few stellar topics.

The invited keynotes gave a broad overview of various fields of research: future space
missions (Fleck), new solar facilities in the US (Denker), the construction of GREGOR
(Volkmer) and SUNRISE (Gandorfer), helioseismology (Roth), various new and important
techniques, viz. adaptive optics (Berkefeld), image restoration (Lfdahl), polarimetry (Col-
lados), research into faculae at the poles of the Sun (Okunev, not reprinted here), and more
theoretical aspects as line-formation inversion techniques (Ruiz Cobo) and solar MHD nu-
merical simulations (Steiner).

During the workshop as well as in these proceedings, poster and oral contributions were
treated on equal rights. There was ample time for a brief oral presentation of each poster
and for extended poster sessions during the workshop. Details for the workshop were made
available on the conference website, of which a trailer version may still be visited (for a
while): http://www.astro.physik.uni-goettingen.de/~solconf

The contributed talks and posters covered a wide variety of subjects. There were presenta-
tions on requirements for high-quality optics and spectrometers, instrumental improvements,
and intelligent data analysis. The attendants witnessed the increasing scientific potential of
(local) helioseismology to probe the interior of the Sun. Presentations on the solar granu-
lation, its interaction with waves and magnetic fields showed that this topic has remained
exciting and contains much physics not yet fully understood.

The magnetism of the Sun plays an important role in the dynamics of the solar interior
and atmosphere, as well as of stars in general. Thus, many contributions dealt with magnetic
phenomena on the Sun, with few contributions on stellar magnetism. The presented research
ranges from magnetic cycle variations to large-scale magnetic activity, from global properties
of the corona to magnetic fields in the corona, from their rootings in the photosphere to
prominences and coronal mass ejections (CMEs). The success of space research was further
underlined by works on coronal loop oscillations and stereoscopy of coronal loops.

Magnetic fields in the network and internetwork regions of the quiet Sun were addressed as
well as faculae on the disk, near the limb, and at the poles of the Sun. Quiet Sun observations
also dealt with chromospheric flows and spicules.

Certainly, many new, exciting, and high-quality results on pores and sunspots were pre-
sented. These included research into sunspot umbrae, flows and waves, magnetic fields,
and magnetodynamic processes in pores, sunspots, light bridges, penumbrae, and sunspot
surroundings. Observations of flares, representing violent magnetic processes, observed in
chromospheric lines, such as Ha, and in hard X rays and y rays, were also discussed.

With regard to the interpretation of spectroscopic and polarimetric data, fresh ideas of ra-
diative transfer have arisen. It was shown how small-scale, even sub-resolution, fluctuations
in temperature, velocity, and magnetic field can be treated and which diagnostic spectro-
scopic features would be appropriate to conclude, via inversion techniques, on the physical
properties of the solar atmosphere. Beyond Zeeman diagnostics, the Hanle effect allows to
scrutinize sub-resolution, fully entangled, weak magnetic fields.



Summary of the workshop 13

Last but not least, theoretical analyses and numerical modeling are contributing to the
rapid growth of understanding of solar dynamics. We learned about (magneto)convection
in granulation and mesogranulation, about the structure of umbral dots and the evolution
of pores, about the deep structure of sunspots, and waves in sunspots. And again, initi-
ated by observations from space, cyclotron waves in coronal funnels, magnetic processes in
nanoflares, and magnetic loop structures in general, are on the way of being understood.

The meeting went smoothly and, in the opinion of all we spoke, proceeded in a relaxed
atmosphere inviting for scientific discussions. Not all of the attendees could find the time
and ease to prepare a written version of their contribution. Some of the presentations were
combined by groups of authors to just one extended contribution. These are the reasons why
the present volume contains only 71 of the 83 papers presented during the workshop.

This workshop will, foreseeably, have been the last solar meeting under the present
structure of our institute, which originated from the Universitéts-Sternwarte (1816-2005):
There, the discipline of Solar Physics was once founded by eminent scientists like Karl
Schwarzschild (= 1910: Solar atmophere, solar corona, solar ballooning), Hans Kienle (=
1930: Solar radiation measurements, spectroheliographic techniques), Karl-Otto Kiepen-
heuer (= 1940: Solar activity, solar observations, UV spectroscopy), Paul ten Bruggencate
(= 1950), and Egon-Horst Schréter (= 1970), with solar telescopes at the Hainberg Observa-
tory (1944-2005), at IRSL/Locarno (1961-1983), and at Tenerife (1984—...).

We, the undersigned organizers and editors, have tried to compose these proceedings in a
reasonable sequence of topics, which was not always possible in view of the wide research
fields addressed by the various contributions. We have put efforts into careful refereeing and
correction, to our best knowledge.

The organizers acknowledge financial, technical, and logistic support by the following
institutions and company:

Deutsche Forschungsgemeinschaft,

Land Niedersachsen,
Georg-August-Universitit Gottingen,

Fakultét fiir Physik, Universitat Gottingen,
Firma SCHOTT AG/Mainz,

Institut fiir Astrophysik, Universitit Gottingen.

It is a pleasure to thank all those who have, by preparing the meeting, by attending the
meeting, and by sending written versions of their papers, contributed to the enjoyable, sci-
entifically valuable workshop. We appreciate the encouragement by all participants and
contributors, during the workshop and during the preparation of these proceedings. Special
thanks are due to Dieter Schmitt for his invaluable help in realising this book. And finally
we wish to thank the Universititsverlag Gottingen for publishing this book in its Scientific
Proceedings series.

Gottingen, 1 March 2007

F. Kneer, K. G. Puschmann, A. D. Wittmann
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Future solar space missions

B. Fleck

ESA Research and Scientific Support DepartmentNASA/GSFG, Greenbelt, MD, USA
Email: bernhard.fleck@esa.int

Abstract. The coming years promise to be the golden era of solar and heliosptgs@g, with
STEREO, Hinode (Solar-B) and SDO enhancing the current fleetaf space missions andfarding
new opportunities for improved understanding of the Sun-heliosplystera. Looking beyond that,
however, there is a significant gap until Solar Orbiter will be launched irbZ@early 20 years after
the launch of SOHO). This paper provides an overview of the nextrgéae of solar space missions.

1 Introduction

Space-borne observations from Yohkoh, SOHO, TRACE, and&$ihave produced stun-
ning results that have invigorated solar research andesiggld existing models of the Sun.
The next generation of solar space missions that includesddi (known as Solar-B before
its launch on 21 September 2006), STEREO (launched on 2%hé&cf906), SDO, Solar
Orbiter, Solar Sentinels, and other smaller, focused oisspromises to continue this “so-
lar renaissance” by providing the ability to investigatéasprocesses on their fundamental
scales, whether sub-arcsecond or global in nature, anddiggudew viewing angles — high
latitude, far-side, and out of Sun-Earth line viewing ashaslclose encounters.

2 Hinode

Hinode (“sunrise”, formerly known as Solar-B; Shimizu et 2002) is an ISAS mission
with US, UK and ESA participation as follow-on to the highlycgessful Yohkoh mission.
It was launched on 21 September 2006. The key scientific tigsoof Hinode are to study
the generation and transport of magnetic fields and thegriroheating and structuring the
chromosphere and corona, and in eruptive events and flates3-Bxis stabilized satellite
(total mass= 900 kg) was launched into a polar sun-synchronous orbitiwilnation 97.9
and an altitude of approximately 600 km. The nominal miséifetime is three years.

Hinode’s scientific payload comprises three instruments.th& heart of Hinode is a
diffraction limited 50-cm aperture Solar Optical Telescopel5@hich feeds a Focal Plane
Package (FPP) designed for high resolution photosphedachromospheric imaging and
spectro-polarimetry. In addition there are two coronatrinsents, the X-Ray Telescope
(XRT) and the Extreme-ultraviolet Imaging SpectrometdSjE

The SOT is the largest solar telescope launched into sppevides difraction limited
resolution from 3880 — 6600 A and feeds the FPP which consiste following three main
components:
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(i) a broad-band interference filter imager (BFI),
(i) a narrow-band tunable birefringent filter imager (NFI)

(iii) a spectro-polarimeter (SP), essentially a spaceioprsf the HAO Advanced Stokes
Polarimeter.

The image is stabilized to better than 0.02 arcsec over a&rfaom 0.02 to 20 Hz by a cor-
relation tracker and active tilt mirror. The broad-bancefibystem makes filfaction-limited
images with 0.05 arcsec pixels in the Ca Il H line, CN and G baads, and continuum
bands. Its maximum field-of-view (FOV) is 24608 arcset It has a common focal plane
with the narrow-band filter system, which makes filtergrafwsctor) magnetograms, Dopp-
lergrams, and Stokes images in several photospheric ibg$, and Hr. It has 0.08 arcsec
pixels and a FOV up to 16828 arcset The spectro-polarimeter makes vector magnetic
measurements from Stokes spectra of the Fe | lines 6301 &#63vith 0.16 arcsec pixels
and a FOV same as that of the narrow-band filter. The SP andifilegers can be used to
observe simultaneously on the same target region.

XRT is an enhanced version of the SXT instrumentvohkoh, providing coronal images
at wavelengths from 2 to 60 A. The image scale is 1 aypsesl which is a factor 2.5 better
than that of SXT, and it responds to a broader range of plasmadratures. XRT is a
grazing-incidence (Gl) modified Wolter | X-ray telescopg36 cm inner diameter and 2.7 m
focal length. The 20482048 back-illuminated CCD has 13:B pixels, corresponding to
1.0 arcsec and giving full Sun field of view. A small opticadetcope using the same CCD
provides visible light images for coalignment with the SOT.

EIS consists of a multilayer-coatedf-@xis telescope mirror (150 mm aperture) and
a multilayer-coated toroidal grating spectrometer. Itsusgo back-thinned CCDs with
13.5um pixels as detectors. The instrument includes thin-filmmihwm filters to reject
longer wavelength radiation, a slit mechanism and two hhokied CCD detectors at the
focal plane. Monochromatic images are formed either byeragj the solar image across
a narrow entrance slit or by using a very wide slit. The miaod spectrometer combined
have a spatial resolution capability of 2 arcsec while ttaepbcale is’/pixel. The spectral
resolution is good enough to allow the measurement of vigleai-3 kirys. Half of each op-
tic is coated to optimize reflectance at 170 — 210 A, and therdtalf to optimize reflectance
at 250 — 290 A. Each wavelength range is imaged onto a seeitethinned CCD detector
of high quantum ficieny (~ 80%) for the chosen wavelengths. The two wavelength bands
include emission lines formed over a temperature range foaghly 0.1 to 20 MK.

3 STEREO

The principal scientific objective of NASAs Solar-TErraat RElations Observatory
(STEREO; Kaiser 2005) is to understand the origin and caresgees of coronal mass ejec-
tions (CMESs). By using two identically instrumented spaeaéi¢ one drifting ahead of Earth
and one behind, it will provide new perspectives on the stinecof the solar corona and
CMEs. It will obtain simultaneous images of the Sun from tlve spacecraft and build a
3-D picture of CMEs and the complex structures around themvilllalso study the propa-
gation of disturbances through the heliosphere and tffiicts at Earth orbit. STEREO is a
multilateral international collaboration involving p&ipants from the United States, France,
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“B” Observatory

. Orbital View

> <A(PLAST|C

IMPACT

deployed boom——
IMPACT (LET,
HET, SIT)
SECCHI (HI)
S/WAVES
IMPACT antennas
e
(Magnetometer)
IMPACT
/ (STE-D)
« IMPACT
(SWEA)

Figure 1. Schematic view of one of the twin STEREO spacecraft. Each carriegfstuiument suites:
SECCHI, SWAVES, IMPACT, and PLASTIC.

Germany, and the United Kingdom. It was launched on a Delf@25-10L on 25 October
2006, and science operations started on 22 January 2007.

Each of the two spacecraft weighs approximately 620 kg aodges 540 W power. They
are separating from Earth at the average rate of 22.5 depeeg®ar (45 per year between
the two spacecraft). The nomincal mission lifetime is twarnge

The two spacecraft carry four identical instrument suitég.(1):

(i) SECCHI, the Sun Earth Connection Coronal and HeliospHerestigation, which
includes four instruments: two white-light coronagrapbsvéring the range 1.25-
4R,, and 2-15R), an EUV imager (full-disk, 1 pixels) and a heliospheric imager
(HI, an externally occulted coronagraph that can image #iesphere from 12 Rto
beyond Earth’s orbit)

(il STEREQWAVES (SWAVES), an interplanetary radio burst tracker thates the gen-
eration and evolution of traveling radio disturbances ftamSun to the orbit of Earth.

(iii) IMPACT, the In situ Measurements of Particles and CMEafisients investigation,
which measures the 3-D distribution and plasma charatitarisf solar energetic par-
ticles and the local vector magnetic field.

(iv) PLASTIC, the PLAsma and SupraThermal lon and Compasigxperiment, which
provides plasma characteristics of protons, alpha past@hd heavy ions.
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4 Proba-2

Proba-2, currently under development and due for launch ay B0D08, is the second in
ESA's series of small, low-cost satellites that are beirgglts validate new spacecraft tech-
nologies while also carrying scientific instruments. Pr@sadimensions are similar to a
washing maschine (8@0x60 cm). It will weigh about 120 kg of which 35 kg will be for
the payload.

The Proba satellites are part of ESA'S In-Orbit Technolognidnstration Programme.
Among the new technologies that will be demonstrated ondeare a new type of lithium-
ion battery, an advanced data and power management systemhjned carbon-fibre and
aluminium structural panels, new models of reaction whetds trackers and GPS receivers,
an upgraded telecommand system with a decoder largely ingpited in software, a digi-
tal Sun-sensor, a fibre-sensor system for monitoring teatpess and pressures around the
spacecraft, a very high precision flux-gate magnetometerxperimental solar panel with a
solar flux concentrator, a xenon gas propulsion system usiigtojet thrusters and a solid-
state nitrogen gas generator to pressurise the propetlakstand an exploration micro-
camera (X-CAM) with panoramic optics.

Proba-2 carries also four scientific experiments, two ofoltidre for solar observations,
the other two for space weather measurements. The first d&/Ad® (Sun Watcher with
APS detectors and image Processing), a small EUV imagedhlmsan df-axis Ritchey-
Chrétien telescope design, that will image a FOV of 54 arcmirheft million degree solar
corona. A spectral band around 17.5 nm will be selected byiaium filters and multilayer
coatings on the primary and secondary mirrors. A 20004 pixel CMOS APS detector
(instead of a more classical CCD camera), will be coated avithminescent phosphor coat-
ing to boost the EUV sensitivity. SWAP will be capable of higgidence (1 min) imaging
and will complement SOHE&IT and STEREZSECCHI observations.

The other solar instrument is LYRA (Lyman Alpha RAdiometeshich will measure
solarirradiance in four passpands relevant to solar plyspace weather and aeronomy with
a cadence of up to 100 Hz, using novel, solar-blind diamondatiers. The four channels
are i) Lyman-alpha, ii) the 200-220 nm Herzberg continuungga iii) Aluminum channel
including He Il at 30.4 nm, and iv) the hotter Zirconium chahn

5 SDO

The Solar Dynamics Observatory (SDO, Hathaway et al. 280thd first cornerstone mis-
sion in NASA's Living With a Star (LWS) programme, the goalsvafich are “to develop
the scientific understanding necessary fi@aively address those aspects of the coupled
Sun-Earth system that directlyfact life and society”. SDO’s objective in this programme
is to understand the nature and source of solar variabliay #fects life and society. Key
questions to be addressed by SDO are: What mechanisms deiggidisi-periodic 11-year
cycle of solar activity? How is active region magnetic fluxtesized, concentrated, and
dispersed across the solar surface? Where do the observatioverin the Sun’s total and
spectral irradiance arise, and how do they relate to the etagactivity cycle? Is it possible

to make accurate and reliable forecasts of space weathaliarate?

SDO (Fig. 2) will carry three instrument suites:
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Figure 2. Schematic view of the Solar Dynamics Observatory (SDO), which cathireg scientific
instruments (AIA, HMI, EVE - see text).

e The Helioseismic and Magnetic Imager (HMI), a high resalatihelioseismo-
graphivectormagnetograph that will provide stabilized 1"-regioin full-disk Doppler
velocity and line-of-sight magnetic flux images every 450ets, and vector-magnetic
field maps every 90 seconds. HMI has significant heritage fhen$OHO MDI instru-
ment with enhancements to provide higher resolution (&kg4k detectors), higher
cadence, and the addition of a second channel to provid&tules polarization mea-
surements.

e The Atmospheric Imaging Assembly (AlA) will provide coverof the entire visi-
ble solar hemisphere, observed from photospheric to cbtemgeratures, at 1 arcsec
resolution, with a characteristic cadence of 10 secondedoh channel. AIA com-
prises four dual normal-incidence telescopes with malgel optics that enable it to
cycle through a set of seven EUV channels centered on stmoigsien lines of iron
(ranging from Fe IX through Fe XXIIl) and Helium 1l 304 A, plus/o UV channels
near 1600 A and a broad-band visible channel. Each telesmoyains a 40964096
CCD camera system and has a 41 arcmin field of view.
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e The EUV Variability Experiment (EVE) will measure the solaUV irradiance with
unprecedented spectral resolution, temporal cadencaragg and precision. EVE
consists of three subsytems: The Multiple EUV Grating Sppecaph (MEGS) mea-
sures the 40-1200 A spectral irradiance with 1A spectradluéien and with 10-
second cadence. The Optics Free Spectrometer (OFS), lmxiimption cells, pro-
vides daily in-flight calibrations for the MEGS channels eEUV Spectrophotometer
(ESP) completes the spectral coverage at 1-50 A and 119DA.25ollectively, EVE
will measure EUV irradiance from 1 to 1250 A with 7% accuraoy &% long-term
precision.

Target launch date for SDO is August 2008. It will fly in an ineld geosynchrononous or-
bit, which satisfies the requirements for a high scientiftadate well in excess of 100 Mbps
and nearly continuous observations with a single dediagiteand station.

6 PICARD

PICARD (Thuillier et al. 2006) is a CNES microsatellite missto measure the solar di-
ameter, solar shape, solaffdrential rotation, and the solar constant over three years t
investigate the nature of their relations and their valitids. A key objective is to provide a
reliable measurement of the railé = g:g(f). The main instrument on PICARD is a 110 mm
telescope that will provide full disk images of the Sun on &2k CCD detector in 4 wave-
lengths bands: 230 nm, 548 nm, 160 nm, andLyn addition, it carries two instruments to
measure total solar irradiance and solar spectral irradian5 channels, including two UV
channels corresponding to the spectral domains imporantzbne photochemistry. Launch
of PICARD is planned for early 2009.

7 Solar Orbiter

7.1 Science goals

The top-level scientific goals of the Solar Orbiter missibig(3, Marsch et al. 2001, 2005;
Marsden & Fleck 2003) are to:

¢ Determine the properties, dynamics and interactions afnpéa fields and particles in
the near-Sun heliosphere;

¢ Investigate the links between the solar surface, coronararea heliosphere;

e Explore, at all latitudes, the energetics, dynamics anddaade structure of the Suns
magnetized atmosphere;

e Probe the solar dynamo by observing the Suns high-latitedi#, flows and seismic
waves.

To achieve these goals, Solar Orbiter will incorporate lzotiear-Sun and a high-latitude
phase. The near-Sun phase of the mission will enable theebdpacecraft to approach
the Sun as close as 48 solar radiD(22 AU) during part of its orbit, thereby permitting
observations from a quasi-helio-synchronous vantage fgoncalled co-rotation.). At these
distances, the angular speed of a spacecraft near its [i@nitag@proximately matches the
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Figure 3. Artist’s concept of the Solar Orbiter.

rotation rate of the Sun, enabling instruments to track argpoint on the Sun surface for
several days. During the out-of-ecliptic phase of the roissthe Orbiter will reach interme-

diate solar latitudes (up to 3%n the extended phase), making possible detailed studies
the Suns polar caps by the remote-sensing instruments.

Figure 4 shows the ecliptic projection of the spacecrafettary in a coordinate system
that is fixed with respect to the Sun-Earth line. It can be ghanthe full range of solar
longitudes is covered during the mission, including a nundiéfar-side” perihelion pas-
sages. This will provide excellent opportunities for caneded observations, in particular
with near-Earth observing platforms. It is also envisageddktve close coordination between
Solar Orbiter and the NASA Living With a Star Sentinels pagme whose Inner Helio-
spheric Sentinel spacecraft will have trajectories thatsémilar to the near-ecliptic orbits of
Solar Orbiter.

7.2 Reference payload

A summary of the Solar Orbiter reference payload is providehble 1. The reference pay-
load can be grouped into three main categories: a) In-Sdmiments; b) Remote-Sensing
instruments, constrained to follow a 1 arcsec, 1 meter pbpay (representing the spatial
resolution and maximum allowed envelope for the largestsyinc) Payload Support Ele-
ments (e.g. boom, doors and windows, etc.). The table rédeitse core payload comple-
ment, reflecting the science prioritization given by theeBice Definition Team. All figures
reported in the table include design maturity margins (ddpey on heritage). Detailed de-
scriptions of the reference instruments are given in théddayDefinition Document (ESA-
ESTEC, SCI-A2004175A0). The scientific requirements for the payload are givethan
Science Requirements Document (Marsden & Marsch 2005).

Currently, discussions are ongoing concerning the pdagibf joining Solar Orbiter and
NASA's Solar Sentinels to form a single collaborative psrgme. This would have potential
benefits for both missions, not only from a cost point of vibut, also scientifically, as there

of
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Cruise
Nominal
Extended

X (AU)

Figure 4. Spacecraft trajectory (cruise, nominal and extended phases) pilotiecbordinate system
with the Sun-Earth line fixed (2015 launch opportunity).

Instrument Mass [kg] Power [W]
a) In-Situ instruments

Solar Wind Plasma Analyzer (SWA) 16.5 155
Radio and Plasma Wave Analyzer (RPW) 13.0 7.0
Magnetometer (MAG) 2.1 15
Energetic Particle Detector (EPD) 9.0 8.5
Dust Particle Detector (DPD) 1.8 6
Neutron Gamma ray Detector (NGD) 5.5 5.5
Remote-Sensing instruments

Visible Imager & Magnetograph (VIM) 30.4 35
EUV Spectrometer (EUS) 18.0 25
EUV Imager (EUI) 20.4 28
Coronagraph (COR) 18.3 30
Spectrometer Telescope Imaging X-rays (STIX) 4.4 4
c¢) Payload Support Elements (PSE) 28.4 4
TOTAL 167.8 170.0

Table 1. The Solar Orbiter Reference Payload as given in the Payload DefinitioarDent.
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are clear synergies between the two projects. An elemehiegbtoposed collaboration is a
jointlaunch provided by NASA. A detailed technical evaloathas yet to be made, however,
and until this has been done, no firm decision can be taken.

8 Solar Sentinels

NASAs LWS Sentinels mission (Lin et al. 2006) is a multispaaétanission that will study
(1) the acceleration and transport of solar energetic gesti(SEPs) and (2) the initiation
and evolution of coronal mass ejections (CMESs) and integtiry shocks in the inner he-
liosphere. The full Sentinels program as described in tmiigas Science and Technology
Definition Team Report (Lin et al. 2006) comprises (1) a celtesion of four identically
instrumented Inner Heliospheric Sentinels to make insibasurements of the plasma, en-
ergetic particle, and fields environment as close to the Suh2b AU as well as multipoint
remote-sensing observations of solar X-ray, radio, gamagaand neutron emissions; (2)
a Near-Earth Sentinel in Sun-synchronous orbit for ullatiand white-light observations
of the corona; and (3) a Farside Sentinel in heliocentriit attil AU to measure the photo-
spheric magnetic field from positions 6 120 ahead of the Earth. Launch is envisaged
for the first half of the next decade (cf. Section 7.2).

9 KuaFu

KuaFu (Xia et al. 2007) is a Chinese space weather missioemtly under study. It would
consist of three satellites: KuaFu-A, KuaFu-B1 and B2. Ku#Fs the solar component
and would be operated in the Sun-Earth Lagrangian point lhllevB1 and B2 fly in polar
orbits around Earth. The mission is designed to explore stiddurbances and theiffects

on the near-Earth space. Launch of KuaFu is planned for tsiehi@if of the next decade.
The model payload of KuaFu-A includes a full-disk EUV and &ymager, a white-light
and Ly coronagraph, a hard X-ray ateray spectrometer, a total solar irradiance monitor,
and a particles and fields package.

10 Other solar missions in NASA’s S®C 2005 roadmap

NASA's Sun-Solar-System Connection Science and TechgdRamgdmap lists several other
solar missions:

¢ Near-term missions (launch planned by 2015)

— Solar Probe —a mission to understand the processes thalhbesalar corona and
produce the solar wind. It will carry a comprehensive suiftieitu instruments
as well as remote sensing instruments into the corona @enhat 4 solar radii).

¢ Intermediate-term missions (launch planned between 20d%2825)

— Doppler - a mission to study the physical mechanisms of mass dind en-
ergy release in the solar atmosphere. The model payloaddieslUV and EUV
spectrometers and images and a filter magnetograph forcsurfagnetic field
measurements.



26 B. Fleck: Future solar space missions

— Solar Polar Imager - a mission to measure the Sun’s polar etiagfeld and
polar flows, and to image globaifects of CMEs and the evolution of the full
3D corona. It will require solar sail technology to get int6@ inclined orbit at
0.48 AU.

— Telemachus - another polar mission, but on a ballistic ¢tajg with Jupiter
gravity assist. The final orbit would be a @25 AU orbit at 90 inclination
with a period of 1.5 years.

e Future missions (launch planned after 2025)

— Reconnection and Microscale (RAM) - a mission for ultrakhifP.02 arc-
seg¢pixel) EUV coronal imaging and high resolution (0.1 arcded\/UV spec-
troscopy.

— Magnetic Transition Region Probe (MTRAP) - a “super-Hinbdéth a 6 m
optical telescope and high resolution (IBlJV imagers and spectrometers.

11 Conclusions

The vast domain from the solar interior to the heliopausehghly complex physical sys-
tem, linked to the Sun by its magnetic field and expanding aphere, the solar wind. To
understand the complex structure and dynamics of the Slindgbere system requires a
multi-spacecraft approach that combines high resolutlmseosations, both remote sensing
andin situ, with observations from multiple viewing angles and front-ottecliptic vantage
points. The missions described above represent an exdidagof solar space missions.
The multiple technique, multiple vantage point approadhapien up new areas of research,
expanding considerably from our near-Egetiiptic view, and will provide crucial new in-
formation for solving some of the long-standing scientifiegtions about the nature of our
daylight star and its influence on Earth.
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Abstract. LYRA, the Lyman« radiometer, is a high—cadence (100 Hz) solar VUV radiometer which
will measure disk—integrated irradiances in 4 wavelength channelsiabpetphasis is given on novel
detectors based on diamond which will be tested for the first time in spagekifids of detectors are
employed: MSM- and PiN-type detectors. Their particular advantageareu to silicon detectors
lies in their solar blindness with a YMisible reduction ratio of at least four orders of magnitude, which
simplifies the design of UV instruments.

1 Introduction

Three areas of research are particularly dependent on onimigitthe UV solar irradiance:
since the solar UV irradiance is the main source of energypsitarl in the Earth’s atmo-
sphere and governs its thermal and chemical structurepviges valuable data for atmo-
spheric studies, e.g. in investigating its ozone balangmi@a et al. 2004). It is also a
main indicator for the radiation and particle environmenspace ('Space Weather’), im-
pacting Earth orbiting satellites, ground-based telecamioation, and other technologies.
Last but not least, it is a main source of information aboutsptal processes on the Sun
itself. Past, present and future missions dedicated to sad@iance monitoring all show a
particular strength in terms of wavelength coverage, spesolution, cadence, time cov-
erage or mission lifetime (for an overview, see Table 1 inthéatez et al. 2006). LYRA will
be unique in adding the capability of very high cadence measents, aiming at a highest
possible cadence of 100 Hz, i.e. providing a set of measurenavery 10 ms. As LYRA
will regularly monitor solar eclipses, it will also scan thertical absorption profile of the
Earth’'s atmosphere, where high cadence translates ingghaspatial resolution.

A main driver of the mission is the first time use of novel diardghotoconducting and
semiconducting technologies in space. Together with atistruments, most notably SWAP
('Sun Watcher with APS detectors and image Processing’gtBeans et al. 2006) which
will provide EUV images, LYRA is part of the Proba2 (projedrfon-board autonomy)
spacecraft of the European Space Agency (ESA), a missioacaahdemonstrating novel
space technologies and due for launch in late 2007.

This proceedings paper gives a short description of theionisend diamond detectors.
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Collimator assembly Precision apertures Dretector bead

View-luniling apertue Fillers Calibrition LEDs

Figure 1. Sketch of a LYRA unit with 4 wavelength channels (left) and photograpthefLYRA
instrument and its 3 radiometer units (right).

More detailed information and a complete list of publicatican be found on the web-site
at http//lyra.oma.be.

2 Instrument description

LYRA will measure the disk—integrated solar irradiancedarfwavelength bands: 1-20 nm
(Zirconium filter channel), 17-70 nm (Aluminium filter chaglly 115-125 nm (Lye: line),
and 200-220 nm (Herzberg continuum). The spectral filterstrattances are plotted in
Fig. 2. LYRA consists of three almost identical units (theyyohave minor diferences in
detectors, see Sect. 3) of which any two can operate sinadtesty. This allows an in-
tercomparison of the performance of each unit for calibrapurposes, and monitoring of
eventual degradation with time. UV LEDs in each unit provédiglitional calibration. Fig-
ure 1 shows a sketch of one unit, consisting of collimatomB+precision apertures, filters,
detectors and calibration UV LEDs, together with a photpgraef the assembled instrument
with all three units. Detectors are designed and fabricat®lgium by IMOMEC together
with the National Institute for Materials Science (NIMS)Tisukuba, Japan. The optical,
electronical and mechanical design is provided by the Rhjisth-Meteorologisches Ob-
servatorium Davos (PMOD) in Switzerland. The unobstruéigld of view is 2.06 deg on a
circular detector sensitive area with 4.2 mm diameter.

3 Diamond detectors

Key elements of the LYRA design are novel solar—blind detescbased on diamond. Solar
blindness stems from the fact that diamond is a wide bandg@cenductor with a gap en-
ergy of~ 5.5 eV at room temperature. This translates into afateavelength in sensitivity
of ~ 225 nm. The detector response has g\iible ratio around that cuf-wavelength
of more than 4 orders of magnitude, resulting in a high réaliabardness - see Fig. 2 for
typical spectral detector response curves. This is an aagarfor the instrument design, as
filters for the sole use of blocking the unwanted visible atidn are no longer necessary.
Furthermore, diamond detectors do not need to be cooledtaeenoise. Next to a few
silicon detectors for comparison purposes, LYRA is equippéth two kinds of diamond
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Figure 2. Spectral response of a typical MSM and PiN diamond detector (upp8rasid spectral
characteristics of the filters used in each LYRA unit (lower plot). Shadeasa UV spectra for solar
minimum and solar maximum for comparison (no scale, source: TINHHE-experiment).
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Figure 3. From left to right: photograph of an MSM detector; closeup showing tffe{/Nu contacts
which are on a 5 V potential fierence causing a photocurrent due to electron-hole pairs created by
incident UV light; photograph of a PiN detector; schematic representdtmmisg the p, i and n layers.

detectors: photoconductor (metal-semiconductor-metdlSM) and photodiode (PiN) de-
tectors. Figure 3 shows photographs and sketches for bods tyf detectors.

The signal stability, linearity and spectral responsivfyboth kinds of detectors have
extensively been studied by BenMoussa et al. (2006a,b edacences therein). All detectors
show a good signal stability over extended periods of tirredgal 1000 s in the experiments
undertaken) and an instantaneous response to changegam flna with the exception of a
few individual MSM detectors where the detector signal gedly builds up after switching
on a UV source (Fig. 4). This is probably due to chemical intps or structural defects and
is under further investigation. Detectors for LYRA are tisesected individually in order to
guarantee the best possible response and stability. Btebtdetypes deviate slightly from
linearity (Fig. 5) which is physically explained in BenMaaset al. (2006a,b). These papers
also provide measurements of the spectral responsesdktypgponses are given in Fig. 2)
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Figure 4. Normalized signal vs. time for some individual MSM and PiN detector ifiput beam
was switched on andfbapprox. every 1000 s. The plot demonstrates the necessity of individu
testing: while both PiN detectors shown here (#11 and #12) operatecthertbe particular MSM
detector in this example (#11) exhibits an inert response to changestonghex.
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Figure 5. Measured photocurrent vs. incident radiant power at 121.6nnMMe&t) and at 200nm
(both MSM, left, and PiN, right). MSM behaves slightly sublinear, and Pihabes slightly superlin-
ear. Insets: responsivities, slightly dependent on incident powbr@ud superlinearity).

along with fits to theoretical models, and detector flatfields
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Abstract. In this review, we present the status of new ground-based facilitiepfaraband radio ob-
servations of the Sun in the United States. The 4-meter aperture Advaeciadology Solar Telescope
(ATST) under the stewardship of the National Solar Observatory (N@©¥uccessfully completed its
design phase and awaits funding approval. The 1.6-meter apertur&dlar Telescope (NST) at Big
Bear Solar Observatory (BBSO) is currently under construction. Gammgnting these optical tele-
scopes is the Frequency Agile Solar Radiotelescope (FASR) — an insirfmnelynamic broadband
imaging spectroscopy covering a multitude of radio frequencies froml8@ to 20 GHz. Imaging
spectroscopy and polarimetry are common features of these teleseapieh will provide new in-
sight regarding the evolution and nature of solar magnetic fields. Hgfluton observations of solar
activity, bridging the solar atmosphere from the photosphere to the @owait be obtained with a
dedicated suite of instruments. Special emphasis of this review will berptiteointerplay between
instrumentation and scientific discovery.

1 Introduction

Astronomy, astrophysics and solar physics in the UnitedeStare periodically evaluated
by panels of the National Research Council (Parker 1998; &éc¥ Taylor 2001; Lanzerotti
2003). In the latest review, the Panel on the Sun and HelergpRhysics as part of the Solar
and Space Physics Decadal Survey (Lanzerotti 2003) idehtfind prioritized four science
questions for new research initiatives in solar and heliesp physics: (1) What physical
processes are responsible for coronal heating and soldragiceleration, and what controls
the development and evolution of the solar wind in the inrestrineliosphere. (2) What
determines the magnetic structure of the Sun and its ewoliti time, and what physical
processes determine how and where magnetic flux emerged&oeath the photosphere?
(3) What is the physics of explosive energy release in the stfaosphere, and how do the
resulting heliospheric disturbances evolve in space amel?i(4) What is the physical nature
of the outer heliosphere, and how does the heliosphereaattetith the galaxy? The unique
combination and research thrusts of the three U.S. groasdéinitiatives FASR (Gary
2003; Bastian 2003), NST (Denker et al. 2006), and ATST (Rétenet al. 2003; Keil et
al. 2004a; Oschmann et al. 2004; Rimmele et al. 2005; Wagdradr 2006) in collaboration
with many other national and international programs wiltlaabtedly advance solar and
heliospheric physics across this broad theme in the yearsrtee. These major initiatives
are also well-aligned with current and future space mission
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Before discussing these major projects in detail, some efather U.S. ground-based
projects should briefly be mentioned. The Global Oscillatitetwork Group (GONG, Har-
vey et al. 1996) is a world-wide network of six observingistas to study the internal struc-
ture and dynamics of the Sun using helioseismology. In@aetr, the Sun’s “five minute”
oscillations are determined from line shifts due to the Depeffect, which are measured in
the Nil line at 676.8 nm with a polarizing Michelson interferomet&ynoptic Optical Long-
term Investigations of the Sun (SOLIS, Keller et al. 2003) synoptic facility to understand
the solar activity cycle and monitor solar irradiance clemgThe SOLIS instrument suite
consists of a Vector Spectromagnetograph (VSM), a Full Biakol (FDP) instrument and
an Integrated Sunlight Spectrometer (ISS). Another insémnt for synoptic studies of the
Sun is the Optical Solar Patrol Network (OSPAN), formerhowm as the Improved Solar
Observing Optical Network (ISOON, Neidig et al. 1998). OSR#ata products includedrd
He1 1083.0 nm and red continuum full-disk images as well as difisight magnetograms
inthe Cal line at 612.2 nm. Future instruments include the Coronai9dhgnetism Obser-
vatory (COSMO), a meter-class coronagraph, which has begroped by the High Altitude
Observatory. COSMO would replace the existing Mauna LoarSdbservatory operated by
the National Center for Atmospheric Research.

2 Frequency Agile Solar Radiotelescope

FASR (Figure 1) is an instrument — — IR
dedicated to solar observationw

with a field-of-view encompass-
ing the entire solar disk. Broad
band imaging spectro-polarimetr
will be used to study the solar s
atmosphere (White et al. 2003
from the middle chromosphere tg
the corona (about one solar radiu
above the surface). The FASR
array is a three-armed logarith
mic spiral with self-similar scaling
containing a total of 200 individ-
ual antennas. The array consist
of 100 antennas with dish sizes o
2m, 60 antennas Wit_h d_iSh _sizes Ofigure 1. Frequency Agile Solar Radiotelescope.

6 m and 40 log-periodic dipoles.

The longest baseline is about 5 km. Thus, a roughly circulea avith same diameter is
required for the future FASR site. Other site charactessinclude low levels of radio
frequency interference (RFI) over the entire band from 50z2Mé1 20 GHz and a benign
environment to minimize corrosion and ease maintenancey(&#&eller 2003).

The array will observe low frequency radio emission from 568120 20 GHz, which
originates predominantly in the solar corona. Bremsstradlor free-free radiation, gy-
rosynchroton radiation and plasma radiation are the thest important emission mecha-
nisms in this frequency range. The lower frequency bounidasipse to the electron plasma
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frequency of the ionosphere above an observer. Thus, itegefire observing window for
ground-based radio observations.

The Sun’s radio signal is highly variable. The brightness d@ange by orders of magni-
tude on extremely short time-scales. Therefore, FASR hegrtine a large dynamic range
with high temporal resolution. The time resolution is abbditms from 100 MHz to 3 GHz
and about 100 ms for frequencies larger than 3 GHz. The sppeesolutionAA /A ranges
from 0.1% in the low frequency part to 1% in the high frequepayt of the spectrum.

The instrument has the ability to measure the full StokesowvekElowever, the Stokdsand
V components are more important, since strong differentishdiay rotation in the corona
will obscure any intrinsic linear polarization measuredSitmkesQ andU. True coronal
magnetograms are the end product of imaging spectro-pwtny with FASR. Another ac-
cess to coronal magnetic fields is given by optical obsermatin the near-infrared, which is
one of the ATST’s main objectives.

One of FASR'’s science goals is to obtain a more detailed staleding of the elusive
nature of solar radio bursts (Bastian 2004). The charattdredoursts strongly depends on
frequency. The duration of radio bursts is relatively slasting only about 5 min to 15 min.
Bursts below about 3 GHz are characterized by a frequenélyatihe emission with time,
usually from high to low frequencies. For example, the feaggy drift is much faster for
Type Il than for Type Il bursts. The cause of Type Ill radia$tg are beams of non-thermal
electrons with energies in the range from a few to 100 keV. diopagation speed of elec-
trons in the beams can reach a few tenths of the speed of lligbdntrast to these emissions,
the dominant emission mechanisms for Type IV radio burgpksma and gyrosynchroton
radiation. The various forms of broad-band emissions guE&jly associated with flares.
Type Il and IV radio bursts and CMEs are closely associateakt EME-driven or flare-
associated ejecta and blast waves such as Moreton or ElTsypawduce shocks, which in
turn are responsible for Type Il radio bursts.

The physical conditions near the energy release site caocdessed by radio observations
(see e.g., Gary & Keller 2004, for a detailed introductiorstdar radiophysics), since they
can accurately measure the plasma and gyrosynchrotoniocadigoduced by non-thermal
electrons. The interaction of electron beams with a fixedteda number density at a given
location can be studied with imaging spectroscopy. Imagespted at different frequencies
contain the information on the electron beam trajectorythincase of decimetric Type 1lI
radio bursts, it allows to discern between upward and dowtwaam trajectories. Thus,
energy release sites can be connected to beam trajectodet aoronal magnetic field
topology, which yields a comprehensive picture of eruptilenomena in the chromosphere
and corona.

Advances in broadband devices, digital circuitry and cotimgupower have made FASR
feasible. These technological innovations have playedadnee critical role in solar radio-
physics as advances in adaptive optics (AO) for opticabtelpes. Several key FASR com-
ponents are currently being developed, which include som®iyping efforts to mitigate
risks. These studies are funded as PI-type grants to ingiVidembers of the FASR project.
The overall design and development (D&D) is funded by theakabed Instrumentation and
Technology program of the Astronomical Sciences Divisid8T) within the National Sci-
ence Foundation (NSF). Several strategies are invedtigatbow to implement FASR, once
the D&D studies are successfully completed. One optionlsitiol a scaled-down prototype
with about 10% of the antennas, which could be funded witHBFMST.
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3 New Solar Telescope at Big Bear Solar Observatory

The proximity of the Sun allows
us to study surface structure in
fine detail. Even if observed
with the largest telescopes, al-
most all of the other stars re-
main point sources. The recent
quest for solar telescopes with
apertures larger than one me-
ter can be traced to two techno-
logical breakthroughs: solar AO
(Rimmele 2000) and an open/
telescope design and its firsf
successful implementation, th
Dutch Open Telescope (DOT,
Rutten et al. 2004). These ad-
vances in technology help togjgyre2. New Solar Telescope at Big Bear Solar Observatory.
overcome the limitations posed

by Earth’s turbulent atmosphere. Observations close tdiffi@ction limit of this new
generation of telescopes are now feasible and will provigefitst glimpse at the intrinsic
scales of magneto-convection, which are only 100 km or lagk® solar surface.

NST (Figure 2) is a 1.6-meter, off-axis Gregory-type tetgse replacing a number of
older solar telescopes at BBSO. The project is a collabmrdietween BBSO, the Korean
Astronomical Observatory (KAO) and Institute for Astronpat the University of Hawai'i.
All major contracts for design and fabrication of NST are iage and construction of com-
ponents is well underway. BBSO is ideally suited for campsstyle solar observations.
NST will provide unprecedented time series with high spatia high temporal resolution.
Both are required to follow the dynamics of active regiond aruptive phenomena on the
Sun. Synoptic observations and space weather-relate@stouave historically been one of
the research focusses at BBSO (Gallagher et al. 2002).

The old metal dome at BBSO was replaced in March 2006 withgeetaone of 10 m diam-
eter, 5/8 fiberglass sphere manufactured by MFG Ratech. @s$igrdis based on the dome
for the Southern Astrophysical Research (SOAR) telescdpeaf et al. 2000). Fourteen
vent gates with automated, proportional positioned dampes spaced around the equator
of the dome to control the air flow across the open structuesd¢epe. DFM Engineering
supplies the equatorial mount, telescope tube, primaryom{iM1) cell, positioning actu-
ators and M1 supports, the optical support structure, pmjrcontrol system, mounts and
mirrors for M3 through M5, and M1 handling equipment. An ulai@ed system was de-
veloped to meet the overall mass requirement imposed byxiséng pier. Unbalanced
moments are taken up by the declination (DEC) drive systehe Center-of-gravity about
the right ascension (RA) axis will vary with RA position. Bhwill be compensated by a pair
of moving 1/2 ton counter-weights located in tubes near tRERxis (see Figure 2).

M1 has a 1.6 m clear aperture (1.7 m Zerodur blank with 10 coktigss). The telescope
optics are based on a Gregory-type design with two addititetamirrors to direct the light
into the declination and coédaxes, respectively. The Mfl-ratio is f /2.4 corresponding
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to a focal length of 4.1 m. The findl-ratio in the Gregory focus i$/52 and the effective
focal length of the telescope is 83.2 m. The Steward Obsamvat the University of Ari-
zona is polishing M1 and is developing computer-generatédgnam techniques required
to produce 8.4-meter aperture, off-axis mirrors. M1 is asbidle test project for the Giant
Magellan Telescope (Martin et al. 2004).

In addition to a large-aperture telescope, dedicated foosis instruments have to be de-
veloped to exploit the capabilities of the new telescopee NST post-focus instruments
were tailored towards space weather and solar activityietude., preference was given to
obtain high spatial and high temporal resolution data. Tevaging vector magnetographs
for the visible and near-infrared wavelengths regions areeatly being developed (Denker
et al. 2003a,b) and have produced first science results. fswagrating spectrograph with
higher spectral resolution will be built by KAO. These instrents benefit from a high-order
AO system, which was developed in a collaboration betwee® [d8d BBSO (Rimmele
2000; Didkovsky et al. 2003; Ren et al. 2003; Rimmele et aD4&). According to the
ATST site survey (Hill et al. 2004, 2006), the median Friedapaeten at BBSO is about
6.0 cm, with about 1000 hours per year when the Fried paramgéxceeds 7.0 cm. This
indicates that AO-corrected data will be available for sabgal periods of time. The special
location of BBSO inside Big Bear Lake results in an almostgtafile of the Fried param-
eterrg with time. Thus, AO-corrected observations can be obtafr@d sunrise to sunset.
As far as imaging is concerned, even higher correction caacheved by combining AO
and post-facto image correction (Denker et al. 2005). Gamgig that image restoration is
no longer limited by computing resources (Denker et al. 208itjh-resolution observations
can be routinely obtained, which is a necessity for spacehegeanonitoring and forecast.

4 Advanced Technology Solar Telescope

The ATST (Figure 3) is a 4-meter aperture, all-reflectind;asis Gregory-type telescope
with integrated AO. In 13 reflections, the light is directedat 16.4 m diameter, co-rotating
couck optical laboratory. The light path includes an upgradeoaptor multi-conjugate
AO (Berkefeld et al. 2006; Rimmele et al. 2006). The telescdplivers a 300 FOV to
the Nasmyth observing station, which is unvignetted oved’24The FOV at the coual
observing station will be reduced to 120 120’ to ease the optical design of the post-focus
instrumentation and to achieve a Strehl ratio of 0.8 acios®htire field. The polarization
and calibration optics are integral parts of the ATST lodatethe Gregory observing station
and serve all post-focus instruments. The d@uogtical laboratory provides ample space
for multi-instrument set-ups and flexibility to integrateen instruments. The ATST project
includes four facility-class, first light instruments (Rimele et al. 2004b).

The Visible-Light Broadband Imager (VBI, Uitenbroek et 2006) combines high-order
AO with image restoration. Two channels, covering wavellkerrggions in the blue from
350 nm to 400 nm and in the red from 630 nm to 900 nm, are outfitiidfast, large-format
CCD detectors for phase diversity and speckle imaging. Tis#M Spectro-Polarimeter
(ViSP, Elmore et al. 2005) is a medium dispersion spectmgtaased on the horizontal
spectrograph currently in operation at NSO’s Dunn SolaeS&pe. VISP will carry out
precision measurements of full state of polarization siemdously at diverse wavelengths
from 380 nm to 900 nm. Fully resolved line profiles will progidquantitative diagnostics of
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the magnetic field vector as a function of height in the sdi@osphere. The Visible Tunable
Filter (VTF, Gary et al. 2003) is an imaging spectro-polagter (triple etalon Fabry-Perot)
covering the visible wavelength range from 450 nm to 750 risndésign was guided by the
successful Telecentric Etalon Solar Spectrometer (TE8®®&tischer et al. 1998; Tritschler
et al. 2002) of the Kiepenheuer-InstitiitrfSonnenphysik in Freiburg, Germany. VTF will
deliver Stokes spectro-polarimetry, accurate surfacéqohetry, line-of-sight velocity mea-
surements and transverse flows from feature tracking. kégtence and the possibility of
post-facto image restoration make VTF an ideal instrumestudy the dynamics of erup-
tive events and evolutionary changes of solar activity. fliselight coronal instrument will
be mounted at Nasmyth station and provide measurement® afoitonal magnetic field.
The operational mode of ATST will be quite different from @t solar facilities. Instead
of observer-defined instruments, the aforementioned sfiixed facility instruments will
provide standard data products and enable batch obseRimgr(ele et al. 2004b).

The primary ATST mission is
to perform high-resolution stud-
ies of the Sun’s magnetic fields
from the photosphere to the
corona (Rimmele et al. 2003;
Keil et al. 2004b). The term
“high-resolution” in this con-
text refers to the spatial, tempo-
ral and spectral (including po-
larization) domains in their en-
tirety.  The intrinsic spatial
scales of solar magnetic fields
can be as small as just a few V.
tens of kilometers. Starting with
the dynamics of small-scale flux_.
tubes and their amplifications byFlgure 3. Advanced Technology Solar Telescope (ATST).
plasma flows, sunspots and active regions are the next stepsrging and concentrating
magnetic flux. The dynamics of sunspots occur on a time-sdalest a few minutes. Mag-
netic reconnection above active regions can lead to via@amnttions in form of flares, fila-
ment/promincence eruption and coronal mass ejections €M#&agnetic reconnection on
smaller scales and/or wave phenomena are linked to coreatihly. On longer time-scales
the 11-year sunspot cycle is only one of the many signaturéeed@2-year magnetic cycle
of the Sun. In addition, to the more traditional spectroapiohetric methods in the visible
wavelength regime, technological advances have provideessa to the near- and thermal-
infrared. Site selection and instrument design with a spemnphasis on scattered light
performance give ATST infrared capabilities to directlyanare coronal magnetic fields.

The ATST site survey has been a community effort to identifycation, which combines
the best seeing and environmental conditions to fulfill &iersce goals of the ATST (Hill et
al. 2004, 2006). This site survey has been the most extestidy of daytime seeing con-
ditions so far. Initially, 72 candidate sites were sele@rd ranked according to feasibility,
environmental conditions, and climate. Six sites weréalhjttested with an identical set of
instruments (Beckers et al. 2003; Lin & Penn 2004; SocasaMa\et al. 2005). These sites
represented a large sample of geographical features: miowiies, mountain-lake sites, and
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mountain-island sites. After an interim comparison of theisg conditions, the selection
was narrowed to three sites (Big Bear Solar Observatory uttgon California, Observato-
rio Roque de los Muchachos on La Palma, Spain, and Mees Sbker@atory (MSO) on
Haleakah, Maui, Hawai'i). All finalist sites had about the same numdfeannual hours of
seeing conditions withg > 7 cm (about 1000 hours), which confirmed their status as pre-
mier sites for solar observations. However, Haleakald the most annual hours (about 400
hours) of excellent seeingy> 12.0 cm at a height of 28 m above ground). Halealkahd
also the most annual hours of low sky brightness required@¢doonal observations. Thus,
MSO was chosen as the future ATST site.

The NSF-funded ATST D&D efforts started in late 2001. In ®epber 2005, ATST
reached the readiness stage within NSF’s Major Researcipiagqut and Facilities Con-
struction program. Once the site decision was made, geutadtstudies were carried out
at Haleakad in early 2005. In parallel, an Environmental Impact Stughs] was initiated
in 2005, which included several public hearings. The EI@ss will be concluded by the
end of 2006. As a result, the exterior shape and overall foutpf the ATST facility has
advanced to the point, where it is now largely frozen. Sin@@42 several NSF cost and
design reviews were held and the preliminary design reviesw passed successfully in Oc-
tober 2006. The ATST is expected to be considered for a newistspring of 2007 by the
National Science Board, which is the U.S. science policyissivto the President and the
Congress. A positive recommendation could lead to an ifanuis the President’'s budget
for fiscal year 2009. This would also signal the beginninchef ATST construction. In this
scenario, ATST would see first light in 2012 and telescope faatilight instrumentation
would be fully commissioned by 2014. Current efforts focagpoeparation for contracting
of major ATST sub-systems to keep the project on target.

5 Conclusions

ATST, NST and FASR will obtain comprehensive observatioihthe Sun from its surface
to the outer atmosphere. A systems approach is requiredhvitiegrates data of the pho-
tosphere, chromosphere and corona, to study the naturevahdien of magnetic fields,
which are the cause of many energetic phenomena such as flesesnence/filament erup-
tions and CMEs. Acceleration of energetic particles, pgapian of energetic and erup-
tive phenomena into the interplanetary medium and formaifacoronal and interplanetary
shocks are all topics, which rely on a detailed understandirthe near-Sun evolution of
magnetic fields, thus, establishing a close connectiondswATST, NST and FASR and
space-based instruments studying the heliosphere amglarietary medium. The synergies
among these ground-based U.S. solar facilities will break ground in solar physics and
space science and bring us closer to answer some of the femtiangquestions (Keil et al.
2004b): (1) What is the nature of solar magnetism? (2) How daggnetism control our
star? (3) How can we model and predict the Sun’s changingutaithat affect the Earth?
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Abstract. The 1.5 m solar telescope GREGOR is being constructed at Tenerife, Spain. Its purpose is
to observe with high spatial and spectral resolution small-scale dynamic magnetic features on the Sun.
The telescope is completely open with retractable dome and actively cooled primary mirror made of
silicon carbide to minimize thermal effects on the image quality. After completion it will be one of the
most powerful solar telescopes. This paper presents a general overview of the telescope characteristics
and the current status.

1 Introduction

The magnetic activity of the Sun plays a dominant role in virtually all processes in the solar
atmosphere. It is responsible for the energy balance of the outer atmosphere, it causes the
activity cycle and the concomitant variability of the solar luminosity and it produces most of
the sometimes spectacular phenomena like sunspots, prominences, flares and coronal mass
ejections. Theoretical studies and numerical simulations suggest that much of the interaction
between the solar plasma and the magnetic field occurs on very small spatial scales corre-
sponding to an angle less than 0.1 arcsec. It is therefore important to have a large enough
telescope which can resolve small details. In addition, a large aperture is needed to achieve
the photometric accuracy and sensitivity needed for a quantitative physical understanding of
the solar magnetic field.

GREGOR will be a new solar telescope with large aperture and modern scientific instru-
ments. It is designed to observe solar magnetic structure below 70 km size on the Sun. The
polarimetric capabilities will allow high precision measurements of magnetic features in the
solar photosphere and chromosphere. The large size of the aperture will provide enough
light and spatial resolution to allow studies of highly dynamic magnetic and velocity fields
on the Sun.

Key features of the telescope are a Gregory coudé optical configuration, an open struc-
ture, an alt-azimuth mount and a completely retractable dome to make the entire system as
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Figure 1. GREGOR telescope with open dome at Obervatorio del Teide, Izafia/Tenerife.

permeable as possible to wind. The first three mirrors are made of light-weighted carbon re-
inforced silicon carbide, primarily for reasons of thermal control of the optics. An adaptive
optics system feeds a compensated image to several post-focus instruments.

The instrument is currently under construction at the Observatorio del Teide on Tenerife,
Spain. It is build by a consortium of three German institutes, the Kiepenheuer-Institut fiir
Sonnenphysik (KIS), the Astrophysikalisches Institut Potsdam (AIP), the Institut fiir Astro-
physik Gottingen (IAG), and additional European partners.

2 Optical configuration

2.1 Optical path

The main mirrors of solar telescopes are heated by solar radiation. The transfer of this heat
to the ambient air results in substantial image disturbances. Therefore the main mirrors of
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large, open telescopes must be controlled thermally.

The first three mirrors (M1 to M3 in Figure 2) of the GREGOR telescope are made from
silicon carbide (Cesic). Cesic has a very high stiffness, a good lightweight capability and,
compared with Zerodur or other glass ceramics, a very high thermal conductivity. This
allows removing the absorbed heat from the backside of the main mirrors. The GREGOR
primary mirror is cooled by an active temperature controlled air stream. Secondary and
tertiary mirrors are passively cooled by radiation and wind flow.

The optical configuration is a Gregory coudé which consists of three powered mirrors. A
water cooled field stop at F1 at the primary focus rejects most of the sunlight (97 %) and only
the required field of view of a diameter of 3 arcmin will pass through. A polarimetry package
is located near the secondary focal plane at the intersection of the azimuth and elevation axis
before the first oblique reflection. The third mirror provides the final focus through the coudé
optics and image de-rotator in the area below the telescope.

Since GREGOR is an alt-azimuth telescope, image rotation needs to be compensated dur-
ing observations. The image de-rotator consists of three mirrors mounted in a rotating cage
with its axis in line with the azimuth axis of the telescope.

A flat mirror redirects the beam horizontally into the laboratory feeding the adaptive optics
(AO) system, which delivers a stabilized science image to several post-focus instruments.
The effective focal length is about 56 m and observations are possible at two final focal
planes in two laboratories.

Both image de-rotator and adaptive optics can be removed from the light path to use the
telescope e.g. for night time observations.

Most of the optical components have already been manufactured. During 2006 the optical
elements from M3 to M16 were preliminary integrated and aligned (Soltau et al. 2006).
Only the primary and secondary silicon carbide mirrors are missing. The secondary mirror
is expected to be integrated in 2007 and the primary in 2008.

3 Adaptive optics

A first-light” adaptive optics system will be used from the beginning (Berkefeld et al. 2003).
A tip-tilt mirror and a deformable mirror with 80 actuators compensate atmospheric and
fixed optical aberrations. The tip-tilt mirror will also be used for spatial scanning purposes,
e.g. for the long-slit spectrograph. Each post-focus instrument will have its separate Shack-
Hartmann-type wave front sensor with 78 illuminated sub-apertures and a 12 arcsec field of
view. There are plans to develop a high-order adaptive optics system using one of the coudé
mirrors for a ground-layer deformable mirror. The development of multi-conjugate adaptive
optics (MCAO) for compensating image disturbances in a larger field of view is under way.

4 Structure

The telescope tube is a completely open Serrurier structure. This allows free access of the
wind to cool optics and mechanics heated by solar radiation. The telescope shall have full
performance in pointing and tracking up to 20 m/sec wind speed.

The telescope design is very stiff. The calculated eigenfrequency is about 13 Hz. The
telescope is driven by standard gear motors and uses cross roller bearings in azimuth and
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Figure 2. Structure and optical light path of the GREGOR telescope.

elevation axis.

The telescope structure and its control system were successfully tested at the telescope
site. Preliminary tests showed that the tracking accuracy is better than 1 arcsec (Volkmer et

al. 2005). The measured first eigenfrequency is 12 Hz which is in a good accordance with
the calculated value.

5 Building and dome

Before erection of the GREGOR telescope the building housed during the past 17 years a
45 cm free aperture Gregory coudé telescope. This telescope was removed in 2002 together
with its dome.

The complete ceiling of the highest level was exchanged to get a better stiffness. During
the reconstruction of the building the complete electrical cabling and network was renewed.
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The new retractable dome was mounted in 2004. The design is similar to the Dutch Open
Telescope (DOT) on La Palma.

Two optical laboratories offer space for scientific instruments. The optical lab on the 5th
floor will host most of the post-focus instruments. The slit spectrograph will be located in
the optical lab of the 4th floor.

The observer can handle the complete telescope from the control room in the 3rd floor.
This separation reduces interferences with the scientific instruments.

6 Control system

The GREGOR control system consists of different modules. Each sub-system, such as e.g.
post-focus instruments, telescope control system, adaptive optics and dome uses its dedicated
program module with graphical user interface.

The modules are communicating via a newly developed communication protocol (DCP).
The telescope and the instruments could be controlled remotely from a separate control room
in the observatory building. The data will be stored on a large central data storage server.

The field bus systems CoSM (communication of short messages) and a trigger bus system
were developed to communicate with peripheral devices such as motors and temperature
sensors and to synchronize cameras of different instruments. Both systems are finished and
partially integrated.

7 Post-focus devices

Already from the beginning GREGOR will have two first-light post-focus instruments.

The first is a two-dimensional spectro-polarimeter using two Fabry-Perot interferometers
in a collimated beam as the wavelength selectors. The image acquisition and control systems
as well as one of the two interferometers were tested very successfully at the VTT already
in April 2005 (Puschmann et al. 2006). The instrument demonstrated an acquisition rate
of about 10 frames/s with a 1.2 million pixels field of view and a 3 pm FWHM spectral
resolution at 550 nm.

The second post-focus instrument is a long-slit echelle spectrograph which observes
mainly in the near-infrared (Collados et al. 2007). The grating of the original spectrograph
will be reused. The camera system is similar to the TIP II camera (Tenerife Infrared Po-
larimeter) which is currently used at the VTT.

Additional cameras for speckle reconstruction will also be installed in the optical labora-
tory from the beginning.

The POLIS spectro-polarimeter (Schmidt et al. 2003) at the GREGOR telescope will be
installed when the commissioning phase is concluded.

A high-resolution, fibre-fed, double-echelle stellar spectrograph has been designed for
using the telescope at night. This spectrograph will be remotely controlled and integration
will start not earlier than 2009.
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8 Conclusions

The 1.5m solar telescope GREGOR is about to complete its erection phase. The major
parts of the structure are integrated, the dome is mounted and the control system is ready.
The post-focus instruments are proceeding well and the plane optic has been installed. The
manufacturing of the main optics, despite the early start in the project, has proven to be sig-
nificantly more difficult than expected. The optics will be delivered not before the beginning
of 2008 and commissioning is planned during summer 2008.
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From the “G 6ttingen” Fabry-Perot
Interferometer to the GREGOR FPI
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Institut fur Astrophysik, ®ttingen, Germany
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Abstract. Fabry-Perot Interferometers (FPIs) have advantages over stitrsgraphs, allowing fast
two-dimensional, narrowband imaging and post factum image recatistnof the spectropolarimetric
data obtained. The resulting intensity, velocity and magnetic field maps amedarhental base for
the understanding of the dynamics of the solar atmosphere and its mdigldicat smallest spatial
scales. Horts are undertaken to provide, with thedtingen” Fabry-Perot interferometer, an up-to-
date post-focus instrument for the German 1.5 m GREGOR solar tekesthprefore a renewal of the
spectrometer has been achieved during the first half of 2005. Fstwdiions at the German Vacuum
Tower Telescope (VTT) reveal new scientific aspects and a veryigimgnoutlook for the future at
GREGOR. In this contribution a general description of the upgradedrepeeter is given. Its final
optical design at GREGOR is described and an optical analysis of the GRERI is outlined. Latest
results with the new instrument obtained at the VTT are presented.

1 Introduction

For the understanding of the dynamics of the fine-structéithesolar atmosphere and of
its magnetic field two-dimensional spectroscopic and frolatric observations at high spa-
tial, spectral and temporal resolution are required. F&tasot Interferometers (FPIs) allow
efficient narrowband imaging in two dimensions. The good peréorce of the “®Gttingen”
Fabry-Perot interferometer (Bendlin et al. 1992) has besnahstrated in several publica-
tions during the last years. In combination with post factamage reconstruction many
new insights in dierent topics of solar physics have been gained (Wunnenbaitg2002;
Dominguez Cerdia et al. 2003a,b; Okunev & Kneer 2004; Bello Galez et al. 2005;
Hirzberger et al. 2005). The ‘@tingen” Fabry-Perot interferometer (later on GREGOR
FPI) will be one of the post-focus instruments at the Germ&nnl GREGOR solar tele-
scope. Therefore a renewal of the spectrometer has beesvadhiuring the first half of
2005 (Puschmann et al. 2006). In this contribution we suris®én Section 1 the new fea-
tures of the upgraded instrument presently mounted at the&gVacuum Tower Telescope
(VTT), present in Section 2 its final optical design for GRE&@nd show in Section 3 re-
sults of an optics analysis on this optical setup for the tvaimbeams of the instrument. As
an outlook on what we can expect from the spectrometer ongil ibe mounted at GRE-
GOR, latest observational results at the VTT obtained vhighrtew instrument are presented
in the final section.
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2 Main components of the new instrument

The upgrade consisted mainly in the integration of the natufes described below.

New detectors: Two Imager QE CCDs from LaVision GmbHi{tihgen) with the Sony
chip ICX285AL with a full well capacity of 18 000 eand a read-out noise of 4.5.eThe AD
conversion is done with 12 bit resolution. The detectorstmegpectral range from 3200 A
up to 9000 A with a maximum quantunfiieiency of 60 % at 5500 A. The chip has a size of
8.8 x 6.7 mn? which corresponds to 13261040 pixels with a pixel size of.85x 6.45un?.

A new etalon from IC Optical Systems (diameter= 70 mm, finesseF ~ 46, spacing
[=1.1mm). The other FPI from IC Optical Systems with=50 mm, ¥ ~ 36, and|| =
0.125mm has yet remained. It will be replaced during the firt 4fa2007 by a second
narrowband etalon from IC Optical Systen®&=<£ 70 mm,¥ ~ 46,|| = 1.4 mm). Both etalons
will then have a high reflectivity coating (reflectivilg ~ 0.95) in the wavelength range
5300—8600 A. The combination of two narrowband etalons stibngly suppress both side
bands and extended wings of the Airy transmission functi®he narrower transmission
with FWHM = 20-75 mA will further improve the spectral purity and resiin of the spec-
trometer. All etalons are controlled now by CS100 threendlehcontrollers of IC Optical
Systems, with a three-axis capacitance bridge stabdisaystem which enables the par-
allelism and cavity spacing of the etalon to be servo-st#il The cavity spacing during
observation is controlled digitally via PC (RS-232 port) $sanning in wavelength.

Together with new PC hardware the Software Package Davign7 fraVision has been
purchased and has been adapted to the spectrometer, newrsoftith a Graphical User
Interface (GUI) for camera read-out and FPI control has lieseloped and implemented.

The integration of a filter wheel, housing up to Bdient narrowband interference filters,
is nearly finished and will allow to observe quasi-simulizungy several spectral regions.
Efforts are undertaken to replace in 2007 the Stdkgmlarimeter by ferro-electric liquid
crystals to improve the polarimetric accuracy with beamhaxge. For further details and a
comparison between the former and upgraded system seerRarzclet al. (2006).

3 Optical design for GREGOR

In Fig. 1 we present the final optical design of the spectrenfet its use at GREGOR. The
instrument will be transferred to the new telescope as duotatter will be operative. It will
be mounted on three optical benches in thdl6or of the telescope building. Together with
the main components, the yet purchased optical rails anii@uil optical elements (e.g.
lenses, folding mirrors) are illustrated.

A beam splitter (BS1) in front of the science focus (F4) feeals of the light into the Wave
Front Sensor (WFS) of the Adaptive Optics system (AO). Twoatlatic lenses (TL1, TL2)
transfer the science focus to F5. A beam splitting cube (BS®)s 5 % of the incoming light
into the broadband channel, where images are taken by thd @&ector using a broadband
(FWHM ~ 100 A) interference filter (BIF). The achromatic lenses (TIR4) are chosen
such that we obtain at the broadband detector exactly the pal scale of §03&pixel as
at the narrowband one, yielding a total field of view (FOV) @f'2 x 39/'5.

95 % of the incoming light is transmitted into the narrowbah@nnel, where the light
beam passes a filter wheel, housing up to 5 narrowband irderde filters (FWHM= 6—
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Figure 1. Final optical design of the spectrometer at GREGOR. WFS: Wavefangas; VC: Video
camera; WLS: White light source (projector); CCD1, CCD2: CCD detsctePI1, FPI2: Narrow-
band and broadband etalon; MP: Photomultiplier; FW: Filter wheel; NIFsrdWband interference
filters; BIF: Broadband interference filter; IF: Interference filte)I Neutral density filter (NG11,
2mm, 63% transmission); achromatic lenses: TLA§D0 mm), TL2 (f= 250 mm), TL3 (f= 400 mm),
TL4 (f =600 mm), HL1 (f= 1000 mm), HL2 (& 1500 mm), VCL (f= 200 mm); Plano-convex lenses:
CL1(f=300mm), CL2 (=150 mm); M1, M2, M4, M5: Removable folding mirrors; M3, M6: Fixed
folding mirrors; F4, F5, F6, FCL: Foci; P11, PI12: Pupil images; BBE2: Beam-splitter; FS: Field
stop. See the text for a detailed description.

10 A). The achromatic collimator lens HL1 produces an imagt@telescope pupil (PB2)
in whose vicinity the two etalons (FPI1, FP12) are mountedhefitral density filter (NDF) in
between the two etalons will remove inter-etalon reflexdse damera lens HL2 produces a
focus (F6) at the CCD2 detector where images are taken sinedusly with the broadband
ones. A polarimeter can be placed in front of CCD2. In theowiband channel the light
beam is folded twice by fixed folding mirrors (M3, M6) to kedyetspace required by the
instrument as small as possible.

The field stop at F1 limits the total amount of light enterihg spectrometer and is larger
than the FOV. The stop at F2 can be adjusted to the final FOVeC@®D2 detector and is
used to avoid an overlapping of the images separated by thgmeter.
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Figure 2. Spot diagrams at the foci of the broadband (left four panels) amdwband beam (right
four panels), respectively. Shown are the spot diagrams for thefiglglof view (FOV) at optical
axis (upper left), at the middle of the edge (upper right), at the cotaee( right) and for the maxi-
mum radial distance (lower left). The rms diameters at the three waubke580 nm (crosses), 580 nm
(diagonal crosses) and 630 nm (squares) are typicallyriand 21um for the broadband and narrow-
band channel, respectively, compared to an Airy disk diameter (cotE&3um for both channels. The
focusing is done for the field edge with equal weight of wavelengths.

In addition, we have provided a video channel, a white-lgghtrce for spectral calibration
purposes as well as a laser and photomultiplier channeldes$ie adjustment of the two
etalons. Most of the optics has been already delivered terifen Lens and mirror mounts
are being manufactured presently at our workshopattiGgen.

4 Optical design analysis

The Zemax optical design program was used to ray trace tferefit beams which have
been set up using solely commercial achromatic lenses oiLinotonics. Special care was
taken in positioning the achromat doublets and matchingld®s melts that were commer-
cially available for the required size of up to 100 mm diameta Fig. 2 we present the
ray trace results as spot diagrams for the two main opticahichls, the narrowband chan-
nel, including the Fabry-Perot etalons, and the broadbaadrel, considering for both an
imaging onto 1376< 1040 pixel CCD detectors. The two etalons have been modefied
plane-parallel plates without any inclination relativethe beam. Within the spectral range
530nm — 630 nm, the spot diagrams (presented for the lowbt gigadrant of both CCD
detectors) with rms diameters of Afih and 2Jum, respectively, are well within the Airy
disk of 33um. The results are very encouraging with respect to tffeadtion limit. The
broadband channel shows a two times better performancedisesmaller beam diameter.
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Figure 3. Quiet Sun near disk centre. From left to right: Broadband and naaod/izontinuum
intensity, velocity, line centre intensity andfective magnetic field with a spatial resolutier0.’3.
FOV: 29" x43”. The broadband images possesA la,s of 11 % after image reconstruction. The
measured magnetic flux densities amount up to 800 G in areas of netauamkidry and up to 180G in
the internetwork. A good correlation between intergranular bright poimdsiw@agnetic field is revealed
when comparing the continuum and line centre images with the magnetic fipksl ma

5 Outlook to Gregor - latest results with the upgraded FPI at t he VTT

The scientific output of the spectrometer at GREGOR can ramotated from two results
recently obtained with the new instrument at the VTT in camalibn with adaptive optics.

Firstly, we comment on an excellent 1 h 10 min time series ofiiatcgolar region near
disk centre, acquired orf4of May 2006 revealing the dynamics of the quiet photosphere
and its magnetic field at smallest scales. Spectropolanitriatages were obtained in the
magnetically sensitive 5247 A and Fe 5250 A lines with Lané factors of 2.0 and 3.0,
respectively. The lines have been scanned quasi simulialyewith a temporal cadence of
17 seconds each. The spectral resolution wa3 mA. Thanks to speckle reconstruction
methods (Puschmann & Sailer 2006; Krieg et al. 1998) theegekli spatial resolution of the
obtained intensity, velocity and magnetic field maps is wedt 3 (see Fig. 3). First analy-
ses reveal strong dynamics of small-scale magnetic fielteeiguiet Sun. Field structures,
elongated along intergranular lanes, combine and split)eave strong fingerprints at high
photospheric layers. The polarisation signal strengtlamsweakens in reaction to gran-
ular convection processes, indicating advection afidiglon of magnetic flux at smallest
scales. Indications of flux annihilation, flux tube evacomr signs of upwards propagating
shock fronts are illustrated. Recent numerical MHD simafet come close to the obser-
vations presented here. Our findings lend support to fifeete to apply the Zeemartfect
to very high angular resolution observation with large stdéescopes, in addition to Hanle
diagnostics. For further details see Puschmann et al. {2007

Secondly, we mention a 45 minute time series of the flaringrsattive region NOAA
AR 0875, obtained on April 26, 2006. 2D spectrograms with high spatial resolution, con-
taining 21 diferent wavelength positions along ther Hine, have been obtained, scanning
with a cadence of 20s. After applying the speckle reconstruction techniquestioned
above the spatial resolution turns out to be nearfjratition-limited. Figure 4 (left panel)
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Figure 4. Active region NOAA AR10875 at: = 0.59 observed with the newd®ingen Fabry-Perot
interferometer, VTT, April 28, 2006. FOV: 63 x 47”. Left: Speckle reconstructed broadband image
at 6300 A. Right: Reconstructed narrowband line centre image at 656Bd spatial resolution in
both images i 0”’3. Intensities have been rescaled for better visualisation of fainter ésatur

gives an example of one speckle reconstructed broadbargkjrehowing the lower part of
a large sunspot with many bright umbral dots and severalspdne of them with a com-
plex penumbral connection. A wide range offdient chromospheric features like fibrils,
filaments and a sigmoid-like structure are found in the lioeedmage presented in Fig. 4
(right panel). The data reveal a unique possibility to stilndydynamics of dferent chromo-
spheric features at the smallest scales and to analysetmiection to the structures rooted
more deep in the photosphere. Besides, the several sokaeflants observed as well as the
search for Alfien waves will be an interesting topic of future research. fEaher details
see &nchez-Andrade Nio et al. (2007).
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Gregor @Night.
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Abstract. Gregor@Night is the concept for a fiber-fed double echelle spectrograph for the night-time
use of GREGOR. Its design specifications are driven by a science case based on the solar-stellar con-
nection, ranging from the search and characterization of solar analogs, the characterization of late-type
stars with exoplanets, asteroseismology with high time resolution and cadence, stellar cycle analogs
and many other related topics. The spectrographs are based on a white-pupil design with a 110 mm
beam and are optimized for the wavelength ranges 360-490 nm and 510-870 nm, respectively and
achieve a two-pixel resolution of 100,000 for an entrance aperture of 3” at 20% throughput. The
instrument would be fully automated and no on-site night observer required.

1 The new GREGOR solar telescope

GREGOR is an open telescope on an alt-azimuthal mount with an aperture of 1.5 m (Fig-
ure 1, cf. Volkmer et al. 2007, this volume). It will be equipped with an adaptive optics sys-
tem in order to compensate for the deformation of the wavefront of the incoming light caused
by atmospheric turbulence. It is the only way to reconcile the conflicting requirements of
high spatial, spectral, and temporal resolutions and of spectro-polarimetric precision.

The optical design includes an axial-symmetric 3-mirror configuration where the first two
mirrors form a classical Gregory telescope. The first three mirrors (M1, M2 and M3) are
curved to provide imaging. The effective focal length is about 55 m, the entrance pupil di-
ameter is 150 cm, and therefore the effective focal ratio is f/36.5 and the image scale becomes
3.75” /mm. A cooled field stop at the prime focus (F1) reflects most of the sunlight out of the
telescope and transmits a field of view of 300”". The solar science focus can be fed into either
of the two topmost floors of the building. Here, different high performance focal instruments
will be added. These are, e.g., a high-resolution Fabry-Perot filter spectrometer, different
polarimeters, a Czerny-Turner spectrograph, and instrumentation for infrared spectroscopy
and polarimetry.
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Figure 1. The GREGOR telescope as of summer 2006. The fiber pickup for Gregor @ Night would be
in a bent Gregorian focus delivered by the F2/M4 unit (partially seen in the center of the telescope tube
and in detail in Fig. 4).

2 Science case: a search for solar twins

Extrapolated number counts based on various sample directions suggest a total of up to 400
billion stars in our galaxy. Detailed extrapolation from the local neighborhood hints towards
a total of ~26 billion G dwarfs in our galaxy of which roughly one billion is expected to
be of spectral classification G2. Therefore, there should be plenty of ’Suns’ around us, but
apparently there are not. Of the many attempts to find them, only two stars were classified as
“nearly solar analogs” (18 Sco and HD98618). Is the fact that we have such troubles finding
solar twins a sign of a solar-stellar disconnection? Or in other words, what do we learn from
the fact that stars with solar parameters are so rare. Or aren’t they rare at all and we just
haven’t looked deeply enough?

Therefore, we propose a large survey to search for solar twins. High-resolution spec-
troscopy with Gregor @Night shall be obtained for the entire lifetime of the GREGOR tele-
scope. On the observing menu would be all known early G-stars brighter than, say, 12th
magnitude. The criteria are similarity of spectral appearance due to effective temperature
and gravity expressed in terms of excitation equilibrium of many iron lines, detailed chemi-
cal abundances, and dynamic parameters (e.g. stellar rotation). Also, extra-solar planets are
an important part of the solar-stellar connection. Did they provide extra rotational braking
in the early years? Is angular-momentum dissipation due to planet formation the mechanism
to bring the planet host star’s magnetic activity to a halt and then enable “normal” biological
surface evolution in a habitable zone?
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3 Spectrograph design

R=100,000 with 120 um fiber and IS=3 (3")
cCD#l cCpi2

A
Red camera A Folding mirrors ?7

(schematic)

Cross disperser /j/

7
Blue camera

- g
(schematic)

Echelle gratings

(from telescope)

Cross disperser

Dichroid & image-
sheer assembly

Main and secondary
collimators

510-860 nm 360-490 nm

Figure 2. Optical design of Gregor@Night. It consists of two white-pupil spectrographs following
the VLT/UVES design but with a fiber feed and the immersed three-slice waveguide image slicer (IS)
developed for PEPSI/LBT. Two 4k-CCD cameras would cover the spectrum from 360 nm to 870 nm
in a single exposure at R=100,000.

Figure 2 is a preliminary optical design of the spectrograph. Each arm is based on an
R4 echelle grating in Littrow configuration of dimension 110420 mm with 41.6 and 31.6
lines/mm for the blue and the red grating, respectively (Figure 3). Both collimators are off-
axis parabolas with size roughly 300 mm by 120 mm and 160 mm, respectively, and are f/10
at a total length of 1.6 m. The main collimator is used in double reflection. The wavelength
coverage is 360-490 nm and 510-870 nm for the blue and the red arm, respectively. The cross
dispersion required is relatively large and two coupled prisms enclosing a volume-phase-
holographic grating are envisioned. One paraxial f/2.6 camera per arm with 6, possibly 7
lenses images the light then on the 61.4x61.4 mm CCD. The detectors themselves are the
current STA 4kx4k 15-um thinned devices foreseen for first light of the PEPSI spectrograph
at the LBT.

To increase the overall efficiency of the instrument we intend to employ a “waveguide”
image slicer, as for PEPSI (www.aip.de/pepsi). With a 3-slice slicer and a 120 um core fiber
we would reach a 3" aperture on the sky at a spectral resolving power of 100,000. With
the 1.5m entrance aperture of GREGOR and an estimated 10% overall efficiency, a S/N
ratio of 200:1 could be reached in 1 hour integration time for a star of 10th magnitude. The
practical limiting magnitude is set by the accumulated guiding errors for coadding individual
CCD frames (together with the overall system efficiency) and is expected to be near 13-14th
magnitude in V.
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Gitter 2

Figure 3. Left: The two R4 echelle gratings for Gregor @ Night from Richardson Grating Lab. Right:
Design of the 4k-CCD camera.

Folding mirror

{infout)
to AG-Unit

Figure 4. Left: Concept of the light pick-up system. A folding mirror must be inserted into the
Gregorian beam to divert the light to the night-time acquisition and guiding (AG) unit. Right: It is
foreseen to be mounted on top of the solar-light polarimetric calibration unit, itself mounted on the
F2/M4 unit shown.

4 The day-night interface

The robotic acquisition and guiding (AG) unit is based on the STELLA design (see
www.aip.de/stella). In this case acquisition and guiding is performed on a frame-transfer
CCD with a grey beam splitter of approximately 3% of the light of the target. An aluminized
glass plate with an aperture stop also protects the fiber micro lens. Light injection into the
STSU fiber would be through the GREGOR F2-focus at f/6.

After a manual switch to night-time operation by the day-time telescope operator, a
weather station takes over the night-time control as a master in a slave/master environment.
The target scheduling, acquisition, guiding and data management is envisioned in full au-
tomatic mode, no night-time personnel is required to run the spectrograph. Data would be
transported to Germany via the Internet and automatically run through an analysis pipeline.
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Abstract. To study the small-scale dynamic processes of magneto-convectiorsiolénghotosphere
in more detail than currently achieveable, not only the spatial resolutiemohae increased, but also
the information content of observations. In order to do so, severaleagths and spectral lines must
be observed simultaneously. This is often achieved by coordinatedatgmspat several telescopes
with different post-focus instrumentation. The German Vacuum Tower Tgeq® T) on Tenerife
offers the possibility to operate several dedicated instruments — spectrenpeti@rimeters, imaging
systems — at the same time. We describe some of the possible combin&possfocus instruments,
and present examples of multi-wavelength data obtained recently.

1 Introduction

Progress in solar physics has been achieved recently ori®tbservational and the theo-
retical side. Simulations of the solar atmosphere now ekfssm photospheric layers up
to the chromosphere (e.g. Wedemeyer et al. 2004). The newliSw&-m telescope on La
Palma has led to the discovery of several peculiaritieswleatt unnoticed before, e.g., the
dark cores of penumbral filaments seen by Scharmer et al2)20@ Sitterlin et al. (2004).
The same amount of surprises is to be expected with the adf/ér next-generation solar
telescopes, like the 1.5-m GREGOR telescope on Tenerifedeo Lithe et al. 2001) or the
4-m ATST in Hawaii (Keil et al. 2003). However, the increadespatial resolution does
not make life much easier for observers. To understand thisigdl processes on the Sun
not only the spatial resolution — which determines the gpatiales that are visible — is
critical, but also the information content of the obsemwasi — that allows to understand what
is happening. In the excitement over the new observationdings, the equally important
issue of information content seems to be undervalued. matitribution, we show how
the German Vacuum Tower Telescope on Tenerife can be usedxioniae the information
content of solar observations at a moderate spatial régolof around 1 by operating
several post-focus instruments simultaneously.
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Telescope

Calibration units

~KAOS
POLIS

TESOS
1" floor DALSA

Speckle/Imaging —__ ¢
Cameras
Main spectrograph

TIP

Figure 1. The building of the German VTTI€ft) with a sketch of the optical layoutjddle and the
location of the post-focus instruments in the first floaglft). The light can be divided between the
main spectrograph in the basement and the optical lab in the first floor.

2 The German Vacuum Tower Telescope

The German Vacuum Tower Telescope consists of a coelostgtnsyon top of the eleven-
floor building, and a 70-cm primary mirror of 46 m focal lengifhe light is fed in down-
wards by the coelostat, and the focal plane is finally locatede to the first floor of the
building. Before reaching the focus, the light passes tiinahe Kiepenheuer-Institute adap-
tive optics system (KAQOS, von detilbe et al. 2003) that improves the spatial resolution by
a real-time correction of wavefront aberrations. With geeding conditions, the filiaction
limit of around @'6 in infrared wavelengths can be reached. Calibration doitinfrared
and visible wavelengths can be inserted in front of the agdapptics system for the deriva-
tion of the polarimetric properties of each instrument (ofddle panel of Fig. 1). In the
first floor, the light can be divided between the main specaply in the basement and the
post-focus instruments located in the first floor. As dichilméamsplitters are available, this
can be done without any loss of light.

3 Post-focus instrumentation and possible combinations

The POlarimetric Llttrow Spectrograph (POLIS, Beck et @03) is a stand-alone slit-
spectrograph vector polarimeter with two channels. Thedirannel observes the full Stokes
vector of the two photospheric Fe | lines at 630 nm, while tveosd channel observes the
intensity profile of the chromospheric Ca Il H line. Two si@t0’18 and 048 width are
available. The spatial sampling along the’4dit (90” with polarizing beamsplitter ro-
tated) is 015@630 nm. The Tenerife Infrared Polarimeter (TIP, Coltadbal. 2007) is a
slit-spectrograph vector polarimeter for infrared wanglias between Am and 2um. The
instrument is integrated into the main spectrograph. Thevalth can be varied between
0’37 and 090. The 70-slit is sampled with 017 per pixel. The TElecentric SOlar Spec-
trometer (TESOS, Kentischer et al. 1998) is a 2-D spectrentéat uses three etalons in
telecentric mounting for wavelength scanning. It can balusea wavelength range from
400 to 800nm. With its prefilter wheel up to 4fldirent spectral ranges can be observed
sequentially. The spectral sampling is variable, the apséimpling is 0086 with a full field

of view (FOV) of around 40x40”. The KIS-IAA Visible Imaging Polarimeter (VIP, Bellot
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Figure 2. Left to right G-band intensity, continuum intensity in IR, magnetic flux. Contours outline
G-band bright points. Scales are in arcsecs.

Rubio et al. 2006) is not a stand-alone instrument, but a tatalupackage with nematic
liquid crystals that can be used to upgrade TESOS (or the speatrograph) to a full vec-
tor or Stokes-V polarimeter. It can be used for wavelength#06 to 800 nm like TESOS.
Due to its dual beam design, the FOV for VIP@TESOS $>20”. The DALSA cameras
are fast 1k1k cameras that can be used to obtain the image bursts nscémsapeckle
reconstruction. Spatial sampling and FOV depend on the énsagle used; a sampling of
0’05 in a FOV of 60x60" is usual. The DALSA cameras can be used in any wavelength
for which suitable prefilters are available, e.g., in the GdaAdditional low-noise cam-
eras (AT, XEDAR, PCO) are also available for imaging in spadines with very low light
level (Ha, Ca Il K). TIP can be used simultaneously with either TESOSU® @ TESOS)
and any imagingpeckle channel in front of TESOS, or with POLIS and an imggipeckle
channel @500 nm at the side of POLIS (cf. rightmost panel gf E).

4 Examples of multi-wavelength data

We have chosen two data sets from 2005 and 2006 as exampledtiefuavelength data. In
2005, we used the combination of TIP and TESOS together wsffeakle channel in the G
band in front of TESOS. We observed a pore and the surrouratizey with network fields
and quiet Sun at a heliocentric angle of 1@n October, 11, 2005. Figure 2 shows a section
of the FOV in the G band and the continuum intensity atirbafter alignment of the data.
The G-band images were speckle-reconstructed to impraveghtial resolution up to the
diffraction limit. The spectra of TIP have been inverted with$tie code (Ruiz Cobo & del
Toro Iniesta 1992) to obtain the magnetic field vector andnlagnetic flux (rightmost im-
age). With this combination, one can study the structuresamtltion of magnetic fields and
their signature in the G band. The intensity profiles of thEliRe at 557.6 nm from TESOS
are not included yet, but will give additional information temperature stratification and
flow velocities at higher spatial resolution than the TIPadat

The second example (Fig. 3) shows data obtained in July 20ii6 the combination of
TIP and POLIS. A DALSA speckle camera was placed at the sideQiflS, observing at
a wavelength of 500 nm. This combination of instrumentsdgehformation on the pho-
tospheric magnetic fields from fourftkrent magnetic sensitive spectral lines, covering a
large height range in the solar photosphere. The seconchehahPOLIS with the chro-
mospheric Ca Il H line yields information on the chromosjhseignature of areas where
fields are present or absent in the field of view. This allowaddress the question of the
chromospheric heating mechanism iffelient structures, like in the magnetic network and
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Figure 3. Left POLIS@630nm, Stokes I, Stokes V, polarity of fieltdiddle, top POLIS@396 nm,
wing intensity, line core intensitpiddle, bottom TIP@1565 nm, Stokes |, Stokes Right speckle-
reconstructed DALSA image @500 nm. The DALSA image has been takemthe middle of the
series of about 80 speckle bursts, which were taken during the sazssdlee area by TIP and POLIS.

0 60 800 20 40 60 80 0

in the internetwork, which is devoid of strong field concations.

5 Conclusions

The German Vacuum Tower Telescope allows to combine sepeséifocus instruments for
simultaneous multi-wavelength observations. Spectapuktry in the photosphere can be
combined with high-resolution imaging in photospheric brasnospheric lines. The Ca ll
H channel of POLIS allows to obtain chromospheric specttee fossible combinations of
the instruments TIP, TESOS, POLIS, VIP, and speckle (or intggghannels open a variety
of options to address current topics in solar physics, whari-wavelength information is
crucial.
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Abstract. The research projects carried out with the Gregory @olidlescope (GCT) at Istituto
Ricerche Solari Locarno (IRSOL) are mainly focused on high pretisaarimetry. The Zurich IMag-
ing POLarimeter (ZIMPOL) developed at ETH Zurich and installed peentip at the GCT at IRSOL
allows a polarimetric precision down to Fato be reached. This makes it possible to perform several
accurate spectro-polarimetric measurements of scattering polarizatida mvestigate solar magnetic
fields through the signatures of the Hanle and Zeenfiaets. The research programs are currently be-
ing extended to monochromatic imaging of the Stokes vector with a recentlléus Fabry-Perot
rapidly tunable filter system with a narrow pass band of about 30 mA. Fhiges resolution is being
improved by the installation of an adaptive optics (AO) system.

1 Introduction

The great advances in high precision polarimetry that haeatachieved with the introduc-
tion of the Zurich IMaging POLarimeter (ZIMPOL) a decade agmened a new window
in solar physics. Polarimetry is in fact a very powerful ttiwht can be used to study solar
magnetic fields as well as the physical processes behindethergtion of polarization in
atomic and molecular spectral lines. Magnetic field measargs through Zeemartect
signatures, which appear in the presence of strong andtedienagnetic fields, have long
been performed at many observatories. With the high potrimprecision of ZIMPOL

it has become possible to extend the magnetic field diagrsostiweak fields and to fields
which are tangled on scales below the spatial resolutioictwdre invisible to the Zeeman
effect but get revealed by the Hanlfext (Hanle 1924).

Spectro-polarimetry is currently the main field of reseaathhe Istituto Ricerche So-
lari Locarno (IRSOL). Advantage is taken from the circumsgthat a ZIMPOL system is
permanently installed at IRSOL. In addition, the GCT is vessil suited for polarimetric
measurements, since the amount of instrumental polasizadi low and stays practically
constant during the observing day, since it is a functionaflidation only. Therefore it
can easily be accounted for. With a Fabry-Perot filter systachan adaptive optics system
recently installed at IRSOL we plan to start several newr@ggng projects.
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2 IRSOL - The institute

The observatory at the lIstituto Ricerche Solari LocarnoS@R), located in southern
Switzerland, was constructed in 1958 by the Universits-Sternwarte &tingen (USG),
Germany. In 1984, after USG moved its observing activityhi fiacilities at Observatorio
del Teide on Tenerife, a local foundation (FIRSOL) acquitieel observatory in Locarno.
The partially dismantled instrumentation was rebuilt amgrioved, in collaboration with
USG (now IAG), Technical Highschool (FH) of Applied Sciese# Wiesbaden (Germany),
and the Institute of Astronomy at ETH Zurich. The scientifil@boration with ETH Zurich
allowed the implementation at IRSOL of an important polaim observing program, first
with a beam exchange polarimeter and then with ZIMPOL.

3 Instrumentation at IRSOL

The IRSOL telescope is a 45 cm aperture Gregory édyge instrument with 25 mfiec-
tive focal length. A field stop with a pinhole of about 2.5 mnamiieter in the prime focus
reduces the field of view to a 200 arcsec diameter circulagan@he rest of the solar image
is reflected away from the main light beam. This reduces hgatnd scattered light and is
of particular advantage when observing low intensity stmes like sunspots, spicules, or
prominences. The relative orientation of the two foldingroris M3 and M4 (coud) changes
only with declination and is orthogonal at the time of theiagues. As a consequence the
instrumental polarization, originating through obliqueflections, is almost constant dur-
ing the day and virtually vanishes during the equinoxém(Bez Almeida et al. 1991). A
Gregory coué type telescope is thus very well suited for polarimetri@asugements.

An automatic guiding system developed by the FH Wiesbadeivéler et al. 1998) is
also available. Its operation is based on the solar imagaradat from the light reflected by
the field stop in the primary focus.

The Czerny-Turner spectrograph with 10 m focal length issdasn a 180 360 mm
grating with 316 lines per mm and 6Blaze angle. A prism based predisperser allows to
select the spectral band entering in the spectrograph utitheerlap of the grating orders.

Monochromatic imaging observations of the solar surfacebeaperformed using the re-
cently installed Fabry-Perot filter system in collimatedfiguration (Feller et al. 2006). The
system uses two temperature controlled lithium niobat®rsavith an aperture of 70 mm.
The transmitted wavelength can be selected by electritaiyng the refractive index of the
etalon medium, by varying the temperature, or by tiltingeteon. The bandwidth is about
30 mA.

An adaptive optics (AO) system based on a tip-tilt mirror @n87 actuator deformable
mirror is currently being installed and tested in collatimawith the University of Applied
Sciences of Southern Switzerland, SUPSI, and with ETH Hurithe system follows the
design of the infrared AO system installed at the McMathrd&ieSolar Telescope at Kitt
Peak (Keller et al. 2003). The first tests made with the ttpatirror have already given
good results (see Figure 1).

Two polarimeters are available. The oldest one operatingR8OL is the dual beam
exchange device based on a Savart plate and rotating qaaddralf wave retarder plates
(Bianda et al. 1998). A polarimetric precision of a few4@an be reached, but it can be
affected by seeing-induced cross-talk, because the techréguéres two exposures taken
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Figure 1. First tests with the tip-tilt correction of the AO system. The two plots show theatisment
of the barycentre of a sunspot in tkeesp.y direction with and without tip-tilt correction. The tip-tilt
mirror was switched f around frame number 1200.

at different times. The second polarimeter is ZIMPOL (Povel 19%mdbrfer et al. 2004),
which is installed permanently at IRSOL since 1998. Its medwantage is that it is free
from seeing-inducedfiects thanks to its high modulation rate: 42 kHz (obtained it
piezoelastic modulator), or 1 kHz (obtained with ferroetlie liquid crystal modulators).
Another advantage is that the same pixels of the CCD ZIMPQis@eare used to measure
all Stokes parameters. Therefore the Stolgs, U/l andV/I images are not influenced
by different pixel #iciencies. The ZIMPOL polarimetric accuracy depends maamthe
photon statistics. With long exposure times it has alreagBnlpossible at IRSOL to reach
an accuracy of about 10,

4 Scientific research projects at IRSOL

The research projects at IRSOL take advantage of the verg golarimetric and spectral
accuracy of the instrumentation. A large amount of obsegntime is available to carry
out monitoring measurements or for projects requiring lohgerving times (which cannot
easily be done at large telescope facilities, where theroipgetime is shared by éierent
research groups according to a predefined program). Iniadditis possible to be very
flexible with the programs to allow fast reaction to partarusolar events. The modular
layout of the instrumentation inside the observing roomeasywconvenient for installation
and testing of new instrumentation.

Examples of the scientific results obtained at IRSOL in regears are:
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e Investigations of the Hanlefect in the quiet chromosphere (Bianda et al. 1999).

e Publication of the first two volumes of the “Atlas of the Sed@vlar Spectrum” (Gan-
dorfer 2000, 2002).

e Discovery of vast amounts of hidden magnetism in the solatgsphere (Trujillo
Bueno et al. 2004; Stenflo 2004).

¢ Determination of novel constraints on impact polarizatioaolar flares (Bianda et al.
2005).

e Measurements of full Stokes profiles in prominencesdn He D3, HB, and in spicules
in He D; (Ramelli et al. 2005a,b).

e First polarimetric measurements of the Paschen-Bdatictein CaH transitions
(Berdyugina et al. 2006).

Different other observing programs are also foreseen in theefutiney will focus on so-
lar magnetism and polarimetry with the Fabry-Perot filtesteyn or with the spectrograph.
They also include synoptic type programs (e.g. variatiohthe Hanle-éect signatures
with heliographic latitude and solar cycle). Furthermd®&OL is open to coordinated type
programs with other observatories: simultaneous obdensbf solar features with com-
plementary sets of instruments or supporting type obsensathat complement the science
of another project.
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Abstract. We have developed a fully tunable narrow-band filter system to be usedbigation with
ZIMPOL for monochromatic imaging vector polarimetry. It is designedfie whole visible spectrum,
from the UV at about 395 nm, to the red at about 660 nm, with a band widdB-60 mA. The main
components are two lithium niobate FabrgrBt etalons made of Y-cut crystals, which means that the
transmission spectra and tuning parameters dferdit for the two orthogonal states of polarisation.
This allows to enhance the finesse with a double-pass configuration thlegrelarisation is rotated by
90 degrees between the passes, a possibility that is not available to diheFEeot systems. The filter
system is available in two fierent optical configurations: telecentric, for high spatial resolutiod, an
collimated, with a large field of view and high throughput. The telecentric gordtion is compact
and can be easily used at foreign telescopes like the SST, whereadlifmated configuration is
permanently installed at IRSOL. We present the instrument and its operatio

1 Introduction

During the last decade our institute has developed the golMeCD-based imaging po-
larimeter system ZIMPOL 4urich IMaging POLarimeter), described in detail by Povel
(1995) and Gandorfer et al. (2004). Until now ZIMPOL has rhaimeen used in combi-
nation with a spectrograph (cf. Stenflo 2004). The new natvand filter system will allow
us to combine high-precision polarimetry with quasi-mdmoenatic imaging, thus provid-
ing a new scientific dimension to our work with ZIMPOL. An egphtory attempt in this
direction with the UBF at Sacramento Peak Observatory (NexidyU.S.A.) has given a
first glimpse of the type of data that may be obtained (Stenfid. 2002).

2 Instrument

Our filter system is based on two FabrgBt (FP) etalons, made of Y-cut lithium niobate
crystals. They are birefringent and each optical axis hagfarent transmission spectrum
and diferent tuning parameters.

The system is currently available in two optical setups Ffure 1), where the etalons
are placed in series (tandem configuration). The collimatddp is permanently installed
at the Istituto Ricerche Solari Locarno (IRSOL) and prosiddarge field of view and high
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Figure 1. Schematic drawing of the two available optical setups (not to scebp). Collimated setup.
This setup is designed for low spatial but high spectral resolution. ltpEsmits to experiment with

a double-pass configuratioBottom: Telecentric setup. At the highest magnification ZIMPOL works
close to the diraction limit of the Swedish Solar Telescope. The compact design ainostabpity.

Table 1. Properties of the optical setups

Collimated (IRSOL) Telecentric (SST)
Camera illumination 4 F223, F108, F72
Field of view 181x 132 arcset 29x 21 - 91x 66 arcset
Max. spatial resolution 0.5 arcsec (sampling limited) 0.1 arcsélrddtion limited)
Effect on filter passband  field-dependent blue-shift of 22 mA  broadesfih mA
Used FP aperture 40 - 60 mm 24 - 27 mm
Imaging optics spherical mirrors achromatic doublet lenseg (FBK7)
Unfolded setup length 9.3m 14-1.8m

throughput. This setup will also be used later on to expantméth a double-pass configu-
ration, where the polarisation is rotated by 90 degreesdmatvihe passes, as described by
Netterfield et al. (1997). The telecentric setup works ah&ignagnifications. Although it
can also be used at IRSOL, it is mainly designed for obsematwith the Swedish Solar
Telescope (SST). The main properties of both setups are aused in Table 1.

3 Operation

The transmission spectrum of one FP etalon can be alteredrling the optical thickness
of the cavity. With our LiNbQ etalons this can be achieved in three ways: tilting broadens
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Figure 2. Top: Example of the tandem transmission spectrum (solid curve) in the rarpe &n
prefilter (dashed curve). The prefilter curve is scaled to the tandeknt@@smissionBottom: Dif-
ferencelmeas— Amog bEtWEEN measured and modelled peak positions during a tandem saaghttive
prefilter. Apart from the 40 mA fiset, which can be easily calibrated, the residuals are in the order of
5 mA or about 10% of the FWHM. At the positions marked by the vertical lthescombination of

the individual etalon transmission peaks is switched.

the transmission peaks and is mainly used for ghost suppre@s. Feller et al. 2007).

Temperature tuning is slow~(10 mA/minute) and is used to set the etalons at an opti-
mum home position within a spectral region of interest. fgridy voltage is much faster
(~80 mAys) and is used for spectral scans or to cycle between sevscaétd spectral po-
sitions, which is required for éierential Zeeman and Hanle diagnostics. Under computer
control one has the possibility to access these three tyrarameters within the framework
of the ZIMPOL Il software, which allows to script fiérent measuring procedures and to
synchronise the etalons for tandem operation.

As opposed to air-spaced etalons it iffidult to model the wavelength dependence of
the optical cavity thickness with fiicient accuracy at once for the whole spectral working
range. We therefore calibrate our etalons for each prefitparately. With the help of the
high-resolution spectrograph available at IRSOL we re¢bedtransmission spectra of the
individual etalons at diierent temperaturek and voltaged/ and derive from them model
parameter; ; (T, V) for each etalon and optical axis combinatioffhe so calibrated etalon
models allow us to predict the spectral position of any tnainsion peak within the prefilter
passband with an accuracy of a few mA, which is required t@ ke etalons in phase (cf.
Figure 2).

4 Conclusions and outlook

The test measurements at IRSOL (cf. example in Figure 3) Bawe/n that the tandem
configuration is performing well in both optical setups. Thkecentric setup will have its
debut at the SST in October this year for observations oftédtering polarisation at high
spatial resolution, namely in G§4227 A) and Sr (4607 A).
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Figure 3. First light observation in the Garefilter of the active region NOAA 10905, close to the
west limb on August 31, 2008Jpper right: scan with the FP filter (solid line). As comparison, the
corresponding spectrum from Gandorfer (2002) is overplottech@thbne). L ower right: Q/I from
Gandorfer (2002) for a limb distance@f= 0.1. L eft: Series of Stokes images recorded with ZIMPOL

at the two spectral positions indicated by the vertical lines in the scan. Tpltaae of the greyscale

for StokesQ/I andV/I is 2%. To enhance the contrast, the limb darkening has been removed in the
Stokesl images.

In parallel to scientific work with the current setups, instiental development will go on
at IRSOL in terms of the described double-pass configuratimha hybrid system, based on
the filter and the IRSOL spectrograph.
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Methods in high-resolution solar spectroscopy

F. Kneer
Institut fiir Astrophysik, Gottingen, Germany

Abstract. After few historical remarks, the needs in high-resolution spectroscopy are outlined. They
are concerned with temporal, spatial, and wavelength resolution for a reasonable field of view of su-
pergranulation cell or larger. At 0”1 spatial resolution (£72.5km on the Sun) the measurement for a
snapshot should be finished within the transit time #, ~ 10s (size of resolution element/sound speed).
Finally, the performances of grating spectrometers and Fabry-Perot interferometers are compared. The
latter are far superior to grating spectrographs due to their high resolution-luminosity product.

1 Introduction

Joseph von Fraunhofer (re-)discovered in 1819 the principle of diffraction gratings (Born
& Wolf 1970). His first gratings were made by winding fine wires around two parallel
screws. About 1846, Friedrich Adolph Nobert ruled, first as test objects for microscopes,
grooves with 1/4.000 mm distance into glass which he also used as gratings for spectroscopy
(Hentschel 1998). Henry Augustus Rowland revolutionized spectroscopy with the develop-
ment of his accurate ruling engine for large gratings in 1882 (Hentschel 1998). A further
method for spectroscopy, with eventually extremely high spectral resolution, was invented
by M. P. A. Charles Fabry and J.-B. Alfred Perot in the year 1897 (Hernandez 1988). Two
parallel, flat and semi-transparent mirrors, called an etalon, cause by multi-reflection in-
terference of many rays and lead to a channel spectrum. Since then, from the end of the
19th century till today at the beginning of the 21st century, both grating spectrographs and
Fabry-Perot interferometers (FPIs) have experienced enormous developments with regard to
precision, reflectivity, size and many other requirements. Both are widely in used in astro-
physical observations, but have different properties and especially FPIs are more difficult to
handle (see, e.g., Kneer & Hirzberger 2001).

2 Grating spectrometers vs. FPI spectrometers in high-resolution work

Let us adopt the following needs to obtain data relevant for future studies into small-scale
processes in the solar atmosphere. We wish to observe a reasonable field of view (FOV) of
60”x60” with an angular resolution of 0’1 (£72.5 km on the Sun). The spectral resolution
should be R = 1/64 = V X oor¥ and the temporal resolution should admit to cover the FOV
with a cadence of 10, which is the transit time #,, = 72.5 km/cs with ¢y = soundspeed.

The performance of a spectrometer can be quantified by the resolution-luminosity product

RXL=1/0AXS XQXT,
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where S = cross-section of light beam, Q = solid angle of beam through S, and 7 = trans-
mission of the device, e.g., grating or FPI. Table 1 then compares the properties of grating
spectrometers with spectrometers based on FPIs.

Table 1. Comparison of grating spectrometers (GS) vs. Fabry-Perot based spectrometers (FPI).

GS FPI ratio FPI/GS

R 5% 10° 5% 10° 1.0

S (5) 60”005 60" x60” 1,200

Q o (@ra/Ter)* = 1/N? 1/N? 1.0

T ~ 0.1 ~ 0.5 5.0

spectral coverage 9x0.5 A 3%0.005 A 3.3x1073
SO (9 CCDs, coverage (3 FPIs, coverage
by each: 0.5 A) by scanning: 0.5 A)
number of steps (NS)  607/0705= 1.2x 10 3x(0.5 A)/(0.005 A)= 300 0.25
(3 lines per FPI and cadence)

R-S-Q-1 6,000

R-S-Q-17-SCINS 80

It is obvious that, for the above needs, FPI spectrometers are far superior to grating spec-
trometers. In fact, the needs can not be met with today’s grating spectrometers. Besides, for
observations from ground, image reconstruction is needed to arrive at the required spatial
resolution, which can “easily” be performed with imaging spectrometers as FPIs. Our expe-
rience shows that they allow short exposure times in the 5—10 ms range, even for polarimetry.
So speckle techniques can be applied.

In conclusion, due to their excellent performance, FPI spectrometers have become pow-
erful post-focus instruments and are used with increasing success for two-dimensional high-
resolution solar spectroscopy (Puschmann et al. 2006).
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SUNRISE: High resolution UV/VIS
observations of the Sun from the stratosphere
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Abstract. SUNRISE is an international project for the development, constructiwhoperation of
a balloon-borne solar telescope with an aperture of 1 m, working in th&/I®V/spectral domain.
The main scientific goal of SUNRISE is to understand the structure anangige of the magnetic
field in the atmosphere of the Sun. SUNRISE will provide nediiratition-limited images of the
photosphere and chromosphere with an unpredecented resolutionta®y km on the solar surface
at wavelengths around 220 nm. The focal-plane instrumentation consiatpolarization sensitive
spectrograph, a Fabry-Perot filter magnetograph, and a phassalfilter imager working in the near
UV. The first stratospheric long-duration balloon flight of SUNRISE isypked in summer 2009 from
the Swedish ESRANGE station. SUNRISE is a joint project of the GermanRliaxck-Institut &r
Sonnensystemforschung (MPS), Katlenburg-Lindau, with the Kiepaghinstitut &ir Sonnenphysik
(KIS), Freiburg, Germany, the High-Altitude Observatory (HAO), Blaw, USA, the Lockheed-Martin
Solar and Astrophysics Lab. (LMSAL), Palo Alto, USA, and the SpariiéaX consortium.

In this paper we will present a brief description of the scientific and tdolgizal aspects of SUNRISE.

1 Introduction: Science with SUNRISE

The solar atmosphere is pervaded by magnetic fields whichtdine root of the many fasci-
nating phenomena grouped together under the name solatyactihe magnetic processes
that govern solar activity locally determine ‘space wedthg well as being potentially sig-
nificant drivers of terrestrial climate variability on a &nscale of decades to centuries. If
we are to understand these fundamental processes, we raustiawv the magnetic field
interacts with the solar plasma and must uncover the coioveas energy between its me-
chanical, magnetic, radiative, and thermal forms. Thergqutatosphere represents the key
interaction region: Thermal, kinetic and magnetic enetbsre of the same order of magni-
tude and transform easily from one form into another. Theratdtion between convection,
radiation and magnetic field in the electrically conductsagar plasma leads to the creation
of a rich variety of magnetic structure, from huge sunspotsrdto intense magnetic field
concentrations on length scales down to a few tens of kmlussrited in Fig. 1.
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In order to best address these major scientific questiorSWNRISE instruments should
provide images of the magnetic structure and measuremétite magnetic field, the flow
velocity, and thermodynamic properties of the plasma. . ..

e ...with a spatial resolution down te 35 km on the Sun,

e ...0n a sfiiciently large field of view to cover the magnetic connecyivit the solar
atmosphere= 30 Mm),

e ...over a sfficiently long time to follow the evolution of magneticallyta® regions
(i.e., several days), and

¢ ...simultaneously in dierent heights of the solar atmosphere.

This leads to the concept of aftaction-limited operation of a telescope of 1 m aperture in
the visible and UV spectral ranges (down=t®20 nm), with in-flight alignment capability,
equipped with a filter imager, a polarimetric spectrogragig an imaging magnetograph,
on long-duration stratospheric balloon flights in the framek of NASA's LDB program.

2 SUNRISE mission concept

Ground based observations of the Sun aresing from several limitations. The Earth’s
atmosphere does not allow access to the interesting solaathgtion between 220 nm and
370 nm. In addition, atmospheric turbulence usually istingamage blur, so that high res-
olution imaging is possible only occasionally. Long ternd dmigh resolution observations
especially in the UV are therefore conducted from spacedarstruments. Avoiding the
high costs associated with space missions, but taking thentabjes of being above 99%
of the Earth’s atmosphere, SUNRISE shall be flown as a balbmyne stratospheric solar

Figure 1. High resolution image of a magnetic solar region observed in the light ofcttealted G
band, an absorption band of the CH molecule at 430.5nm. In this watbl&and the small scale
manifestations of solar magnetism can be seen as bright features wititaghity contrast (image
taken by V. Zakharov at the Swedish Solar Telescope on La Palma,)Spain
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observatory in the framework of NASA's LDB (Long Duration IRen) program. A zero-
pressure helium balloon with an inflated volume of 835.060amd 130 m diameter will
lift the ~ 1800 kg science payload to float altitudes of 35-40 km. NASALBissions re-
cently have been launched mainly from Williams Field neaMycdo, Antarctica (77.865,
167.13E), with a launch window from December to January. NASA rélgezxpanded their
launch capabilities cooperating with ESRANGE (6718921.10E) near Kiruna, Sweden,
allowing missions to be launched during the northern sunpadod in addition. Relatively
stable wind systems at float altitude take the balloon artduiment on circum-polar trajec-
tories with flight durations of 9-12 days per revolution. hahing balloons during solstice
conditions close to the polar circléfers uninterrupted solar observations without/daght
cycles at stratospheric altitudes. Permanent sunlightoayd small elevation changes of
the Sun form ideal conditions, so that undisturbed obsienvand power generation for the
instruments are guaranteed. Furthermore, thermal conditio not vary significantly and
the balloon floats at nearly constant altitude. The prefelaench site for the first SUN-
RISE mission is ESRANGE, although the flight duration cutlseis limited to 4-5 days
due to the lack of Russian overflight permissions for NASAdmis. ESRANGE provides
excellent infrastructure and is accessible with much Idweegistical €fort compared to Mc-
Murdo. SUNRISE is designed for about two weeks autonomoasation. However, during
commissioning and the initial phase of operation directaonto the instrument is highly
desirable. A high speed communication system (E-Link, ligpesl by ESRANGE) will
be used by SUNRISE on rental basis. It acts as transparesinethconnection with up
to 2Mbit/s up- and downlink over a distance of up to 500 km. Additionabite ground
stations along the trajectory would even allow extendegtbtifrsight communication.

3 Observational philosophy

The SUNRISE postfocus instrumentation consists of 5 utiitee out of which are science
instruments, the other two are system units for image stakitn and light distribution.
The SUNRISE science requirements demand simultaneousvakises of all three science
instruments. This is ensured by ISLID, the Image Stabilireaind Light Distribution system
of SUNRISE, which will be described in detail below. ISLIDrtains a fast tip-tilt mirror,
which is controlled by a correlating wavefront sensor (CW@&)ich will be described below.
ISLID is based on dichroic beam-splitters, which guide tiffedent wavelength bands to the
individual science branches in the mofit@ent way. Part of the light, which is not used for
scientific analysis is fed to the CWS. In this way, simultarseobservations are possible
with maximum photon flux in each channel. While the techniealisation of the individual
science instruments will be described in more detail beleavwill list their specific roles
here:

a) SUFI

The Sunrise Filter Imager (SUFI) samples the photosphetehromosphere in dis-
tinct wavelength bands. The channel at 225 nm allows stutfigélse upper photo-
sphere and lower chromosphere at a spatial resolutionO&facsec (35km on the
Sun). Atthe same time, this wavelength is important for theggspheric ozone house-
hold. The OH band at 313 nm and the CN band at 388 nm providedugtrast, and
thus sensitivity to thermal inhomogeneities in the photesp. The Mgik line (singly
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ionized magnesium) at 279.6 nm is an excellent thermometeh& chromospheric
temperature structure.

b) SUPOS

The achievement of the main science goals of SUNRISE depmendsantitative and
accurate measurements of the strength and orientatiore sh#fynetic field with ap-
propriate spatial, spectral, and temporal resolution. Sinerise Polarimetric Spectro-
graph (SUPOS) allows high-resolution vector-polarimesignultaneously providing
photospheric and chromospheric magnetic field measursment

c) IMaX

The Imaging Magnetograph EXperiment for Sunrise (IMaX) fisi@aging vector
magnetograph based upon a tunable narrow-band filter. Bieliment will provide
fast-cadence two-dimensional maps of the complete magvettor, the line-of-sight
velocity, and continuum frames with high spatial resolatio

IMaX images will be taken in two to four narrow wavelength darn either wing of
the photospheric spectral line of Fgeutral iron) at 525.06 nm.

4 Instrument description

4.1 Gondola

High resolution imaging requires a stable platform. Thisne of the main tasks for the
gondola, situated about 100 m below the balloon at the endeoflight train. The gon-
dola core is designed as an aluminatael framework structure (see Fig. 2), being relatively
lightweight but providing the required fitiess and protection to the sensitive optical in-
strument. The telescope and instrumentation need to bésje@ointed toward the Sun.
Azimuthal control of the whole payload is performed via a nemtum transfer unit at the
top of the gondola, the elevation of the telescope is adjusyea two stage linear drive in a
range of 0 to 45°. Control loops, fed by signals from a high precision Sun seneep the
pointing constant within a few arcsec. Electrical powerrigvided to the instruments and
electronics via large solar panels, attached left and agliie front of the gondola frame-
work structure. They benefit from the precision pointing aosvthe Sun, assuring nearly
constant output of more than 1.5 kW. On the rear side of thelglan shaded by the so-
lar panels from direct Sun illumination, the instrumentttohelecronics is located on two
racks. The racks are inclined with respect to the structuestd thermal reasons. This orien-
tation minimizes radiative input from the Earth and the lmddspanels onto the electronics,
and maximizes the dissipation of generated heat to the éyldisove the instrument. A
commanding and communication package provided by CSBRu(@lmih Science Balloon-
ing Facility, a branch of NASA) is located underneath thedmia structure. It has separate
solar panels at all four sides of the gondola to stay operatieven in case of pointing loss.
The package allows commanding and housekeeping downiinkDRS and Inmarsat satel-
lites along the complete trajectory. Shock absorbing cpasls at the very lower end of the
gondola shall reduce mechanical loads during touch dowrdaamting, thus enabling SUN-
RISE to be reflown with hopefully minimal refurbishmerfat. The complete payload has
dimensions of 5.5 meters in width and length and is about &&rs high. The gondola
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structure, the power and pointing systems are provided &yHigh Altitude Observatory
(HAO), NCAR, Boulder, USA.

4.2 SUNRISE Telescope

The SUNRISE telescope is a light weight Gregory-type refieetith 1 m clear aperture
and 25 m fective focal length. The main mirror with a parabolic suefand focal length

of 2.5 m is an extremely light-weight Zerodur mirror curdgriteing manufactured under
responsibility of SAGEM, France, under contract with therGan Kayser-Threde company.

Figure 2. Sketch of the telescope in the gondola with solar panels, landing shoctbatscand at-
tachment ring to the balloon. The telesope is mounted in an altitude-azimushatnThe instrument
platform carrying the science instruments is attached to the telescope femr@ on top of the tele-
scope. The instrument platform houses all three science instrumahs)S, SUFI, and IMaX) as
well as the Image Stabilization and Light Distribution system (ISLID) and tbeelating Wavefront
Sensor (CWS).
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In the primary focus a field stop is placed, a heat rejectiodgeewith a hole that defines
the useable field of view, corresponding to 148 000 km on ther soirface. The field stop
reflects 99% of the incoming light out of the telescope. Tkiduces the heat load on the
focal-plane instrumentation to about 10 W. The light pagshrough the field stop is re-
flected ¢f M2 and folded back by two flat mirrors M3 and M4 to feed the feglane pack-
age. The latter is mounted piggy-back on the telescopetatriand consists of the science
instruments and the wavefront sensorrelation tracker unit. A tip-tilt steering mirror is
controlled by the correlation tracker and provides prep@iating and guiding. Stray light
is minimized by the field stop in F1, by covering the telescsipecture with MLI from both
inside and outside, by a set offfia rings, and by an inner primary-mirror-borefia

The optical system of the SUNRISE telescope is semi-actigfative alignment of M2 to
M1 is controlled by low order wavefront sensing in the scefmcus and passing control
signals to the M2 mount. This technique is also used for fiogusThe telescope will be
built by Kayser-Threde (Munich) under supervision of thexMRlanck-Institut &éir Sonnen-
systemforschung, Katlenburg-Lindau, Germany.

4.3 Image Stabilization and Light Distribution System: ISLID

ISLID performs two main tasks: First, it forms a real imagetwd telescope aperture on a
fast tip-tilt mirror, which is used to stabilize the imagedatompensate for residual image
motion due to gondola shake and vibrations within the sysi#ms is done with a field lens
in the telescope’s secondary focus. In order to allow forUhepart of the solar spectrum
to be transmitted the lens is made from fused silica and isated. Reimaging is achieved
with a two mirror arrangement (for SUFI) and additional aetive optics for SUPOS, IMaX,
and CWS.

The second task of ISLID is the light distribution to theéfelient post-focus instruments
in a most photon ficient manner by guiding only the dedicated wavelength bafdke
instruments by the use of dichroic beam splitters.

4.4 Correlating Wavefront Sensor: CWS

The CWS is used in two ways, for precision image stabilizasind guiding, and to control
proper alignment of the telescope.

Guiding is performed in a closed-loop servo system thatistsef a correlation tracker
(CT) to provide the error signal and a tip-tilt mirror penfang the correction.

A wavefront sensor measures the actual state of the optigah@ent and generates an ap-
propriate error signal. A control system converts thisiesignal into actuation signals which
are used to drive and align the secondary mirror, M2.

The detection principle is based on a correlation trackaegging tip and tilt error signals.
However, instead of sensing the position of a single imagée/etk from the entire pupil
of the telescope, 7 subapertures sense the local wavefitoimt two zones of the pupil.
The information derived from the 7 independently analysedges of the same solar scene
sufices to determine the cfigients of a Zernike function decomposition of the wavefront
error up to the third radial degree. The fiogents for tip and tilt, defocus, and Seidel
coma are used as error signals for the control system. Themsyis able to measure and
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compensate axial and lateral displacement of the secomdiaryr, M2, as well as dynamic
image displacement errors.

The correlation track@wavefront sensor unit including the tip-tilt mirror and thentrol
software is developed by the Kiepenheuer-InstitutSonnenphysik, Freiburg, Germany.

4.5 SUNRISE Polarimetric Spectrograph: SUPOS

The spectropolarimeter SUPOS has undergone a consideiedits change and is now de-
signed as a single spectral line high resolution gratingtspgraph working at a wavelength
around 854 nm. Here a chromospheric line of singly ionizddiwan allows for simultane-
ous magnetic field diagnostics due to its Zeeman splittinige lhe is formed in dferent
layers, spanning from the photosphere to the chromospki¢hnée the interpretation of the
data is more demanding as compared to purely photospheeis, lihe advantage of having
access to chromospheric magnetism more than compensathssfoThe full polarisation
state of the spectral line will be detected using 2 nemadjgidi crystal variable retarders
followed by a polarizing beam splitter. The CCD camera iglrigasynchronism with the
electrooptical modulation in order to demodulate the ppédion signal.

4.6 SUNRISE Filtergraph: SUFI

The SUNRISE filter imager (SUFI) is the instrument allowirg the highest angular res-
olution of down to 0.05 arcsec. This corresponds to th#atition limit of the 1m mirror
for a wavelength of 225 nm. In order to achieve nediraction limited imaging, a phase-
diverse imaging technique is used by splitting the imageontfof the CCD detector: half
of the CCD area collects the focused image, while a speciidal@rrangement forms a
second image of the same scene on the second half of the C@Qwittoa defocus of one
wave. Postfacto restoration of the image free from staterraltions of the optical path can
be achieved. The optical arrangement is a Schwarzschitédrmy® magnify the telescope
secondary focus scale by a factor of 5 onto the CCD. SUFI winrldistinct wavelength
bands in the near UV between 220 nm and 390 nm, which are edlbgtlAD coated inter-
ference filters sitting in a double filter wheel to ensuréfisient blocking against the strong
visible and near infrared parts of the solar irradiance.

4.7 Imaging Magnetograph eXperiment: IMaX

IMaX is a polarisation sensitive filtergraph developed foservations of Doppler shifts and
polarisation in a Zeeman sensitive spectral line of neirtpalat 525.06 nm.

A tunable LINbQ solid state Fabry-Perot etalon is used in double pass. Dhifiguration
significantly saves mass and power and relaxes the demarmdjogements on passband sta-
bility. Since the free spectral range of such a system ieauitall, a narrowband interference
filter (FWHM 0.1 nm) must be used. Both, prefilter and etalontbeshermally stabilized.
Imaging is done with two synchronised CCD cameras for phasegity reconstruction.
Polarimetry is done with two nematic liquid crystal modolat Four switching states are
needed for full Stokes vector polarimetry. A two-state obisg mode is foreseen for longi-
tudinal magnetometry (only circular polarisation) at higtdence.
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IMaX is being developed by a Spanish consortium led by thttins de Astrofsica de Ca-
narias, La Laguna (Tenerife), in cooperation with the tnsbi de Astrofsica de Andaluia,
Granada, the Instituto Nacional de Tecnicas Aeroespaci®adrid, and the Grupo de As-
tronomia y Ciencias del Espacio, Valencia.

5 Schedule

SUNRISE plans to conduct a continental U.S. test flight with gondola, main parts of
the electronics and a dummy telescope in October 2007. Tasctgpe delivery to MPS
is expected early 2008. Assembly, alignment and calibmadibtelescope and postfocus
instrumentation, the system integration and testing viighrefurbished gondola are planned
until end of 2008. Mission preparation and shipping to ESR#Nwill be beginning 2009,
aiming at a launch during the MAjune 2009 launch window.

Acknowledgements. The German contribution to SUNRISE is funded by the Bundesministerium
fur Wirtschaft und Technologie through Deutsches Zentrinh fift- und Raumfahrt e.V. (DLR), grant
no. 50 OU 0401.
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ZERODUR mirror substrates for solar
telescopes
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Abstract. The zero-expansion glass ceramic material, ZERODUR, is well knownifhttime tele-

scope mirror substrates. Also for solar telescopes, ZERODUR is aftented as mirror blank ma-
terial. Examples are the Swedish 1 m Solar Telescope (SST), the balboordbescope SUNRISE,
and the New Solar Telescope (NST) of the Big Bear Solar Observatheypiioperties of ZERODUR
are discussed with respect to the special technical requirements obbekrvatories, resulting in the
conclusion that mirrors made of this glass ceramic material are an extaghieice for solar telescopes.

1 Introduction

In 2003, SCHOTT celebrated the anniversary event of 100syafadtelivery of astronomical
mirror blanks (Hartmann & Morian 2004). Thereby the sucid$sstory of the zero expan-
sion glass ceramic material ZERODUR now lasts more than 38syeThis glass ceramic
from SCHOTT has been the material of choice in astronomy éoades, thanks to its spe-
cial properties such as extremely high thermal and mechbstiability. The most important
and significant properties of the glass ceramic material @ZBRR are the extremely low
codficient of linear thermal expansion (CTE) as well as the homeig of this codficient
throughout the entire piece. SCHOTT has already deliverethan 250 large astronomy
mirror blanks with dimensions up to 8.2 m. Today most of thgomanodern nighttime op-
tical telescopes of the 4 m class and the 8-10 m class arepsglipith ZERODUR. These
include KECK |, KECK II, HET, GTC, LAMOST, and VLT.

The Sun is our nearest star and too bright to be observed wakbdunprotected eyes.
Hence, it is surprising that also for solar observationsethie a strong trend towards in-
creasing telescope diameters to achieve a larger coldeatea. This trend is mainly driven
by three parameters: (1) a better spatial resolution alfow&nest details of the Sun to be
resolved, (2) a narrow bandwidth allows a look at selectedtspscopic lines, and (3) time-
resolved measurements (movies) which are needed to oldyamaenic solar processes. On
the other hand the high amount of (unused) solar radiaticspea@ally if focused — creates
severe engineering challenges for solar telescopes. lttgst bave been installed in many
solar telescopes and have become a necessity as the apéntrsmse. In addition to at-
mospheric &ects, solar telescopesfier from heating by sunlight of the optics and the air
within the telescope tube. This causes the image to shivEbacome blurred. Mitigation of
internal seeing requires minimal thermal gradients in #fkector and surface temperatures
within 1 K of the ambient. Mirrors made of zero expansion miate will retain their shape,
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but the mirrors will heat up and glass ceramic materials &celeent thermal isolators. So
how do we deal with solar heat and disturbing air turbulertogva the mirrors? Modern
solar telescopes are either vacuum telescopes, filled withrh, or use careful control of
the optic’s temperature to reduce heating of the air in tlest®pe. Vacuum telescopes can-
not be built with very large apertures because such a desigrires a vacuum window of
extremely high optical quality, one that is as large as itticapaperture. This first optical
component in the telescope iditult because of the thickness needed to withstand the enor-
mous load due to the fllerence in pressure between the airside and the inside chtuzim
window. The practical limit for vacuum telescopes is prdpablittle over one meter in
diameter (or slightly larger than the SST). For the futureerdy large solar telescopes, the
most viable technique appears to be the construction of-apdalescopes with temperature
controlled optics.

2 ZERODUR - a glass ceramic

ZERODUR is an inorganic, non-porous glass ceramic with sertaordinary properties.
It owes approximately 70-78% of its weight to micro-crylitie$ of 30-50 nm in size, em-
bedded in a remaining glassy phase. In the first step of thauptimn, the initially molten
glass is cooled down to room temperature. The micro-ctitegkresult after an additional
thermal treatment (called ceramization) by continualmpering the glass over a period of
several months. The created high-quartz micro-crystaitract when they are subjected to
heat, whereas the glass itself expands. Size and numbegr ofitho-crystallites are adjusted
to achieve an extremely low thermal expansion. In fact atianttbemperature betweert G
and 50°C the net thermal expansion is nearly zero, achieved withcaaracy of typically
0 + 20 pphK. In addition, thanks to careful temperature processihg,thermal expansion
of ZERODUR is extremely homogeneous. About 4 fpBTE homogeneity values (peak-
to-valley) have been achieved for 1 m class ZERODUR blarddahzik et al. 2006). Many
other properties of ZERODUR are similar to other glassy nte Its transparency allows
all in-depth inspections (to prevent unpleasant surpris€se good internal quality corre-
sponds to only about 1 bubble per 500 kg of material. No seamppres and if any only
very few striae can be detected. All ZERODUR parts are stibjeto precision optical an-
nealing in order to achieve a permanent bulk stress, whitiotls low and symmetrically
distributed. Typically excellent stress results of 0.1 MBiaefringence below 4 nfam) are
achieved even for huge ZERODUR components, comparablestofine-annealed optical
glass (bhring et al. 2006). By interferometric measurements ZER@Dparts with even
H1-H5 optical grade quality have been selected. Due to iteleent polishability mirrors
with surface roughness of 0.2 nm rms and an optical figureafrad1/100 have been pro-
duced for astronomical applications. The chemical stghilf ZERODUR is so high that
the aluminium coating of a polished mirror substrate carelb@aved and restored a hundred
times without #ecting the optical characteristics of the mirror.
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Figure 1. Aninitial SST blank (left) and the final SST optics (right)

3 Production of ZERODUR components

During the recent years, SCHOTT has ramped up its ZERODURyat@n capacity (Dh-
ring et al. 2005). With a capacity for the mass production BRDDUR, SCHOTT is
now prepared for a future production of mirror blanks forrertely large telescopes with
hundreds of 1-2m class segmented mirror blanks. Ultiliziognemic CNC processes,
ZERODUR can be manufactured to complex shapes withdfitadlty. Sometimes it was
argued that ZERODUR blanks might be too heavy, especiallgnathey are used as sec-
ondary mirror blanks. The density of ZERODUR is 2.3&°, which is even lighter than
aluminium or silicon carbide. Therefore, the argument rrgfer to the lightweighting ca-
pability of ZERODUR, and not the material properties per bethe past, lightweighting
of ZERODUR mirrors was performed for space optics and foosdary telescope mir-
rors. The secondary 1.7 m mirrors for MAGELLAN and MMT are eyades for such large
lightweighted mirror blanks, where undercut holes withdgonal shapes have been man-
ufactured. Their final mass is only3lthe mass of the initial solid blanks. The technical
feasibility of large lightweight mirror blanks is theretbodemonstrated. An additional acid
etching procedure was carried out for GEMINI-M2, achievamgeven higher lightweighting
percentage of 85%. SCHOTT deliveries range from indiviguratotypes to serial produc-
tion. The principal technical steps would use proven anadbdished technology. A typical
lead-time for a solid 1.5-m ZERODUR mirror blank is one magnttith a corresponding
lightweighted version taking about four months.

4 Examples of ZERODUR mirrors in solar telescopes

The Swedish 1 m Solar Telescope (SST) on the island of La R&pwin, had first light in
the Spring of 2002. The SST is the largest optical solar teles in Europe and the second
largest in the world. It is operated by the Institute of Sdtaysics of the Royal Swedish
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Figure 2. The preshaped SUNRISE substrate (left, courtesy of SAGEM) andhpaisof the
NST/BBSO ZERODUR blank (right, courtesy of Steward Mirror Lab)

Academy of Science and deliverdidaction-limited images. The SST enables astronomers
to detect and observe solar details as small as 70km on the soface (Scharmer et al.
2003). The SST is a vacuum telescope. Instead of a flat vacundow, it uses a 1 m
diameter fused silica lens to sedf the vacuum. In 1999 SCHOTT delivered two plano
blanks of 1.4 m in diameter made from ZERODUR. Together whth large lens the two
flat deflecting mirrors form the main optical system. It is rable as a whole in order to
track the Sun during its diurnal path. Like an arm it extenalsop of the telescope building,
which contains the vacuum tube, some other optical compeem the detectors. An adap-
tive optics system, a vacuum system for avoiding air tuntcge and mirrors with a mean
absolute CTE of less than 5 pfgh which is extremely low even for ZERODUR, contribute
to the SST’s excellent performance for solar imaging, tesylin a higher resolution than
previously possible.

SUNRISE is an international project for the developmenhstauction, and operation of
a balloon-borne solar telescope, working in the/MNs spectral domain (Gandorfer et al.
2006). The primary mirror of the SUNRISE telescope is a Grggygpe reflector with 1 m
clear aperture. Due to production problems, the baseling&primary mirror material has
recently been changed from silicon carbide to glass ceramterial. At the end of 2005,
SCHOTT manufactured a corresponding pre-shaped solid ZERODUR blank. Out of
this substrate an extremely lightweighted ZERODUR mirsanirrently being manufactured
under the responsibility of SAGEM, France. Prime contraofdhe SUNRISE telescope is
the German company Kayser-Threde. lts first long-durat@ifobn flight of 4-5 days is
planned for the summer of 2009 from the ESRANGE station neéamid, Sweden. The
flight trajectory is circumpolar. Flying during summer frd88RANGE has the advantage
of permanent sunlight and small elevation changes of the Kuthat observation and power
generation are uninterrupted; furthermore, the thermaditions do not vary significantly
and the balloon floats at nearly constant altitude. In thépeeary focus a field stop is
placed, reflecting 99% of the incoming light out of the tetgse. A stratospheric balloon
flight offers observations of the solar surface free from seeing. Adad 8ltitude of 35—
40 km, the remaining air pressure is only 3—7 mbar, thus iedutisturbing air turbulence
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Figure 3. Casting process (left) and intermediate inspection (right) of a four-noktes ZERODUR
blank

above the SUNRISE mirror. SUNRISE will provide neaffdiction-limited images of the
photosphere and chromosphere with an unprecedentedtiesaown to 35 km on the solar
surface at wavelengths around 220 nm.

The New Solar Telescope (NST) is under construction at tigeBRar Solar Observatory,
located at Big Bear Lake’s north shore (Denker et al. 200¢3te3n integration of the NST
is scheduled for the summer of 2007. The NST will be the werldigest aperture solar
telescope — until 2012, when the ATST is planned to have figlst.INST is an €-axis tele-
scope with a 1.6 m aperture in Gregorian configuration, cpégan older and smaller solar
telescope. In 2002 SCHOTT delivered a 1.7 m ZERODUR mirrankfor this application.
The 100 mm thickness of the active mirror was chosen as a @ymge between thermal
inertia and mechanical flexibility. The Steward Observatdirror Lab at the University of
Arizona is presently polishing the parabolic primary mirr@ince the telescope structure
is open, sophisticated dome ventilation and environmeatatrols have to be implemented.
The thermal control system includes an air-cooled optioppsrt structure, a cooled pri-
mary mirror, forced air flows in air-knife technology at pany mirror and heat stop, and
liquid coolant systems to absorb rejected light at the hiegt sLimited sunlight exposure
and good dome ventilation are considered for good intemgihg conditions. An f§-axis
design has an additional advantage over an on-axis scheraows unwanted heat to be
disposed in a direction which does not introduce air tunhbcgeinside the telescope beam.
The 1.6 m NST telescope in combination with adaptive optidkemable the scientist to
carry out spectroscopy and polarimetry with essentialffratition-limited resolution.

In June 2006, SCHOTT cast a 4.3 m blank to cover the future ddrfram astronomy.
The transformation into ZERODUR glass ceramic will be costgdl at the end of 2007. A
potential application is the planned Advanced TechnologgiSTelescope (ATST). After its
first light, which is planned for 2012, ATST will be the mostwerful solar telescope in the
world. A site on the summit of Haleakala in Maui, Hawaii, higady been selected for this
telescope. Thefbaxis primary mirror is designed as a solid 4.24 m diamet@sgmeniscus
with a thickness of 75 mm (Hansen et al. 2006). Thermal pevémce of the optics in the
ATST is critical because of the high incident flux levels a 4atastelescope can produce.
Unless heat absorbed in the coatings cantheiently removed, it has the potential to induce
figure errors in the optics and produce convective heatfeams the surrounding environ-
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ment, leading to degraded optical performance. The th&kmed thermal properties of
glass ceramics lead to a long thermal time constant and ithalenge to ffectively control
the optical surface temperature, where absorbed heatrig b&inoved by cooling the rear of
the blank. A low and uniform cdicient of thermal expansion is required to minimize ther-
mally induced figure errors. Finite element modelling hasngihthat ZERODUR provides
properties that allow the error budget allocations to be umeler all observing conditions.
The versatile observatory design will suppoftidiction-limited observing at visible through
infrared wavelengths.

5 Summary and conclusion

ZERODUR is a zero-expansion glass ceramic with extraordipaoperties. More than
250 large ZERODUR mirror substrates are used in astronéitaiescopes. SCHOTT has
the capacity to produce large and lightweighted mirror salss with short delivery times.
Examples of ZERODUR mirror substrates for solar telescapeade the SST, BBSMIST,
and SUNRISE. If you need to keep a very close eye on the Sunggider “ZERODUR
mirror substrates for solar telescopes”.
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Abstract. In this paper I provide basic information on the scientific objectives of upcoming helioseis-
mology missions. The launch of NASA’s Solar Dynamics Observatory (SDO) in 2008 is an important
opportunity for helioseismology. SDO will carry the Helioseismic and Magnetic Imager (HMI), which
will have a 1” resolution over the whole visible solar disc and is especially designed for local helioseis-
mology. ESA’s Solar Orbiter, to be launched ten years from now, will allow the study of the subsurface
structure and dynamics of the Sun at high latitudes. Just recently, Hinode (Solar-B) was launched. It is
designed to deliver Dopplergrams at 0.3” resolution. Ground-based observations are also expected to
complement space projects.

1 Introduction

Helioseismology has been tremendously successful over the last two decades at probing the
solar interior, especially since the establishment of the GONG (Global Oscillation Network
Group) and the launch of SOHO (Solar Heliospheric Observatory). The GONG runs a net-
work of six observatories distributed around the world to provide nearly continuous time
series of solar oscillations. The SOHO spacecraft, in a halo orbit around the L1 Sun-Earth
Lagrange point, carries the MDI (Michelson Doppler Imager) instrument. Both experiments
detect solar oscillations in images of the line-of-sight velocity at the Sun’s surface. These
data now cover a full sunspot solar cycle. Helioseismology has provided a very good esti-
mate of the sound speed and the large-scale differential rotation inside the Sun as function
of radius and latitude and has contributed to solving the neutrino problem. Current investi-
gations focus on the study of seismic variations that are connected with the solar magnetic
cycle. In the future, helioseismology will address important question related to the origin of
the solar dynamo.

Important space missions for helioseismology are planned. They will enable us to study
long-standing problems in solar physics. These missions include the Japanese mission Hin-
ode (Solar-B), the NASA space mission Solar Dynamics Observatory (SDO), and the ESA
mission Solar Orbiter. In this short contribution, I gather basic information about these mis-
sions and other projects.
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2 Future missions

2.1 Hinode

Hinode (Solar-B) is equipped with three advanced solar telescopes, an X-ray telescope
(XRT), an EUV imaging spectrometer (EIS) and a solar optical telescope (SOT). Hinode
was successfully launched on 22 September 2006. The Sun-synchronous orbit of Solar-B
allows a downlink of data nearly every orbit, hence observations will be possible 24 hours a
day for about 8 months of the year. The SOT system is optimized for accurate measurements
of the vector magnetic field in the photosphere and dynamics of both the photosphere and
chromosphere associated with the magnetic fields. This makes the SOT instrument inter-
esting for helioseismology, especially as SOT was designed to deliver Dopplergrams with a
resolution of 0.3 arcsec. Such a resolution is unprecedented for helioseismology. The field
of view of up to 328" x 164" is, however, a limitation for probing the deep solar interior.
Further information can be found at the Solar-B (2006) website.

22 SDO

The Solar Dynamics Observatory is a major component of NASA’s Living With a Star (LWS)
Program, designed to understand the causes of solar variability and its impacts on Earth.
Besides the Atmospheric Imaging Assembly (AIA) and the Extreme Ultraviolet Variabil-
ity Experiment (EVE) instruments, SDO will carry the Helioseismic and Magnetic Imager
(HMI). The HMI will provide data for helioseismology. It will make measurements of the
motion of the solar photosphere (at least every 50 sec) to study solar oscillations. Moreover,
it will measure the polarization at 5 points in a spectral line to study all three components
of the photospheric magnetic field (at least every 90 sec). It will deliver nearly continuous
full-disk images at 1” spatial resolution (this resolution is available with MDI only during
short periods in a limited field).

Foreshortening makes it difficult to measure oscillations close to the limb with MDI. With
HMI the foreshortening effect is reduced. This allows, e.g. better measurements of the
Doppler signal at higher latitudes and longer tracking of active regions during their tran-
sit. Longer contiguous runs are then possible for local helioseismology.

The science goals of HMI are: the relations of convection-zone dynamics to the solar
dynamo, the origin and evolution of sunspots, active regions and activity complexes, links
between the internal processes and dynamics of the corona and heliosphere (together with
AIA), and precursor measurements of solar disturbances for space-weather forecasts. For
further information see the HMI (2006) website.

2.3 Solar Orbiter

Here we discuss the Solar Orbiter mission to be launched after 2015. More details on this
topic can be found in Gizon (2006). The most interesting aspects of the Solar Orbiter mission
clearly reside in the unique vantage points from which the Sun will be viewed. Although
the exact orbit of the spacecraft is still under discussion, the orbit design will include two
main characteristics, both of which offer novel perspectives for helioseismology. First, Solar
Orbiter will make observations away from the ecliptic plane to provide views of the Sun’s
polar regions. The inclination of the spacecraft’s orbit to the Ecliptic will incrementally
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Solar Dynamics Observatory

Figure 1. The Solar Dynamics Observatory (SDO) and its three instruments aboard (NASA illustra-
tion).

increase at each Venus swing-by manoeuvre to reach up to about 30° toward the end of the
mission. Second, Solar Orbiter will cover a large range of spacecraft-Sun-Earth angles. In
combination with data collected from the ground or near-Earth orbit, Solar Orbiter will mark
the advent of stereoscopic helioseismology.

The picture of the solar interior is far from being complete at high heliographic latitudes.
In particular, global mode frequency inversions for rotation cease to be accurate above 70°
and local helioseismology above 50°. Out-of-the ecliptic observations will enable helioseis-
mology to reach higher heliographic latitudes into the solar convection zone.

By definition, stereoscopy requires several observatories. Both SDO-HMI and GONG (or
another ground-based facility) are expected to be operational at the time of Solar Orbiter
operations. Combining Solar Orbiter with any one of them will open new windows into the
Sun. Note that how well the data can be merged will depend critically on timing accuracy
and geometry knowledge.

Looking at the Sun from two distinct viewing angles results in an increase of the observed
fraction of the Sun’s surface. Global helioseismology would naturally benefit from this
situation, since the modes of oscillation would be easier to disentangle (reduction of spatial
leaks).

With stereoscopic local helioseismology, new acoustic ray paths can be considered to
probe deeper layers in the interior. Observations from two widely different viewing angles
allow the probing of the solar interior at any depth, and in particular the solar tachocline
(Ruzmaikin & Lindsey 2003). It even becomes possible to target regions in the solar core:
this is illustrated in Figure 2. This aspect of seismic stereoscopy is very promising.

2.4 Other projects

The CNES mission PICARD will be launched at the end of 2008. It will measure the solar
oscillations with a high resolution at the solar limb. The major objective is to measure solar
gravity modes and the solar shape.

Ground-based observing facilities are needed to complement the observations made by
SDO and other space missions. In particular, at least two instruments are required to under-
stand systematic errors and sources of noise in the data. Historically, this has been demon-
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Figure 2. Sketch showing deep-focussing averaging schemes for local helioseismology. Solar Orbiter
in combination with SDO or ground-based observatories will give access to local information very
deep inside the Sun (stereoscopic helioseismology).

strated many times by comparing data from GONG and MDI (Schou et al. 2002, e.g.). He-
lioseismology needs uninterrupted time series: a second instrument guarantees continuous
records. Ground-based instruments are also flexible, i.e. they can be upgraded more easily
and fixed.

Other ground-based high-resolution solar observatories could turn out to be useful too,
for the seismological study of the solar atmosphere by considering several lines formed at
different heights in the atmosphere (Finsterle et al. 2004).

Acknowledgements. The information about the different projects was collected from the mission
websites (see references below) and from Gizon (2006).
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Helioseismology at MPS
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Abstract. Research in solar and stellar seismology at the Max Planck Institute for Spédem
Research (MPS) is supported by the Junior Research Group “HelibAsteroseismology” of the
Max Planck Society since September 2005. A presentation of the ctiopos of research is given,
with particular emphasis on local helioseismology.

1 Research outline

Millions of modes of vibration, excited by turbulent contiea, enable solar physicists to
see inside the Sun, just as geophysicists can probe theahtgructure of the Earth using
records of seismic activity. Over the past twenty yearsioeelsmology has produced a
considerable number of discoveries in solar, stellar, amdidmental physics. The best is
still to come, however: three-dimensional helioseismihiteques fer unique prospects for
probing complex magnetohydrodynamical processes andvaring the mechanism of the
solar cycle, while the extension of seismic investigatitingistant stars will open a new era
of observational stellar research.

Methods of helioseismology can be divided into two clasgésbal and local. The more
traditional technique of global helioseismology considtmeasuring the frequencies of the
modes of oscillation and searching for a seismic solar matielse oscillation frequencies
match the observed ones. This reveals the Sun’s large-stcaéture and rotation as a func-
tion of depth and latitude. To complement global helioseisgy, new methods of local
helioseismology are being developed to make three-dirapakimages of the solar interior.
The basic idea is to retrieve information at depth from theetit takes for solar waves to
travel between any two surface locations.

Global helioseismology has provided by far the most pre@sts for the theory of stellar
structure and evolution, implying, in particular, a rewisiof the standard model of particle
physics to solve the solar neutrino problem. Today, the mxsting aspect of helioseismol-
ogy is the search for clues regarding the origin and vaitglof the Sun’s magnetic field,
possibly the most important unsolved problem in solar ps/siThe general belief is that
a dynamo process is responsible for the solar magnetic.cyaeording to this scenario,
magnetic field lines are stretched and twisted by internahshg motions. Therefore, it
is essential to map internal mass motions, structural a&ptes, and their temporal vari-
ations. Global helioseismology has already provided samedmental results, revealing
regions of rotational shear in the Sun’s interior, solatleyariations in the rotation rate,
and mysterious quasi-periodic changes at the base of tivection zone.
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The next advances are expected to come from local heliosgm(Gizon & Birch 2005;
Gizon 2006a), which, although still a young science, hasaaly pinpointed a mechanism
for the latitudinal transport of the magnetic flux that coditermine the period of the so-
lar cycle. Detailed 3D maps of the upper convection zoneigewew insights into the
structure, evolution and organization of active regiond eonvective flows. In yet another
application, local helioseismology can be used to constnaps of active regions on the far
side of the Sun. These few examples illustrate the richrfeb®@cience possible with local
helioseismology. In all these cases a taste of the posibilias been provided, but better
data and further developments in the technique are reqtanehlize the full potential.

An important technological step for helioseismology withee with the HMI instrument
on the Solar Dynamics Observatory of NASA to be launched i@820/Vith a high spatial
resolution over the entire visible solar hemisphere, HMhis first instrument specifically
designed for local helioseismology. Later, in about oneade¢ ESA's Solar Orbiter should
give access, for the first time, to the subsurface structuledgnamics of the Sun’s polar re-
gions. With these new observations, the need for improvésieisolar modeling will come.
In particular, theoretical studies and numerical simaladiwill be required to understand
wave propagation in strongly magnetized fluids, a necessamgition for the application
of local helioseismology to solar active regions. Locaidegismology is very much under
development today and promises many more discoveries. grt@nmost ambitious goals
is to directly image the magnetic field in the solar interior.

Asteroseismology, the study of global oscillations onatiststars, is entering a very ex-
citing period of discoveries. Many stars, covering a widegeof masses and evolutionary
states, are known to exhibit oscillations. Only in the last fyears, however, has it been
possible to detect oscillations on Sun-like stars usindghisbipated spectrographs on large
ground-based telescopes. Stellar oscillations have deradile diagnostic potential and al-
low stellar mass and age to be determined with unpreced@néeision. Such knowledge
for a suficient sample of stars will revolutionize stellar evolutenmd galactic evolution stud-
ies. Asteroseismology has also the potential to constra@rial stellar rotation and locate
the borders of convection and ionization zones. Such irdtion would help understand
dynamo-generated stellar activity cycles and the sokdlastconnection.

These exciting possibilities for the study of stellar stane, evolution, and activity will
be fully realized only once observations become availateaflarge sample of stars. The
precision on the frequencies of the global modes of stekaillations, however, is very
much limited by available telescope time, which is why datid space telescopes are an
attractive solution to provide long-term coverage of maypes of pulsating stars. High
precision photometry from space is expected in 2006 wittathiech of COROT of CNES in
2006. The field of asteroseismology will make much progreske following decades with
more ambitious missions like NASA's Kepler and possibly BI2ddington. As in the case
of helioseismology, there is a strong need to improve ouetstdnding of the oscillations
and how they interact with the magnetohydrodynamical pgeeg in stars.

Research in solar and stellar seismology at the Max Plarstitute for Solar System
Research (MPS) is supported by the Junior Research Grodp*“tded Asteroseismology”
of the Max Planck Society since September 2005. A generakeptation of the current
topics of research is given below, with particular emphasitocal helioseismology.
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Differential rotation

8.0

Figure 1. Difference in travel time measured in the west-east direction (travel timesftward prop-
agating acoustic waves minus eastward propagating waves) as a fusfdtiorizontal travel distance
and latitude. The travel times are measured in a frame that co-rotates wiButhat the Carrington
rotation rate. The latitudinal variation is due to solafatiential rotation (faster at the equator than at
high latitudes).

2 Measurements of travel times from the MDI Structure Program

Time-distance helioseismology consists of analyzingiénest times of acoustic wave pack-
ets that propagate through the solar interior. Flows inideSun break the travel-time sym-
metry between waves propagating in opposite directionsrder to achieve high-precision
measurements of flows deep in the solar convection zonejrtgsrtant to analyze long,
nearly-continuous time series of solar oscillations. Weduan extensive set of velocity
maps recorded by the Michelson Doppler Imager during thiegd996-2003 (MDI-SOHO
Structure Program). A critical step in the data analysis iextract the seismic travel times
from the data. Travel times are determined from the coimgidtinction of the Doppler ve-
locity computed between any two points on the Sun’s surfaea different measurement
techniques have been implemented and compared for rolssstnesolar noise. Figure 1
shows travel-time dierences in the west-east direction as a function of hor&dravel
distance and latitude. Here the travel-time shifts are eduny solar dierential rotation.
These measurements suggest that near-surface rotatidve dafered with a precision close
to 1 nys using one month of data.

3 Solar-cycle variation of rotation and meridional circula tion

The temporal variations of rotation and meridional cirtiola have a long-term component
with a period near eleven years. These small solar-cyclati@rs of a few /s are believed
to be a manifestation of the evolution of the large-scale matig field. We have made
helioseismic observations of the solar-cycle variatiofimfils near the solar surface and at a
depth of about 60 Mm, in the latitude rangé5°.
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Figure 2. Time-varying components of the meridional (a,b) and zonal (c,djsflas a function of time.
Panels a and c are for the near solar surface, while panels b andol ameipth of about 60 Mm below
the surface. The black lines in panels a and c show the mean latitude efgions. The eleven-year
periodic component of the data is extrapolated into the future beyond tite velntical lines.

Latitude [deg]

0 5 10 15 20 25 30
Year — 1996

Acoustic ray bundles that penetrate deep inside the Surecosnrface locations that are
separated by large distances. A depth of 60 Mm corresporaisdwel distance of about 1.7
To a first approximation, rotation and meridional circudatiat this depth can be estimated
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Figure 3. Two-dimensional travel-time sensitivity kernels for flows. This caseriafeatch of the Sun
60° towards the west limb on the equator. Each kernel gives the sensitivitg\nafi-time diferences
to flows for waves traveling in opposite directions between the two photdspiteservation points,
which are given by the crosses. (a) Sensitivity kernel for flows tirayen the +x direction. (b)

Sensitivity kernel for flows in the'y direction. The units of the kernels are s (lsjn* Mm~2,

directly from the travel-time dierences in the east-west and north-south directions (Hect.
For the near-surface layers, we used f-mode time-distaelb@skismology to obtain every
12 hour a map of the convection pattern. The near-surfasealdlow is estimated from the
advection of the convection pattern according to the metfidsizon et al. (2003).

Figure 2 summarizes the results. The time-varying compsraithe meridional flow at
these two depths have opposite sign, while the time-varyamgponents of the zonal flow are
in phase. We investigated a theoretical model based on arfinsport dynamo combined
with a geostrophic flow caused by increased radiative loghénactive region belt. The
model and the data are in qualitative agreement, althougjlantplitude of the solar-cycle
variation of the meridional flow at 60 Mm appears to be undeneted by the model. See
Gizon & Rempel (2007).

4 High-resolution local helioseismology

We are interested in studying the near-suface flows on theiByrarticular supergranula-
tion and the flows around active regions, using f-mode tiiséadce helioseismology. The
f modes propagate horizontally in the top 2 Mm of the coneactione. Determining hori-
zontal flows accurately and with a high spatial resoluti@sglthan the f-mode wavelength
of * 5 Mm) requires two main steps. The first step, called forwaaotieting, is used to
derive an integral relationship between travel-time mezsents and internal flows. This
relationship is provided by travel-time sensitivity kelsieThe second step is to then use the



94 Gizon et al.: Helioseismology at MPS

Weights

Kernels

Averaging Kernel Target Function
10 © 10 d
—~ 5 - 5
S o Ll S o Ll
> -5 > -5
-10 -10
-10 0 10 -10 0 10

X (Mm) X (Mm)

Figure 4. OLA inversion of f-mode travel times. (&) Inversion ¢beients (b) Travel-time sensitivity
kernels (quadrant averaging scheme). The inversiofficints are convolved with the kernels to give
the averaging kernel of panel (c). The averaging kernel matcleesuthet function (d) well.

sensitivity kernels, along with the travel-time measuretsgto infer the underlying flows.
This last step is called an inversion.

We have calculated f-mode kernels for flows in the first Borpragimation, which is
a single-scattering approximation. Figure 3 shows exasnpie2D kernels which give the
sensitivity of f-mode travel-time élierences to localized horizontal flows on the solar surface.
The travel times are measured between two individual pomtse solar surface. In general,
the kernels depend on the position on the solar disk thraughirte-of-sight vector. We note
that it is customary to average travel times (and kernelgsy quadrants of arc in the east,
west, south and north directions to reduce noise. See Jéckiet al. (2006a,b).
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Figure 5. Map of horizontal flows around a sunspot at a depth of 1 Mm below thiacai Flow
velocities are obtained by inverting f-mode travel times (quadrant gwveya The outflow around the
sunspot, with an amplitude of about 500siis called the moat. Spatial coordinates are given in units
of Mm.

The most important part of the inversion procedure is tordgtee a set of weights which
average the measurements in some way and return the valbe lafcal flow. In our case,
the weights are found in a two-dimensional Optimally Looadi Averaging (OLA) scheme,
whereby one seeks a linear combination of the sensitivityeds (an averaging kernel) that
resemble a Gaussian target function. It is not always dalsita have the averaging kernel
and the target function match exactly, since doing this naarge large measurement errors to
propagate through the inversion. Therefore, one needsnsider a satisfactory resolution
along with a permissible amount of error, which can be chdsemdjusting a tradeb
parameter. In Fig. 4 we show results for an inversion. Ouiaghof trade-& parameter is
such that the resolution is quite good, the weights are smaoid the averaging kernel and
target match well. Figure 5 gives an idea of the spatial te&wl that can be achieved with
only 8 hr of data. Both supergranular flows and the moat flowidata sunspot are resolved
(even though the inversion was not quite optimal in thisipaldr case).
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Figure 6. Sensitivity of solar surface-wave travel times to small magnetic feat(a@®bservations
based on MDI data from the high-resolution field of view. A magnetic fesaiposition X, y) causes
a shift in the travel time measured between the two observation points<(at4.95 Mm,y = 0). As
magnetic features have a finite spatial extent, we applied a simple regdldezenvolution. The grey
scale gives the shift in travel time due to a 1 kG magnetic field covering %.Nish Phenomenological
model for a point magnetic scatterer based on single-scattering thé@gatterer located anywhere
along an ellipse (with foci at the observation points) causes travel-timis siiithe same sign, giving
rise to Fresnel zones. The hyperbolic features are due to the scatitrimyes generated by distant
sources.

5 Travel-time shifts caused by small magnetic features

The solar surface magnetic field is dragged by convectivéam®into concentrations that
form the quiet-Sun magnetic network. Because these magfeetiures are smaller than the
wavelengths of solar oscillations, they are ideal to stumyresponse of finite-wavelength
seismic travel times to point-like perturbations.

We used time-distance helioseismology to directly meathwespatial sensitivity of f-
mode travel times to a point-like magnetic perturbationavéi-time maps reveal that the
sensitivity is not restricted to the geometrical ray padtspread on elliptical and hyperbolic
curves, and oscillatory (Fig. 6a). We find that these gedoadtfeatures are mostly due to
finite wavelength fects and to the fact that the sources of excitation of sokliaons are
distributed over the whole solar surface. To reach this lusian, we developed a simple
phenomenological model to explain the travel-time obg@wma. We assumed that scattering
from a magnetic feature can be described by a combinatioroobpole and dipole scatter-
ing. Treating solar surface-gravity waves (f modes) as daestpr waves, we computed the
wave field using a single-scattering approximation, and #djusted the complex scattering
amplitudes to obtain the best match with the observatioigs @). We find that the dipole
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and monopole contributions are equally important.

By studying the interaction of seismic waves with localiseagnetic features on the Sun,
we have provided an observational confirmation of the bamm@ba-doughnut theory orig-
inally developed for finite-wavelength tomography of thetBaaccording to which body-
wave travel times are sensitive to the wave speed in a brggahrsurrounding the geomet-
rical ray path. This is the first test outside the laborattwyvgng the relevance of scattering
theory to cross-correlation travel times (laboratorygestist for ultrasonic waves). As in
Earth seismology, we suggest that finite-wavelength mogeiliill be essential in revealing
deep structures in the solar interior. See Duvall et al. §200

6 Line profiles of fundamental modes of solar oscillations

We have studied the asymmetry of f-mode line profiles in tiveguapectrum of solar oscilla-
tions, which have received less attention than for aconstides (p modes). Line asymmetry
is interesting as it contains information about the mectrarof wave excitation.

Using MDI-SOHO data, we find that f-mode line asymmetry ismqananced in the degree
range 600-1200 and has opposite signs in velocity and iitygmawver spectra. One may ask
if the mechanism responsible for f-mode line asymmetry @addscribed in simple physical
terms, as is done for p modes. An argument based on wavedrgade (used to explain p-
mode line asymmetry) has little value in the case of f modéschvdo not propagate in the
vertical direction. Is it at all conceivable that line asyetny may occur from combinations
of exponential wave functions? To investigate this questize considered the propagation
of a surface wave at the interface between two media witeréint constant densities, forced
at a given height by a vertical momentum impulse. We find thate limit of a large den-
sity discontinuity, line asymmetry can occur when the seuscsituated above the interface.
Although this toy model is not intended to approximate tha,3tihas the merit of demon-
strating that line asymmetry can occur even for waves thatalgropagate in the vertical
direction, such as the f mode. See Gizon (2006b).

7 Modeling wave propagation

7.1 Three-dimensional numerical simulations

The propagation of waves in the near photospheric layersirgtstudied using numerical
simulations, in order to better understand helioseismoédgbservations. The code we have
developed follows the linear evolution of perturbationaimnhomogeneous, magnetized at-
mosphere. We have used a box geometry, a spectral treatmirg horizontal directions,
and a finite diference scheme for the vertical direction. The boundaryitiond are natu-
rally important. The side boundaries are simple: the boxrgoglic. For the upper boundary
we currently use the condition that the Lagrangian pertishaof the vertical component
of the stress tensor vanishes. A practical problem is tleasttar atmosphere is superadia-
batic beneath the solar photosphere, and so exponentiallyirgg modes are present in the
solutions. As we wish to focus on théects of the convection on the waves, we currently
modify the density so that, in the wave simulation, the aphese is nowhere unstable. The
code is fully three-dimensional. See Cameron & Gizon (2006)



98 Gizon et al.: Helioseismology at MPS

y [Mm]

—20 —10 0 10 20
x [Mm]

Figure 7. A snapshot from a calculation of an acoustic wave packet propagatingsaa jet. The
background atmosphere has a uniform sound speed of A, knd is of uniform density and pressure.
The two horizontal white lines indicate the presence of a jet flowing fromtdefight. The jet has a
peak amplitude of 10 kys and has a profile corresponding to one half-cycle of a cosine. The wh
lines indicate where the velocity has fallen to kmThe source for the wave packet is a displacement
in they direction centred on the asterisk.

Many applications are hoped for, in particular to study titeriaction of solar waves with
sunspots or near-surface convection. The code will céytaia useful to study thefiects
of strong perturbations. Figure 7 shows the deformation whee front as it traverses a
10 knys jet flow.

7.2 Interaction of acoustic waves with a magnetic cylinder

The interaction of acoustic waves with sunspot magnetidgied strong in the near surface
layers. As a result, theffiect of the magnetic field on the travel times is not expectdtto
small near the surface. Deeper inside the Sun, howeveratioeof the magnetic pressure to
the gas pressure becomes small, and it is tempting to treadtdcts of the magnetic field
on the waves using perturbation theory.

With the aim of studying magnetidtects in time-distance helioseismology, we used the
first-order Born approximation to compute the scatteringroéll amplitude acoustic plane
waves by a magnetic cylinder embedded in an otherwise umifoedium. Because this
simple problem has a known exact solution for arbitrary nedigrfield strengths, we can
study the validity of the linearization of the wave field o tbquare of the magnetic field.
We show, by comparison with the exact solution, that tréiveé shifts computed in the
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single-scattering Born approximation are everywheredvifirst order in the ratio of the
magnetic to the gas pressures. We conclude that, for typédaks of the solar magnetic
field, the Born approximation should be good at depths lattger a few hundred km below
the photosphere (Gizon et al. 2006). We note that the exadi@ocan be used to validate
the numerical simulation of Section 7.1.

7.3 Acoustics in spherical geometry

Methods of local helioseismolgy are also being tested usimgerical simulations of wave
propagation in spherical geometry. A setup in sphericahtgtoy is necessary when wave-
lengths are not small compared to the solar radius. The dcauave field is obtained by
solving the three-dimensional Euler equations in a getaeikground solar model (no mag-
netic field). The excitation of the oscillations is modelgdrbany uncorrelated sources of
excitation which are randomly distributed delta functioms narrow spherical shell close
to the solar surface. We are hoping to validate the variouhods of helioseismological
data analysis with this numerical code. Theeet of diferential rotation, meridional circu-
lation, sound speed anomalies on the acoustic wave fieldowifitudied. See Hanasoge et
al. (2006).

8 Farside imaging

Space weather forecasting is important due to the impattstblar flares have on space
weather. Large, complex active regions tend to be the safrerong solar flares which
eject charged patrticles into the solar wind, and direcffea Earth operations. Farside
imaging dfers up to two weeks notice of active regions rotating to therside, providing
that the active region is evident at the surface over theduih of its farside tenure. Although
there are many short-term predictive tools, the importafdarside imaging is not to be
under-estimated.

It is well known that magnetic fields interact with acoustiawes, in particular they ab-
sorb their energies and change their travel times in thaiyoof the magnetic field. Phase-
sensitive holography is used to calculate the travel timeupegations. Farside imaging is a
particular application of phase-sensitive holographya(Br & Lindsey 2001). Given obser-
vations of acoustic waves on the front side and for each tg@gjat (or focal point) on the
far side, two basic computations are done: the ingressidiranegression. The egression is
a reconstruction of the wave field that has emanated fronotted point at time based upon
the observed Doppler signal in an annular pupil. The ingoesss the time reverse of the
egression: the wave field in the pupil is propagated forwartihie to reconstruct the wave
field at the focal point. The correlation between the ingoesand the egression gives the
phase lag (travel time flerence) between waves going into, and waves going out fitwen, t
focal point on the Sun'’s far surface. A time decrease (ortiegphase as it is shown on this
scale) indicates the presence of a strong surface magradtigpfioportional to its strength.

Here we have used GONCdata to calculate the farside image for November 12, 2003.
In Fig. 8, two large active regions are clearly visible akgmtches on the farside: AR 0486
(southern hemisphere) and AR 0488 (northern hemisphehe)optical paths of waves used
for farside imaging have single-skip distances in the agprate range 8—15 rad, with
spherical harmonic degree up to 70, which produces a muaisexospatial resolution than
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Farside Image: 12th November 2003
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Figure 8. Farside holographic image of the Sun on the 12th November 2003 Vieetiographic
longitude and latitude. The greyscale gives the phase shift in radiamslaTge active regions appear
as dark patches on the farside: AR 0486 (southern hemisphere)R0d488 (northern hemisphere).

for seismic imaging of the nearside. At a frequency of 3.5 naHtliffraction limit of about
5° is imposed which is good enough to image significant plagmnsg The analysis here
uses 2x 2 skip holography. Therefore, this farside image is limitechpproximately 59
from the antipode of disk centre.

9 Distant stars

9.1 Asteroseismology of K Giants

Radial-velocity measurements of the K Giantlydra using the FEROS spectrograph at the
2.2 m MPGESA telescope in La Silla, Chile, reveal pulsations perioid3-4 days (Fig. 9).
The main oscillations have periods in good agreement witrétical expectations. The
high-frequency part of the oscillation spectrum, howeigfar from being understood. It
has been suggested that oscillations in red giants are da@ailike pulsations excited by
turbulent convection. The possibility that all or part oétbbserved modes could be self-
excited Mira-like pulsations is, however, not ruled out. iglobservational data on K Giants
will become available in the next few years to clarify theunatof the oscillations and to
provide seismic constraints on the structure of these.sfas Setiawan et al. (2006).

9.2 Analysis of time series of stellar oscillations.

Quantitative asteroseismology requires extremely peatisasurements of the frequencies,
amplitudes, phases, and lifetimes of the stellar osailteti The data analysis can be accom-
plished in the time domain or in Fourier space. In both cagaps in the data introduce
complications. In the Fourier domain, the signal is congdhby the transformed of the
observation window and Fourier amplitudes dfeatient frequencies are correlated. We are
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Figure 9. Radial velocity measurements of the K GiamtHydra recorded during 12 days in
March 2005. The solid line gives a fit of 5 superposed sine functions péttods 7.96, 3.6, 2.95,
2.48, and 2.29 days. Besides the periodic behaviour, a long terntiearigvisible.

developing methods and analysis tools that take into addbase correlations. In the case
of solar-like oscillations, Monte-Carlo simulations shthat our improved fitting method re-
turns less noisy estimates of the line widths and amplitefiése modes of oscillation. The
improvement is less significant for long-lived, determiicipulsations. Figure 10 shows a fit
to a mode triplet in the Fourier domain (only the real partisven) for a classical pulsator,
the pre-white dwarf PG1159-035 (Winget et al. 1991).

10 European network for helio- and asteroseismology

HELAS is a new European network for helio- and asteroseisgylfunded by the Euro-
pean Union for the period 2006-2010 (EU Framework Progranmeg¢ MPS is an important
component of HELAS (MR is Project Scientist, LG is Chair of thocal Helioseismology
Network Activity). The objectives of the Local Helioseistagy Network Activity are to (1)
coordinate and consolidate European research activitigaeifield of local helioseismology,
exchange knowledge and share experiences; (2) identifsdog which common actions
are desirable; (3) promote the exchange of data for testspaonsons, and analysis; (4) co-
ordinate the process of developing common software tob)dacilitate the preparation for
the SDO and Solar Orbiter missions. Three workshops arepthand one large conference
will be organized in Gttingen in 2007.
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Figure 10. Section of the Fourier spectrum of PG1159-035 around the stronipedé driplet near
1937uHz. The thin line is the real part of the Fourier transform of the data, thk thithe fit. Most
of the variations away from the peaks is due to the convolution by the windoetibn. Although it is
not shown here, the imaginary part is fitted together with the real part.
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Abstract. Maps of the horizontal divergence of the near-surface velocity fiake been calculated us-
ing local helioseismology and SOHO/MDI full-disk Dopplergrams. Thespsrprovide a continuous
coverage for two to three months each year with a cadence of 12 Heawmnetrical and evolutional
properties of individual supergranular cells have been studied.r§apeilar cells have sizes in arange
around 650 Mr (circular diameter of 28.77 Mm) with lifetimes of up to 4.5 days. We alseolesa
clear trend for larger cells to have stronger divergence values agef lfetimes than smaller ones.

1 Data

The basic data used for this study are time series of fuk-Digpplergrams of several months
length, obtained in a period between 1996 and 2002 with tleh&ison Doppler Imager on-
board the SOHO spacecraft. To extract information abowtgupnular flows the techniques
of f-mode time-distance helioseismology (see Duvall & Gizod@®Mhave been applied. The
resulting data consist of 120120 (heliographic coordinates) divergence maps of the hori-
zontal flow field ¥ - v;) in a depth of 1 Mm below the solar surface (see Fig. 1). Théalpa
sampling rate of these maps amounts.@0and the cadence is 12 h. The maps are interpo-
lated onto a longitude-latitude{1) grid and structures with sizés> 250 (<17.49 Mm) are
filtered out. Since the noise levels in the divergence mapeases with distance from disk
center only regions within a radius of 4Bave been considered in the subsequent statistical
analysis.

2 Image segmentation

Individual supergranular structures are detected by apgply segmentation algorithm to the
divergence maps based on band-pass filtering in the Foueaith (see Roudier & Muller
1987). The obtained structures are related to regions ofigtpositive divergence values
which are the central regions of supergranular cells. lewotolcapture the entire dimensions
of the supergranular cells local divergence minima have lsearched. These are pixels for
which all surrounding pixels have higher values. Then eatbaled supergranular structure
has been dilated against the surrounding local minima. &lethe FOVs are fully covered
by the thus obtained supergranular cells.
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Figure 1. Time series of divergence maps obtained wittode time-distance helioseismology tech-
niques. The upper panel shows a single map from the series. Ligltwsts are regions where
V - v, > 0 (supergranules); in dark regionsVis v, < 0 (inter-supergranular lanes). In the lower panel
anx-t-slice of the series from the year 2000 is displayed. At all times only one thR0) of the entire
solar longitude range is visible.

Alternatively, the Fourier-based segmentation algorities been also applied to struc-
tures of strong convergenc® (v, < 0). The thus obtained structures have larger areas and
much more complex shapes which surround the divergencersgisee Fig. 2). Therefore,
similar to “normal” solar granulation supergranulatiorfides a pattern of local divergence
centers separated by a network of “inter-supergranulagda

3 Cell structure

The distribution of detected supergranular cell areasKgge3) shows a well-defined max-
imum at 650 M (median value of distribution) which corresponds to a dacdiameter
of d = V4A/x = 2877 Mm. The shape of the histogram is significantly differeanf that
given in del Moro et al. (2004) who analyzed a much smalletistieal sample but have
used similar data. However, it shows close similarity tdribstions found by e.g. DeRosa
& Toomre (2004). The mean divergence in most of the detect#sl is close to zero which
means that the supergranular cells are properly detectelsegmentation algorithm. The
distribution of maximum divergences has a similar shapédasatea histogram leading to
an almost linear dependency between area and maximum einexgOnly the very largest
cell structures seem to deviate from this correlation. &b, this relation looks very sim-
ilar to the area-intensity and area-velocity distribusidound for “normal” granulation (see
e.g. Hirzberger 2002). A close similarity in the structypedperties of solar granulation and
supergranulation was already stated in Berrilli et al. @00

4 Lifetimes

The time evolution of the supergranular cells has been etluldy tracking the evolution
of the segmented cells. The corresponding tracking alyaris a modified version of the
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Figure 2. Fourier-based segmentation results. Left: Segmented divergengerigta: histograms
of detected areas. The solid line shows the distribution of areas of diveggcenters, the dotted line
shows the distribution of convergence centers.
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Figure 3. Histograms of areas, mean divergences, and maximum divergefsegmented super-
granular cells. The vertical dotted lines represent median values ofdtniations. The lower right
panel shows a scatter plot of maximum divergence vs. cell area.

codes used for tracking granules (Hirzberger et al. 199€) masogranules (Leitzinger
et al. 2005). Since the FOV is moving in longitude with timegg-ig. 1) only a small
number of the detected supergranules can be followed frem‘thirth” to their “death”. The
thus estimated supergranular lifetimes and dynamicalestims may be, therefore, biased
by a selection effect. In addition, lifetimes below 12 hoars not resolved in the used
data. The resulting lifetime histogram and variations difsizes and maximum divergences
with supergranular lifetime is shown in Fig. 5. Lifetimes tgp4.5 days have been detected
although the bulk of supergranular cells have lifetimesvieen 1 and 3days. Moreover, a
tendency for longer-living structures to possess largeasand stronger divergences can
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Figure 4. Evolutional parameters of supergranular cells: The left panel stistsgrams of cell
lifetimes (solid: feature tracking, dotted: 3d-segmentation). In the miduleright panels the time-
averaged areas and maximum divergences of the lifetime historiedobaneonce more averaged in
each bin of the lifetime histograms (diamonds: feature tracking, triangtesegmentation). The error
bars denote standard deviations of the megny(N) in each bin of the histogram.

be detected. This result is again in close similarity to tebdvior of “normal” granulation
cells.

As a second method to follow time evolution we applied a 3aiom of the Fourier seg-
mentation algorithm mentioned above. The resulting stinest represent supergranules in
theg-2A-t-space. These structures have been sliced for each timarsd¢pe thus recognized
supergranules have also been dilated against the surrgulutial divergence minima. The
results of a subsequent statistical analysis are oveeplattFig. 4.

5 Outlook

The fact that the data presented here cover a period betv@&hahd 2002 establishes the
possibility to study variations of supergranular struetand dynamics with the solar cycle.
In addition, a possible dependence with solar latitude neagtbdied. Both topics require a
careful analysis of magnetic field maps which are also avgilxom the MDI data archive.
If such an extension of the data analysis would be succdssartant new insights into the
interaction between solar magnetic fields and convecti@hntie retrieved.
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Solar adaptive optics
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Abstract. We give an overview of solar adaptive optics (AO) systems, ffedinces to nighttime AO

systems and some basic design considerations for the wavefroot seasthe wavefront reconstruc-
tion. As an example, we present the Kiepenheuer Adaptive Optics SYK&@S), lessons learned

from four years of operation, and the various AO-related projectagbr will use KAOS.

1 Introduction

Ground based observations of the Sun in the visible speetngle are severely limited by
wavefront aberrations caused by the Earth’s atmosphergically, a spatial resolution of
only 1-1.5 arcseconds can be achieved, corresponding titreection limit of a 10 cm tele-
scope. However, in order to answer fundamental questi@iottur when trying to under-
stand the Sun, a spatial resolution approaching tfieadtion limit of meter-class telescopes
is required. For very short exposures this can be achievedhage reconstruction tech-
niques such as phase diversity (van Noort et al. 2005; Htiés@& Schmidt 2002) or speckle
imaging (v.d.lilhe 1989; Mikurda & v.d.lihe 2006). But for high accuracy observations,
e.g. spectropolarimetric measurements, long exposuestinake a realtime wavefront cor-
rection mandatory. Considering observirfaency, AO works in two ways:

e For a given spatial resolution, AO increases the amount séoiing time.
e For a given observing time, AO improves the spatial resofuti

Atfirst, image stabilisation systems were introduced (Sdh&Kentischer 1996; Balles-
teros et al. 1996), but only by using a full compensation efitlavefront can the theoretical
resolution of the telescope be restored. Although adaptities has been used for nighttime
astronomy for more than ten years (Rousset et al. 1990)pjilcation in solar astronomy
was delayed for several years due to three reasons:

e Wavefront sensors must be able to track an arbitrary strecin an extended source,
rather than an isolated point source.

e The Sun heats the ground, so the daytime seeing is usuallevtbban the nighttime
seeing.

e Solar observations are mostly done in the visible, theeetioe AO must correct in this
regime.
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Table 1. Present solar AO systems.

DST, Sac. Peak SST, LaPalma VTT, Tenerife BBSO, Big Bear

first light 1998 2000 2002 2004
telescope diameter [m] 0.76 0.98 0.70 0.65
# corrected modes 60 27 27 40
# actuators 97 35 35 97

0 db bandwidth [Hz] 130 ? 100 130

Presently four solar AO systems are used regularly (in tHeraof first light): The AO at the
Dunn Solar Telescope (DST) of the National Solar Obseryagacramento Peak (Rimmele
& Radick 1998), the AO at the Swedish solar telescope (SSa)Palma (Scharmer et al.
2000), the AO at the German Vacuum Tower Telescope (VTT)®Kiepenheuer-Institute,
Tenerife (v.d.liihe et al. 2003), and the AO at the Big Bear Solar ObservaBB$ Q) (Rim-
mele et al. 2004). Table 1 shows the basic parameters of thessystems. During the last
years the existence of a good working AO system has becommedaraior for the competi-
tiveness of a telescope (e.g quality of the post focus ingntation).

Section 2 gives an overview of solar wavefront sensing, ictiSe 3 the basic wavefront
reconstruction is explained and in Section 4 the KAOS sysgesmown as an example for
solar AO systems.

2 Solar Shack-Hartmann wavefront sensing

As already mentioned, the wavefront sensor (WFS) in solarysBesns has to track on arbi-
trary structures. Up to now, only crosscorrelating Shaektidann (SH) WFSs are used. The
differences to nighttime SH sensors are the larger field of vi@¥JFthe faster and larger
CCD/CMOS WFS cameras and the way the shift vector is obtained. derdo achieve a
good correlation function, the FOV should be as large asilples$ut it should not exceed
the isoplanatic patch«(10” in the visible). The pixel scale should match the resolutbn
one subaperture. Crosscorrelating the image of a referzaperture with the other sub-
apertures leads to correlation functions that are morelikeaand can be treated like stars
in a stellar WFS (paraboligauss fit around the brightest pixel). Both FFT-based corssc
relation and direct crosscorrelation methods are usedar S8FS cameras typically have
~ 250x250 pixels and operate at 1-2.5 kHz. The high framegatdghe compute intensive
crosscorrelation lead to a high computational load for theS\AIR contrast to nighttime AO
where the wavefront reconstruction process is the most ateriptensive part, this is the
correlating Shack-Hartmann WFS for solar AO. As an exampig, F shows the KAOS
lenslet geometry in the pupil plane, the WFS camera image lamdesulting correlation
functions. The KAOS WFS operates in a 10 nm band at about 500ma.size of a sub-
aperture corresponds to 10 cm in the pupil plane which reguB6 subapertures.
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Figure 1. Screenshot from the KAOS user interface showing the WFS geometheqiupil plane
(left), image plane (centre) and the resulting correlation functions (right)

3 Wavefront reconstruction and system control

3.1 Data reduction / crosscorrelation

After the image data of a subaperture has been transferredletely from the camera into
the memory of the control computer, the following data reauncsteps must be performed
(for each subaperture in the order given belovaeing the edge length of the subapertures
in pixels):

e darkflat correction,
e subtraction of the subaperture mean intensity,
e removal of the xy-intensity gradient,

e application of a Hamming windoW(x, y) = w(X) - w(y) with
w(i) = 0.54+ (0.54— 1) - cos(zi/(n — 1)), i=0.n-1,

¢ addition of the former mean intensity,
e intensity normalization.

The subtractioriaddition of the mean intensity and the application of the Hemg window
are only advisable for FFT-based crosscorrelation. Theovahof the intensity gradients
and the intensity normalization are necessary to obtainraletion peak which is related to
the solar small scale structure, and not to the field edgerddeced subaperture images are
now crosscorrelated against a reference subaperture itinaiggas undergone the same data
reduction. A subsequent parabolic fit around the brightest jof the correlation function
delivers subpixel accuracy for the correlation functiosifion C.«, leading to the desired
xy-shift error signalS4;i¢; of the WFS:

Sqitt = Rref — Sret + Ranitt + Crnax»

Rref andS;e being the spot positions of the perfect wavefront of refee¢tand subaperture
S. The reference image should be updated at least once petenfimuselecting the image
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with the most contrast, within the last minute. The time sadlone minute is shorter than
the time scale of the evolution of solar structures resolwed subaperture. The xy-shift
Rsiitt Of the reference image is obtained from a crosscorrelafitimeoreference image with
the previous reference,

Ranift.new = Raniftod + Crmax -

Now the error shift vector can be applied to the wavefronbnstruction.

3.2 Calibration / wavefront reconstruction

The calibration and wavefront reconstruction is similamighttime AO and is therefore
discussed only briefly.

The interaction matrix that links the wavefront sensor dreddctive mirrors (typically tip-
tilt mirror and deformable mirror (DM)) can either be obtadhanalytically by using models
for the wavefront sensor and the mirrors, or experimentallyamping each actuator one by
one and recording the WFS response. The latter has the ageafteaking alignment errors
and other deviations from the theoretical optics schenmeantount but requires a pinhole
that can be inserted into a focus preceding the active rnsirror

The reconstruction matrix (inverse of the interaction igironverts the measured shift
vector from the Shack-Hartmann sensor to the desired actaatput voltage vector during
closed loop. The reconstruction matrix is usually obtaimgthverting the interaction matrix
using a truncated Singular Value Decomposition (SVD). TR® Qllows the rejection of
noisy or otherwise badly behaving system eigenmodes. #dtaely, other sets of modes
such as Karhunen-Loeve or Zernike modes can be used. Theyathore analytical system
analysis and further improvements, but act as a spatial Ekeveen WFS and the active
mirrors, so the ficiency in terms of atmospheric wavefront error correctiaymo down.

The actuator output voltages are then fed to the servo ddatp. Typically, this is a Pl
(proportionalintegral) controller with distinct control parameters tbe tiptilt mirror and
the DM.

4 The Kiepenheuer Adaptive Optics System (KAOS)

The 70cm VTT at the Observatorio del Teide, Tenerife, has leegiipped with an adap-
tive optics system in 2002 which is used since then for moa@ 95% of the obervation
campaigns. It provides fiifaction limited observations in the visible for seeing bethan
0’8.

4.1 System overview

Table 2 gives the main parameters of KAOS: The required geefr0’8 for diffraction
limited observing is the main limitation of KAOS because thedian daytime seeing is well
above 1. However, typically two to four hours after sunrise the agés often of the order
of 0’8 or better, so that observations at maximum resolution assiple. The ability to
work stable with 18 seeing enables the observer to continue the observatitimsutvioss
of lock when short "bubbles” of turbulent air cross in froffitie telescope, which happens
quite often.
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Table 2. KAOS parameters.

minimum seeing for dfraction limited observing ‘@B
minimum seeing for stable operation "8l
minimum distance to the solar limb (with faculae points) 715
maximum mean wind speed 123n
maximum number of corrected degrees of freedom 27

loop frequency bandwidth of the control loop 2100100 Hz
WFS number of subapertures 36

WES field of view, pixel scale 12 0/5/ pixel
DM type, number of actuators bimorph, 35
control computer, OS Sun V880, Solaris

A key design issue during the development phase of KAOS wasahability of tracking
any solar structure as long as there is enough contrast imtge. This is possible almost
anywhere on the solar disk because of the ubiquitous scdeugation pattern. Only close
to the solar limb (with almost no contrast to track on) a hightcast facular point is needed
as a reference by the wavefront sensor. As a second requitethe observing scientist
should be able to control the AO. Therefore all stages of th&\atle motorized and moved
automatically by a graphical user interface (GUI) which \dasigned for ease of use.

Figure 2 plots measurements of the residual RMS wavefroat ef AO corrected obser-
vations as a function of the Fried paramatgrDiffraction limited correction is reached for
seeing better thary = 13 cm. The measurement whign= 3.5 cm was an extreme case and
was probably done with the AO tracking on a pore. Nevertlsdteshows that KAOS can be
used over a wide range of observing conditions. The bestasléeved Strehl was 0.8 for
extremely good seeingd =~ 40 cm).

4.2 Lessons learned

During the four years of KAOS operation we made the followdéxgeriences:

e 16x16 pixels per SH-subaperture are noffisient to track reliably on granulation
during average seeing’(21’5). We therefore changed to 24x24 pixgsubaperture
in 2003 and can now track during Zeeing.

¢ It is mandatory to motorize all moving stages of the WFS in otdeallow an auto-
mated setup observing procedure for ease of use.

¢ A high bandwidth is very important. The biggest KAOS impnment came from the
installation of a new WFS camera in 2006 that doubled the sybandwidth.

¢ A high order AO system that provides a stable PSF also unddrameeeing condi-
tions is highly desirable, as has been also proven by the @iateesuccess of the NSO
/ Sacramento Peak high order AO system (Rimmele et al. 2004).
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Figure 2. Residual RMS wavefront error of AO corrected observations asietifin of the seeing
conditions.

Table 3. Other AO projects at KIS.

first light # corrected modes  bandwidth [Hz]

GREGOR first light AO 2008 55 100
GREGOR high order AO 2009 250-300 150
GREGOR MCAO 2008 552x60 100
GREGOR nighttime AO 2008 40 60
SUNRISE CWS 2009 (flight) 5 70

¢ A dedicated realtime operating system is not necessary.elostandard operating
systems such as Solaris or Linux can assign one CPU to onegzrexclusively. The
readout timing of the WFS camera theffieetively leads to a realtime behaviour.

5 Other AO projects at KIS

Table 3 shows the basic parameters of other KIS AO projeatst of which are connected
to the new 1.5 m solar telescope GREGOR. The GREGOR firstAightvill be a scaled-up

version of the VTT AO and will rely on proven technology, butllave less corrected de-
grees of freedom per aperture area than the VTT AO. Thisdtiom will be overcome by a
future high order AO (Berkefeld et al. 2004) that will allowfidaction limited observations
under seeing conditions of up t63-1'5. The GREGOR MCAO (Berkefeld et al. 2006) will
extend the corrected field of view to one arcminute by using additional DMs at heights
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conjugated to strong atmospheric turbulence layers, thvirsggAO-based observations an-
other huge performance leap. The nighttime AO will use thiveanirrors of the solar
AO plus a very light-sensitive nighttime WFS. The last (but least) project is the image
stabilization and alignment system (CWS) for the 1 m ballbome telescope SUNRISE
(Schmidt et al. 2006) that will fly in summer 2009.

6 Conclusions

In the last years adaptive optics systems have become aamasirument for both im-
proving the spatial resolution of solar observations areldhserving fliciency at major
solar telescopes. Future developments, e.g. at the plahmefidvanced Technology Solar
Telescope, will lead to high order systems that provide blstRSF under median seeing
conditions and to multi-conjugate systems that have thaluify to extend the corrected
FOV considerably.
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Abstract. Solar observations with online compensation of atmospheric seeing is possible at the Vac-
uum Tower Telescope (VTT) on Tenerife (Spain) with the aid of the Kiepenheuer Adaptive Optics (AO)
System Kaos. For the post-facto speckle image reconstruction methods used at our institutes, however,
problems arise regarding the photometric accuracy of the intensity enhancement at each position of
the reconstructed image (Puschmann & Sailer 2006), rooting in the lack of knowledge about the field
dependency of the actual residual wave front (WF) after correction and therefore of the instantaneous
optical transfer functions (OTFs) at the time of each exposure.

To process more adequately particular sets of image data obtained with Kaos, we simulate their OTFs
and the according statistically averaged quantity for the reconstruction, the speckle transfer function
(STF), with support of an activity log of the AO system during the time of data acquisition. Data
regarding the wave front sensor (WFS) and the deformable mirror (DM) are analysed to model the
atmospheric conditions and the average compensation power of the AO system. With this information
we simulate the propagation of atmospherically distorted WFs through the optical elements of the VT T
and Kaos, approaching the average WF error statistics reflected in the experimental data.

1 Introduction

Seeing induced wave front (WF) distortions evolve from differing optical path lengths of
parallel light rays traversing each point at the telescope’s entrance window. They traveled
through different portions of the turbulent atmosphere with statistical distribution of the re-
fractive index and accumulated retardations along their way, i.e. the direction along which
the wave front sensor (WFS) is ‘looking’ through the earth’s atmosphere to measure the WF
deformations. Since telescope optics are designed to focus an even wave front, this cannot be
optimally accomplished anymore if seeing is present. Time dependent aberrations remain.
Adaptive optics (AO) provides us with the ability to collect observational data that are real-
time corrected for these wave front deformations. Own observations with the AO system
KAOS (Kiepenheuer Adaptive Optics System), installed at the Vacuum Tower Telescope
(VTT) on Tenerife and operated by the Kiepenheuer-Institut fiir Sonnenphysik (KIS), have
shown that it improves the resolution of the raw images by factors of up to four, depending
on the seeing, such that, occasionally, we even reach the diffraction limit. AO enlarges
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definitely the time intervals with excellent ‘effective’ seeing, which is of special importance
both for long exposure observations and speckle applications: With an augmented number
of high quality short exposures in each burst of the observational data image reconstruction
manages much more consistently to extract at least ‘almost’ diffraction limited information
for a subsequent time series.

One serious restriction to the above lies in the very principle of the conventional AO setup,
i.e. the compensation of incoming wave fronts along only one single line of sight. This
results in a direction dependent WF error and therefore varying resolution in the images
throughout the field of view. Optimal image quality, in average, is therefore found only
around the ‘lockpoint’, the image point which corresponds to the line of sight of the WFS.
The problem for conventional speckle reconstruction, however, lies in the step of intensity
amplification, which is now field dependent and also depends on structure sizes. If we need
photometric accuracy, we have to measure or model this dependency to avoid overestimation
around the lockpoint and underestimation in the outermost image regions. For this we have to
study the changes to the purely atmospherically influenced distribution of transmitted signal
strength over structure size, since the correction by AO is never perfect, but rather reduces
the error contributions of only the lowest modes in a suitable decomposition of the WF (e.g.
Zernike modes). For a series of short exposures this is reflected exactly by the shape of the
speckle transfer function (STF), which characterises, in Fourier space, a representative point
spread function (PSF) for the whole image series. With the aid of simulations and WFS
measurements we intend to model this function for the whole field of view.

2 Simulation

The purpose of this simulation is the characterisation of the transfer properties of the VIT
and KAOS with given atmospherically distorted WFs. The latter are modelled as phase
screens that show the distribution of phase retardations across the entrance pupil of the tele-
scope and are calculated with the external software package TuRBULENZ! (Lane et al. 1992;
Glindemann et al. 1993; Berkefeld 1998; Weil3 2003). The advantage of this code is its abil-
ity to model the atmosphere with both good accuracy and a large parameter space. For the
correction of the time varying phase delays, however we model the necessary components
of the AO system in an own simulation code described in the following.

2.1 Deformable mirror

To compensate the optical path differences across the incoming light beam, Kaos uses a
deformable mirror with 35 actuators, arranged in keystone-geometry, as sketched in Fig. 1
(right image). By addressing the electrodes at the backside of the reflecting surface, the local
curvature is changed in order to ‘imitate’ as well as possible the atmospherically induced
WF deformation, but with half its amplitude, since after reflection, the path difference has
doubled. In the image, as used in the simulation, the theoretical deflection due to a single
activ actuator is superimposed to the distribution pattern in gray scale. It is the graphical
representation of the solution of the Poisson equation of second degree V2(Vp + A - V)=0

"The code (version 1.0) is freely downloadable from the Max-Planck-Institut fiir Astronomie in
Heidelberg:  http://www.mpia-hd.mpg.de/AO/ATMOSPHERE/TurbuLenZ/tlz.html
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phase screens transmission influence functions

WFS subapertures DM actuators
Figure 1. Left: Wave fronts are generated with the TURBULENZ package as phase screens. They
represent the optical path differences in a cross-section of a light beam. Middle: The entrance pupil
of the telescope acts as a transmission mask for the wave fronts and it is imaged on to the hexagonal
lenslet array of the wave front sensor, that determines the local tilt of the wave front within each lenslet
area. Right: For compensation of path differences, the shape of the deformable mirror is controlled
by actuators, 35 electrodes that deform the surface similarily to the deflection shown as superimposed
greyscale image. Note that the outer ring of actuators only serves to provide the boundary conditions
for the illuminated inner part.

introduced by Roddier (1988), where V? is the 2-dimensional Laplace operator, ¢(x,y) the
mirror’s surface and V(x,y) the voltage distribution. The constant A includes material con-
stants.

2.2 Wave front sensor

The information, however, to control the deformable mirror, is derived from the measure-
ments of the wave front sensor (WFS). In a Hartmann-Shack type sensor the WF’s deforma-
tion is measured by the relative displacement of the images formed by a lenslet array that is
placed in the image plane of the telescope’s entrance pupil. In the simulation however we
know the phase retardances and mimic the WFS measurements by a fit of a plane to that part
of the WF which would be collected by each lenslet. The tilt angles can then be transformed
into the collection of actuator signals needed to form a mirror surface that compensates best
the particular WF errors. Important for the comparison with real data is the fact that in the
simulation we can produce WFS signals of both the same type and relative magnitude as
encountered at the telescope.

3 Treatment of WFS data

From the log files regarding the AO activity we want to derive estimates of the Fried pa-
rameter of the atmosphere alone, i.e. without AO correction, as well as the compensation
performance of the AO system for the four different levels. For this we need the measured
shift values and actuator signals, but only the knowledge of the actual reconstruction ma-
trix enables to combine the two types of signals. For better visualisation we also apply a
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transformation matrix to calculate for each time series of shift values the according Zernike
mode distribution. During AO compensation, only the residual differences are measured
and compensated, such that the calculated Zernike modes represent an upper limit for the
WEF error at the lockpoint, from which we can calculate the corresponding Strehl number
to characterize the image quality. Similarly, we have access to the actual correction as a
WF rms error through the actuator signals, which have to be converted to equivalent shift
values via the interaction matrix before deriving the Zernike decomposition. An estimate for
the purely atmospheric disturbances, as would be derived in the case of an open feedback
loop, is still possible during the closed loop. We just add the residual WES shifts and the
converted actuator signals to arrive at a view of the atmospheric turbulence through a ‘low
pass’ filter, since both the DM and the WFS can, of course, not represent or sense Zernike
modes of arbitrary high order. Unfortunately, we can not derive the exact WF rms errors in
this case either, since the DM deformation is not exactly reconstructable from the WFS data.
The comparison of the different Zernike distributions with theoretical ones derived under
the premise of Kolmogorov turbulence gives us the atmospheric part of the aberration since
the highest modes are not influenced by the low order AO system and must coincide for the
actual value of rj in the atmosphere. For the simulation this is the most important parameter,
since it allows to elect the phase screens representing best the atmospheric conditions for
the actual image data. However, to model the anisoplanacy in the large field of view, we
have to know more about the height distribution of the atmospheric turbulence (Berkefeld
1998). Here we chose a two layer atmosphere in our model and have to include therefore
measurements of a second WFS in our analysis.
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Abstract. Image restoration is used to repair solar images degraded by the tudbutetarth’s
atmosphere. Restoration algorithms are based on models of the opsisahdfat produce the images
— from the solar source of radiation, through Earth’s atmosphere st tpdinstrument optics, to the
detectors recording the data. In this review, these model componemtisenssed in the context of two
very different classes of image restoration methods, i.e., Speckle Imagirghase DiversifiMulti-
Frame Blind Deconvolution, which have been successfully used duragagt two decades. The
strengths and weaknesses of these two approaches are discgssell,as some variants and recent
progress.

1 Introduction

Atmospheric turbulence is the primary obstacle in achgwiffraction-limited resolution
in modern ground-based solar observations, as it randoisiyrts the wavefronts emanat-
ing from the Sun. The results are image motion, blurring, gedmetrical distortions of
the collected images. Adaptive optics (AO) significantlguees low-order aberrations but
residuals still remain significant. Image restoration téghes can correct higher-order aber-
rations because they do notfiar from the constraints involved in the AO control system.
The most commonly used methods for solar image restorate8@eckle Imaging (Sl) and
different variants of Multi-Frame Blind Deconvolution (MFBD)dPhase Diversity (PD).

In this review, we present a data collection model for safaaging, including seeing
effects, and state the problem of image restoration in morel.défa describe, with a mini-
mum of mathematics, the two methods including some varthataanswer challenges posed
by new observing methods and instruments.

2 Data collection model

Understanding the image formation process is necessaatdorithm developers. It is also
instructive for interpreters of restored solar data, whotte understand the limitations of
image restoration and what improvements are to be expedigglre 1 illustrates a data
collection model suitable for S| and MFBD methods.
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The solar image, formed on aFxtended target Turbulence Shutter  Beam splitter
detector, is a blurred version of RN N
the object. The detector adds ran- JEEETTRE— S - S|
dom and fixed pattern noise to this :___————————él_———ﬁ——ﬁﬁ\—%fﬁ
blurred image. =t
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passband and polarization state se- e o e p—

lected by the filters. Spectral lines k 1.2~ Known phase differences

are formed at altitudes that vary

with wavelength (e.g., line coreFigure 1. Multiple-objectdata collection model for SI and
VS. Wing), which results in co- MFBD with PD. The two stacks of image frame§ at the bot-
spatial objects with dierent ap- tom left represent data collected throutjfferent filters with

2 indexi. Frames collected at a particular timghare the same
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pearance. The &limage in Fig.
shows the chromosphere above
small sunspot. The inset continuum image demonstrates thigfaceted appearance of
structures in dferent wavelengths.

The algorithms are based on the assumption that blurrinpeaescribed as the convolu-
tion of an image with a space invariant point spread fundfifF). Therefore, the processing
has to be restricted to small subfields, the approximated§ia@ isoplanatic patch. In the
Fourier domain, the convolution with a PSF is equivalent tdtiplication with an optical
transfer function (OTF). The modulus of the OTF, called thedoiation transfer function
(MTF), measures the gain as a function of spatial frequency.

The OTF can be formulated as the autocorrelation of the gugilsmission function,
which represents the entire optical system including theoaphere as well as the actual
optics. The amplitude of this complex function encodes the and shape of the pupil and
determines the éliraction-limited resolution of the telescope. The phaseodas the op-
tical aberrations, which are the source of the solar imag®ration problem. A tilt in the
phase moves the image and a phase curvature lowers the Mighadatial frequencies and
scrambles the Fourier phases of the image. Together, tifieséseblur the observed image
and introduce false structures. A fixed or slowly varying poment is related to imperfec-
tions in the telescope, re-imaging optics, and filters. Hemethe dificulties in restoring
solar images arise from rapid, random refractifie@s in the Earth’s atmosphere. They can
be partly compensated by AO systems, which have been opesafor several years at the
major high-resolution solar telescopes (see, e.g., Rimr2@00; Scharmer et al. 2000; or
Berkefeld 2007 and references therein). In addition, a mioften ignored contribution to
the MTF comes from the detector (see, e.g., Stevens & La\@8d)1

A wavefront emanating from the Sun expands undisturbedigir@mpty space until it
enters the Earth’s turbulent atmosphere as a plane pasalel. The atmospheric turbulence
is powered by the day—night cycle, which heats and cools &t surface, creating large-
scale atmospheric motions. Once these motions becomdduntplarge-scale eddies break
up, leading to temperature fluctuations across a wide rahgpatial scales. The refractive
index of air is temperature sensitive so that the fluctuatiact as optical elements in front
of the telescope aperture. The energy transfer from laggeatall-scale turbulent eddies is
governed by Kolmogorov’'s model of atmospheric turbulersee( e.g., Roddier 1981).
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Fried (1966) intro-
duced the parameter,
which is used to char-
acterize the magnitude
of atmospheric seeing.
The spatial RMS of the
wavefront phase over the
telescope pupil,/ro)%/®,
increases almost linearl
with D, where D is the
diameter of the telescopg
aperture. The usual inter
pretation of ro has its
roots in this expression:
the RMS wavefront is 1
rad or ~1/6 wave over a Figure 2. Ha image with blue continuum inset demonstrating the ap-
telescope diameter thatoearance of a sunspot atidrent wavelengths. (MFBD-restored SST
equalsro. Seeing origi- images, courtesy of O. Engvold and L. Rouppe van der Voort.)

nating beyond a few hundred meters from the telescope apeduses anisoplanatic seeing,
which varies across field-of-views (FOVs) typically enctared in high-resolution solar
physics ¢40” to 100”). Long exposures average over mangfatent atmospheric states
and cause a loss of resolution that cannot be undone. Hovetlveat-exposure images retain
diffraction-limited information by “freezing” the wavefronbarrations (Labeyrie 1970).

3 Methods

3.1 Speckle imaging

In Sl, the complex Fourier transform of the object is recared from separate estimates
of the amplitude (Labeyrie 1970) and the phagds estimated from a statistical sample of
the seeing (von derithe 1984), on the order 100 frames. An atmospheric modefie¢as

the long-exposure MTF, which is applied to an average of theiEr amplitudes of the data
frames. The estimation of the phases requires mfitetebecause the phases of the data
frames average to zero. This is the same reason why a lorasesgimage has very little
phase information. However, there arffeliential quantities that do not average to zero. Two
such quantities, introduced by Knox & Thompson (1974) andg@le(1977), are still the
foundation of today’s Sl codes, i.e., Knox-Thompson or kjgemasking algorithms. Since
low-contrast objects are common in solar imaging, spedaptations and improvements
were invented by von derilhe (1993), de Boer (1993), and Mikurda & von déihe (2006).

3.2 Multi-frame blind deconvolution

If an image is an unknown object convolved with an unknown PBB random noise, the
blind deconvolution problem is to estimate both the unknguantities. This problem isiill-
posed, because an infinite number of Rffect combinations can give a particular observed
image. Therefore, we need constraints that make the cawédion more unique.
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One powerful constraint is to require that the PSF can betlijreelated to the telescope’s
pupil andf-number in the presence an unknown phase over the pupilr ©dinstraints are
given by the use of multiple frames. A small numbeb) of frames is sfficient, although
the results improve with the number of frames. The diversitgupil phases facilitates the
separation of PSFs and the common object. A special case isttioduction of a second
detector, which simultaneously records defocused imagés PD technique (Gonsalves
1982) improves the identification of the aberrations in tvays: the defocus gives a known
phase perturbation and the aberrations manifest thensseloee clearly outside the focal
plane, where the PSF wings are more pronounced.

The unknown phase is parameterized by expansion in a sesisffoactions. An estimate
of the expansion parameters is determined from iterativ@mization of an error metric,
which measures the filerence between the observed images and synthetic imagesdder
from estimated quantities (for some of the early develogrsee, e.g., Ayers & Dainty 1988;
Paxman et al. 1992; Schulz 1993).

Solar PD was independently developed by two teantfdahl & Scharmer 1994a,b;
Seldin & Paxman 1994), who used data from the Swedish Vacwlar $elescope (SVST)
to establish PD as a reliable method for restoring solar. dat&®D-restoration example
is shown in Fig. 3. After Van Kampen & Pax- g
man (1998) had demonstrated that solar MFBD
possible without PD, tfdahl (2002) developed a]
more general formulation of the problem including

taneously collected data atfidirent wavelengths or
with different polarization states. This Multi-Object
MFBD (MOMFBD) approach was implemented by}
van Noort et al. (2005). The £+ code is publicly
available fromwww .momfbd . org.

3.3 Issues common to SI and MFBD

Noise. Noise in solar images is mostly shot noisé
that comes from the quantum nature of light a
an uncertainty in the number of electrons emitt
by a photodetector. It is Poisson distributed b
well approximated by additive Gaussian noise f
large numbers of electron emissions. Low-pass fil=
tering is routinely used to avoid noise amplifica-
tion at high spatial frequencies. Observers, who
want long-exposure images in order to improve the
signal-to-noise ratio (SNR), should note that combin-
ing many short-exposure data frames gives the SNR
corresponding to the total exposure time. There ffyure 3. PD image restoration exam-
also a fixed pattern component from pixel-to-pixglle. L eft: in-focus imagesRight: corre-
variations in detector element sensitivity and biasponding out-of-focus image®ottom:
This is easily corrected with standard flat-field precestored object. Tickmarks:’1
processing.
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Tive scaLes. The exposure time should be short enough so that the waneafoes not
change significantly. The decorrelation time-scale of idagtseeing is~50 ms, which
sets the typical exposure time 10 ms for daytime observations. It also limits statisti-
cally independent samples to about 20 frames per second h@®ather hand, the photo-
spheric sound speed is 7 kror @01/s as seen from Earth. At this speed, it takes only
5 s to cross half @’ resolution element, which corresponds to th&raction limit of a
1-m telescope. This leaves Sl with just enough time to obttaén~100 frames with an
unchanging object, that are required for a good restoratiorthe chromosphere, collec-
tion intervals should be even shorter, since the sound sigessl/eral times larger than in
the photosphere and magnetic forces can accelerate gagnoh@her speeds, e.g., van
Noort & Rouppe van der Voort (2006) observed optical flows in \Wth speeds of up to
240 kmys.

AnisorLaNATISM. PSFS are not space invariant, if extended scenes on ther8woia:
sidered. Both SI and MFBD are performed on subfields withssc@responding to the
isoplanatic patch. A mosaic of these subfields is then adseitdyield a restored image of
the entire FOV. Simplified seeing models provide a roughes of the isoplanatic angle
0o = 0.314ro/h, whereh is the distance to the seeing layer. Consideringa@hetonly 1” for
h =10 km ando = 15 cm, processing subfields a few times larger than this siggisingly
still produces satisfactory results.

DATA VOLUMES AND PROCESSING TIME. The most demanding observing schemes now require
several hundreds of image frames frorffelient cameras per collection interval. While Sl is
non-iterative and scales linearly with the number of franlM#SBD is based on iterative, non-
linear model-fitting, and scales badly with the number ofifes. The dierence is striking!

In principle, 1kx 1k pixel images can be Sl restored on distributed computeabout the
same time it takes to acquire the data (Denker et al. 2001heéADutch Open Telescope
(DQOT), e.g., a full day’s observations are now Sl restoredne night. In contrast, the
Institute for Solar Physics assessed its need for computisgurces. For the best possible
MOMFBD restoration of 10 h worth of data (polarimeter in tleel and Ca H scan in the
blue, both with wide-band (WB) PD) from all cameras, a 100-Gfister would have to
work for a full year.

3.4 Variants and new developments

MurrieLe ossects. Data collected through narrow-band (NB) filters in a darkcgal line
have reduced SNR, which makes image restoration algorilbsss ¢fective. Keller &
von der Lilhe (1992) pioneered a technique called speckle decoimojutsing simultane-
ous frames collected with a WB continuum filter with better SNRe object estimate from
Sl processing of the WB data together with the original fragiekl the PSFs needed to de-
convolve the NB data. This technique is now widely used fecamscopy and polarimetry
(see, e.g., Koschinsky et al. 2001).

While a similar scheme is possible for MFBD methods, the mditkehg approach is
facilitated by co-processing of WB and NB data, in order totheeavailable information as
efficiently as possible. This MOMFBD method is illustrated ig.H. The setup contains a
NB camera behind the SOUP birefringent filter and two WB casara PD configuration.
Further, because the SOUP is not equipped with a polarizagisplitter, images atftierent
polarization states have to be collected consecutiveheratan in parallel. Anisoplanatic
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Fe 630.2 LCP

Object i

Fe 630.2 RCP
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Figure 4. MOMFBD. Left: Graphic representation of constraints for a WB PD plus NB polarimetry
setup. Simultaneous wavefront ¢eients are required to be identical. As a consequence, the NB
restorations are aligned with the WB restoration and therefore to each Bilght: (a) and(b) show
restored Fe630.2 nm (6 pm from the core) right- and left-hand circularly polarized (RCP an&).C
images, respectively(c) and (d) show line-of-sight (LOS) magnetograms made by subtracting the
RCP and LCP images. In (c) the alignment is calibrated as part of the MBDIMstocedure. In (d)

the alignment is based on sub-image cross-correlation and destretdhiogys indicate artifacts from
seeing-related alignment mismatches. Tickmarks{Adapted from van Noort et al. (2005)).

seeing during the collection interval makes such imagegifaptly aligned, a problem that

can be calibrated using a pinhole array as target. The proldeconstrained by the fact

that the wavefronts corresponding to the simultaneoustpraed images have to be the
same. Because each raw NB frame is simultaneously takerawith pair, both restored NB

images will be aligned to the WB restoration and thus to eaoéroThe restored NB images
can then produce magnetograms without further alignmertestretching — a procedure
that is prone to producing seeing-related artifacts bex@uisvolves cross-correlation of

nonidentical images.

Sl anp AO. Sl can well estimate the Fourier phases of AO-correabéat $mages (Denker
et al. 2005). However, the restored power spectrum is noéctly estimated because of how
AO correction modifies the statistics of the atmospheriaratiens. Puschmann & Sailer
(2006) included AO modeling in their speckle masking co@e (Sig. 5). They demonstrate
that traditional SlI, with a singley, over-corrects near the AO sensor lockpoint, while al-
lowing for a varyingrg over-corrects with distance from the lockpoint. Includimgdeling
of the AO correction is better in the sense that the restogedet sun” contrast varies less
with lockpoint distance. While this appears to be a valid apph to the problem, work still
remains to be done before it is a mature solution. The Swektiddr Telescope (SST) data
shown in Fig. 5 were collected when the AO was locking duriimgoest the entire collection
interval. Processing a data set with AO lock only part of theetrequires logging of the AO
performance as well as more modeling work.

S| anp spectrA. While data from a slit-spectrograph is one-dimensionag oan get
two-dimensional information by scanning with the slit. Tiesult is a data cube, which is
unfortunately not only blurred by the seeing but also irfagy sampled due to anisopla-
natic distortions. Keller & Johannesson (1995) implemeéraenethod where the cube is
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Annulus

Figure 5. Sl with AO correction. Restorations using thredelient methodsA: traditional, B: us-
ing a spatially varyingo, andC: with AO modeling. Left: Raw image with annuli centered on the
pore, which was used as the AO wavefront sensor targéght: Restored contrast in theftérent
annuli (with magnetic structures removed) for the threéBedént methods demonstrating that moGel
produces the flattest contrast profile. Tickmarks: (Adapted from Puschmann & Sailer (2006)).

resampled so that the continuum is aligned to an Sl restorafi the slit-jaw images. The
cube is also deconvolved using information from the slit-f8l processing.

4 Discussion

Image restoration is needed to fully utilize the resolutiddrmodern solar telescopes. AO
will always leave uncorrected residuals, particularly wiram the wavefront sensor FOV.
There are two kinds of methods in routine use: Sl and MFBD odsh Both are actively
used for producing science data and both are still beinglolegd in order to meet demands
and challenges from new observations and instrumentd, &8l diferences between the
methods give them fferent strengths and weaknesses.

Sl does not have strict requirements for the optical setthygrdhan a camera fast enough
to collect a statistical sample in a short time. This can leagery large data amounts
(TBytes) over an observing day. In addition, it may bidilt to collect stficient indepen-
dent samples for a quickly evolving target without violatithe assumption of an unchang-
ing object. On the other hand, Sl is more robust for low cattdata than MFBD methods,
which are more dependent on finding structures in the data.

In its simplest form, MFBD does also not require any extraaspand has the advantage
that the sample does not have to be as large. MFBD processithg ibest thing that can
be done, if less images are available than required for &stitat sample. However, the
number of frames needed for NB data primarily depends on SdRirements. In addition,
the inclusion of PD requires an extra camera or extra optics.

The greatest drawback of MFBD methods is the computing tiféull day’s worth of
DOT data can be Sl restored overnight, while one day of SS& whaty require almost an
entire year for full MOMFBD processing. While this may becofass of a problem as
the cost for CPU cycles continues to decrease, the choicecleasly has to be guided by
whether we need high-volume, routine restoration or arémgjifor a few unique data sets.

MFBD makes no assumption about seeing characteristics. riieéans there are no prob-
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lems with fixed aberrations or time- and space-varying AQexions. On the other hand,
MFBD restorations systematically under-estimate powecsp due to the finite expansion
of the wavefronts. If the underlying atmospheric model igect, S| should automatically
obtain the correct power spectra. However, AO-corrected dee not as easily modeled,
although method development is making rapid progress toeaddhis problem.
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Abstract. A multichannel fast adaptive recursive restoration method basedeaumntiterlying spatial
probabilistic image model is presented. The method assumes a lineaddggn model with the un-
known, possibly non-homogeneous point-spread function, andalditise for each of mutually reg-
istered degraded observations. Pixels in the vicinity of steep image disgitierare left unrestored to
minimize restoration blurringféects. Our method is completely autonomous and does not assume any
knowledge of the underlying degradation process. It is applied to aaequof short-exposure solar
photosphere images and it can be also easily and naturally generalizedlfispectral (e.g. colour,
multispectral satellite images) or registered images which is seldom thearagtefnative methods.

1 Introduction

The major degradation of a ground-based telescope is céyseshdom fluctuations origi-
nating mostly in the Earth’s atmospheseding) along the optical path between the object
space and the image formation device. Influences of the @ilgurbulence in image forma-
tion were analyzed since the 1950s, see e.g. Fried (1966yet&r the image degradation
by seeing is a very complicated process due to blurring, onagind distortion, and this
restoration problem is still far from being solved. The iraadpgradation is described by
the changing complex point-spread-function (PSF) of tlest®pe, which embodies all the
important behaviour of the optical image formation systéior the restoration we assume
one unknown degradation function involving all degradatisspects. The degradation func-
tion model has to discriminate betweertféeient types of astronomical observations. Here
we focus on modeling of degradation of short-exposure solages, which results in re-
covering an undegraded image. In ground-based solar @ismy it is often possible to
obtain several images of the same object thiiédjust by the component of PSF originating
from seeing. For the reconstruction we adopt a short timeesgzg of images. The exposure
time of each image is 15 ms, so we are allowed to group them into the "short-expmdsur
ones and suppose a still scene in the image. Our approaclageimastoration is fferent to
direct and indirect techniques like various types of filgripower spectral equalization, con-
strained least-squares restoration, maximum entropgragin, etc. The image restoration
task is to recover an unobservable image given the wholeeseguof diferently corrupted
images with respect to some statistical criterion.
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This work generalizes the monospectral restoration mettfidthindl (2000), and Haindl
(2002) to the multiversion images. It is seldom possible litaim a degradation model
analytically from the physics of the problem. More oftenraited prior knowledge supports
only some elementary assumptions about this process. Tia assumption, also accepted
in this work, is that the corruption process can be model@wuslinear degradation model.

Figure 1. The measured degraded sunspot multitemporal images (courtesySaflidtka).

2 Image model

SupposeY represents a true but unobservable monospectral imagedefinthe finite rect-
angular N x M underlying lattice |. Suppose further that we have a setafobservable
imagesX where eaclX,; € X is the i-th version ofY distorted by the unknown PSF and
noise independent of the signal. The notatien designates of all possible values of the
corresponding multiindex (e.g. the multiindex= {r,r,} which has the row and columns
indices, respectively). We assume knowledge of all pixedsnfthe reconstructed scene.
For the treatment of the morefficult problem when some data are missing see Haindl &
Simberoa (1996), Haindl &Simberowa (1998). The image degradation is supposed to be
approximated by the linear discrete spatial domain degiadenodel

Xl’,o = Z HsY_s + €r.e (1)

sely

whereH is a discrete representation of the unknown point-spreactifon, X; . is the dx 1
vector of the r-th pixel in dferent distortions andY;_s are ideal (unobservable) image
pixels. The point-spread function is assumed to be eitherxdgeneous or it can be non-
homogeneous but in this case we assume it slowly changdwediathe size of an image.

I, is some contextual support set, and a noise veetd uncorrelated with the true image,
i.e., E{Ye,} = 0. The point-spread function is unknown but such that we canrass
the unobservable imag& to be reasonably well approximated by the expectation of the
corrupted image

Y = E{X.;) ()

in regions with gradual pixel value changes, and the i-thralded imageX.; € X is the
least degraded image from the g&t The indexi of the least degraded image is excluded
from the following equations (3)-(5) to simplify the corpesding notation. The above
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method (2) changes all pixels in the restored image and thuis Hiscontinuities present
in the scene although to much less extent than the classis@ration methods due to our
restoration model (4) adaptivity. This excessive blurriag be avoided if pixels with steep
step discontinuities are left unrestored, i.e.,

®3)

wherex is a probabilistic threshold based on the prediction dgnSiingle matrix elements
in the expectationE{X} are approximated (Haindl &imberoa 2005) by the conditional
expectation E{X; | X1 = x(U-D where xU- are known past realization fgr Thus we
suppose that all other possible realizatiéh’) than the true past pixel values have negligi-
ble probabilities. This assumption implies conditiongbestations approximately equal to
unconditional ones, i.e., then the expectatiorEis;} ~ E{X;| XUV} .

Suppose further that a noisy image can be represented byaativeed?2.5D causal simul-
taneous autoregressive model

¢ = [ B4} pO | XT) > «
T X otherwise ’

Xr’i = ’er + € , (4)

where y = [Ag,...,A)] , 7 = card(lf) is a 1x dy parameter matrix,Z, is a corre-
sponding vector ofX;_s, & is a white Gaussian noise vector with zero mean, and a cdnstan
but unknown covariance matr& The noise vector is uncorrelated with data from a causal
neighbourhood If. As = [as1,...,8sd] ¥s are parameter vectors. The model
adaptivity is introduced using the exponential forgetfimgtor technique in parameter learn-
ing part of the algorithm. The conditional mean value can dgvdd under few acceptable
conditions (Haindl &Simberowa 2005) in the following form:

EXIXY) = Vi 1) Vi 1y Z ()
where V,_; = V,_; + | and
Vo, = (Zrk% XiXg Zrk;:%I szg)
Tic1ZXy Dici Ly
An appropriate model supportfj can be found using the Bayesian decision rule (cf. Haindl
& Simberowa 2005).

(\:/XX(rl) \:/sz(r-l)) ]
Vaa-1)  Vzr-1)

Figure 2. The reconstructed sunspot image using our method and its corrésggmediction proba-
bility image.
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3 Results and conclusions

A set of 4 short-exposure solar images (of which 2 are ilatstt in Fig.11ex, = 10 ms, blue
part of spectra = 4507 nm, resolution 0.04%pixel, 70s sequence capturing) were used for
verification. All images were corrected by the MTF of the selepe, but no aberration and
seeing corrections have been applied. As an objective @&watumeasure of the restoration
performance an integral of a sum of image partial derivat{®ubbarao et al. 1993; see
results in Haindl &Simberoa 2005), as well as visual evaluation has been used. The solar
images in Fig. 1 were reconstructed with the threskotd0.05 which left 54 % observation
pixels unchanged. The best sunspot image (Fig. 1- lefteseas reference image for the
algorithm. The reconstruction result is shown in Fig. 2. ufgg2-right shows gray level
coded predictor probabilities which served to control thgteration switching. The lighter
shades represent higher predictor probabilities whild daeas were not changed during
the reconstruction. Visual comparison of the reconstdigteages with the input degraded
images as well as the criterion values (HaindSémberova 2005) demonstrate clearly the
deblurring éfect of the presented algorithm and restoration improvem@ihie proposed
method was superior over the classical methods (e.g. ddeergass filters, pixelwise
averaging; blind deconvolution not presented here) usaily types of verification.

The proposed recursive multitemporal blur minimizing mestouction method is very fast
(approximately five times faster than the median filter) sikand its reconstruction results
surpasses some standard reconstruction methods, whictereeable to implement for the
verification. Our causal model has the advantage to haventigtecal solution for all needed
model statistics. Possible artifacts introduced by thietygf models are diminished by intro-
ducingadaptivity into the model. This novel formulation allows us to obtaitremely fast
adaptive multichannélmultitemporal restoration and it can be easily parallelias well as
generalized for multispectral (e.g. colour, multispelctedellite images) or registered images
which is seldom the case for alternative methods. Findiig method enables to estimate
homogeneous or slowly changing nhon-homogeneous degrad2@Fs (not presented here).

Acknowledgements.  This research was supported by the EC project no. FP6-507752 MB Sad
CR grants No. A2075302, 1ET400750407, GACR/03®155, 1M0572 DAR, 2C06019 and partially
AV CR 1QS300120506.
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Abstract. This paper presents the experiences with speckle imaging and dedamvakchniques
we have made during the last five years at the Kiepenheuer-Ingtit@ohnenphysik. We discuss our
implementation of the above techniques, their tests and application rangeidition, we summarize
our dforts in applying speckle techniques to the data taken with the support ofapéwadoptics.

1 Introduction

Speckle imaging and deconvolution methods have been waghjied to the solar data
for over two decades now and have proven to be an excellehtddncrease the spatial
resolution of images. Here, we summarize the progress tigamade in this field at the
Kiepenheuer-Institutifr Sonnenphysik. We also discuss the performance test ckigpe
technigues and their limitations and the influence of theptida optics on the quality of
reconstructed data.

2 Speckle reconstruction

Speckle reconstruction techniques use a sequence of stpwsed images to obtain one
high resolution (up to the ffraction limit) image. The most popular methods applied to so
lar data are the (Extended) Knox-Thompson (EKT, Knox & Themp1974; von der lthe
1993; Mikurda & von der kihe 2006) and the speckle masking (Weigelt 1977; de Boer &
Kneer 1992) algorithms.
The Kiepenheuer-Institut Speckle Imaging Package (KI®H® been developed since the
early 1980s. Recently, we have quantitatively evaluategérformance for dierent solar
scenes and seeing conditions. For test purposes, we hatedemulated data sets which
allow to compare speckle reconstruction with input data. H&%e chosen five reconstruc-
tions of diferent solar scenes (e.g. granulation, pore, sunspot peajtaken at the German
Vacuum Tower Telescope as input images (“truth images”gnile have created five bursts
of 100 frames each, for all five truth images. Individual femnare distorted by artificial ran-
dom point spread functions, chosen to represent the atredspteeing characterized by
values of the Fried parameteycorresponding to 5, 7, 10, 15 and 20 cm.

Probably the most interesting question is how the qualithefreconstruction depends on
the seeing conditions. The left panel of Fig. 1 compares tbdeted and estimated values
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Figure 1. Left: estimated vs. modeled Fried parameter for all data sets and sesilitieg. The data
sets represent: 1 — granulation with small scale structure, 2 — pore,@e-oédunspot with penumbral
filaments, 4 — active region granulation, 5 — quiet region granulation. tRiglage distanc®? and
linear regression errdg? for all data sets and seeing parameters.

of the Fried parametar,. The Fried parameter up 1@ = 10cm seems to be very well
recovered, but Fried parametegs> 10 cm are overestimated. It is caused by the fact that the
spectral ratio technique (implemented in KISIP) is baseHanfi’s STF theory (Koff 1973)
that is best applicable for moderate seeing conditiogy€) < 0.3). The right panel of Fig. 1
demonstrates the results of the Euclidean image distBAamlculations for all the scenes
and seeing conditions. The more similar the input and re¢oected images are, the smaller
this parameter becomes. For our data set the image disssgstematically lower for the
reconstructions with larger Fried parameters. The surg@oimbra scene is characterized
with the largesD?, probably because of the complexity of the reconstructedstre. More
information on the tests of KISIP can be found in the recemepaf Mikurda & von der
Luhe (2006).

The application of KISIP V to “real world” observational datvas mostly successful and
the range of atmospheric conditions which can be succégsfehted by speckle imaging
turned out to be very large. Even data with a Fried parametire order of a few cm could
provide a decent reconstruction. The robustness of EKT iarécplar advantage for the
analysis of time series which requires constant qualithefdata.

2.1 Speckle reconstruction and adaptive optics

To date, most of the major solar ground-based telescopesoareequipped with adaptive
optics (AO) systems. The AO, however, cdteetively compensate only low orders of the
wavefront distortions, leaving higher orders partiallgampensated. Moreover, an AO sys-
tem loses fliciency with increasing distance from a lock point. A field degent Speckle
Transfer Function (STF) can correct thi$eet to the first order - this solution has been im-
plemented in the IDL version of the KISIP package. The Friathmeters are calculated
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individually in each isoplanatic subfield and the model STkerff 1973) are applied ac-
cordingly. However, we have also studied the impact of theohQhe STF. The analytical
models for the STF shown in Fig. 2 are also based on the workoof KL1973). An AO
system is taken into account in the new model presented hesailiiracting phase terms
that represent the AO’s correction, to modify the phasectire function (see also Wang
& Markey 1978). The appearing four-dimensional integraks mumerically solved using
Monte-Carlo integration algorithms. An arbitrary AO canibeluded in the model by using
performance parameters that can be measured using wavedrwor data. The mainftir-
ence in the reconstructions obtained with thefReISTF and AO-STF is that the first causes
an overestimation of the image intensity contrast at angecto the lock point. The outer
regions of the reconstructed images are lé&cted by the choice of the STF model, in fact
the AO-STFs converge to the Kbs STF in regions with large enough separation from the
lock point (see Fig. 2).

3 Speckle deconvolution

Two-dimensional spectroscopy has been gaining more irapogtin the last years and there
are several tunable filter instruments operating curreatitlyarious solar observatories (for
more details see e.g. Mikurda 2005). In general, they dollata by scanning across the
spectral line and obtaining a two-dimensional filtergraneath wavelength step. The in-
dividual narrow-band filtergrams are then combined to a2ul) spectrogram. The main
limitation of this technique is the time needed to perforntans since the temporal evolu-
tion of the solar surface has to be taken into account. The tigeded to take fiiciently
large speckle bursts at every wavelength will in most caseseal the interval of changes on
the Sun and the conventional speckle reconstruction tqakricannot be applied. Speckle
deconvolution techniques (Keller & von deilhe 1992; Krieg et al. 1999; Mikurda et al.
2006) dter a solution to this problem: simultaneous broad-band amtbw-band images,
close-by in wavelength, are taken and speckle imaging ismafformed for the broad-band
channel data. Combining the reconstruction and the singladbband images gives infor-
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mation on the instantaneous state of the Earth’s atmospfi@is information is then used
to correct the single narrow-band images.

We compared the profiles of the Féne at 557.6 nm resulting from unrestored and
speckle-deconvolved data in order to understand the irdeierf the speckle deconvolu-
tion on the spectral line profiles. The detailed descriptibthis procedure is beyond the
scope of this paper and can be found in Mikurda et al. (200@)foAnd that the changes of
intensity on the small scales have the correct sign: théhbgranules become brighter and
the dark lanes - darker in the continuum. Moreover, the dpedconvolution causes the
decrease of the line width in the bright structures and itssiase in the dark ones. The line
asymmetry is in most cases not altered.

The bandwidth of the tunable instruments is usually beldanf, so the signal-to-noise
ratio at the spatial frequencies close to thérdction limit is not always dicient. It can
result in a wealgrainy pattern in the reconstructed filtergrams, with a stronggeet in the
dark parts of the image. Usually, it can be reduced by takingerframes at each wavelength
position.

4 Conclusions

We have discussed the recent progress in the speckle teesnideveloped at the
Kiepenheuer-Institutifr Sonnenphysik. Our speckle imaging package - KISIP - dediv
good results for a large range of atmospheric seeing conditand the tests made with the
usage of simulated data demonstrated good photometrigtygabthe reconstructions. The
usage of AO-STF helps to obtain even better estimation ofpti@ometric intensities of
reconstructed images. We have also investigated the iuefithe speckle deconvolution
on the 2-D solar spectra and demonstrated that this teclrmiges not introduce artefacts
to the line profiles. Thus, the speckle-deconvolved 2-D tspexan be used for quantitative
spectroscopy.
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Abstract. The reversal of the photospheric continuum intensity pattern is predicted by numerical
simulations and has been observed in the wings of chromospheric lines. Here we present reversed
granulation extracted from the photospheric Fer 7090.4 A line core intensities, after taking into ac-
count the velocity effects, in high spatial, spectral and temporal resolution. We study correlations with
the underlying continuum in terms of smoothing, time delays and the temporal evolution. The latter
appears to be superimposed with an oscillatory signal, that might suggest the presence of gravity waves
in the observed mid-photospheric layers.

1 Introduction and data characteristics

The phenomenon of “reversed granulation” is referred to as the partial reversal of the gran-
ular/intergranular intensity contrast, that occurs in the mid-photosphere as consequence of a
temperature decrease of granules rising in the optically thin layers due to adiabatic expan-
sion, that is only partly cancelled by radiative heating, while an overturning element still
experiences radiative heating as it begins to descend (Stein & Nordlund 1998; Cheung et al.
2006). The reversed granulation is studied by means of a 45 minutes time series of good-
quality 2D intensity maps acquired in the photospheric Fe1 7090.4 A line, supplemented by
some images in the blue Cam 8542 A line wing. We study a very quiet internetwork region,
for which no obvious magnetic structures are visible in the Cau line wing.

The data were taken with IBIS, Interferometric Bldimensional Spectrometer (Cavallini
2006), a tunable, double Fabry-Perot Interferometer at the Dunn Solar Telescope/NSO on
June 2nd, 2004. The FOV shows 80" x 80" of the quiet Sun at disc center on 512x512
pixels with the high order AO with 97 subapertures in 16 wavelength positions along the Fe 1
7090.4 A line. A time series of 141 scans was obtained with an interval of 19 s, thus covering
a time span of 45 minutes.

Dark and flat field corrections are applied, the variation of the transmission wavelength of
IBIS throughout the field of view was taken into account in interpolating all spectral profiles
to the same wavelength positions, creating thus monochromatic images. The images were
tracked in time and a p-mode filter was applied in terms of cut above ¢ = 6 km/s in the
three-dimensional ky — ky — w space.
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70004 A An = 80 mA 70004 A A= 0 mh

Figure 1. Intensity maps of the Fe17090.4 A line. Spectral positions of -60 mA, -30 mA , 0mA (upper
row), +60 mA and +30 mA (lower row) off local line core, plus Can 8542 A at 0.9 A in the blue wing
(lower right). The Fe1 line core image (upper right) presents the 'reversed granulation’, comparable to
the one seen in the Ca1 line wing (lower right).

2 Reversed granulation

The Fe17090.4 A line clearly shows the transition from granular structures in the wings to
reversed granulation in the core (Fig. 1). However, to reveal this phenomenon, it is crucial to
take the vertical velocity (including p-mode effects) into account. Photospheric lines usually
show inverted intensities in the blue wing of the line, as the velocity Doppler shift renders
the brighter but upmoving and thus blueshifted granules darker than the average profile:
The blueshifted profiles start to be sampled in the line wing while the average profile still
shows nearly continuum intensity. The red line wing then shows granulation pattern with
an enhanced contrast for the same reason. In order to extract the reversed granulation, we
cancel the velocities for all pixels in the FOV, shifting all profile cores to a common zero
wavelength. This results in a symmetric behaviour of the spectral positions and reveals the
reversed granulation pattern in the line core as seen in Fig. 1c.

3 Anticorrelation

Quasi-simultaneous observations in a Can wing position, basically unaffected by velocity,
show the same reversed granulation pattern, but reach higher anti-correlation values with the
continuum. The iron line core intensity provides a weak anticorrelation with the continuum
of about —0.21, while the correlation between calcium wing and continuum reaches —0.32.

For a spatial smoothing up to 0.5” the values found for these anticorrelations remain con-
stant, but for a smoothing to lower resolution the anticorrelation decreases rapidly, indicating
the typical granular scale of the reversed granulation phenomenon.
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Dependence of Anticorrelation on Time Delay
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Figure 2. Anticorrelation between continuum and Fe1 line core or Can wing intensities as a function
of their time delay. The anticorrelation, averaged over 141 scans, follows a smooth curve with a
maximum of 0.33 for Fer at 135 s delay (solid line) and 0.39 for Cam at 126 s delay (dashed-dotted).

The anticorrelation increases instead, if a time delay is allowed between the images from
the layer forming the continuum and the higher atmospheric layer, see Fig.2 and compare
Rutten et al. (2004). This is consistent with the idea of upflowing granules, that are cooled in
the higher layers. The time delay of about two minutes, found with the strongest anticorrela-
tion for both Fe1 line core and Can wing, matches the time a granule with 1-2 km/s velocity
needs to cover the 150-200 km height distance between the reversed granulation layer and
the continuum. The Can wing anticorrelation reaches the maximum 10s earlier than Fer,
confirming that the Can wings are formed not very high in the photosphere - around 150 km
(Uitenbroek 1989) - and possibly even below the forming layer of the Fe1 line core.

4 Temporal variation

The temporal evolution of the anticorrelation between continuum and Fe1 line core intensi-
ties shows a variation with an oscillatory character, as seen in the upper panel of Fig. 3. The
lighter symbols in the figure correspond to the 1, 2, and 3 minutes time delayed correlations
(correlating the line core images with continuum images earlier observed). The period of the
oscillation is about 6 minutes. The oscillation is a characteristic of the higher layer. This is
demonstrated in Fig. 3 (lower panel): As in Fig. 3 upper panel the lighter curves correspond
to 1, 2, 3, 4 min time delayed correlations, but here continuum images are correlated with
line core images observed later. The temporal translation of the curves depends on the point
in time of the core images, that are used for the correlation, leading us to the conclusion, that
the oscillation resides in the higher layer. In the Can wing correlation with the continuum,
we find no obvious periodic signal. The oscillation persists, if a stronger p-mode filter with
a sound velocity of 5 km/s is applied.

The period of the oscillation, its presence only in the higher atmospheric layers, and the
stronger anticorrelation with the continuum in the lower Canm wing, are suggestive of the
presence of gravity waves in the mid-photospheric atmosphere. The reversed granulation
pattern, that is strong in the Can images and peaks at granular scales, might get “corrupted”
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Figure 3. Time evolution of the anticorrelation between Fe1 line core and continuum (black symbols).
A time delay between line core and earlier recorded continuum images (lighter symbols: 1,2, 3, 4 min
delay) strengthens the anticorrelation, but does not shift the oscillation curve (upper panel), which is
not the case, if one continuum image is correlated with core intensities obtained later (lower panel).

by intensity oscillations in mid-photosphere. Gravity waves are supposed to develop steeply
with height (Mihalas & Toomre 1981), so at the height of the Fe1 core formation their am-
plitude might be sufficient to perturb the reversed granulation pattern, causing a lower anti-
correlation with the continuum and a periodic behaviour (see also Janssen & Cauzzi 2006).

As the surface of optical depth unity at any given wavelength is highly corrugated, a height
definition for the phenomena is a challenge, but classical analysis employing semi-empirical
1D models provide a formation height of about 200 km for the Fe1 core, where modern 3D
hydrodynamical simulations display the reversal of granular and intergranular temperature
(Nordlund 1985; Wedemeyer et al. 2004).
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Abstract. We derive correlation cdBcients between temperature and line-of-sight velocity as a func-
tion of optical depth throughout the solar photosphere for the non-etiagrhotosphere and a small
area of enhanced magnetic activity. The maximum anticorrelation oft alihé between temperature
and line-of-sight velocity in the non-magnetic photosphere occurs atleg-0.4. The magnetic field

is another decorrelating factor along with 5-min oscillations and seeing.

1 Introduction

The correlative analysis proves to be an essential toolserdangling of causal relations in
the solar atmosphere. Recently, Rutten & Krijger (2003) Butten et al. (2004) quanti-
fied the correlation of the reversed granulation observetderow chromosphere and mid-
photosphere with surface granulation in quest for the eatdrinternetwork background
brightness patterns in these layers. In agreement witle thteslies Puschmann et al. (2003)
demonstrated that filtering out of the p-modes is inevitédnlstudying the convective struc-
tures in the solar photosphere because p-modes mostlya¢decorrelation between var-
ious line parameters. Odert et al. (2005) showed that @iioal codficients can fluctuate
strongly in time with amplitudes of over 0.4 due to 5-min dations and the amplitudes
are larger for higher formed lines. In case of weak lines theason worsens even more,
because correlations derived from them are influencedggrdoy seeing.

In this paper, we address the dissimilarity between nonnmtig and magnetic region
seen in height variations of the correlation between teatpez and line-of-sight velocity.
We compare our results with a similar study by Rgdez Hidalgo et al. (1999). Our analysis
follows on the paper Koza et al. (2006, henceforth Paperd)vea invite the reader to have
the paper at hand for further references.

2 Observational data and inversion procedure

We use a time sequence of spectrograms obtained at the G¥aoanm Tower Telescope
at the Observatorio del Teide on April 28, 2000. The inversiode SIR (Ruiz Cobo & del
Toro Iniesta 1992) was employed in the analysis of this alagiem. Thorough descriptions
of the observational data, inversion procedure, and sgdittes are given in Paper .
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Figure 1. The height variation of the correlation between line-of-sight velocity ambezature for

the results of Rodguez Hidalgo et al. (1999) (solid) and for the non-magnetic (dashetiiregnetic
(dotted) region defined in Paper I.

3 Results

Figure 1 shows the height variations of the correlation leetwtemperature and line-of-sight
velocity for three diferent sets of data. The results of Rigdiez Hidalgo et al. (1999) in-
dicate the significant anticorrelation between granulesiatergranular lanes reaching the
maximum of about-0.7 at logrs = —0.2. The subsequent weakening of this anticorrelation
over the logrs € (—0.2,-1.0) range is followed by a rise of correlation up to 0.28 at the
middle photosphere at lag = —1.75. No significant correlation exists in the upper photo-
sphere. In the lower layers of the non-magnetic region (Piee anticorrelation decreases
to —0.63 at logrs = —0.4. However, in the middle photosphere temperature andifrmght
velocity are almost uncorrelated with a local peak value @8@t logrs = —1.7. Higher up at
log s = —2.9 the anticorrelation of about0.42 is established again. In the sub-photospheric
layers of the magnetic region the anticorrelation-&6 was found at logs = 0.5. An
approximately constant value of anticorrelatief.2 was obtained in the low and middle
photosphere. In the upper photosphere the anticorrelegmehes agair0.6.

Figure 2 compares temperatures and line-of-sight vetsciti the form of scatter corre-
lation plots. Each plotted sample represents temperainatdiree-of-sight velocity specified
along thex andy axes at a given pixel along the slit at a time within the indaéof 15 min.
From the top down, the row panels show correlations of theltesf Rodiguez Hidalgo
etal. (1999) and our results in the non-magnetic and magreggion in three selected optical
depths logs = —0.3,-1.3, and-1.8. Plot saturation is avoided by showing sample density
contours rather than individual points, except for theexie outliers. The total distributions
of temperatures and line-of-sight velocities are showrhattop and the left side of each
panel, respectively. The first-moment curves are alignddrge correlation and become
perpendicular in the absence of any correlation (Rutten iggkr 2003). The first columniin
Fig. 2 shows good agreement of correlationfiiogents and positions of maxima of velocity
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Figure 2. Height-dependent scatter correlations of the line-of-sight velocityugelmmperatureTop
row: data from Rodiguez Hidalgo et al. (1999, see p. 315, Fig.M)ddle and bottomrow: our data for
the non-magnetic and magnetic region (Paper 1), respectively. Tiwabgepths logs and correlation
codficientscc are specified at each panel. Negative velocities indicate upflows. Fhaled total
distributions of temperatures and line-of-sight velocities are shownlakcoves at the top and the
left side of each panel, respectively. The dashed curves showshenfiments of the sample density
distributions over temperature and velocity bins.

distributions in the non-magnetic region with the resuftRodriguez Hidalgo et al. (1999).
However, the temperature distributions are dissimilahbotterms of asymmetry and also
the positions of maxima. Our results indicate predominasfde@gher temperatures in the
sample in contrast with lower temperatures prevailing m ibsults of Rodguez Hidalgo
et al. (1999). In the magnetic region, weak anticorrelatias found. The temperature
distribution in this region is almost symmetric with maximwat higher temperatures than
in the non-magnetic region. The second column of Fig. 2 spoads to the layers where
granulation is almost erased. While the temperature digidbs in the non-magnetic region
and in the results of Rotjuez Hidalgo et al. (1999) are symmetric, in the magnetjore
the asymmetry indicates the abundant higher temperatiites positive correlation in the
results of Rodiguez Hidalgo et al. (1999) shown in the third column suggestersed gran-
ulation. However, this is not seen in our results. In the netigregion the asymmetries of
temperature and velocity distributions indicate higharratance of relatively hotter pixels
with faster upflows.
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4 Discussion

Figures 1 and 2 show dissimilarities both in height variagiof correlation and distributions,
although we and Rodyuez Hidalgo et al. (1999) used VTT observations and thecBtre.
Because the maximum of anticorrelation found at sub-plpbtexsc layers of the magnetic
region is out of the range of sensitivity of the spectraldiiBaper 1), we disregard this fea-
ture. Very low anticorrelation found over lag € (0.0, —2.0) in the magnetic region (Fig. 1)
suggests that magnetic field is another important decdingléactor along with 5-min os-
cillations and seeing (Puschmann et al. 2003; Odert et 8b)20n our results, the middle
layers of the non-magnetic and magnetic region lack sigeatof reversed granulations
(Fig. 1). The sinusoidal shape of the correlationfiont in the non-magnetic region over
the logrs € (—1.2,—3.5) range can be explained as a sum of positive correlationd/fic
reversed granulation and negative anticorrelation clariatic for 5-min oscillations.

5 Summary

Using a time sequence of high-resolution spectrogramsta8IR inversion code we have
inferred height variation of correlation between the terapge and line-of-sight velocity
throughout the quiet solar photosphere and a small magmejfien. The most important as-
pect is comparison of the results with the akin study by Rpdz Hidalgo et al. (1999). We
found in agreement with Royuez Hidalgo et al. (1999) that the maximum anticorrefatio
—0.6 between the temperature and line-of-sight velocity imiie-magnetic region occurs at
logts = —0.4. The absence of signatures of reversed granulation in itidlerlayers of the
non-magnetic region is likely to be due to 5-min oscillaipwhich negative anticorrelation
prevails over weaker positive correlation typical for nesesl granulation. Our results show
that magnetic field is another decorrelating factor alortty &imin oscillations and seeing.
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Polarimetry in the visible and near infrared

M. Collados
Instituto de Astroiffsica de Canarias, La Laguna, Spain

Abstract. The various techniques used in the visible and near-infrared for theureaent of intrinsic
polarization coming from solar regions are described. Their perfoceéo allow for the acquisition
of simultaneous spectropolarimetric data at several wavelengths issiéstuAny development of a
future facility should take advantage of these capabilities to measure sienltsly diferent solar
atmospheric layers with high spatial resolution.

1 Introduction

Spectropolarimetry is one of the most powerful tools to gttiee solar atmosphere. Mag-
netic fields, scattering processes and atomic polarizatierusually studied, using the Zee-
man and Hanleféects, via the polarized signatures they generate. Prgsemith dfort is
devoted to the study of these signals making emphasis onspaxts: high spatial resolution
and three-dimensional stratification. On the one hand dleiar nowadays that the solar at-
mosphere is highly structured and that small-scale feaflegy a crucial role when trying to
understand the properties of the solar photosphere andhdsghere. Sunspot penumbrae,
faculae, network and internetwork regions exhibit pragsrthat will only be finally under-
standable when a spatial resolution higher than availdlgessent will be achieved. On the
other hand, the dlierent layers of the solar atmosphere are interconnectelda atear pic-
ture of magnetic phenomena will only be obtained when siamglbous spectropolarimetric
observations at etierent heights are available. In this contribution, somehefrmost suc-
cessful techniques to detect polarized light will be ddseati as well as theffrts to observe
at different wavelengths. State-of-the-art examples will alspiesented to show the ca-
pabilities of present instruments. Arguments favoringrteed for large aperture telescopes
will be given, since the limited number of detected phot@mwesents the main drawback to
get adequate datasets.

2 Polarimetric techniques

Detectors are only sensitive to the number of photons, ahtbribeir polarization state. For
that reason, all polarimetric techniques are based on thie panciple of introducing the
information of polarization into the intensity of the tramigted light. To that aim, a simple
polarimeter is composed by a number of retarders or waveplatsually, one or two) fol-
lowed by a linear polarizer. The retarders modify the paktion state of the incoming light
in an adequate way such that the polarizer only transmiteatnd the desired component of
the electric field. A sequence of measurements varying taeders (either their retardance
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or their orientation), keeping fixed the orientation of ttedgpizer, makes possible to obtain
a set of intensity measurements from which one can retrifi\@ently the polarization state
of the input light.

In astrophysics, a polarizing beamsplitter, producinguiameously two orthogonal lin-
early polarized beams, is to be preferred, rather than asilmear polarizer. This way, one
can minimize the fect of intensity changes produced by seeing variationsg¢hwiviould
otherwise be interpreted as polarization signals (seea@odl 1999). These seeing-induced
intensity variations, occurring at frequencies of the ofea hundred Hz, are of a few per-
cent, masking almost completely the true polarization egfiiom the Sun. For this reason,
unless modulation schemes much faster than these typinakpheric time scales are used,
temporal modulation (sequence of measurements) togeittespatial modulation (two si-
multaneous orthogonal output beams produced by the beiteig@re mandatory to detect
the weak signals that are produced by the Zeeman and Hietéseand scattering processes
in most solar regions. For simplicity, in the rest of the tex¢ will refer only to one of the
beams, as if only a linear polarizer were part of the device.

Mathematically, a polarimeter is described by the follagvaguation:

N=M-1I, (1)

whereN™ = (N1, Na, ..., Np) is a vector that represents thentensity measurements ob-
tained with the detectol; = (11, 12, 13,14) = (I, Q, U, V) is the input Stokes vector, ad is
the so-callednodulation matrix, which only depends on the polarimeter itself. The symbols
‘" and ‘i’ stand for matrix product and matrix transposition, resjppety. It has to be noted
that, in general, only four independent measurements gtereal to solve Eq. 1 and gét

Not all modulation schemes allow to recover the Stokes parars with the same ac-
curacy. An elegant definition of thefeiency, €, of a polarimeter, that makes possible a
mathematical comparison between thatent techniques, has been given by del Toro Ini-
esta & Collados (2000):

€= (ni D7) Y2, 2)
j=1

e is a four-element vector containing thifieiencies with which the four Stokes parameters
are recovered, and the matiix thedemodulation matrix, is given by the equation

D=M"-M)1. M. (3)

For a square matri¥ (i.e, forn = 4), this operation is equivalent to calculating its inverse
These @iciency parameters are important because they determinenbisy the recov-
ered Stokes parameters will be. Callimghe noise of the measurememsone gets

o =0/q. 4)

It can be demonstrated that < 1 (intensity dficiency), andeg = i4:2 €2

Z < 1 (squared
total polarization iiciency). From here, it follows directly that, for a polariteethat allows
to measure in an optimum way the three Stokes paramé&etsandV, ex34 = equy =

1/V3=0577.
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Figure 1. Left: Polarization Q, U, andV) efficiencies éq, ey, ande,) of a polarimeter using a
rotating waveplate as a function of retardance. The total polarizafimieacy,ep, is also shown. The
vertical dotted line gives the retardance (12fbr which all three Stokes parameters have the same
efficiency. The horizontal dotted line limits the range for acceptaffileiencies in practice (larger than
0.4). Right: Polarization éiciencies of a THEMIS-like polarimeter as a function of the waveplate
retardance, both assumed to be equal. The waveplate orientationsewergiable 1. The vertical
and horizontal dotted lines have the same meaning as in the plot on the lefoplimum retardance,
for which Q, U, andV have the samefigciency, is 90 in this case.

Presently, solar polarimeters usfeient techniques to modulate the output light intensity,
namely,

e oOne rotating waveplate,

two retarders with discrete orientations,

two nematic liquid crystals,

two ferroelectric liquid crystals,

one piezoelastic modulator.

In the following, some characteristics of these polarimetee described.

2.1 One rotating waveplate

This option is used, for instance, by ASP (Elmore et al. 1982)LIS (Beck et al. 2005),
and SPINOR (Socas Navarro et al. 2006). These polarimesera gingle waveplate that is
continuously rotating at a fixed rate. In a half-rotation,ededtor takes eight samples (the
second half gives exactly the same measurements). Thatdls,reeasurement is obtained
while the waveplate changes its orientation by 22I6can be easily demonstrated that four
measurements, each one corresponding to an orientatiogelod453, are not independent,
and, consequently, they are noffszient to solve Eqg. 1. Following Eq. 2, the polarization
efficiencies can be calculated (the intensity polarizationgisaéto one) as a function of
the retardance of the waveplate. The result is plotted oneftig@art of Fig. 1, where the
efficiencies forQ, U, andV, as well as that of the total polarization, are shown. Tweatsp
deserve to be mentioned here. Firsty, U, andV are all equally well recovered, with
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Table 1. Usual orientation of the waveplates used in THEMISand#, represent the orientation of
the two retarders of the polarimeter.fBx 1 refers to the retarder located closer to the polarizing beam-
splitter. All angles are measured taking one of the polarizing axes of #drad@itter as a reference.
The measurements included in the third column correspond to the case lvdik retarders behave as
ideal quarter wave plates.

6, 0, Measurement
o° o° I +Q
45 45 1-Q
225° /45 225°/0° I +U
675°/-45 675 /0° | -U
o° -45 | +V
o° 45 | -V

maximum éficiency (i.e. with minimum noise) for a waveplate with a retarce of 127.
And, secondly, if we consider as acceptable afficiency above 0.4, any waveplate with a
retardance in the range from 0@ 145 can do a good job.

Since achromatic waveplates can be constructed, these ¢fpolarimeters can be used
in a rather broad range of wavelengths. SPINOR, for instamees a waveplate whose re-
tardance changes by only16% in the full range from 400 nm to 1m, which makes
it suitable for simultaneous spectropolarimetric obsgova from visible to near-infrared
wavelengths. Note, however, that the appearance of inéerde fringes may limit the true
usefulness of achromatic retarders in the full wavelengtige (see Semel 2003, for a dis-
cussion about this topic).

2.2 Two retarders with discrete orientations

This is the solution adopted by THEMIS. Two achromatic wéatgs are used with discrete
orientations to measure sequentially the desired linearbamation of the Stokes parame-
ters (see, e.g.,&pez Ariste et al. 2000). Usual combinations are given inerdb When
both retarders are ideal quarter wave plates, pure Stokaspters are measured with these
combinations, and, as shown by del Toro Iniesta & Collad69@2, maximum #iciencies
are found forQ, U andV. This setup has the advantage that one does not need to measur
these three Stokes parameters. If solid reasons exist te d@ingt one or two of them are
negligible with respect to the other, and one is not intexdst them even if being small but
non-vanishing, one can use only the two positions relatiegparameter of interest. Since
all photons will be used in that case to measure a singleipatan Stokes parameter, it will
be recovered with less noise (i.e., with a largéiceency).

The right plot in Fig. 1 shows the dependence of the polddratficiencies on the retar-
dance of the waveplates (both assumed to be equal), talerayigntations given in Table 1.
As can be seen, there is a broad range of values (frénic625') where all dficiencies are
large. This is specially important when doing simultaneohservations of distant wave-
lengths. The same set of orientations is valid for all of thevith different modulation
matrices, if the retardance is within the acceptable rafigpe price to pay, if the retarders
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IMaX configuration TIP configuration

1.0 T
. /’v €p |

€v

1.0

o
@
T

o
L
I
o
@

o
o
o
o

Efficiency
Efficiency
m
&

o
~
o —
o
~

o
w
T
o
w
T
|

o
o
o
o

080 090 1.00 1.10 120 1.30 1.40 080 090 1.00 1.10 120 1.30 1.40
Ao Ao

Figure 2. Left: Polarization Q, U, andV) efficiencies &g, ey, ande,) as a function of wavelength,
for a polarimeter using two LCVRs with the vectorial magnetogram cordigpm of IMaX (see text
for details). The vertical dotted line represents the optimized wavelendjh hdrizontal dotted line
limits the range for acceptabléieiencies in practice (larger than 0.&ight: Same as in the left plot,
but for a polarimeter using two FLCs like in TIP (see text for details).

are not quarter wave plates, is that now all four Stokes petenrsm must be measured (i.e.,
with the full modulation scheme).

2.3 Two nematic liquid crystals

Nematic liquid crystals behave as retarders with fixed ¢aigion and a retardance that can
be varied applying an external voltage, and are usually knasgvLiquid Crystal Variable
Retarders (LCVRSs). For visible wavelengths, the retardarsually varies between a mini-
mum value close to zero and a maximum close to one waveleffiggical switching times
are of the order of 10 ms, although they are very much depemtethe starting and end-
ing retardances. Increasing voltages (correspondingdredsing retardances) are usually
faster. Their large tunable retardance range makes theabkayifor example, for applica-
tions where several spectral lines are measured sequgntigiimizing their behavior for
each one of them. An example might be the case when one wantsasure the circular
polarization in one line and the linear polarization in drest Polarization #iciencies can
then be optimized for each wavelength and desired Stokesneder. Another advantage
of liquid crystals is that the modulation is performed awogdthe motion of any optical
element, which in general makes it insensitive to the preseh small dust particles or in-
homogeneities. The disadvantage is that their behavienpérature dependent, and they
must be installed in a temperature-controlled environment

This type of retarders are used, for instance, in IMaX (Mez Pillet et al. 2004) and
VIP (Bellot Rubio et al. 2007). Because of their flexibilityvlaX has implemented two
observing modes to obtain longitudinal and vectorial méggrams, using two LCVRs. The
polarimeter can be tuned to one or the other observing maidjumodifying the external
voltage. For instance, in the vectorial mode, the first LC\&Rrsby the light is oriented
parallel to one of the axis of the beamsplitter and sequigntieceives the voltages that
correspond to 31% 315, 225, and 225 retardances. The second LCVR is oriented &t 45
and the corresponding retardances, tuned simultaneoitsiyhe first LCVR, are 30264,
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54736, 125264, and 234736. It can be easily demonstrated that maximuficencies
in all Stokes parameters are obtained with this modulatatreme. The left plot in Fig. 2
shows the wavelength dependence of this scheme, assumanrgsiawct birefringence. This
is of interest when simultaneous observations of severdits lines are required, and the
modulation is optimized for one of them. As can be seen, dlrnmation dficiencies are
above the 0.4 threshold for wavelengths in the range 0.872t, in units of the optimized
wavelength.

2.4 Two ferroelectric liquid crystals

In opposition to LCVRSs, ferroelectric liquid crystals (FECbehave as retarders with fixed
retardance (slightly temperature dependent) and whosexascan alternate only between
two orientations, depending on an externally applied gatal his represents a loss of versa-
tility, when compared to LCVRs. However, switching times af the order of 0.1 ms which
makes them suitable for fast modulation schemes. Thelvregion is also easier, since only
two states need to be determined.

Examples of polarimeters using two FLCs are TIP and LPSPtfkkx Pillet et al. 1999;
Collados et al. 2007). At least, two FLCs are mandatory totigetminimum four inde-
pendent measurements required to solve Eq. 1. In one of tifegyucations used with TIP,
the first FLC seen by the light has a retardance of°185% a wavelength of 1.4m, and
an orientation of 7@ The values for the second FLC are® {Same wavelength) and 155
respectively. Both FLCs increase the orientation of thast faxis by 50 with the exter-
nal voltage. The right plot of Fig. 2 shows the wavelengtheshefence of this modulation
scheme. Polarizatiorfliciencies are within acceptable values in the range from @.835
in units of the reference wavelength. Thus, despite FLCk thegrees of freedom (they
can only alternate between two states), they give rise toutatidn schemes that are valid
in a wavelength interval as large as those of polarimetessdan LCVRs, at least for the
examples we have presented.

2.5 One piezoelastic modulator

ZIMPOL (Stenflo et al. 1992) is a polarimeter that deserveigp attention. It was orig-
inally devised to work with one or two piezoelastic modutatdor the simultaneous mea-
surement of three or four Stokes parameters, simultangotibis type of modulators can
reach frequencies of several kHz (similar to FLCs, that weravailable at the time this
polarimeter was constructed). Thanks to the developmespedially dedicated electronics,
the charge within the detector could be shifted back andh fatra large speed. After mask-
ing the adequate pixels, the modulation scheme can reagiefineies much larger than those
typical of atmospheric variations, making it free from dpus polarization signals due to
atmospheric variations. For that reason, it is the onlynioleter that uses a linear polarizer,
instead of a polarizing beamsplitter.

3 Future developments

During the last years, there have been a lot brés to observe simultaneously several
spectral regions, with polarimetric capabilities. THEMA@s originally designed to do si-
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multaneous spectropolarimetry of up to ten spectral liAéso, recently, atthe German VTT
of the Observatorio del Teide, the combinations of the imsgnts POLIS and TIP or VIP
and TIP are possible (see Beck et al. 2007).

There are two main reasons for these developments. Fisathyltaneous observations
of several photospheric spectral lines provide additiomf@rmation to constrain the atmo-
spheric model atmospheres derived from them. Several dgearoan be mentioned. Using
visible and near-infrared lines, Mamez Gonalez et al. (2006) studied the weak signals of
internetwork regions, concluding that the observed sigyaet compatible with well below-
kG field strengths. Beck (2006) showed how visible and nefaatied lines were compatible
with the uncombed penumbral model, where more or less haarflux-tubes are embed-
ded in a more vertical and stronger background field. Plasmwi@domis required to take
place in the horizontal component. Schlichenmaier et 022 and Miller et al. (2006)
explained in similar terms the azimuthal variation of visiand near-infrared Net Circular
Polarizations observed in the penumbra of sunspots.

Secondly, diterent spectral lines determine the range of heights thabegmobed. Spe-
cially interesting are those observations that give cloelink the photospheric and chro-
mospheric magnetism. As an example, Centeno et al. (200@)fband that the 3-minute
chromospheric oscillations in sunspot umbrae propagate the photosphere, and they are
not the result of non-linear interaction of photospherimfute oscillations. Solanki et
al. (2003) have derived the three-dimensional loop strectdi an emerging region, where
strong horizontal gradients and shears of magnetic fiekt axdistances of’:-2", suggest-
ing that electric currents may play an important role in chospheric heating.

In addition, spatial resolution is crucial for the final umstanding of photospheric and
chromospheric structures. Presently, using ground-b@estopes, spectropolarimetry can
only be achieved, with adequate noise levels, with a reisolutot better than 0’5 High-
resolution images reveal, though, that structures wittza sf 0.1’ exist everywhere, and
probably they are responsible for most of the energy chammé&bm the photosphere to the
chromosphere. Large collecting areas will be requiredéfthure to give us the possibility
to improve the spatial resolution, with reduced integratimes.

Any future development of new infrastructures must take adcount these needs of mul-
tiline spectropolarimetry and high spatial resolution.afative optics (and, possibly, multi-
conjugate adaptive optics) will be mandatory to ensuredhatxcellent high-spatial resolu-
tion image quality may be obtained in large fields of view. Minle spectropolarimetry will
allow for the study of the magnetic coupling of thdfdrent layers of the solar atmosphere,
and the mechanisms that transfer energy upwards and givréshot chromosphere. Com-
plementary information can be obtained with the combined! imultaneous use of spec-
trographs and narrow-band tunable filters. Spectrographdenecessary to ensure the
integrity of the measured Stokes profiles, while tunablerSltwill be required to study the
2D magnetic and dynamic evolution of photospheric and clespheric structures,

In this sense, an initiative is recently taking form to deyeh large aperture European
Solar Telescope (EST) that, together with the American ATgight fulfill all these needs.
EST must inherit the best of all present European faciltilesiinimize the risks and costs
of such a large infrastructure: (i) excellent imaging calitéds, as, for instance, that of
the 1-m SST, by having a simple design with excellent opfigstobust and user-friendly
adaptive optics like, for instance, the one operating aMR€; (iii) multiline spectrograph
capabilities like in THEMIS; (iv) visible and near-infratsimultaneous polarimetry, like at
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the VTT; (v) diicient narrow-band tunable filters like IBIS; and (vi) sinauleous control of
all instruments like, for instance, at the VTT. Joirfifoets of European countries can help
make a reality this telescope by combining the best of alkgiges. In addition, advantage
can be taken of having two large aperture telescopes (EST &TATocated in opposite
terrestrial longitudes. Observing programs requiringgdand almost continuous temporal
coverage (such as the emergence of an active region) canaggtlmenefits by using ATST
and a European telescope located in the Canary Islands.
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Abstract. An excellent 1h 10 min time series of a quiet solar region near disk centre was acquired
on 4™ of May 2006 at the German Vacuum Tower Telescope. Using the new “Géttingen” Fabry-
Perot interferometer together with the Kiepenheuer Adaptive Optics system spectropolarimetric images
were obtained, scanning the Fe1 5247 A and Fe1 5250 A lines with a temporal cadence of 17's each.
Thanks to speckle reconstruction methods the achieved spatial resolution of the obtained intensity,
velocity and magnetic field maps is ~0’3. First results on the dynamics of the quiet photosphere and
magnetic fields reveal strengthening and weakening of the polarisation signal in interaction to granular
convection processes indicating advection and diffusion of magnetic flux at smallest scales. Field
structures, very elongated along intergranular lanes, show high dynamics, combine and split, and leave
strong fingerprints at high photospheric layers where related temperatures fluctuate. Recent numerical
MHD simulations come close to our findings. Possible indications of magnetic flux annihilation, flux
tube evacuation or signs of upward-propagating shock fronts are illustrated.

1 Introduction

Small-scale magnetic fields in the quiet solar photosphere and their interaction with the
ionised gas may play a key role in the heating of the chromosphere and corona. The to-
tal magnetic flux in quiet solar areas is larger than that in all active regions together. Thus,
the quiet Sun may play a significant role in the physical processes governing the global solar
magnetism (e.g., Dominguez Cerdeiia et al. 2006, and references therein). Most of the flux at
photospheric level is assigned to the interior of network cells (Stenflo 1994; Trujillo Bueno
et al. 2004), whose boundaries harbour kilo-Gauss fields (Stenflo 1973). It is still under
discussion if internetwork magnetism is dominated also by kilo-Gauss fields (Dominguez
Cerdeiia et al. 2003, 2006) or by weaker fields in the 300 G range (Trujillo Bueno et al.
2004; Khomenko et al. 2005; Martinez Gonzélez et al. 2006), located mainly in the inter-
granular areas, and even weaker fields (~ 10 G) in the granules proper (Trujillo Bueno et al.
2004). The topology and the scale of the variation of quiet Sun magnetic fields are not yet
clear. There is evidence for the existence of mixed polarities (Sdnchez Almeida et al. 1996;
Sigwarth et al. 1999; Sanchez Almeida & Lites 2000; Lites 2002; Khomenko et al. 2003). A
further question is whether internetwork fields are very entangled, “turbulent”, and thus only
detectable by sophisticated Hanle diagnostics of polarised light, or, at sufficient angular and
temporal resolution, the Zeeman effect can be used to reveal most of the magnetic flux.
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2 Observations and data processing

On 4" May 2006, an excellent 1 h 10 min time series of a quiet solar region near disk centre
has been observed using the upgraded “Goéttingen” Fabry-Perot spectrometer (Puschmann
et al. 2006) at the German Vacuum Tower Telescope, Observatorio del Teide, Tenerife. The
observations have been supported by the Kiepenheuer Adaptive Optics System (KAOS). The
magnetically sensitive Fe1 5247 A and Fe1 5250 A lines have been scanned quasi simulta-
neously with a temporal cadence of 17 s each, taking short exposures of 3 ms. The spectral
resolution was ~ 27 mA. Thanks to speckle reconstruction methods (Puschmann & Sailer
2006; Krieg et al. 1998) the broadband and narrowband images possess an angular resolu-
tion of 027 and 0!”3, respectively. The reconstructed images of left and right circularly
polarised light were carefully co-aligned to sub-pixel accuracy. From these, at each pixel in
the field of view (FOV), Stokes I and V profiles of the spectral lines were obtained. The flux
densities (B.g; line-of-sight components averaged over the resolution element) were deter-
mined in the weak-field approximation (Landi Degl’Innocenti 1992). Velocities (Vo) Were
measured from the local shifts of the centre of gravity of the absorption lines. Additionally,
intensities at the local line minima (I,.) were determined. A subsonic filter has been applied
to the time sequence, eliminating features with phase velocities >4 km/s. Apart from their
Landé factors, the two lines have nearly identical properties. Thus we treat the results be-
low as stemming from one line. The sensitivity of the magnetic field measurements at this
resolution is |Beg| =30 G (corresponding to a 2 o significance).

3 Results

In this contribution we present first results on small-scale magnetic field evolution in the quiet
solar photosphere, focusing on three different subfields of the total observed area presented
in Puschmann et al. (2007). Figures 1 and 2 demonstrate the rich action of convection on
magnetic fields of opposite polarity in areas of network boundary and internetwork, respec-
tively. From the upper to the lower rows, at a cadence of 4 min 32 s (3 min 58 s), broadband
images (BB) with the scaling relative to average intensity, line minimum intensities (I);) rel-
ative to the average continuum intensity, line of sight velocities (V¢og; centre of gravity), and
magnetic flux densities (B.g; weak-field approximation), are presented at 6 different time
steps.

The good seeing conditions during the observations (Fried-parameter ry up to 38 cm) are
reflected in the high Al (11 %) of the reconstructed broadband images. At the high spa-
tial resolution achieved, the granules appear eroded. We note the complex structure of the
intergranular lanes, indicating cool areas related to strong downflows sometimes located in
the vicinity of magnetic features. The measured magnetic flux densities amount up to 800 G
in areas with network boundary and between 50 G and 180G in the internetwork. Mag-
netic fields are almost exclusively detected in intergranular areas. Some of them are present,
in both network and internetwork areas, along the entire time sequence of 1h 10min. A
good, although not perfect, correlation between intergranular bright points and magnetic
fields is revealed when comparing the continuum and line centre images with the magnetic
field maps. While some of the strong fields in the magnetograms may be identified as tiny
brightenings at the bottom of the solar atmosphere, the magnetic fields leave strong finger-
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Figure 1. Time sequence of an area with network boundary magnetic fields of opposite polarity. From
top to bottom: Broadband intensity (BB), line centre intensity (I;.), magnetic flux density (Beg) and
velocity (Veog) at 6 different time steps; At = 4 min 32 s ; FOV: 11”x 11”. Under the high spatial
resolution achieved (< 0!'3) granules appear eroded. Intergranular lanes show a complex structure, in-
dicating cool areas related to strong downflows sometimes located in the vicinity of magnetic features.
Network boundary magnetic fields reveal strong dynamics in interaction with granular convection,
changing their fine structure at time scales < 17 s. During the entire sequence the flux densities reach
values of up to 800 G.

prints at high photospheric layers. In both network boundary and internetwork, elongated
faint streaks visible in the line centre images are partially related to magnetic features, show
strong dynamics at short time scales, and are likely a result of the interaction of small-scale
magnetic fields with the ionised gas. Occasionally, the streaks dissolve into faint knots or
faint chains.

Box 1 of Fig. 2 reveals a quite common scenario of possible flux dissipation and re-
advection: Following the temporal evolution of a negative polarity feature sometimes related
to tiny brightenings in the line centre and broadband images, the magnetic flux undergoes
strong interaction processes with convection, where the magnetic flux is pushed around,
gets compressed, dissolves or disappears on short time scales, afterwards reassembling and
reappearing nearby.

Box 2 of Fig. 2 shows possible indications for magnetic flux annihilation and related heat
transfer to higher atmospheric layers. In the fifth frame one finds negative polarity close to
strong positive polarity fields, while in the last frame, the negative polarity has disappeared
and the positive field has weakened, related line centre intensities appear enhanced.

As a final example, we present in Fig. 3 a time sequence of magnetograms (B.g) super-
posed onto broadband intensity and line centre images for a conspicuous magnetic structure
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Figure 2. Time sequence of magneto-convection in quiet Sun at 6 different time steps; At = 3 min
58 s. FOV: 11”x 11”. From top to bottom: Broadband intensity, line minimum intensity, magnetic
flux density, and velocity. Magnetic field structures of opposite polarity related to the internetwork
appear as faint point-like structures in the broadband images and as brilliant small-scale points in the
line centre images, sometimes showing faint tails. As also observed in the network boundary, faint
streaks visible in the line centre images, partially related to magnetic structures, show strong dynamics
at short time scales (sometimes dissolving into faint knots) and are likely an indication of magnetic
field - ionised gas interaction at smallest scales. Box 1 contains negative-polarity flux, diffused and
re-advected during the sequence. Box 2 gives hints on flux annihilation. Negative-polarity flux close
to positive polarity has disappeared in the last frame, while related line centre intensities are enhanced.

associated with an intergranular bright point. After 3 m 58 s from the beginning of the se-
quence, the intensity related to this magnetic feature increases in both broadband and line
centre images whereas the apparent magnetic signal decreases drastically. After 6 min 14 s,
the magnetic flux density grows to values larger than 100 G while the related intensity fades.
The bright point and the magnetic structure show again a clear correlation. Such a behaviour
was predicted earlier by Sanchez Almeida (2000) and can possibly be explained by an evac-
uation of magnetic flux tubes during field enhancement. The remaining gas is heated, the Fe1
lines weaken, and the magnetic signal is substantially reduced. When the tube has expanded
and the field has decreased the measured magnetic signal increases again. This observation
can also be explained by an upward-moving shock front within the flux tube as predicted by
Steiner et al. (1998), leading to a distinct signature in Stokes V. During the passage of the
shock front through the region of line formation, the corresponding measured Stokes V sig-
nal fades and augments again due to a superposition of two distinct components originating
in the pre-shock and the post-shock regions, while intensities show the opposite behaviour.
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Figure 3. Reduction of magnetic signal due to flux tube evacuation or upward-propagating shock
fronts. Time sequence of magnetograms superposed on broadband intensity (upper panels) and line
centre intensity (lower panels) for a conspicuous magnetic structure associated with an intergranular
bright point. FOV: 5”x 5”; time step: 34 sec. The contours belong to |B.¢| = 40, 70, 100 G. Red and
blue contours (visible in the electronic version) distinguish between the two magnetic polarities. See
text for a detailed description.

4 Conclusion and outlook

A first inspection of broadband, line centre intensity, velocity and magnetic field maps ob-
tained from a 1 h 10 min time series of spectropolarimetric images of excellent quality re-
veals the interaction of magnetic fields with granular convection at smallest scales, bearing
on the structure and dynamics of the solar atmosphere as a whole. The temporal evolution of
the physical quantities resembles strongly those found in numerical simulations of magneto-
convection (Stein & Nordlund 1996; Schaffenberger et al. 2005; Vogler et al. 2005), although
one has to be careful by making direct comparisons between observations and simulations.
Magnetic features are almost exclusively located in the intergranular lanes, showing oppo-
site polarities and related flux densities of up to 800 G in areas with network boundary and
up to 180 G in the internetwork. Very likely, our measurements give lower estimates due to
the limited spatial resolution. Assuming area fillings with magnetic flux of 15-20 % the true
flux densities could be partially in the kilo-Gauss range. Although the fine structure of small-
scale magnetic flux concentrations changes on very short time scales, single flux elements, in
both network and - noteworthy - internetwork areas, persist over the full duration of our time
sequence in agreement with Rouppe van der Voort et al. (2005) pointing at a deep anchoring
of at least some of the flux elements, even though numerical simulations do not seem to con-
firm this conjecture (Steiner 2007). Magnetic flux undergoes strong interaction processes
with convection, in which the magnetic flux is pushed around, gets compressed, dissolves or
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disappears on short time scales, afterwards reassembling and reappearing nearby. Following
the temporal evolution of internetwork fields at fast cadence (~ 17 s) and small scales (0!’3)
we find indications of flux annihilation and possibly upward-propagating shock fronts, i.e.
of mechanisms to heat the upper layers of the solar atmosphere. Line centre images reveal
vigorous processes at high photospheric layers related to magnetic field dynamics. More de-
tailed descriptions and analyses will be presented in forthcoming publications. Our findings
encourage to improve on the side of resolution and polarimetric sensitivity, and lend support
to the efforts to apply the Zeeman effect to very high angular resolution observation with
large solar telescopes, in addition to Hanle diagnostics.

Acknowledgements. We thank J. Sanchez Almeida, O. Steiner, and J. Trujillio Bueno for many
fruitful discussions. KGP acknowledges support by the Deutsche Forschungsgemeinschaft through
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Abstract. Spectropolarimetric observations of the internetwork obtained in B&n Fer doublet
are used to calculate the distributions of magnetic field strength, filling factomagnetic flux density
at different positions on the solar surface. We go one step further andb#egdrat the observations
show about the three-dimensional structure of the magnetic fields aténeetwork quiet Sun.

1 Our knowledge of the magnetic field in the internetwork . ..

... has evolved rapidly in recent years. Nowadays, conegrtie Zeemanfeect, the most
reliable works of internetwork magnetic fields deal with thizared Fa doublet situated at
1.56 um (Khomenko et al. 2003;&chez Almeida et al. 2003; Ddnguez Cerdia et al.
2006; Martnez Gonalez et al. 2007) or with spectral lines with hyperfine stuuet Lopez
Ariste et al. (2006) use the visible Mt 5537 nm and Asensio Ramos et al. (2007) analyze
the Mnu line situated at 53 um, in the near infrared part of the spectrum. All these works
are based on spectropolarimetric observations at a spegialution of the order of’1l They
agree on the sub-kG nature of the magnetic features. Theyiatsthat these occupy a very
small portion of the resolution element, between 1% and ID8é.rest of the pixel seems to
be field free, at least concerning the Zeeman data. Howeamtly, some works (Faurobert
etal. 2001; Trujillo Bueno et al. 2004) present the Haffilect as a very promising diagnostic
technique to study the turbulent component of the photaspheagnetic field that would be
undetectable by the Zeemafliext due to cancellations of circular polarization signals.

In this contribution, we present the results of a study ofdis¢ribution of field strengths
and the topology of magnetic features at these low flux irtgvark regions. To this aim we
use spectropolarimetric observations taken fiedint positions of the solar disc. On July
2000 we recorded the four Stokes parameters of thelf%6 um lines scanning the solar
photosphere at disc centre and at positions 0.88,0.4 and 028 (with u the cosine of the
heliocentric angle). The same spectral lines were usedrfabaerving run at disc centre
on August 2003. All data sets have a spatial resolution obtder of 1’. The last set has
the lowest noise level in polarization:x5107° I, I being the continuum intensity. It was
achieved using a Principal Components Analysis (PCA) moaeto filter the data. The
noise level in the data from the year 2000, also after demgigith PCA, is 7x 107° I, for
the observation at disc centrex9.0° | for the set ai: = 0.88 and 10* |, for both scans at
u = 0.4 andu = 0.28.
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Figure 1. Magnetic field strength distribution at disc centre (left panel) and forudaar{solid) and
intergranular (dotted) regions (centre panel). Magnetic flux densityillison at disc centre (right
panel), average values within each pixel.

In order to analyze the data we selected only those pointserthe Stoked signal was
regular (presented only two lobes) and showed a Stakasplitude above & 1074 I.. With
these requirements, 29 % of the observed profiles in the 28@38xkere selected, while 48%,
47%, 59% and 64% were selected in the 2000 sets at disc cenjre=f0.88,0.4 and 0.28,
respectively. We inverted the full Stokes vector using tiR*®ode under the hypothesis of
a magnetic atmosphere and a field free one mixed in the r@zokiement.

The spatial distribution of the magnetic field strength atititernetwork region observed
in 2003 is plotted in the left panel of Fig. 1. In accordancéhvgrevious works, the field
strengths are in the range of a few hundred Gauss. The hastoggveals two dierent
behaviours: the lowest values have a steep fall towardehfgHd strengths while there is an
accumulation around 500 G that is approximately the eqtiijuar field in the photosphere.
Kilogauss field strengths are very rare. A similar analysis heen done after separating
granules from intergranules in the field of view, using aeciiin based on the continuum
intensity. Granules are defined as those areas where thewamt intensity is higher than
the mean and intergranules those where it is lower. In theeg@anel of Fig. 1 we can see
how the magnetic field distribution in intergranules is esatl around the equipartition field.
In granules, smaller strengths are found and the distdhdtllows an exponential decrease.
These two dferent behaviours, already observed in the total distdbytan be due to a real
physical mechanism since they are associated to two distieas of the solar photosphere.
In the right panel of Fig. 1, we show the distribution of thegnetic flux density. Both
polarities cancel out almost perfectly: the mean value eftlagnetic flux density is0.075
Mx/cm?. The unsigned mean magnetic flux density turns out to be £ a value that is
around 20 times smaller than what is typically found in netwegions.

The filling factors of these sub-kG structures are ratherllsifibe majority occupy only
2 % of the resolution element, as seen in the distributiottguian the left panel of Fig. 2.
However, as shown in the right panel of the same figure, thalsiiting factor corresponds
to the higher values of the field strengths. The smallesteg(below 300-350 G) have larger
filling factors. In these cases, the weak field regime appliesonly the magnetic flux can be
determined. Nonetheless, it can be stated that the weadlesstiengths occupy larger areas
than the strongest ones. They seem to represent a m@usaedcomponent, and perhaps
we are starting to detect some of the turbulent magneticsfieldvhat the Hanleféect is

Stokes Inversion based on Response functions
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Figure 2. Magnetic filling factor dis-
tribution at disc centre (left panel) and
magnetic field strength as a function
of the filling factor (right panel).
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Figure 3. Magnetic field strength distribution at the 4 studied positions of the solarcsuifstt panel).
Magnetic filling factor (central panel) and magnetic flux density (righhedistributions at the same
positions.

sensitive.

The same analysis has been done for the other data setsysiydétle is known of the
variation of the internetwork magnetism over the solarawef The distributions of magnetic
field strength, filling factor and magnetic flux density reted from all these observations
are presented in Fig. 3. As can be seen, none of these geasttm to vary with the position
on the Sun. Only the observationiat= 0.4 has a dominant negative polarity, which can be
due to a contamination of a small network patch, even if wéiedrthat no magnetic activity
is detected in the simultaneously recorded Ca K image. le®2@00 data, the mean magnetic
flux density is 0.24, 0.75, -3.47 and -0.74 Mx¥ for the observations at = 1,0.88,0.4
and 0.28 respectively, while the unsigned flux density is, & @nd 6 Mycn?, respectively.
Consequently, the magnetism of the internetwork seem®rubtatnge over the solar surface,
at least in the positions we have studied. Our observatiere vaken in North and East
directions, so more observations covering the rest of ther soirface are needed in order
to carefully study the variation of the magnetic propertiéshe internetwork at dierent
positions in the Sun.

With the amount of information that the spectropolarimetbservations provide, we
can go one step further and try to investigate also the tgyobd the magnetic structures
in the internetwork. At disc centre observations, a paldicteature is rather common:
linear polarization signals are found between two circplaarization signals with opposite
polarities. This may be an indication of loop-like struetsir Away from disc centre, the
identification of these loops becomes extremelffialilt due to perspective and transport
effects. For this reason, we have only studied the two obsenstit disc centre in the 2000
data. We have found 6 clear cases of such loops in the map=al and 5 in the map at
1 = 0.88. All have the same characteristics but we only detail theéysof one of them.

The azimuth of the magnetic field vector recovered from tlvergions is shown in the
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left panel of Fig. 4, overplotted to the Stokésamplitude for the loop that we have selected,
as illustration. It must be noted that this azimuth has & Efbiguity. Independently of
this indetermination, the magnetic field vector is directdahg the line that joins the two
opposite polarities. In the right panel of Fig. 4, the magnild lines computed along the
line that connects the two polarities are plotted, togetbitr their variation with height. In
this case the loop structure is evident: the magnetic fieddnst vertical at the footpoints
and turns out to be almost horizontal in the transition betwkoth polarities. It must be
noted that, if the opposite sense of the magnetic field iatithm had been chosen, a dip
would have been obtained, instead of a loop.

From our analysis of spectropolarimetric observation$iertear infrared, the weak po-
larization signals measured with the Zeemd#iea at internetwork regions come from or-
ganized structures in the form of loops or dips. At disc aertiese magnetized structures
have field strengths well below kG and fill only a small frantiaf the resolution element,
around 2 % in the case of field strengths higher than 300-3%@®er magnetic fields have
higher occupation fractions, maybe corresponding to theofahe iceberg of the turbulent
component of the photospheric magnetism to which the Hafdetas also sensitive. The
magnetic flux density at these regions is 5/M®? and both positive and negative polarities
of the magnetic field cancel perfectly in the whole analyzeldifof view. These magnetic
properties of internetwork regions do not seem to depenti@pdasition on the solar surface,
at least at the light of our datasets.
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Abstract. High-resolution spectroscopic observations of small-scale magnetieepterim the solar
photosphere were carried out in the spectral region 387.5-388wiithnthe 1-m Swedish Solar Tele-
scope (SST). This part of the spectrum covers not only the violet Gid-baad, but also contains
some lines of the CH molecule. The analysis of the line-core intensity ctsoshthe CN and CH
lines in bright points (BPs) yielded that on average the BPs appear byigiis providing a higher
rms contrast, in the CN than in the CH lines in the same spectral band.

1 Observations

[arcsec]
[oresec]

0 5 10 15 20 25 30 0 5 10 15 20 25 30
[arcsec] [arcsec]

Figure 1. Active region NOAAQ753 observed neax0.95. The left panel (a) shows a high resolution
red "continuum” image (at =705.7 nm) restored with MFBD. The right panel (b) represents an
example of a slit-jaw image taken in the violet CN band.

The spectroscopic dataset presented here was collectetheiTRIPPEL (TRI-Port Po-
larimetric Echelle-Littrow) spectrograph (Kiselman et2007) installed at the SST. It was
used simultaneously with the tip-tilt and the adaptive @p(AO) system and has a slit width
of 25 um, which corresponds to about 0.11 arcsec in the image pl&vke.have used a



162 V. V. Zakharov et al.: CN spectroscopy of bright points

narrow-band interference filter (CWA387.9 nm, FWHM:0.7 nm with 60 % peak trans-
mission) in front of the CCD camera as an order sorter. THd ligflected by the slit box
was used to obtain slit-jaw images in the violet CN band siamdously with the spectra
(e.g. Fig. 1 - right). The exposure time for spectra andjalitimages was 1.5 s. 10% of
the total incoming sunlight were separated by #100grey beamsplitter in the light path
before the spectrograph in order to obtain high resolutizages in a red "continuum” win-
dow using a narrow-band interference filter centered at7768 with a FWHM of 0.7 nm.
These images, collected with exposure times of 10 ms, arerrgiated in time with the
spectroscopic dataset and are processed by the Multi Fréinmgk Beconvolution (MFBD)
routine (Lofdahl 2002), thus providing almostfttaction limited quality (e.g. Fig. 1 - left).
All employed CCD cameras were Kodak Megaplus 1.6, 10 bit WBB6x1024 pixels of
9 um each.

We have observed on 14 April 2005 an active region NOAAO7%satied neau =0.95.
Strong seeing variations and rotation of the FOV allowednig tw record few individual slit
spectra, rather than full scans over some solar area. Thgsadsspectroscopic data were
estimated to have 0.3 arcsec spatial resolution and a reggdewer of 130 000.

2 Results

CN—spectra
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Figure 2. Example of the observed CN spectrum of a BP (grey line) pe@r95 and of the quiet Sun
(black line). The filter curve (dashed line) as obtained in the data redustaso shown.

In Fig. 2 a sample of observed CN spectra is shown. There drédnal CH lines among
the forest of CN lines in the observed wavelength band. In dd8€y line) the spectrum
shows a considerably reduced absorption in spectral lih€dland CH as compared to that
in a quiet Sun area. We have defined the contrast of intehsdgC, = 1,/ < 13 >qs —1,
where< |, >4s means the intensity averaged over a quiet Sun area in thediataeicinity
of the observed active region. In the present analysis weuned:

e the line-core intensitie$cy of a CH line at 387.72 nm antky of a CN line at
387.96 nm (marked in Fig. 2),
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Figure 3. Spectroscopic data observed in the active region NOAAO7a3@195 on 14 April 2005 at

14:56 (UT) : a) High-resolution red "continuum” image; b) slit-jaw imagdantegrated and continuum
intensity contrast€ (lin) - black,C (lent) - grey; d) line-core intensity contrasiIcy) - black,C (Ich)

- grey; e) Bright Point Index; f) velocity measuremewtg in [km/s]. The horizontal black line in b)

marks the position of the slit. All the images as well as the spatial domain ofpéaetram were

coaligned by cross correlation.

e ‘quasi’-continuum brightneskk,, averaging it over wavelength positions in the spec-
tra which are the leasti@cted by absorption,

e integrated intensitieky;, calculated by integration ovarof the whole obtained spec-
tral domain multiplied with the prefilter profile,
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e the LOS velocitiesycn, which were computed from measured Doppler shifts in the
CN line atAcny=387.73 nm with a relative accuracy of around 6&npflows were
assigned negative velocities and downflows positive.

In order to determine the positions of bright small-scalgndic features and automatically
distinguish them from the non-magnetic bright feature$ttight Point Index (BPI) was cal-
culated (Langhans et al. 2004). Here we use line-core iitiesisf the Fe line at 387.80 nm
and of a CN line at 387.73 nm. A threshold of B®L33 is used to separate magnetic bright
features from the non-magnetic ones.

In Fig. 3 we present one example of a calibrated spectrosatgiaset. BPs, as the
rule, have a high value of the BR0.33, enhanced continuum contr&l.,;) >0 and
have a compact shape. Also the integrated intensity alwagsatigher contrast than the
continuum, i.eC (lin) > C(leont). The line-core contrast in such structures is always as
C(len) > C(lcn). In many photospheric structures showing low BPI, like gtas and
many intergranular lanes, assumed to be non-magnetic ineahe continuum and line-
core intensities tend to sha®@/(lin;) < C (Icont) @ndC (Icn) < C (Icn). The latter is probably
caused by the tlierence in temperature sensitivity of the molecules. Bgiad magnetic
brightenings are located in the intergranular downflow argkany observed BPs show a
reduced vertical velocity surrounded by downflows (e.g.2at 2rcsec in Fig. 3).

3 Conclusions

Considering all 25 individual imaging positions of the sii¢ estimate that in BPs the ratio
of contrasts in CN line cores to those in CH line cores lies rarae between 1.4 and 5.4
with a mean value around 2, i.e CN lines on average show thizedntrast as the CH lines
in the same wavelength band. This is in line with the imagibgeovations by Zakharov et
al. (2005).

Acknowledgements. We are grateful to the SST technicalf§tand G. Scharmer for help with the
instrumentation. The SST is operated by the Royal Swedish Academyiericgs at the Spanish
Observatorio del Roque de los Muchachos of the Instituto de Asitafde Canarias.
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Abstract. Bright points (BPs) visible in the G band at 430 nm are commonly used @rs$raf mag-
netic fields, indicating the location of kG flux concentrations. To study theahotagnetic properties
of G-band BPs, we took observations in 2003 and 2005, employing simolisly a speckle setup
in the G band and vector spectropolarimetry to derive the magnetic fietdrvéaom the analysis of
the co-aligned polarimetric data we find that the BPs show a broad rarfggdo$trengths, magnetic
fluxes, and field inclinations. Many G-band BPs are not co-spatial witkkeéhé&al part of the nearby
flux concentrations. Even at the small heliocentric angle of only ft® BPs appear projected on
adjacent granules, whereas the magnetic field is concentrated in thedantdeay lanes. Our findings
support the view that the G-band BPs are a result of the "hot if@t®. The downward shift of the
optical depth scale in the presence of magnetic fields allows to see deebleotéer layers in the hot
granulesextto the field concentrations, where CH dissociates. Thus, informatiomdram imaging
observations of BPs has limited use to investigate the actual magnetic figthst;iwhen the BPs are
not co-spatial with the central part of the flux concentrations.

1 Introduction

The solar spectrum around 430 nm shows numerous spectral liiany of them are due to
absorption by the CH molecule, which forms at low tempegatimages of the photosphere
taken with a broadband interference filter in the G band sksolaied brightenings located
inside and near the intergranular lanes with high contoagteir surroundings. It was found
that these bright points (BPs) are caused by the present®mpnfisnagnetic field concentra-
tions. Several authors found the BPs to be co-spatial wiliitix concentrations, e.g., Berger
& Title (2001). However, BPs are only indirect tracers of fisdd. The presence of the field
leads to a downward shift of the optical depth scale due tevaeuation of the flux concen-
tration. CH dissociates in the deep layers with higher teatpee, and hence, the intensity
in the G band increases due to the disappearance of the rnarlepectral lines. Similar
effects take place in the CN band at 388 nm (Zakharov et al. 200®reas the BPs visible
in chromospheric lines like &1 or Ca Il H and K also indicate magnetic fields (Leenaarts
et al. 2006), although their origin is probablyfdrent. At present, there is an ongoing dis-
cussion on which tracer is best suited for the detection ajmatic fields (Zakharov et al.
2005; Leenaarts et al. 2006; Uitenbroek & Tritschler 2006)h Sanchez Almeida (2000)
even claiming that indirect tracers are to be preferred tverdirect measurements of the
field via the Zeemanftect. However, none of the observational studies carriecsodar
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Figure 1. Left, counterclockwisdntensity in G-band, intensity at 1:Bn, mask, polarization degree;
2003. Right, counterclockwiseintensity in G-band, mask, magnetic flux, intensity atung 2005.
Tickmarks are in arcsec.

combined simultaneous measurements of G-band intenges proxy of magnetic fields)
and vector Stokes polarimetry (for a direct measurement}his contribution, we present
the results of simultaneous G-band proxy magnetometry aatbw spectropolarimetry to
investigate the relation between G-band BPs and magndtis fiethe solar photosphere.

2 Observations & data analysis

For the present study we employ two data sets, taken in 20032@05. On August, 9,
2003, we observed a region close to the sunspot NOAA 10425 69:36 to 10:34 UT
with the Tenerife Infrared Polarimeter (TIP, Memtz Pillet et al. 1999) at 1/6n and the
POlarimetric Littrow Spectrograph (POLIS, Beck et al. 2p@% 630 nm attached to the
Vacuum Tower Telescope (VTT) on Tenerife. The same areatddaat a heliocentric angle
of 27°, was observed by the Dutch Open Telescope (DOT) on La Palhreasdction shown
in the left panel of Fig. 1 was scanned in total 8 times. On lioker 2005 between UT
10:35 and 10:58, we used TIP together with a speckle chanribkei G band at the VTT
to observe a network region close to a pore at a heliocentgteaf 12 south-west of the
disc center. In both cases the same data analysis was pedortne G-band data were
speckle reconstructed and spatially aligned to the poktrimdata; a mask with locations
of BPs was derived from the G-band intensities by hard tioleahg (| > 1.2 - 1), and the
polarization profiles were inverted with the SIR code (cfll@&eRubio & Beck 2005).

3 Results

3.1 Statistics of bright point properties

A statistical analysis of the magnetic properties of BPshi@a 2003 data (see also Beck
et al. 2007) allows us to support the magnetic nature of BRaerthan 90% of the BPs
are co-spatial with significant polarization signal witiify which corresponds to the spatial
resolution of the polarimetric data of 2003. In the data eike2003, the BPs show redshifts
of ~ 400 nys inside the magnetic flux, as derived from the inversion efgpectral lines.
The G-band intensity increases slightly with field strengidl slightly decreases for large
fluxes. The BP intensity scales strongly with the inclinatid the field to the line of sight.
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Figure 2. Histogram of field strength of quiet Sun, BPs, and the remaining FOV inQB& data.

For the 2005 data, the field strength associated with BPesaingm 0 to about 1.5 kG with
a uniform distribution and no preferred value (cf. Fig. 2helBP fields below-0.5 kG are
presumably due to the erroneous inclusion of the hot cenfegganules into the BP mask;
the BP field distribution is identical to that of the quiet Swithin that range. The very
conspicuous peak at 1.3 kG in the distribution of the fulldfief view (FOV), which is due
to the network fields, is completely absent for the BPs. Tiiciates an intrinsic fierence
between the network and the BP fields. Together with the lemgge of variation of BP
parameters in the 2003 data, this casts some doubt on theatigraecepted view that every
BP corresponds to a stable kG flux tube.

3.2 Single cases

The G-band data of 2005 were taken at the VTT, whose 70-cmapyimmirror is a factor
1.55 larger than that of the DOT. The spatial resolution thgggnificantly better than that of
the 2003 observations. A closer inspection of the three glasishown in Fig. 3 reveals the
reason why the field strength distributions of BPs and ndtwegions difer: there is a slight
offset in the locations of BPs and flux concentrations. One finasthe intergranular lanes
(IGLs) in the G-band and infrared continuum intensity arespatial within the alignment
accuracy of about’®, and that the magnetic flux is concentrated in the IGLs. TRe B
however are not co-spatial with the flux concentrations,flautk them on either one (3rd
example) or two (2nd example) of their sides. In the 3rd eXaritgan also be clearly seen
that the brightening appears projected onto the centerdfidegranule, even at the small
heliocentric angle of 12

4 Conclusions

G-band BPs are widely used as tracers of magnetic fields andererally assumed to
indicate strong concentrations of magnetic flux with kG feldn Beck et al. (2007) we
demonstrated that at the locations co-spatial with BP®wuarield configurations are found.
Here we have only used the field strength distribution as amele. Even if nearby network
elements show preferentially field strengths of kG or mdne, BPs show a uniform field



168 C. Beck et al.: Magnetic properties of G-band bright {®in

B: 1.8 kG
®: 8x10" Mx

£ B 2
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 Q 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Figure 3. Enlarged sections of the data of 20@Eockwise intensity in G band, intensity at 1.8n,
field strength, magnetic flux. White contours outline the darkest intergmatanes in the infrared
intensity, black contours BPs in the G band. Scales are in Mm.

strength distribution ranging from 0 to 1.5 kG. We suggest the reason for this discrepancy
is the actual location of the BPs relative to the fields: thes BRe not co-spatial with the
nearby flux concentrations, but are in many cases slighsiglaced.

We suggest that the generation of BPs by the magnetic fieddglir depends on geomet-
rical effects. The line of sight has to penetrate to dapg@hot layers through a shift of the
optical depth scale, to reach plasma, where enough CH meteate dissociated to produce
a significant line weakening. An accurate treatment of BRistheir relation with magnetic
fields thus requires at least a two-dimensional model of fancentrations inside IGLs. The
multitude of diferent types of spatial structures (“ribbons”, “crinklest,“flowers”) found
in recent high-resolution observations by Berger et al0og)Gnay well be due to the same
mechanism: the structure of the magnetic fields (topologld Btrength, flux) and their ap-
pearance when viewed fromffirent directions. We conclude that BPs in the G band have a
limited use as tracers, as they miss weaker flux concentsagind only indirectly reflect the
properties or temporal evolution of the central part of th& loncentrations.
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the Spanish MEC undd?rograma Ramon y Cajand project ESP2003-07735-C04-03. The DOT is
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Abstract. We present a statistical analysis of network and internetwork properttas jphotosphere
and the chromosphere. For the first time we simultaneously obsenvén f@ur Stokes parameters of
the photospheric iron line pair at 630.2 nm and (b) the intensity profile o€thél line at 396.8 nm.
The vector magnetic field was inferred from the inversion of the iron lissaim at an understanding
of the coupling between photospheric magnetic field and chromospimeissien.

1 Observations and data reduction

We observed a series of 13 maps of a network region and theuswling quiet Sun at a
heliocentric angle of 53 close to the active region NOAA 10675 on September 27, 2004,
with POLIS (Schmidt et al. 2003; Beck et al. 2005) at the GeraT in Tenerife. The
Kiepenheuer Adaptive Optics System (KAOS) was used to ingspatial resolution to
about 1 arcsec (von deiiibe et al. 2003).

Using the average profile of each map, we normalized thesitteat the line wing at
396.490 nm to the FTS profile (Stenflo et al. 1984). From thenisity profile of Ca H we
define line properties like, e.g., the H-index, which is thiegral around the line core from
396.8 nm to 396.9 nm. The separation between network anchétteork is based on (i) the
maps of magnetic flux density, (ii) the presence of Stokessgnals and emission in Ca H.

2 Inversion

An inversion was performed for the two iron lines at 630 nnngsithe SIR code (Ruiz

Cobo & del Toro Iniesta 1992). To mimic unresolved magnettds, we used a model
atmosphere with one magnetic and one field-free componkstsgray light. The inversion

yields a magnetic field vector, a line-of-sight velocitydahe magnetic flux per pixel. These
guantities are assumed constant along the line of sightngJ$ie flux density maps, we
created a mask to separate network and internetwork regions

3 Magnetic field distribution

The polarization signal iQ(1), U(1), andV(1) is normalized by the local continuum in-
tensity, I, for each pixel. The rms noise level of the Stokes paramdtettse continuum



170 R. Rezaei et al.: Photospheric magnetic field and chrpheog emission

0 50 100 150 200 250 300
magnetic flux density (Mx cm?)

Figure 1. Top to bottom: the continuum intensity close to 630 nm, the H-index, and the magnetic flux
density obtained from the inversion.
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Figure 2. Distribution of the magnetic field strength for the network (thick) and interagt\thin).

waso =8.0x107* 1. for the Fe 1630 nm lines. Only pixels witif signals greater than®
were included in the profile analysis. We obtain a magnetid fiestribution which peaks at
some 1.4 kG for the network elements and at about 200 G fomtkenietwork elements in
agreement with previous infrared observations, but inrealittion with results from visible
lines (Collados 2001; Lites 2002).

3.1 The effect of noise in the weak-field limit

Our finding of weak rather than strong fields can be explaineithé high spatial resolution
and high polarimetric accuracy that we have achieved in @asurements. Since the inter-
network magnetic fields are in the weak-field limit, the antoafmoise strongly influences
the outcome of the inversion. Figure 3 shows twidatent cases:

1. Afit of an original set of Stokes profiles yiel@s= 840 G with a filling factor of 7.6 %
(left panel, Fig. 3).
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Figure 3. The left (right) four panels show the inversion results of the originais§alata.
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Figure 4. The H-index vs. the magnetic flux density in the network (left) and interndt\right).
Black squares show the binned data. The curves show the fit to the origiteaalong with -
confidence level.

2. A fit on the same profile with added noise (such that the rniserievel is twice as
large) deliverB=1.5kG and a filling factor of only 5.3 % (right four panels, Fg).

The reduction of noise and improvement of spatial resatutiy resolve the existing
discrepancy between visible and infrared magnetic fieldsmesnents.

4 The H-index vs. magnetic flux density

The left panel of Fig. 4 shows the H-index versus photosphmagnetic flux®, for the
network. A power law fitH = a ®®+c, yieldsb= 0.3 andc= 10 pm. In the internetwork the
H-index does not correlate with the magnetic flux densitg (B right panel). The average
value of the H-index in the internetwork is abdti= 10 pm. The ffset valuec= 10 pm, can
be interpreted as the non-magnetic heating contributiorttaa stray light.

For the first time the H-index and simultaneously measurguioftle parameters can be
compared. We find no correlation between these paramettts internetwork (Fig. 5, plus
signs). In the network, a correlation exists, and the H-xukeaks at a small positive value
for the area asymmetry and at vanishing V-profile Doppleft $Rig. 5, squares).
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Figure 5. Scatter plot of the area asymmetry and StoWeselocity against the H-index.

5 Conclusions

¢ The internetwork magnetic field distribution peaks aroudd @ and its mean absolute flux
density amounts to 9 Mx cmd. The finding of weak rather than strong fields is a consequence
of the high spatial resolution and high polarimetric accyra

e The H-index in the network is correlated to the magnetic flergity, approaching a value
of H =10 pm for vanishing flux.

e The H-index in the internetwork is not correlated to any gy of the photospheric
magnetic field implying that the chromospheric brightesimg the internetwork are non-
magnetic.

e For high values of the H-index, the network shows small pasiarea (and amplitude)
asymmetry, being consistent with the scenario of a linsigfit crossing the magnetic bound-
ary (canopy) of flux tubes that fans out with height (Steir@99).
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Abstract. Infrared spectropolarimetric observations were obtained with the iferefrared Po-
larimeter (TIP) at the German Vacuum Tower Telescope (VTT) of tren8p observatory of 17m,
Tenerife. We present the velocity distributions of a large dataset cadpafsmaps of the Stokes |,
Q, U, and V profiles of active and quiet sun regions obtained in the atsphreric Ha 10830 hm
triplet. The line-of-sight velocities were determined by applying a multi-Giansfit to the intensity
profiles. Single and double component fits were carried out for alkdtgaWe find that 18.7% of all
observed pixels show strong downflows as evidenced by a secondrtifie gomponent, generally
shifted by more than 8 kni$ relative to the rest wavelegth. The distribution of these strong down-
flows displays two distinct populations. The slower one (near sonic an#llysupersonic flows) has
line-of-sight velocities up to 17 knrSand is associated with moderate to strong magnetic signal (up
to Q2+ U2+ V2/l, = 0.08). Strongly supersonic downflows (reaching up to 60 ki are found

at places with weak to moderate magnetic signal, wit@? + U2 + V2/I. values mainly between 0.01
and 0.03.

1 Observations

Infrared spectroscopic observations were carried out thighTenerife Infrared Polarimeter
(TIP; Martinez Pillet et al. 1999) mounted on the German Vacuum Towies€epe (VTT)
at the Observatorio del Teide (Spain), during May 2001, ®et®002, and August 2003.
The spectrograph spectral resolution was 30 mA per pixeltlag pixel size was.88”. The
observed wavelength range, from 120 10833 nm, contains the chromospheric iHe
multiplet (Hera at 1082009 nm, Hab at 1083025 nm and Hec at 1083034 nm).

Our observations consisted of 35 scans of ¥edént active regions, and 4 scans of quiet
sun regions.

2 Determination of the line-of-sight velocity

We determine the line-of-sight (LOS) velocities by apptyi multi-Gaussian fit to the in-
tensity profiles. A Voigt profile, free to vary in amplitudedain a restricted wavelength
interval, accounting for the telluric line at 1083 nm, and a linear background were also
included in the fit. Single and double component fits wereiedmut to the chromospheric
He1 10830 nm line for all datasets, but a second component was onlsidgered when its
amplitude exceeded 20% of that of the primary component.ekistence of a second mag-
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Figure 1. Stokes | and V profiles showing two ftBrent components in the chromospheric He
10830 nm line of active region NOAA 10436 recorded 27 August 2003. ®leskprofiles are shown
as histogram, dashed (blue in online version) and dotted (red) linessegrfits to the slow and fast
components, respectively. The thick solid line is the fitting profile, the thin divlédin the upper
frame is the average profile over the whole dataset. LOS-velocities of thenagnetic components
are: Wow = 0.4 km st and Vgt = 29.2 km s°2.

netic component was also confirmed by the presence of a magitwtal at the position of
the high velocity component in at least one of the Stokesmparars Q, U, and V.

The Doppler shifts were measured relative to the waveleafjthe chromospheric He
10830 nm line averaged over the whole dataset for every scangexhreThe LOS velocity
range is limited by the available spectral range, givendadlgi by the size of the detector.
Although occasionally strong upflows are also seen, we dtedy only the downflows.

In Fig. 1 we present an example of Stokes | and V profiles shgpaisecond component
in the chromospheric HeEL0830 nm line.

3 LOS velocity distribution

In order to characterise all scanned regions, every obdetataset was divided into regions
showing magnetic activitynfagnetic regionsand no magnetic activityfield free’ region3.
Hence, the parametét was derived from the Stokes parameterdfas /Q? + U2 + V2/I,

to account for the strength of the magnetic signal. The btuesfor the magnetic activity
classification was taken as the 8vel of the paramete.

In Table 1 we report the fraction of all observed pixels shgva second component,
both in magnetic regiondR, M > 30) and 'field free’ regionskR, M < 307), averaged
over all observed active region8R) and quiet sun@S) scans. We also show the fraction
of observed pixels with downflow velocities above valuesrfrone to five times the sound
speed in the chromosphe@s(~ 10 km s, assuming a formation temperature of 10 000 K
for the Her 10830 nm line).
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Table 1. Fraction of observed pixels with a second component and fractionseireéd pixels showing
downflow velocities above values from one to five times the sound speee iohttomosphere, in
magnetic MR) and ‘field free’ regionskR), averaged over all active regionSR) and quiet sun@S)
scans.

2-comp >10kms! >20kms! >30kms! >40kms' >50kms?

MR AR 17.97% 11.69% 2.58% 0.28% 0.03% 0.01%
QS 0.57% 0.35% 0.06% 0.00% 0.00% 0.00%
FR AR 0.13% 0.06% 0.00% 0.00% 0.00% 0.00%
QS 0.01% 0.01% 0.01% 0.00% 0.00% 0.00%
M>30o
S 0'14? __ AR datasets E
% 0'12? QS datasets
o 0.10p E
= F
= OAOS; |
% 0.06F E
£ 0.04f E
S 002 .
0.00L L . Tt . .
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Figure 2. Histograms representing the LOS velocity distribution of downflows meadarthe second
component of the chromospheric H&0830 nm line. Top panel: regions showing a magnetic signal
(M > 30), bottom panel: regions not showing a magnetic sigivbk( 30).

Fig. 2 shows the velocity distribution of downflows measuirethe second component
of the chromospheric He10830 nm line inmagnetic regiongtop) and'field free’ regions
(bottom), both separately analysed in active region (3aitd quiet sun (dashed) scans.
The sharp lower boundary of the histograms is due to the tainégy in fitting 2 very close
components with ¥ 8 km s, where a single Gaussian fit is also valid.

We find that 18.7% of all observed pixels show downflows asexwidd by a second line
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Figure 3. Scatter plot of the LOS velocities measured in the second componentdirtbm@ospheric
He 1 10830 nm line versus the magnetic field sigidl The dashed line (green in online version)
represents an imaginary boundary of the two distinct populations of ttwndspheric downflows
distribution. The solid line (red in online version) shows a linear fit to the sigepulation.

profile component, while 12.1% of all observed pixels shoywessonic downflows above
10 km st. The distribution of these supersonic downflows displays distinct popula-
tions. The slower populations peaks at around 10 khwsth line-of-sight velocities up to

17 km s, and is associated with moderate to strong magnetic sigpaioM = 0.08; see
Fig.3). The faster population peaks at 20 — 25 ki £0S velocities found in regions with
no magnetic activity (i.e.M < 3¢ reach values of 30 knT$. Strongly supersonic down-
flows (reaching up to 60 knr$) are found at places with weak to moderate magnetic signal,
with M mainly ranking between 0.01 and 0.03.
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Abstract. Spectropolarimetric observations of spicules were carried out with the new optical setup
of the Tenerife Infrared Polarimeter (TIP 2) at the VTT, showing the variation of the Her 10830 A
multiplet off-limb emission profiles with increasing distance to the solar visible limb. The ratio between
the intensities of the blue and the red components of this triplet (R = Iyye/leq) iS an observational
signature of the optical thickness along the light path, which, at the same time, is proportional to the
population of the lower (metastable) level that takes part in these transitions. Our observational results
show a variation of R as a function of the distance to the limb. In agreement with recent theoretical
results we conclude that R could be used as a diagnostic tool for downward UV coronal irradiance,
which is believed to be responsible for the population of the metastable level of the He1 10830 A
triplet. We have compared our observational results with the ratio obtained from detailed radiative
transfer calculations in semi-empirical models of the solar atmosphere (assuming spherical geometry)
finding a fairly poor agreement. We argue that future models of the solar chromosphere and transition
region should account for the observational constraints presented here.

1 Introduction

Solar spicules have been observed for more than 100 years. Many theoretical models have
been developed to understand their nature, using a wide variety of motion triggers and de-
veloping mechanisms. A key impediment to develop a satisfactory understanding has been
the lack of reliable observational data, as already Sterling (2000) pointed out in his review.

In this work we focus our interest on understanding the overall scenario that produces the
emission line in the He1 10830 A triplet using the latest technological improvements in ob-
servational facilities. We are able to provide observational evidence of the link between the
corona and the infrared emission of this line, in the frame of the current theoretical models.

2 Observations

Observations were carried out on December 4, 2005 at the Vacuum Tower Telescope (VTT)
at Observatorio del Teide, supported by the Kiepenheuer Adaptive Optics System (KAOS).
The instrument used was the Tenerife Infrared Polarimeter (TIP) with the new camera, TIP2.
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Full Stokes profiles were measured between 10826 and 10837 A to cover the He I 10830 A
multiplet, with a spectral resolution of 10~°. The slit was placed parallel to the NE limb at
5928 from North, with a FOV of 40”. We scanned the full height (up to 7” off the visible
solar limb) of the spicules with a step of (/’35. On each position, 5 consecutive spectra were
measured with 10 accumulations of 250 ms each, with a total integration time of 2.5 s per
off-limb slit position.

3 Data reduction and processing

We applied usual flat fielding and dark corrections. The polarimetric calibration was done
using calibration optic measurements. To remove the scattered light on each distance to the
limb, we set the continuum intensity to zero using a series of averaged spectra of nearby solar
disc profiles. A high frequency electronic noise was detected and removed using a low-pass
Fourier filter, leaving only the full power at lower frequencies.

1.2
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0.8

1/1 _max
o
o

0.4
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10826. 10828. 10830. 10832. 10834. 10836.
wavelenght [A]

Figure 1. He 110830 A emission profiles for increasing distances to the solar visible limb, scanning
the full range of the spicules height.

Figure 1 shows the intensity profiles with increasing distances to the limb, as indicated
by the labels. They correspond to the three transitions between the terms 3P2,1,0 and 3S .
The two transitions from the J=2 and J=1 levels of the *P term are blended and form the
so-called red component, at 10830.3 A . The blue component, at 10829.1 A, corresponds to
the transition from the upper level with J=0.

4 Results

The chromospheric temperature is not high enough to populate the ortho-helium levels. The
radiation coming from the corona ionizes the para-helium, and the subsequent recombina-
tions lead to an overpopulation of all the ortho-helium levels, in particular of those involved
in the 10830 A transitions (Avrett et al. 1994).
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As explained by Trujillo Bueno et al. (2002), the relative strength of the blue and red
components of the triplet (R:= Ip,./I.q) depends on the optical thickness along the ray. In
the optically thin regime R ~ 0.12. As the optical thickness (in the core of the red component)
grows, this ratio also increases until it reaches a saturation value just over 1 for T ~ 10. Thus,
R allows us to trace the population of the lower level involved in the 10830 A transitions and,
consequently, can serve as an indicator of the amount of EUV coronal irradiance that reaches
the chromosphere (see Centeno 2006). The values of R obtained from our observational data
are shown in Fig. 2.

He 10830 blue/red Intesity ratio
0.4 ‘ \ ‘ ‘ ‘ \ ‘

0.3

0.2

| _blue /| _red

0.1

Single slit positions
Average profile

0.0 L L L 1 L . . |
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Distance to solar visible limb ["]
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o

Figure 2. Observational ratio R= I, /I,.s. This observational signature traces the population of the
lower level of the 10830 A multiplet with distance to the solar limb.

In order to make a quantitative comparison with theoretical modelling, a general non-LTE
radiative transfer code (developed by H. Uitenbroek) was used to synthesize off-the-limb He 1
10830 A profiles in different standard model atmospheres (FAL-C, FAL-P and FAL-X). The
code assumes a nominal value of the EUV coronal irradiation penetrating the chromosphere
(see Centeno 2006 for details). The recombination process that follows the ionizations due to
this incoming radiation populates the levels involved in the 10830 A transitions. In the outer
layers of the chromosphere the density is so low that the transitions stay in the optically thin
regime. With decreasing altitude the ratio R increases (proportionally with density) until a
maximum optical thickness is reached. At even lower layers the increased extinction of the
coronal irradiance leads to a reduction in the number of ionizations, and this to a decrease
in optical thickness. This behavior agrees, in a qualitative manner, with that found from
observations. However, the calculations using different models of the solar atmosphere are
unable to reproduce the observational ratio from a quantitative point of view. In Fig. 3 we
present some preliminary calculations of the comparison of the observed ratio with the one
obtained from the numerical calculations.
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Theoretical modelling vs. observations
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Figure 3. Observational vs. theoretical ratio R= Iy,./l.4. This observational signature traces the
population of the lower level of 10830 A multiplet with distance to the solar limb.

5 Conclusion and future plans

It is clear that the theoretical behavior of the ratio R agrees qualitatively well with observa-
tions. Quantitative comparison shows poor agreement probably due to the density profile not
being adequate for spicule modelling, and the limited vertical extension of the models. New
data of spicule regions near the poles and the equator, below coronal holes or coronal active
regions would help to understand the detailed relation and the behavior of the He 1 10830 A
lines. We plan to extend this study to the full Stokes vector, in order to see the variation of
the linear polarization - or even the variation of the Hanle effect - with height. Future models
of the solar atmosphere should be constrained by these new observational evidences.
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Abstract. We present here a description of the main characteristics of faculae polkis of the Sun
(polar faculae — PFe) observed in a series of observations coveenmtth solar pole. Statistics of a
group of these PFe are used to estimate the contrast behavioug feof6 towards the limb as well
as their magnetic field. &is also observed to analyse the behaviour of PFe in the chromosphere.

1 Introduction

Polar faculae (PFe) have been observed since a long tinmugltttheir properties are not yet
well known. With newer instrumentation and techniques, nbaracteristics are discovered
along with new estimations of the known ones. Due to theirllsseale, of the order of few
100 km, very high spatial resolution is needed to resolve #mallest substructures. Also
polarimetric observations are necessary to study theimetagfield — having a strength in
the kilo-Gauss range — and polarity. In order to observe nidifg, the best epoch is the
minimum of sunspot activity since PFe have an activity cytlfted 5—6 years with respect
to the sunspot cycle. During sunspot minimum, as in thesesy2205-2007, they can be
observed at their maximum of occurrence and at lower laggutian at their minimum of
activity, appearing as low ag| = 60°.

2 Observations

The observations for this study were made using tb&itgen Fabry-Perot interferometer
(FPI) in the Vacuum Tower Telescope (VTT) at the Observatdel Teide, Tenerife, in Au-
gust 2005. The instrument was upgraded in 2005 (Puschmatri2®06) improving highly
its performance thanks to new CCD detectors, a new FabmytBt&lon including controler
and new software. A Stokes V polarimeter was used for olitgiapectropolarimetric data,
and the Kiepenheuer Adaptive Optics System (KAOS) provitgthnced spatial resolution.

The data studied here were taken around the solar north golmtal of 15 diferent
subfields of 48 x 28’ each were observed to have a high coverage of the polar cap. Th
observations were carried out by wavelength scanning girawo diterent spectral lines
quasi-simultaneously, with a scan duration of 15 secondsdoh line. The two lines were
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Fer 6173 A, with a Lané factor of 2.5, and H (6563 A). The lines were scanned through 22
spectral positions in Fewith a step width of 23.65 mA and 23 spectral positions inwith

a step width of 100.67 mA taking 15 narrowband images at epebtsal position. Strictly
simultaneously to these data, broadband data were takdloworaconstruction techniques
after the observations and enhance the spatial resolutitie data. The data were observed
under good seeing conditions during the whole campaigih, waitues of the Fried parameter,
ro, around 13 cm.

3 Data reduction

Before starting to analyse the data, some techniques wepliedpo improve the spatial res-
olution further than that provided by KAOS and to remove sdmiatortions. The ®Gttingen
speckle reconstruction code (de Boer 1996) was improvedibghitann & Sailer (2006) to
take into account the field dependence correction of thetagagptics providing this way a
better and more constant resolution enhancement over tokeviibld of view. The narrow-
band data were reconstructuted using the method by Kelleor&der Lithe (1992) which
uses the speckle reconstructed images to deconvolve them@and ones. Careful align-
ment and destretching were applied to both channels of tleipeter (which correspond
to the two circular polarisation states of light) in orderéonove remaining local distortions
of the images, before calculating the Stokes | and V profiles.

4 Results

Thanks to the use of KAOS together with the speckle recoctstmu and the good seeing,
we can observe PFe at very high spatial resolution, up toitffiaction limit of the VTT,
around 2”. At this high resolution, some conglomerates of PFe ardweddanto smaller
components which could not be seen this way with worse réealu An example of the
high resolution achieved are presented in Fig. 1 and FiggBt(panel).

Also, the high spatial resolution combined with the highexage of the polar area, allows
us to analyse the variation of the contraSt,= (lpax— < | >) / < | >, of PFe from
cos? = u ~ 0.6 tou ~ 0.2 in this data set. The result of this study is shown in Fig. 2mh
the contrast of PFe is plotted together with the contrast@tirightest granules in the quiet
Sun and the rms contrast of the quiet Sun.

In this area, it can be seen that towards disk centre, the &feast tends to the contrast
of the brightest granules thus making PFe veffialilt to be seen closer to the centre. From
u = 0.6 towards the limb there exists an increase of the contraBtef with a possible
maximum around: = 0.4. More data will be analysed to obtain the variation of the PF
contrast closer at the limb with higher statistical sigmifice.

The magnetic field of PFe was studied by means of the separmatiStokes V profiles,
giving approximately the same results as in previous wdtksifiev & Kneer 2004), with a
value for the magnetic field strength of around 1500 Gauss. rit&in diference is that we
have found PFe with polarity opposite to that of the globddifa the solar poles. Whether
these represent some isolated cases or occur regularlpendieen from the full analysis of
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Figure 1. Speckle reconstructed image. The field of view (FOV) i§ 2355’ and its centre part is
located at a heliocentric angfe = 53, i.e. at co®) = u = 0.60.

80

Al

Figure 2. Measurements of contraat / < | > vs. u. Crosses give the facular contrast and asterisks
the contrast of the brightest granules.

these data with high coverage of the polar area.

Simultaneous observations imthad allowed us to examine PFe in higher layers of the
solar atmosphere. One of the conclusions is that PFe camadyceen as bright structures
in the blue wing of R, making this a good proxy for finding them, although some sitine
brightenings in k are hidden due to the complex structures present in the asinere.
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Figure 3. Ha image in the blue wing at 800 mA from line centre (left) and continuum imagelaid
with contours of the brightest areas of the kinage (centre). A zoom of the central conglomerate is
presented on the right with the corresponding position of the central image

5 Future work

A more in-depth analysis of the data observed in August 28&eing performed, along
with different data and ideas which will be worked out in the near éutlihese new studies
will include the following steps:

¢ Analysis of observations from December 2005 in the infrdieels of Fa at 1.56u
taken with TIP II.

e Analysis of data in Fe6173 A and K lines observed with the @tingen FPI in April
2006, consisting of a long time series of a specific PF in otdetetermine its life
time and evolution.

e Comparison between data from PFe and equatorial faculde ddta from the
Gottingen FPI1 and TIP 1.

o Study of the evolution of PFe through higher layers of theisatmosphere with our
data of Hr and images from SoHO, TRACE and Mauna Loa K-Coronametentake
times as close as possible to our data.

¢ Investigation of the possible relation of PFe with the fagdaswind from the polar
coronal holes.

Acknowledgement. JBR, OO, and KGP thank the Deutsche Forschungsgemeinschaftidocial
support through grants 418 SPA-11504, 436 RUS 1/61/05 and Kn1529, respectively.
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Effects of the “false” magnetic-field imbalance
in solar active regions
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Abstract. The imbalance of magnetic fluxes of opposite polarities in solar activengedi®Rs) is
investigated. On the base of a topological magnetic-field model, we respsd causes leading to the
observations of the imbalance even if real magnetic fluxes are balanced

1 Introduction

The question of whether or not an imbalance of the magnetit iBerelated to solar flares
and coronal mass ejections (CME) is widely debated. Coimissare often contradictory
(Shi & Wang 1994; Gaizauskas et al. 1998; Tian et al. 2002;¢/\é&ral. 2002; Tian & Liu
2003; Green et al. 2003; Chumak et al. 2004).

The aims of our study are (1) to demonstrate sevéfatts of “false” magnetic imbalance,
i.e. to reveal some causes leading to the observation of@mbaeven if real magnetic fluxes
are balanced in solar ARs, (2) to propose an explanationrésabservational data.

2 Model

We assume that the magnetic field is potential and use theatiadield topological model
(see, for example, Sweet 1958; Gorbachev & Somov 1989; Ntairetral. 1991; Somov et
al. 2005), where the field is created byffertive sources” located below the photosphere.

The imbalance valukeof an AR is estimated with the formula (Choudhary et al. 2002)

Dy |- | Dp |

=———-100%, 1
| On |+ | Dp | @

where®, and®, are the integrated negative (away from the observer) anitdy@ogoward
the observer) magnetic fluxes, respectively.

3 Dependence of the imbalance on the location of active regio ns on the solar
disc

Green et al. (2003) have studied magnetic field changes n&Bs during seven days of
their disc passage. On the base of VBDHO magnetograms, they have revealed two ef-
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Figure 1. The imbalance change during the AR 8086 passage through the solar disc

fects: (1) the imbalance increases when ARs move towardoiae lémb and (2) the imbal-
ance sign changes when ARs cross the central meridian. f$inedof-sight magnetograms
were used in their work, the above authors could not explarobservations. But they sup-
posed that the observeétects could be due to the presence of horizontal field compsnen
(i.e. parallel to the photospheric surface). Let us test llypothesis using the topological
model.

Let us consider the AR 8086 which passed the solar disc d&épgember 15-21, 1997 at
the latitude of 27 N. We model the observed MEBOHO magnetogram using 25 magnetic
sources and calculate the imbalance change during the Afagasicross the solar disc (i.e.
imbalance dependence on the longitydeThe results are presented in Fig. 1.

The topological model can explain the dominating negatiug fh the eastern hemi-
sphere, the imbalance decrease as the AR 8086 moves towerderitral meridian, the
change of the imbalance sign in the vicinity of the centratidien and its new increase
as the AR moves towards the western limb. The maximum imbelaalues are 14 %
near the eastern limb and .686 near the western limb. Green et al. (2003) report about
15% for AR 8086. So, both results (observed and theoretivas)pare in good agreement.
This allows us to conclude that imbalandéeets, reported by Green et al. (2003), can be
observed even if the real fluxes are balanced. Thisete are due to the 3D structure of the
photospheric magnetic field.

4 Imbalance dependence on the size and location of the comput ational box

Investigating the connection of imbalance with flares andESlMmany authors carried out
their calculations in only small regions representing & pban AR where the magnetic field
is the most intense (Wang et al. 2002; Green et al. 2003; Whthet al. 2004). So, itis im-

portant to estimate the imbalance dependence on the siZecatitbn of the computational

box.

Choudhary et al. (2002) have studied 137 ARs located neadiitecenter and found
that the average imbalance value is about 9.5%, i.e. in ggoekanent with our examples.
Moreover, 70% of ARs show imbalance smaller than 10%. Theltmical model reveals
one of the possible causes of thifeet: When a computational box is small, some part of
the magnetic flux does not cross it and this flux is not includettie calculations and leads
to the observation of “false” imbalance (Fig. 2).
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Figure 2. Imbalance dependence on choice of the computational Bive left panel illustrates a
change of the imbalance as a result of the box displacement with réspeetsources: A small dis-
placement leads to 6%-change in the imbalance valbe.right panel shows that an enlargement of
the box leads to a significant imbalance decrease even if all the souecesvared by the computa-
tional box in both cases (for white and black rectangle as a computatiorgl b

-2 o 2

Figure 3. Imbalance change during emergence of a new balanced magnetes fuxe; in the field
of the sourcee; = —50. The white rectangle on the left panel shows the computational box.

5 Emergence of a new balanced magnetic flux in a non-homogeneo us back-
ground field

Let the non-homogeneous background field be created by theesey = —50. A new
balanced flux is modelled by two souraes= —e; (Fig. 3).

Let us gradually change the source intensities from 0 to #0€he source, and from 0
to -100 for the sources; so that the total flux of these two sources is always equalrim. ze
Figure 3 presents a magnetogram for the @ase —e; = 20. The white rectangle on the left
panel shows the computational box. The imbalance valueoiwrislon the right panel. Note
that the imbalance is a non-linear function of the magniticvalue and changes within
large limits in the area of flux emergence.

Because magnetic fields of real ARs have much more compldigomations, this model
demonstrates that it is veryfficult to estimate the real magnetic-field imbalance of new
emerging fluxes.

Summary

On the base of the topological magnetic-field model, the larme of magnetic fluxes of
opposite polarities in solar active regions (ARs) is iniggged. We reveal some causes
leading to the observation of the imbalance even if the regmatic fluxes are balanced:
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e An explanation of the MDI data showing an imbalance increaBen ARs move
toward the solar limb as well as an explanation of the fact the imbalance sign
changes when ARs cross the central meridian are proposeddfEots can be due to
the non-radial structure of the photospheric magnetic.field

e Several AR models created by balanced magnetic sourcegwaetoded. It is shown
that even in this case, the imbalance value can be signifiahout several percents)
depending on the size and location of the computational Boxch imbalance values
are observed in 70% of ARs by Choudhary et al. (2002).

e The emergence of a new balanced magnetic flux in a non-horeogsrbackground
field is studied. Itis shown that the imbalance is a non-liffieaction of the magnetic-
flux value and changes within large limits in the area of fluxeegence.

These properties of the magnetic-field imbalance in ARs rhaegtken into account when
one analyses magnetographic observations of the Sun.
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travel grant and the organizers of the Workshop “Modern Solar Fasilitiddvanced Solar Science”
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Abstract. As a part of the long term program at KPNO, the Mn | 539.4 nm line has bbserved
for nearly three solar cycles using the McMath telescope and the 13.®etragraph in double pass
mode. These full-disk spectrophotometric observations revealedwsuaity large amplitude change
of its parameters over the solar cycle and its correlation with Ca Il K intenSite of the proposed
explanations for this phenomenon is the optical pumping by the Mg Il k lingth Wiis work we
would like to show that this may not be the main mechanism behind the chafegeconstructed the
changes of the line parameters using a model that takes into accourhaniges of the daily surface
distributions of magnetic field. This model has already been used tossfoltg model total solar
irradiance. We now apply it for modelling the Mn I line, as well as its neigimgpFe | line using
exactly the same value of the free parameter as used for the recdiostafdotal solar irradiance. We
reproduce well the Mn | and Fe | line changes over the cycle purely withrh®delling. This indicates
that optical pumping of the Mn | line by Mg Il k is not the main cause of its solale change and
sets an independent constraint on solar irradiance models.

1 Introduction

The Mn 1539.47 nm line is interesting for several reason® Ayperfine broadening, due to
interaction of the electronic shell with the nuclear spimkes it insensitive to non-thermal
motions and hence more sensitive to the temperature in theogbhere (Elste & Teske
1978; Elste 1987). Observations show that the line becotrasger in sunspots and weaker
in plage and network (Andriyenko 2004; Vince et al. 2005ajaviashenko et al. 2004;
Vince et al. 2005b). Although calculations confirm its phemtoeric origin (Gurtovenko &
Kostyk 1989; Vitas 2005), the 'Sun-as-a-star’ observati@nvingston & Wallace 1987;
Livingston 1992) exhibit a significant cyclic dependenagt, typical for photospheric lines.
As a possible explanation Doyle et al. (2001) proposed appiamping by Mg Il k, which
could be the reason why this Mn line mimics the change seergiti ki On the other hand,
this high correlation may be a consequence of the commortsaifichange in both cases:
bright magnetic elements - faculae and network (Danilovi¢iéce 2005). This work aims
to test the latter hypothesis.
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Figure 1. Comparison of Mn 1 539.47 and Fe | 539.52 nm line profiles observellay 19th 1999
(dotted) with the synthesized ones (solid).

2 Observations and modelling

Observed 'Sun-as-a-star’ spectra obtained with the KiétkP8.5 m scanning spectrometer
in double pass mode are used (Livingston & Wallace 1987).fifsteset of observations was
taken from 1979 to 1992, after which the grating was changraglementation of the new,
larger grating eliminated the loss of light from the Sun'dgso This introduced a ’jump’
in equivalent width (EW) and central depth (CD) of lines. Thésllowed an experimental
period with the new grating and the changing of instrumepéabmeters. This lasted till
1996 when the system was fixed and observations are perfaegathrly again (Penza et
al. 2006).

To reconstruct the time variability of the Mn | line, the SARHE (Spectral And Total
Irradiance Reconstruction) model has been used (Fliggé 2080; Krivova et al. 2003;
Wenzler et al. 2005, 2006). This model gave excellent agee¢of calculated and observed
total solar irradiance (TSI) on both short and long timees#h the period of 1978 to 2003.
In the model, the position and flux density of magnetic festuare extracted from full-
disk magnetograms and continuum images. These magnetirdsare classified as either
sunspot or faculae. Every feature is represented by a paralel model atmosphere with a
unique temperature stratification (Unruh et al. 1999). Twaat for the unresolved magnetic
elements, the model introduces a filling factor parametéichvdescribes the fractional
coverage of a pixel by a facular model, which linearly insesmwith magnetogram signal.
The limiting value for which the pixel is completely covereyg faculae is a free parameter.
We stress that in the present analysis exactly the same ofthis free parameter has been
used as employed in earlier studies to model total solatiaree change for the same period.

Time independent emergent intensities of the Mn | line arertighboring Fe | line
are calculated for each model atmosphere for various heslioic angles in LTE using the
SPINOR code (Frutiger et al. 2000). No magnetic field is idticed in the calculations. The
hyperfine structure of the Mn | line is included as blends wli8placement calculated using
the hyperfine constants from Davis et al. (1971) and relatitensities of the components
from Condon & Shortley (1963). Components, that are closphced with respect to the
total splitting, have been combined to reduce the compifagt.
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Figure 2. Equivalent widths (left) and central depths (right) of the Mn | 539.47 (up) and its
neighboring Fe |1 539.52 nm line (down) extracted from KPNO obsemsat{orosses) and calculated
using our model (solid line). Experimental period is bounded by versickd lines.

3 Results

In order to be consistent with the instrument setup, in théogebefore 1992 the flux is
computed neglecting contributions from the poles, whichewsissed by the old grating. By
fitting the line parameters for several days during cycleimimm we estimated what portion
of the disk is missed. The obtained fit of the synthesizeddmtiserved spectrum of Mn and
its neighboring Fe line is shown in Fig. 1. The whole intervavered by the observations
is given in Fig. 2. Vertical solid lines mark the period dgriwhich the instrumental setup
experimentation lasted. Overplotted on the data are theeheadvalues, which also display
the jump in CD of both lines because offérent influence of the rotation on the line profiles
before and after 1992. The behavior of both lines is wellodpced. Correlation céiécients
for EW and CD of the Mn | 539.47 line are 0.94 and 0.96, respelsti
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4 Conclusion

The solar cycle variation of Mn | 539.47 nm line parametergehldeen modelled in LTE
taking into account only changes of the surface distrilouithe solar magnetic features. As
the solar disk coverage by bright magnetic features ineetavard solar cycle maximum,
the Mn | line becomes weaker in the 'Sun-as-a-star’ spectrimthis way it mimics the
behavior of Ca Il K and Mg Il k lines which are well known plafgeulae indicators. Good
correlation with observations is obtained without takingpiaccount the influence of the Mg
Il k line. This puts the optical pumping hypothesis in the kzgound. Although energetic
transfer between Mn | and Mg Il exists, we do not expect it tasigmificant for the solar
cyclic variations of the Mn 1 539.47 nm line.
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DFG (project number SO-711-1) and by the Ministry of Science and Environmental Protection of
the Republic of Serbia (project number 146003).
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Abstract. The key to understanding total Solar Irradiance (SI) variability is urtidedsng the mech-
anisms by which continuum contrast i§ected by the distribution of magnetic flux across the surface
of the Sun. The Michelson Doppler Imager (MDI) instrument on the SatarHeliospheric Observa-
tory (SOHO) has measured full-disk magnetograms along with cont@mgous continuum images.
These pairs of images can be used to study the correlation of continladiaince changes with mag-
netogram signal over the entire disk. To study theeces, however, we must first correct MDI
magnetograms for geometricafects near the limb. We derive this correction using the assumption
that the distribution of true magnetic flux density (MFD) in the active latitudesishexhibit the same
average behavior irrespective from the viewing angle. In a serie@®hiagnetograms, we analyze
annular rings at various limb angles,and follow individual active regions over their full disk passage.
We are able to find a simple function which successfully corrects the rtegraens over the full disk,
with a minimal number of overcorrected points at the extreme limb. It is jamraprovement over
the standard /I correction. We then examine the relationship between continuum imagedialith
darkening removed) and contemporaneous corrected magnetogvamall limb angles. Using a 2D
function, we can predict the continuum contrast at any given disk positoa function of measured
magnetic flux. We demonstrate the extent to which this procedure reggedagtual solar features.

1 Introduction

Solar irradiance variations are caused by magnetic fieldbh@solar surface. Large spots
appear darker than the continuum while faculae and otheli-saeade features appear bright.
The brightness of solar faculae becomes strongly pronalaicthe limb where they become
more easily visible, given their 3D granular nature (Ke#ieal. 2004; Carlsson et al. 2004;
De Pontieu et al. 2006), thus it is the very limb that has torlvestigated if one wants to
understand the global irradiance variation of the Sun anigdeastars. The observational
connection between Sl and magnetic fields is achieved thrthgcomparison of contem-
poraneous observations of the solar disk between an ityeémsige and a magnetogram (an
MFD image of the Sun). The 2D disk, however, is a projectiothef3D surface, and since
a magnetogram only measures the component along the linghtf different parts of the
magnetic flux are observed across the disk.
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. . Figure 2. Solar irradiance image. The
Figure 1. The median magnetogram produced from u g

. . . boundary ofu < 0.2 is indicated by a white
363 magnetograms in a quiet period of 1997. ring (area outside: 4% of the disk)

The projection fect is usually accounted by dividing the magnetogram valwes
u = cosf, whereg is the angle between the surface normal and the line of sidie.“1/u -
correction” assumes that all field lines are radially dieelctThis is clearly not true for active
periods, and it overcorrects the magnetic field lines neatithb (the reason why former
studies had neglected limb-near regions on the solar dig&)started anféort to investigate
a large number of 2D irradiance and magnetogram images fierBOHO satellite with the
goal of extending analyses of magnetograms and solar ftolife very limb.

2 Flat field and limb area

We investigate 2D continuum images together with full dissgmetrograms from the SOHO
MDI. In order to follow irradiance variations over the fulis, we aim to correct for the
geometric projection in the magnetograms (the continuumgis are corrected for limb
darkening). As a first step, we construct a "flat field magnetoyj from 363 magnetograms
in a quiet period in 1997. The result is shown in Fig. 1.

After correcting for the detector sensitivity by flat fieldirone has to correct for projection
effects on the solar surface. Classically, 't correction” is applied to the data assuming
that the magnetic field lines are radial. This approach isskntm overcorrect the very limb
regions, and areas witlhh < 0.2 are generally cutfd. We show in Fig. 2 the area that is
neglected by such an approach. The neglected area coverkthédisk, and it is the region
where faculae have the highest contrast. The classicabapprcuts & the part of the disk
where the crucial information on facular contrast and thegien between magnetic flux and
continuum intensity is contained.

3 A new limb correction

We searched for a flerent way to correct for the projection of the magnetic fidhebd.
We construct a subset of a data set from 106 active period etagrams that ensures
a consistent distribution of low and high MFDs at all bins of Our requirement for
the correction is that the distribution of MFDs should be aqwithin all bins of u.
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Figure 3. Distribution of magnetic field strength afterfidirent corrections (see text).

We found the following correction that works much betterrtithe standard approach:

Bops NO correction Bpops < 15G

B={ oot 15G < Bops < 30G
Bops—30G
B 0C 306G Bops> 306

In Fig.3 we show the distribution of magnetic field strength for thrékedint correction methods.
The center panel shows the observed distribution after correctinggdiattfield. The projectionféect
is clearly visible; weaker field strengths are observed at the limbg)oand fields tend to be stronger
in the centerg = 1). In the left panel, the result for the /i - correction” is shown. While this method
provides a magnetic field distribution that is nearly flat at the center, icomacts the fields near the
limb, which is clearly visible in the very strong values at low limb angle. Usingthpirical correction
proposed in this study rather than the/fil- correction” paradigm, the distribution of magnetic field
strength becomes flat over the entire disk (right panel in Fig. 3). Thiskdifon complies with the
assumption that the field strength should not depend on the projection angle

4 Irradiance contrast as a function of the magnetic flux over t he full disk

After correcting for the projectionfiect, we calculate the contrast

C= |- < Iquie[> (1)

< lquiet >

More than 25 million points from the data set are used. We neglect points iglimkgative contrast

(C < -0.8) since magnetograms are known to fail here, and we neglect pointzevithcontrast and
high MFD since these are likely errors in the continuum measurement. QOyY% of the points
are neglected. In Fig. 4, our results are plotted as a functignarfd MFD similar to the plots by
Ortiz et al. (2002). We show the entire distributioniirwithout neglecting the limb. A clear depen-
dence on both MFD and appears in the plots. Finally, we fit a polynomial surface to the contrast
as a function oft and MFD. This function is used to predict the continuum contrast from 2Dma-
tograms. Figure 5 shows the results for a spot group observed arge0.24; the left panel shows
the corrected magnetogram, the right panel shows the observedutantiand in the center panel we
show our continuum prediction calculated from the magnetogram.
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Figure 4. (Left) Contrast as a function of MFD ar{dight) as a function of all’s (full disk).
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Figure 5. Left: MagnetogramRight: Continuum;Center: Continuum predicted from magnetogram.

This methodology will be useful for predicting stellar microvariability, givessumed magnetic
configurations. Additional analysis of the relations between magnetic ietdrast, and limb angle
for umbrae, penumbrae, faculae and pores is needed. Thesen®haflbprovide a more accurate
tool to generate light curves of stars, it will give insight into stellar activist thill cause to hide the
detection of Super-Earths and Earth-like planets in the data set of the msi€3@ROT and Kepler.
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Variations in solar indices during the 23 "9 solar
cycle
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Abstract. The 239 solar cycle is investigated using 6ffdirent activity indices. The variations and
comparisons of these indices are presented, and the dates of begfirsingecond maximum, and
minimum between maxima are calculated to see how the cycle behaves irindagh The date
01/01/1995 is the beginning date for the study of all indices, but the ending datgsfrom index
to index.

1 Introduction

The Sun, which is the nearest star to Earthfliscing our natural human life. Understanding
the underlying mechanism of the variations of the Sun anit #fiects to Earth has vital
importance. The solar cycle is one of the phenomena whictv sfsothat the Sun varies.
Some solar activity indices are determined to reveal theadheristics of solar activity.

2 Relative sunspot numbers (RSN)

The RSN reaches its first maximum 3.9 yrs after the beginning witmandase 15.27 times
the initial value 12. After the first maximum, the index vadwecrease by 13.70% (of that
maximum), but they begin to rise again after th&5Fonth until the second maximum. After
the second maximum, the RSN values decrease by 27.20% {oféhamum) by the end of
the first year, 44.62% for the second year, and 17.70% forhing year. The two maxima
of this index have the same amplitude. | applied Fast Fotiremsform (FFT) to daily RSN
data to calculate the periodicity of the cycle and to deteenaither small periodicities in this
index.

3 Flare index (FI)

The FFP has a higher first maximum. This shows that the flares can bergten during the
first maximum, and it seems that the generation is decreasimgrds the end of the cycle

from Istanbul University Observatory (IUO)
2from Bogazici University Kandilli Observatory
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Figure 1. (a) Variations of the RSN during the ?3olar cycle. The dotted line shows monthly mean
values; the solid line shows smoothed monthly mean values. (b) Compafi$sdO’s RSN data with
Solar Influences Data Centers (SIDC) data. The solid line shows thetlsatomonthly means of the
SIDC data; the dotted line shows the smoothed monthly means of the IlUO(dpRower spectrum,
which is obtained from FFT.

because the minimum between maxima is really faint.

4 The total area of sunspot groups (TSA)

The TSA index gives us some information about lifetime, size charagel evolution of the
sunspot groups. The amplitude of the second maximum inrdiexiis 24% higher than the
first one. Thus, we can see that the sunspot groups of thedetaximum are more stable
than those of the first maximum and will break up into smalleugs to a lesser extent; they
also include bigger, more stable spots.

5 The mean solar magnetic fields (MMF)

The beginnining value of MMfis 9uT and rises 4 times within 40 months up tq36Then

it attains a minimum between maxima with a decrease of 17%er66" month to 3@,
but it increases with 86.6% to 5 at month 79". Interestingly, during the time 24 months
after the first maximum the index values change only,6and this situation needs more
investigation.

3from Mt Wilson Observatory
4from Wilcox Solar Observatory
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Figure 2. Variations of the FI, TSA, MMF and TSI indices during the cycle. All solid snare
smoothed monthly mean values; all dotted lines are monthly mean valuegifiredex. (a) Flare
index. (b) The total area of sunspot groups. (c) The mean solanetiadield. (d) The total solar
irradiance.
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Figure 3. (a) Variation of the SF during 23solar cycle. The dotted line are monthly mean values, the
solid line are smoothed monthly mean values. (b) Violations of the G-O rule.

6 Total solar irradiance (TSI)

The TSP maxima are fainter than those of the other indices becaussdtar irradiance
variation of the 25 solar cycle is just 0.14%. This value seems very small bubisial.

7 Solar 10.7cm flux (SF)

In SF® index the second maximum is 8.4% stronger than the first one rdlation between
RSN, TSA and SF can be seen clearly in Table 1. This relatiaissevident in Fligge and
Solanki (1997).

Sfrom Earth Radiation Budget Satellite
from Dominion Radio Astrophysical Observatory
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Table 1. Calculated times of the maxima and the minimum between the maxima for eaoh ind

Indices  Beginning ¥ Max. Min. between 2 Max.

Date Maxima
RSN May 47"Month 57"Month  70"Month
1996  Apr. 2000 Feb. 2001  Mar. 2002
TSA Aug. 44"Month 54"Month  67"Month
1996  Apr. 2000 Feb. 2001 Mar. 2002
MMF Oct.  40"Month 54"Month  79"Month
1996  Feb. 2000 Apr. 2001  May 2003
FI May 44"Month 57"Month  64"Month
1996 Jan. 2000 Feb. 2001  Sep. 2001
TSI Mar. 38"Month 429Month  60"Month
1996 May 1999 Sep. 1999 Mar. 2001
SF May 48"Month 57"Month  76"Month
1996 May 2000 Feb. 2001 Mar. 2002

8 Results: General characteristics of the 23 "4 solar cycle

1) The 239 solar cycle has begun at the same date in the indices RSNdF@&an

2) This cycle has a double maximum in each index as a chaistzideature.

3) Studying of indices and comparisons between them shownbhenaxima phenomenon
(Gnevyshev, 1967,1977) and need further investigation.

4) The first maximum of this cycle occurs nearly at the same ifatvery index except TSI.
5) The minimum between the maxima occurs exactly at the sateeinl every index except
TSI and MMF.

6) The 239 cycle violates the Gnevyshev-Ohl rule, which states thahewmbered 11-yr
cycles are followed by higher-amplitude odd-numbered ¢Ris 3b).

7) All second maxima have higher amplitude than the first maxin every index except
RSN and FI.

8) The period of the cycle is calculated as 10.15 year fromalservatory’s RSN index
after a result of FFT (Oklay 2006).

9) The 27 days periodicity can be shown clearly by the resul®FFT (Fig. 1c).

Acknowledgements. | thank my supervisor, Prof. Dr. Adnabkten, for his patience and coopera-
tion, Assistant Prof. Dr. Selcuk Bilir for technical support, and Assted Prof. Dr. Tansel Ak for
help with the FFT.
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Structure and flattening of the solar corona
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Abstract. In this work, preliminary results of the investigation of the white-light cofataucture
and the measurement of flattening parameters are presented. Tieeghta&ined using photographic
eclipse observations performed during the total solar eclipse of Ma@¢l2Q06, in llica, Antalya,
Turkey. This eclipse practically coincided with the minimum of thé®2®lar cycle. Ludenddi
flattening parameters were computed as a function of the distance frodistheentre. The results
obtained within the range between 1.1 and 1.83 solar radii seem to be fiactatig agreement with
previous works by Saito (1956), Hata & Saito (1966) and Gulyaev e1894).

1 Introduction

The observation of the total solar eclipse was performetict bbserving site in Antalya.
All solar photographs of the corona in integrated light weléained by a camera and tele-
scope. The white-light corona (WLC) is created by photosipHigiht scattered by electrons
and dust; so it consists of light from the K and F corona. liwshmany structures of dif-
ferent shapes and sizes. At the llica observing site, onaioegperiments was focused
on studying the morphological structure and the flatteniine WLC. Preliminary results
from our observation of the total solar eclipse of March ZW&, are presented in this work.

2 Observation and reduction

The corona was photographed with an equatorial telescaperea The main tube of this
instrument has an aperture of 100 mm and a focal length of #080A Kodak T-Max 100
ASA 35 mm film was used to obtain photographic images of the WLl@& photographs
were taken with dferent exposures varying fromilD0O0 sec to /2 sec which also show the
variety of details in the coronal structure caused by tharsolagnetic field. All of the films
were developed at the University Observatory of Istanbul.

The developed eclipse films were then photometrically eee with a Microtek Artix
Scan 4000t film scanner with a dynamic range of 16 bit. Theitlensatrices, consisting
of 2000x2000 pixels, were recorded, and we produced a compositar@-ij of 10 digital
images which dter in exposure times betweef1000 sec and/2 sec.
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Figure 1. Composite image of the solar corona in white light obtained from the total eolgse of
March 29, 2006.

Figure 2. Left: Structure of the white-light corona. Right: Illustration of the methoddomputing
the flattening of the corona observed during the eclipse.

3 Results and discussion

The total solar eclipse of March 29, 2006, occurred durireg28¢ solar cycle’s minimum
phase. The composite image shows that the structure of th@ads in concord with the
cycle’s minimum phase. For nearly a century the variatidnstraictures of the white-light
solar corona have been studied and were found to be related smlar cycle (Koutchmy et
al. 1991).

Although the general appearance of the corona is compticdttés possible to extract
detailed structures using the composite image after psaugdy a computer. All the basic
types of coronal formations such as helmet streamers, phlares and coronal beams can
be seen in this processed image (Figure 2, left). The helypetstreamers are believed to
be related to the chromospheric structural elements (Stbal 2002). Coronal streamers
show a higher intensity on the eastern side of the sun thaheowestern side.
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Table 1. The calculated diameters of the isodensity curves. The last columntivetistance from
the limb of the solar disc.

Isodensity E E Es P: P- Ps I/Ro
Curves (Pixel) (Pixel) (Pixel) (Pixel) (Pixel) (Pixel)
1 2345 2230 2270 2020 203.0 2120 1.12
2 2445 2320 2365 211.0 2115 223.0 1.17
3 256.0 242.0 2475 2195 2180 2325 1.22
4 268.8 260.0 2615 230.0 2225 2440 1.29
5 2875 2725 2825 2450 2420 259.0 1.37
6 316.0 303.0 3130 2705 2675 2815 152
7 3775 3750 3755 3270 327.0 329.0 1.83

We produced a contour map from this composite image. In tlig the maps of iso-
densities are used for determining the oblateness of tlae sotona (Figure 2, right). The
Ludendoff parameter (Petrov et al. 2002) is described by

E]_ + Ez + E3
8_P1+P2+P3 (l)
where E and R are the diameters of the isodensity curves in the equatmiibpolar direc-
tion, respectively. Eand E are the equatorial diameters placed at angles2®5 from E.
P: and B are the polar diameters tilted with respect t@Pangles of225.

The isodensity diameters derived from Figure 2 (right) avergin Tablel. The Luden-
dorff parameter was calculated using this table and is displayadanction of the distance
from the solar disc centre in Figure 3. The flattening incesdimearly from the limb of the
solar disc towards the outer solar corona.

The calculated: (flattening parameter) values from Table 1 are lying betweernl.12
and 1.83 R To proceed with our investigation of the oblateness, welrieecalculate the
flattening parameter in the range o£r2 to 3 R. But here, we face the problem that the
maximum distance in our images is 1.83 ®n the other hand, taking into account that we
performed our observation with a refractor with an aperafr00 mm and that the size of
our images was 35 mr24 mm with the diameter of the moon being 9.66 mm, we used the
approximation given below to solve this problem.

Since the flattening parameter increases linearly withadis# from the solar disc, the
Ludendoff parameter can be given in linear form (Saito 1956) by

e=a+b(r/R, - 1) (2)

where r is the mean equatorial radius of an isophote. The=waiub equalse at r =2 Ro.
We could not derive this value from our composite image. R iteason, we calculated it
according to Eq. (2). On the other hand, a correlation batvikre phase of the cycle and
£ has been known for a long time (Saito 1956). For this ecliieecycle’s phase can be
found from the equation given below:

T — Thin

B Tmax - Tmin

¢ ®)
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Figure 3. Dependence of the oblatenessf the solar corona on the radius.

where T is the date of the observation of the eclipse; and T are the nearest
minimum and maximum date of the cycle, respectively. Takihg and Twa from
(httpy/www.ips.gov.ayEducationgPl/4/6) and (http/www.sec.noaa.gg@olarCyclé), ¢ is
found to be 0.11 according to Eq. (3).values vary between 1.0 and 0.0 according to the
cycle phase. While the flattening parameter is 0.103 at,2He observational flattening
value corresponding to the same cycle phase 0.11 taken frgpuneF6 of Saito (1956) is
0.23. As long as we lack further observational evidence fooimsecond set of observations
(see below), we think the fierence between these two values to be due to the linear approx
imation. However, it may be added that our calculated flatgewalues within the range
from 1.12 to 1.83 Rare in agreement with the minimum corona presented in thé& wibr
Allen (Hata & Saito 1966).

We are confident that we will be able to check our approxinmatising another set of
observations we obtained with a refractor with an apertfid86 mm and a focal length of
1500 mm, giving a diameter of the moon of 14.28 mm on a film ofthe of 60 mmx60 mm.
Therefore, the analysis of this piece of photographic filmymesult in the derivation of
oblateness parameters up to a distance of 32@Hch may be considered to be equally
reliable.

Acknowledgements. The present work resulted from Project No. 47122005 supported by the
Research Fund of Istanbul University.
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Abstract. An excellent-quality time series of images of a large dark umbra of the lgadinspot

of NOAA 10634 was acquired on 18 June 2004 with the 1-m Swedish Selasdope at La Palma,
simultaneously in blue, red, arGtband channels. The temporal and spatial resolutions are 20 s and
0’14. A 2-hour long series of the red continuum images is analysed, shdérfaintest umbral fine
structures. In addition to umbral dots, often clustered to more stabladtgst or aligned to short
chains, we observe large, low-intensity elongated structures with datkatehannels, resembling
extremely faint light bridges. At the periphery of the umbra, bright tahtiots move inwards, showing

a similarity to penumbral grains. Kinematic properties of umbral fine &iras are studied.

1 Introduction

Sunspot umbrae, when observed under high spatial resolaitid siificient signal-to-noise
ratio, show inhomogeneities in brightness. Chevalier ) @tktected a small-scale granular-
like pattern in the umbra in his collection of sunspot phoapdps obtained under a resolution
of 0/7-1". The existence of “umbral granulation” was reported lateséveral observers
(Thiessen 1950; Bray & Loughhead 1964; Bumba et al. 1975)miu& Suda (1980)
claimed that the spatial distribution of “granules” insithee umbra is identical with that
in the photosphere. The term “umbral dots” (UDs) was intetliby Danielson (1964).
In the set of photographs from the balloon-borne experinsératoscope he detected very
small, bright point-like features. The spatial distriloumtiof UDs was dierent from the
photospheric granulation pattern. It is accepted now tt&tumbral granules” correspond to
unresolved groups and clusters of UDs observed with maelspttial resolution. Referring
to observations with the 91-cm telescope at Kitt Peak, Igston (1991) claimed that the
umbra has a radial filamentary structure with dark “voidgiridhuclei) free of UDs between
bright filaments. So, UDs might be only seeing-induced actd. However, the existence
of UDs was confirmed by many posterior observations and UDe baen considered as
typical representatives of the bright umbral componentbedtded in the dark, “diuse”
umbral background with smoothly varying intensity (Solzo1099).

2 Observations and data processing

The large leading sunspot of NOAA 10634 was observed on 18 2004 from 07:43 to
15:30 UT with the 1-m Swedish Solar Telescope (SST, Schaetredr 2003) equipped with



206 M. Sobotka and K. G. Puschmann: Fine structure in a datkaim

adaptive optics. The spot, located near disk centre (N1B, i#s in the phase of growth.
The images were acquired in a frame-selection mode (sefeictierval 20 s), simultaneously
in three wavelength bands: blue (458%4.6) A, red (60200+13.0) A, andG band (430&%+
5.8) A. Exposure times were 11-14 ms and the pixel size corresgbto 00405.

After dark- and flatfield corrections, the stray light wasretiated following Marinez
Pillet (1992). Parameters of the scattering were detemnioeeach wavelength from the
shapes of photometric profiles across the solar limb. Thel lefvstray light, originating
mostly in the instrument, was 8.5 % in blue, 6.5 % in red, anti%.in G band. The
deconvolution of the instrumental profile of thefdaction-limited 1-m telescope and the
noise filtering was carried out simultaneously, applyingk¥ér filters with noise suppression
starting at 011 (blue), 014 (red), and'013 (G band). Regarding the correction of wavefront
aberrations done by the adaptive optics, these valuesatbasz the spatial resolution in the
best frames. No other restoring techniques were applied.

The image rotation was compensated and the frames weredlgrd de-stretched. Fi-
nally, a subsonic filter with a cufbat 4 km s was applied to the series of images. For
further analyses we selected the best part of the time swies in the red channel from
12:15 to 14:12 UT, containing 350 frames. The field of view weduced to 225x20/25
(500x500 pixels), covering most of the umbra. For the purpose sifalisation and feature
tracking, it is good to eliminate large-scale intensityiaions. We calculated a smooth,
time-dependent intensity “background” using 2D splinetfitéocal intensity minima in the
umbra for each frame, averaging them over a period of 140 m(ids). This interpolated
“background” intensity was subtracted from the images. muotions of umbral features
were studied using the methods of local correlation tragKIoCT, November & Simon
1988) and feature tracking (Sobotka et al. 1997).

3 Results

The observed umbra was very dark. After the stray-lightexdion, the minimum intensity
in the umbra was 0.05 (blue) and 0.09 (red) in units of theayeintensity of the undisturbed
photospherely). In Fig. 1 (left) we present one of the images with subtrddéege-scale
intensity variations, showing the complex internal stawetof the umbra. An MPEG movie,
covering 90 minutes of the time series, can be found at/htpw.asu.cas.gzsdsdgallery-
astropictures.html.

Bright isolated UDs are not very frequent in this dark umbviany of them are located
at the periphery and move inwards. These UDs are often feliolay faint bright tails, re-
sembling tails of penumbral grains, or by dark “wakes” (rabkng dark cores of penumbral
filaments). Some of the bright UDs are static or slowly movifbey can be found both in
the peripheral and central parts of the umbra and are oftesterkd.

At the bottom left and upper right regions in the umbra, d@ustof faint UDs create
granule-like features, separated by dark lanes. Thesenuwng features with diameters
of about 06—0'7 rapidly change their shape but live substantially longéo(it 40 minutes)
than individual UDs. They are sometimes surpassed by hingerd-moving UDs.

The central part of the umbra is dominated by two faint filatagnstructures with dark
central channels, resembling extremely weak light bridgésey are composed of small
aligned point-like features that show an organised motidhe average intensity of the
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Figure 1. Left: Image of the umbra, showing various morphological structures. Didtds a dark
nucleus. Large-scale intensity variations are subtracted. The fieldwfivigpproximately 20x20”.
Right: Map of horizontal velocities calculated by LCT. The length of the black loatil bar at the
bottom left corner represents 1 kit s

filamentary structures is by Ol 3, higher than the intensity of the interpolated “background”

In addition to bright UDs and the granule-like and filamepnttructures mentioned above,
the whole umbra is covered by a relatively stable smallesgmbhiny angbr filamentary
(alignments of unresolved UDs?) pattern with rms fluctuetiof only 0.01-0.02y,. The
bright inward-moving UDs travel in this background pattdewen the dark nucleus, the less
intense part of the umbra, where the strongest magneticisieixbected, shows a very faint
grainy and filamentary structure. ldentical patterns wetected also in the blue bandpass,
proving that we observe real structures. So, the umbralgyvackd does not have thefiilise
character as it was expected in the past.

The LCT map of horizontal velocities, calculated with thacking window of 03 and
averaged over a period of 117 minutes, is shown in Fig. 1{i§de can see that the motion
field of penumbral grains merges into the motion field of indvaroving peripheral UDs.
The typical LCT speed of these UDs is 500 mt.s The global motion of bright features
along each of the two faint filamentary structures has oppasiection, with a typical LCT
speed of 300 m3. This gives an impression of a large-scale organised floweércentral
part of the umbra, possibly connected with the horizontationg in the extended bright
penumbral filament seen at the bottom right part of the fielkda#.

Positions, horizontal velocities, lifetimes, and sizedezftures brighter by 0.06y, than
the interpolated “background”, larger thatild, and living longer than 2 minutes, were
measured using the feature tracking method. The mean taizeelocities of UDs and
bright features in the faint filamentary structures are egua70 m st. The median speed
of UDs (330 m s?) is slightly higher than that in the faint filamentary sturets (300 m3h)
due to the presence of fast-moving peripheral UDs. The gedifetimes of UDs and of the
bright features in the faint filamentary structures are Isim® and 10 minutes, respectively,
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and their mean diameters are equal’ta®(130 km). To compare the positions of features
with different horizontal velocities, let us term “slow” featurek fahtures with average
speeds below 300 nTsand “fast” features those with speeds above 500" mEhe “slow”
features can be found everywhere in the umbra, while the"éases are mostly located at
the peripheral parts of the umbra and inside the faint filaargrstructures.

4 Conclusions

An-excellent quality 2-hour time series of images of a laxgd dark sunspot umbra acquired
with the 1-m SST in the red continuum around 6020 A was studidthnks to the spatial
resolution of 014 and the signal-to noise ratio around 200, we detectedaihteét point-
like, granule-like, and filamentary features in the umbra.

Bright peripheral UDs show morphological (bright tails,rkldwakes”) and kinematic
(inward-directed speeds of 500 mtksimilarity to penumbral grains. Static or slowly mov-
ing UDs are often clustered in relatively stable granute-Istructures separated by dark
lanes. Large, low-intensity filamentary structures withkdeentral channels are probably
extremely faint light bridges. They consist of small feasyrsimilar in size to UDs, that
move in an organised way along the axis of the structure. Tieewumbra shows a slowly
evolving grainy angbr filamentary low-contrast “background” pattern, whictsigpassed
by the inward-moving peripheral UDs.
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Dynamics of a solar pore with light bridge
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Abstract. Pores are one of numerous features formed by the emerging ofatadield from the
solar surface. Their uniqueness derives from the fact that — aasfaize is concerned — they lie
between the tiny flux tubes associated with magnetic elements, and the canpléarge magnetic
regions associated with sunspots. Light bridges, in a pore or a suspdiright features dividing
the umbral region in a more or less complex structure. Commonly, ligtiyes indicate that inside
the active region a process is underway: the merging of magnetic eegipnonversely, the breakup
of the area. In both cases a topological reconfiguration of the emenggmetic field is expected.
In this study we investigate the velocity structure of a solar pore with light brattd of the quiet
solar photosphere around it by means of high spatial and spectodditiea data obtained with the
Interferometric Bl-dimensional Spectrometer (IBIS) at the Dunn IStéescope of the NSO. We
observe that the amplitude of the LOS velocities decreases inside the floreespect to the quiet
granulation around the active region, and that the pore exhibits a dewifig-shaped structure in the
surrounding region. We also observe an average downward flowtfre light bridge into the umbra.

1 Introduction

The magnetic field appears at the solar surface with a widetyasf magnetic structures,
ranging from the largest sunspots (tens of Mm across), dowinet 0.1 Mm scale magnetic
elements. In this family of solar magnetic structures poeggesent a link between small
solar flux tubes and larger structures. They are small (2—3 drd contain intense concen-
trations of magnetic field, with strengths of 2000 G and flurteats up to 7 TWb (Hulburt
et al. 2000). Normally, solar pores are distinguishablenfsunspots as they do not develop
a penumbra. Pore 'umbrae’, like sunspot umbrae, contairge lariety of bright structures
like umbral dots or light bridges. Two models explain thegerece of these bright struc-
tures: the monolithic flux-tube model, which relates thasectures to the not completely
inhibited convective motions (Chouduri 1986), and thetglusodel, where these structures
are columns of field-free gas penetrating the vertical figldd inside the umbra (Parker
1979). From an evolutional point of view pores can form switspr end their life as pores.
The possible evolution of pores into sunspots depends onanadig stability criterion (Bray
& Loughhead 1964; Wang & Zirin 1992; Rucklidge el al. 1995)darding the dynamics
around solar pores, several studies show the presence phataastructure of strong down-
flows in the surrounding region. The horizontal flow field ardwsolar pores appears to be
dominated by rosetta-like divergence centers.

In this work we study the dynamics of a light bridge in compan with a quiet granular
field using IBIS observations. We also investigate the tadiacture of the pore, giving an
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estimate of its dimension.

[ ”

Figure 1. Upper left panel: G band intensity image; upper right panel: continuurgémawer left
panel: Car 854.2 nm wing intensity image; lower right panel:1H©9.0 nm Doppler velocity field.

2 Observations and Data Analysis

The observations were performed on September 28, 2005 thétiBIS 2-D spectrometer
(Cavallini 2006) in the spectral lines F&09.0 nm, Fa& 722.4 nm and Ca 854.2 nm. We
observed a central region of the solar disk including a padtie kght bridge. The exposure
time for each monochromatic image was 25 ms. The CCD cameyaebmned to 512512
pixels, so that the final pixel scale for the images was’QdiXel. The time interval between
two successive images and two successive spectral serie8.8/a and 19 s, respectively.
In addition to the narrow-band images, G-band images wemaltneously recorded. The
observational setup prevented us from applying restoninggqulures to monochromatic im-
ages. Each monochromatic image was corrected for CCD neatlty dfects, dark current,
gain table, monochromatic flat field and instrumental blué.stelocity maps are obtained
applying a line-profile Gaussian fit to monochromatic culfesatibrated images and trans-
forming Doppler shifts into velocity units. Absolute vakief the Doppler velocities have
been defined by setting the mean velocity in granular sulsfietpial to zero. We removed
acoustic patterns by applyingkaw filter with a cut-dt velocity of 7.0 kms? on the time
series of continuum and velocity maps.

By examining high resolution MDI continuum images, cor@sing to three days before
and after our observation run, we established that the aedlsegion results from the merg-
ing of two different magnetic structures and ends its life as a pore. Oer gapcentrates on
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the velocity structure of this pore with light bridge (LB)yRnalyzing the intensity-velocity
plot in the light bridge and in a rather quiet granular fiel& feund that the light bridge
intensity is reduced by about 20% with respect to a quietgearfield. Concerning the ve-
locity, we remark that we set to zero the mean LOS velocity gfii@t granular subfield. In
this way the velocity inside the umbra is negative with valagthe order of -200 ms. The
velocity inside the light bridge is about -250 misvith an RMS in the order of 50 m&. The
averaged Doppler map shows persistent downflows aroundbtieapthe range -(400-500)
ms™L. This result is in agreement with previous findings, e.g. Keal. (1999).

In Fig. 2 the Car 218542 intensities and the rd 7090 velocity are plotted for ffierent
profiles along the light bridge. The Gal 8542 profile shows the presence of a dark lane
in the light bridge, which is not visible in the continuum, evb only a plateau is present.
This is probably due to a lack of resolution inside the lighitge, where we are able to
measure only an increase of the intensity with respect tathleral part. There is a clear
correspondence between this dark lane and a strong dowriftosvdark central lane seems
to be a common feature of LBs: It has been observed and idf@wrether LB studies. As
the pore is of almost circular shape, we investigated it&atadructure by computing the
mean radial velocity and intensity as shown in Fig. 3. Theei#y is quasi-constant in the
center of the pore with values decreasing moving away froencéinter, until it reaches a
strong downflow that surrounds it. This downflow correspadbie boundary of the pore.
From this point the velocity increases to typical granukues (set to zero, by convention).

By considering the evolution of the analyzed structure aepked in MDI data and taking
our cue from a simulation by Hulburt et al. (2000), we model plore (Fig. 3) as a result of
the merging of two dferent magnetic structures, of the same polarity, both saded by
downward flows. These downflow structures persist in the cfoieg region, where the con-
vection results strongly modified by the presence of magffiefid. Our scheme, supported
by velocity measures, is similar to the one reported byakuet al. (2006) to explain the
magnetic canopy above light bridges.
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Figure 2. Plots of the Fe& 709.0 nm LOS velocity and of Ga854.2 intensity for dierent traces along
the light bridge, in the direction of the arrow shown in Fig. 1.
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Abstract.

We present recent CallH images of sunspot penumbrae taken wigwibdish 1 m Solar Telescope
(SST) during June-July 2006 and restored to a resolution clogdltddages were recorded afieir-
ent Call H line positions using one tunable filter, one fixed wing filter and & Wwahd quasi-continuum
filter. Apart from the images recorded at line center (and formedmumale-LTE conditions), this pro-
vides temperature information from approximately the first 200—300kowethe photosphere.

1 Introduction

The CallH and K wings provide a large sampling space from tljacgnt continuum to
their core for probing dferent heights, ranging from the very deep photospheriacsayeto
about the lower chromosphere. As calcium is predominantly singly ionized state, LTE
is a good approximation for the Call H source functions ane tipacities (Sheminova et al.
2005). Thus in the visible spectrum, the CallH and K line vgipgovide unique diagnostics
of the photospheric temperature stratification. Call H hes lbeen used for studying umbral
flashes (Rouppe van der Voort 2002) and for chromospheritiest{Grigoryeva & Turova
1998).

2 Observations

Figure 1(a) shows an intensity versus wavelength plot oftadl H and K lines. The four
wavelength bands that have been used for recording datazakednin this image. The tun-
able filter alternated between the line core at 396.85 nmdB9grand the wing position at
396.74 nm (Band B) of the CallH line. The fixed filter was ceeateat the wing position of
396.47 nm (Band C) and the wide band continuum filter was cedtat 395.38 nm (Band
D), a wavelength midways between the CallH and K lines. Thstipms were chosen to
minimize blends with other lines. The optical setup, whiglstiown in Fig. 1(b), consisted
of two Redlake MegaPlus 1.6i and two Redlake MegaPlusll @XI&meras, strictly syn-
chronized by means of an external shutter. A defocused @awees used in a phase diversity
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Figure 1. (a) Intensity versus wavelength plot of the CallH and K lines, supegase the four
wavelength bands (A, B, C, D) used for observations. (b) Opticapsét) Observation scheme. See
the text for details.

setup with the wide band continuum camera. The tunable fi#terera though synchronized,
took alternately few frames in bands A and B, as shown in Hig). 1The frame rate of the
cameras was 3.5 frames per second, at an exposure time of 10 ms

The data set was then MOMFBD (van Noort et al. 2005) processstiming that simul-
taneous exposures are blurred by the same seeing and tleuglbatical wavefront abbera-
tions. This is illustrated in Fig. 1(c). Every plane reprgsea unique wavefront, shared by
the various frames in that plane. Even though some object®tibave any exposures in
common, they can be aligned with sub-pixel accuracy thraibér objects that have frames
in common with both.

3 Results

Figure 2 shows the image set recorded on June 26 2006. Itésadusmall spot (AR0897)
near the solar limb. Figure 3 recorded on July 4 2006 featmasge spot (AR0898) near
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Figure 2. Small spot (AR0897) near solar limb in 4ffdirent wavelength bands (see Fig. 1(a)).

(c) Band B (d) Band A

Figure 3. Large spot (AR0898) near solar disk center in datent wavelength bands (see Fig. 1(a)).
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the solar disk center. Figures 4 and 5 a

co-spatial subfields extracted from the i

ages of Figs. 2 and 3, respectively, showi

from right to left, bands A, B, C and D (se

Fig. 1(a)). In Fig. 4, the variation in heigh i ]
as we move from the continuum to the co J

of the line is clearly evident. Thisflect is

much less pronounced in Fig. 5 as expected

as height variations are most prominent iﬁigure 4. Co-spatial subfields extracted from the
limb observations Images presented in Fig. 2; from right to left: Bands

A, B, C and D.

4 Conclusions

By combining multiple images recorded si-
multaneously at dierent wavelength po-
sitions and using short exposure time
MOMFBD image restoration can be use
to perfectly align all images and to restor
temperature information down to scales aj
proaching the diraction limit. It is thus
possible to analyse resolved small-sca
structures and their dynamics in the sold
photosphere using the CallH wings. The

next step is to derive the temperature Stru_gigure 5. Co-spat_ial s_ubfields egtracted from the
ture above the photosphere by applying if1'a9€es presented in Fig. 3; from right to left: Bands
version techniques. A, B, CandD.

Acknowledgements. The Swedish 1-m Solar Telescope is operated by the Institute for SolgicBhy
of the Royal Swedish Academy of Sciences on the island of La Palma Spto@ish Observatorio del
Roque de los Muchachos of the Instituto de Adsich de Canarias.

References

Grigoryeva, S. A. & Turova, |. P. 1998, Solar Phys., 179, 17

Rouppe van der Voort, L. H. M. 2002, PhD thesis, Stockholm University

Sheminova, V. A., Rutten, R. J., & Rouppe van der Voort, L. H. M.200&A, 437, 1069

van Noort, M., Rouppe van der Voort, L. H. M., &ifdahl, M. G. 2005, Solar Phys., 228, 191



Modern Solar Facilities — Advanced Solar Science, 217-220
F. Kneer, K. G. Puschmann, A. D. Wittmann (eds.)
© Universitatsverlag Gttingen 2007

Temporal evolution of intensity, velocity and
magnetic field of sunspots at high spatial
resolution

N. Bello Gonz alez”, F. Kneer, and K. G. Puschmann

Institut fir Astrophysik, @ttingen, Germany
"Email: nazaret@astro.physik.uni-goettingen.de

Abstract. We present results of sunspot observations obtained in April 2006 veitheiw 'Gbttingen’
Fabry-Perot spectrometer. Thanks to the large field of view X7/28") of the new optical setup it has
been possible to perform 2D-spectropolarimetric observations of b sumapot and ist surroundings

at a heliocentric angleé~ 40°. A long time series of about one hour has been taken scanning along the
magnetic Fe 6173 A and the non-magnetic F6576 A spectral lines quasi-simultaneously. Hence,
with the help of image reconstruction techniques, the temporal evolutiore afuthspot fine-structure

in intensity as well as in velocity and magnetic field is analysed at high spat@lteon.

1 Introduction

After one century of investigations on their magnetic andaigical nature, sunspots remain
enigmatic. Their evolution from pores to sunspots with dtgyed umbra and penumbra and
their stability at small scales is not well understood. Bhisrgrowing evidence that, even
at high spatial resolution of current spectroscopic olm@mns, the sunspot fine-structure
is still unresolved. The key for the study of the sunspot nedigrfields and the Evershed
flow in the penumbra consists in spectropolarimetry at hjggtial resolution. We need to
obtain and to analyse the information carried by suitabkesgal lines and to measure and
interpret the polarised radiation coming from the solarasgpiere. Therefore, our work
aims at contributing to the understanding of the sunspotdingture from the analysis of
spectropolarimetric observations with spatial resolubetter than156.

2 Observations and data analysis

The observations of sunspots and surroundings were olbtaiiik the optical setup based
on the upgraded @tingen Fabry-Perot interferometer (Puschmann et al6R0® Stokes
V polarimeter and the Kiepenheuer Adaptive Optics SystemBA attached to the
Vacuum Tower Telescope (Observatorio del Teide, Tenerifd)e data consist of a time
series £ 65 min) of 2D-imaging of both circularly polarised compotenf the light, i.e.
%(I +V) and%(l — V), while scanning almost simultaneously along the magrsetitsitive
Fer 6173.3A @=2.5) and the non-magnetic F8576.1 A g=0) lines. The active region
NOAA 0867 was observed on April 6, 2006, when it was locatea leliocentric angle of
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0~4C. As shown in Fig. 1, the field of view (FOV) includes a roundimsgetric sunspot
accompanied by two pores nearby,~a3” distance from the penumbral border, and some
others farther away (at 15” distance).

50 F S

Figure 1. Speckle reconstructed image of NOAA 0867 and surroundings adxenv April 6, 2006.
Arrow points towards disc centre and scale is given in arcseconds.

Thanks to the strictly simultaneous observations of broadd images, speckle recon-
struction techniques can be applied to achieve a spatialutgen of @'25 for the broad-
band data (FOW 73’ x 55”). A similar procedure to that proposed by Puschmann & Sailer
(2006) to account for thefiects of the adaptive optics correction has been used. Thawar
band data (FOW 29” x 50”) are then restored (Keller & von deiibe 1992) achieving a
spatial resolution better tharfi®for magnetograms and velocity maps.

The magnetic and velocity field calculations for the whotediseries are similar to that
described in Bello Gorédez et al. (2005). They consist of magnetic field measurésnen
in the Fa 6173 line, using the Zeeman splitting visible in the Stokgwofiles and the
separation of the centre of gravity (COG method) of bothutéady polarised components.
The methods yield, respectively, the total magnetic fielergjth and the line of sight (LOS)
component of the magnetic field averaged over the atmosphegion where the line is
formed, i.e. mid photosphere. To estimate the velocity figld COG method has also been
applied. In this case it consists of measuring Doppler sifitm the average COG position
of the 3(I + V) and 3(I — V) profiles of Fa 6173 and from the Stokesprofiles of Fa
5576, both with respect to a reference wavelength positien,the surrounding non-spot
photosphere.

3 Results on temporal evolution

An example of the resulting maps is given in Fig. 2. There jibensity at continuum level,

at the line minimum of Fe6173, LOS magnetic maps and LOS velocities are shown. We
summarise the main observational characteristics vigibha individual maps and from the
temporal evolution:
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The well-known apparent inward motion of the fibrils in timaér penumbra and out-
ward motions in the outer penumbra seen in the intensity ripisotka & Sitterlin
2001) are also visible in both the magnetic and velocity maps

The penumbral filaments remain stable within the 65 min eege not only in inten-
sity but also in magnetic and velocity maps (see also Largkaal. 2005).

In the continuum images, the granulation pattern, theljigtructured filaments of

the penumbra and the umbral dots are seen with high spadigiuteon. The nearby

pores show enhanced-intensity structures at their lirdb4sorders. The interpretation
is that the magnetic and therefore depressed and coolesphae of pores is more
transparent to the radiation. Then we see the hot walls dfuh®unding granules on
their limb side.

With regard to the intensity maps of the minimum ofil6a 73, the typical granulation
pattern is not visible. However, the filamentary structurthe penumbra appears the
same as in the continuum image except for the ring of enhantemsity visible in the
inner to middle penumbra. Thidfect is also visible in the wings of k&576. This
has recently been explained by Bellot Rubio et al. (2006gims of the smaller line
asymmetries and line widths from the inner penumbra conaitaréhe outer penumbra
(where the Evershed flow is stronger). The explanation doeapply to the enhanced
intensities observed in the line minimum of F&173. Its increased (raised) core
intensity is due to the Zeemaliffect broadening by the strong magnetic fields in the
inner penumbra.

From the stronger LOS component of the magnetic field in tireri centre-side
penumbra and the opposite polarity shown in the outer lidb-penumbra, the gen-
eral picture of the magnetic field configuration in sunspoisea: strong and more
vertical magnetic fields in the umbra and inner penumbra aoiek rhorizontal fields
towards the outer penumbra. At small scales, penumbral etizgields also organise
in filaments which show stability within one hour. Featuré®ath magnetic polar-
ities close to each other appear in the limb-side penumbhis does not occur on
the centre side. This is again due to projectiffie@s: The highly dynamic penumbra
seen at ~40° shows at the limb side mainly magnetic polarity oppositeént bf the
umbra, i.e. inclination larger than S@ith respect to the vertical, with some slightly
more vertical components, i.e. inclination smaller thah Sthe structures surround-
ing the spot possess low LOS magnetic field components arldeenmving away
(Vrabec 1974). The penumbra-pore interaction always acsuech that the penumbra
seemingly 'feeds’ the pore with magnetic flux. A similar cention is not evident in
the LOS velocity maps.

Direct comparison shows that bright structures in the-timgimum maps are good
tracers of the magnetic elements surrounding the spotc#tised by the hotter atmo-
spheres associated with such magnetic knots. This is thé&mein line-gap phenom-
ena caused by increased temperatures in the atmospheragétic knots. Similarly
as in the G-band bright points (e.g. Steiner et al. 2001}y tegperatures lead to ion-
isation of iron. Thus, the atmosphere becomes more tramspand intensities from
lower layers are seen.
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Figure 2. Fromleft to right: Intensity map at continuum level, intensity map at the line minimum of
Fer 6173, LOS magnetic field (values @auss) and LOS velocity field (values in knt¥. The FOV
is 29’x50” and the arrow points towards disc centre.

- Detailed comparison of intensity and LOS velocity mapsficonthe finding by Bello
Gonzlez et al. (2005), that the strongest LOS components of WeesBed flow are
correlated with bright structures in the centre-side pemanand with dark structures
on the limb side. Such a correlation is not a fortuitous phegon since it is stable
and visible during the whole time sequence.

In conclusion, from observations at high spatial resotutimuch information can be inferred
on the small-scale structures of the solar photosphereaewvhagnetic fields and mass flows
interact. Many other observable processes taking plaagnsp®ts and their close surround-
ings, together with those described here, will be addreissetbrthcoming paper which will
include theonline material on the time evolution.
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Magnetic vector field above a sunspot
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Abstract. We present an analysis of the spectro-polarimetric measurementsaatitheregion NOAA
10886 taken with the Tenerife Infrared Polarimeter in the Fe |1 10783 Atsidine. The magnetic field
strength and the magnetic inclination and azimuth were inferred from theisiathe inversion code
SIR. The vertical current densities and the vertical derivative of ¢éinecal component of the magnetic
field were then calculated for the leading spot of the AR 10886. We raV¢lade typical values of
the vertical current densities vary in the rangd0 mA nt2 inside the spot. Moreover, we found an
extended area of enhanced vertical current densities in the umbuaguap to—-80 mAnT?2). Our
analysis also showed that the vertical component of the magnetic fiefty8trdecreases by 0.6 —
1.6Gknt! and 0.5-0.8 Gkt in the umbra and inner penumbra; on the other hand we found an
increase of the vertical component of the magnetic field in the outer penumbra éiyadues varying
between 0.1-0.5G k).

1 Introduction

The low value of the plasma in the corona implies that the processes in the outer solar
atmosphere are driven by magnetic fields (Walsh & Ireland320@ut with the present
instruments it is almost impossible to measure coronal etégfields directly. Therefore,
extrapolations of the photospheric magnetic fields are contyrused for a better description
of the coronal structures. The most recent extrapolatiothaas assume a force-free mag-
netic field (Regnier et al. 2002; Valori et al. 2005). A good knowledge @& thil magnetic
vectorB andor the electric current densiti¢ss crucial for such extrapolations. Moreover,
better determinations of the electric current densitieshedp to understand the fine structure
of sunspots (e.g. penumbral filaments). Another importadtsaill not fully solved question
is how fast the magnetic field strength decreases with height

Following these points we investigate the magnetic vecstd fif a sunspot in order to de-
termine the vertical component of the electric current diexzsand the vertical derivative of
the vertical component of the magnetic field strength. Fecticulation of these parameters
we used the method described in the paper of Balthasar (2006)

2 Data and data reduction

The data discussed here were taken on May 27, 2006 with therifieeimfrared Polarimeter
(Martinez Pillet et al. 1999) attached to the spectrograph of ttem@n Vacuum Tower
Telescope. In addition, the KAOS system (Kiepenheuer Adagdptic System) was used
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Figure 1. Infrared intensity map of the leading spot of the active region NOAA 80&8nposed of
the local continuum near the observed spectral line. Scanning wadrdaméeft to right. The contour
lines mark the outer boundaries of umbra and penumbra.

to ensure stable conditions during the whole observingesstpi The full Stokes vector
measurements of the active region NOAA 10886 were performeed disk center in the ke
10783 A spectral line. To obtain the final components of theké&t vector (i.e.l, Q, U,
andV), 10 sets of single exposures of 200 ms were added up to Betha signal-to-noise
ratio. Therefore, the exposure time was 2 s for each Stokesyeder. The observed AR was
scanned with a step width of 0.34 arcsec. The pixel size aloaglit corresponded to 0.35
arcsec. Totally 3 scans, each with 360 steps, were perfotmmealver the whole AR. Note,
that in this paper we will focus only on results which wereedetined for the leading spot
of the AR 10886 (Fig. 1).

The standard photometric reduction (i.e. removing of thd daunts, applications of the
flatfields etc.) of the raw measurements was performed, anshgitrumental crosstalk was
removed from the data. The data were then corrected for geicaleforeshortening and
interpolated so that a pixel size corresponds to 0.34 aindmuth spatial directions.

3 Results and Discussion

The components of the magnetic vecB{magnetic field strength, and magnetic field an-
gles) were determined through an inversion of the Stokeanpaters. The inversion was
performed using the SIR code (Ruiz Cobo & del Toro Iniesta2) 98 the same way as it
is described in Balthasar & Collados (2005). Vertical comgats of the electric current
densitiesj, were then calculated using the following formula

9B, 4B,
#lz= 55 dy’

@)

whereu is the magnetic permeability. The partial derivatives weetermined from the
difference of the two neighboring pixels. The obtained valueth®f, are shown in Fig.
2 (left). Typical values of the vertical current densitiesyw between: 40 mAnT? in the
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Figure 2. Left: Vertical current densities calculated for the leading spot of the AR 108Bte
displayed values are given in mA#n Right: Vertical derivative of the vertical component of the
magnetic field strength for the leading spot of the AR 10886. The disphsjlads are given in G km.
Note that if the integrated absolute circular and linear polarization both drlguvta treshold value,
the remaining polarization signal is regarded to be noise and the condisg@reas are suppressed in
the figures. The contour lines indicate outer and inner penumbral bopnd

umbra. The values of thg in the penumbra are somewhat smaller and vary in the range
+30mAnT?. Note that the estimated errors of the values mentionedeabievof the same
order of magnitude. These findings are in good agreementresgihits of Balthasar (2006).
He analyzed a set of eight sunspots and came to the concltisbithe typical values of
the vertical current densities vary betweed0 mA nT2 inside the sunspots. Beside of this
we found also areas with enhanced values of the verticaboudensities extending up to
—75mAnT? in the umbra and up te60 mAnT? in the penumbra. Unfortunately, limited
spatial resolution of the VTT did not allow us to associate position of the enhanced
vertical current densities with the fine structures of thesgpwt. On the other hand, relatively
high values of thej, detected near the outer penumbral boundary are ratherlisticeas
only a very weak polarization signal was detected in tha.are

As the Fa 10783 A spectral line comes from a rather narrow atmospltyar, the ver-
tical stratification of the magnetic field strength obtaimctly from the inversion code
could be unreliable. Therefore, we calculated only theis@rtderivative of the vertical
component of the magnetic field strength using partial déries of the horizontal magnetic
components, i.e.

0z OX

The same method was used by Hofmann & Rendtel (1989) andd3alti(2006). The de-
termined gradients of thB, are shown in Fig. 2 (right). We revealed that the magnetid fiel
strength decreases with height by 0.6 —1.6 Gkin the umbra. These values are higher
than the 0.3-0.4 G km obtained by Hofmann & Rendtel (1989) but comparable with the
findings of Balthasar (2006). We found negative gradienthefvertical component of the

@:_(@Jr%):»divezo. @)
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magnetic field strength also in the inner penumbra. But tleeedese of thd3, with height

is slower in the inner penumbra than in the umbra (typicalesiary betweer0.5 G knt?
and-0.8 GknT?). In contrast, we found aimcrease of the magnetic field strength with
height in the outer penumbra and outside the spot. The tiypédaes are in the range be-
tween 0.1 Gkm! and 0.5 G km!. The increase of the magnetic field strength with height
can be explained if the magnetic field is less inclined in bighyers, as reported by West-
endorp Plaza et al. (2001). But recently Borrero et al. (2004nd an increase of the incli-
nation with height while results ofé®ichez Cuberes et al. (2005) reveal that the inclination
is independent of height.

4 Conclusions

We examined the vertical current densities and the heightmidence of the vertical com-
ponent of the magnetic field strength in a sunspot. Our aisaty®wed that typical values
of j, vary betweent 40 mA nT? inside the spot. We also revealed a decrease of the verti-
cal component of the magnetic field strength with height adambra and inner penumbra
and positive height gradients &, in the outer penumbra and outside the spot. But we
should remind here that the results presented in this payesrdi on two assumption§)

the neighboring magnetic components belong to the samétieiger, and(ii) they belong

to the same magnetic finestructure. If this is not true therotitained values become mean-
ingless as the determined partial derivatives (see Eqsand)2)) and were not calculated
for the same structure of the spot. Data with much higheiiapasolution (as they will be
provided with new solar telescopes like GREGOR or ATST) hesdfore necessary for the
future verification of our results.

Acknowledgements. The Vacuum Tower Telescope in Tenerife is operated by the Kieperheue
Institut fur Sonnenphysik (Germany) in the Spanish Observatorio del Teideedi#tituto de As-
trofisica de Canarias. This research is part of the European Solar Magdisvork (EGRTN con-
tract HPRN-CT-2002-00313).
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Abstract. An analysis of Stokes observations of a penumbra in active region NOAA 8990 is presented.
The observations were recorded with the La Palma Stokes Polarimeter attached to the 1-m Swedish
Solar Telescope. The stratification in the solar atmosphere of different physical parameters is retrieved
from these data using the Stokes Inversion based on Response functions (SIR). Our results confirm
previous findings, that with increasing distance from the umbra the magnetic field becomes weaker
and more horizontal and the line-of-sight velocities increase. The results suggest the existence of
unresolved filamentary structure in the spatial distributions of temperature, magnetic field strength and
inclination. The maps of temperature and magnetic field strength along the vertical cuts through the
penumbra indicate the presence of rising flux tubes, predicted theoretically by Schlichenmaier et al.
(1998).

1 Introduction

The fine structure of the penumbra was studied, among earlier investigations, by e.g. Beck-
ers & Schroter (1969), who found stronger and more vertical magnetic field in dark filaments
than in the bright ones. Recently, many authors agreed on the picture of the uncombed struc-
ture of the penumbral magnetic field, which was proposed by Solanki & Montavon (1993)
to explain the broadband circular polarisation of sunspots and further developed by Martinez
Pillet (2000). This uncombed structure is created from horizontal flux tubes (with diameters
around 100 km) embedded in a more vertical and stronger background field. Evidences for
this empirical model were found in recent analyses of observations (see e.g. Bello Gonzélez
et al. 2005; Bellot Rubio et al. 2006, and references therein).

This complex magnetic fine structure of the penumbra can be caused by the convective
exchange of the flux tubes. One of the possible scenarios starts with a flux tube which is ini-
tially positioned at the penumbra-quiet sun boundary. It is heated by the field-free convection
and rises, developing a flow along the tube that points upwards beneath and outwards in the
photosphere. The part of the flux tube emerging above the log 7 = 0 surface is filled with
hot gas and creates a bright grain. At higher layers, the flux tube cools down by radiative
losses and becomes more horizontal and the outward flow resembles the observed Evershed
effect. Up to this point, the scenario has been confirmed by the two-dimensional simulations
made by Schlichenmaier et al. (1998). The theoretical maps of plasma parameters in and
around the rising flux tube can be found in that article. In the present work, these theoretical
maps are compared with the maps of plasma parameters found in the penumbra using the
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Figure 1. The continuum intensity in the part of the active region observed on May 13, 2000. The
arrows are explained in Section 3.

observations and data processing described in the following section.

2 Observations and data processing

The data were retrieved with the La Palma Stokes Polarimeter (LPSP) attached to the 1-m
Swedish Solar Telescope. The resulting spatial resolution is of about 0!'7.

The object of the observations was an irregular leading sunspot in the active region
NOAA 8990. One of the two fields, which were scanned in magnetically sensitive lines
Fe I 630.15 nm (Landé factor g = 1.67) and Fe I 630.25 nm (g = 2.5), is shown in Fig. 1.
The field covers a limbward part of a penumbra at heliocentric position 14° N and 17° W.

In each pixel of this field all Stokes profiles of the two mentioned lines were measured
and used as an input to the inversion code SIR (Ruiz Cobo & del Toro Iniesta 1992). A
one-component model of atmosphere was used with two different settings of numbers of
nodes for the inversion. The numbers of nodes, which should correspond to the expected
complexity of the stratifications of the appropriate plasma parameters, are listed in Table 1.
Other details about the observation, data reduction, and inversion can be found in Jurédk
et al. (2006).

3 Results

Our results confirm previous findings: The magnetic field becomes weaker and more hor-
izontal and the line-of-sight velocities increase with increasing distance from the umbra.

Table 1. The numbers of nodes in two different settings of the inversion process.

Temperature ~ Mag. field strength  Inclination =~ LOS velocity

Inversion 1 9 7 5 5
Inversion 2 9 9 9 9
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Figure 2. The stratifications of temperature (upper row), magnetic field strength together with veloci-
ties along the field lines marked by white arrows (middle row), and line-of-sight velocity (lower row)
along the vertical cut through the penumbra. The stratifications in the left and right column correspond
to inversion 1 and 2, respectively with regard to the different settings in the numbers of nodes (see
Table 1).

These general findings are not discussed due to the limited space and we concentrate on the
expected fine structure of the penumbra.

We made a vertical cut through the measurements of the bright grain in the penumbra. The
position of the cut is marked in Fig. 1 by the inclined arrows starting in the umbra and ending
at the edge of the scanned area. The vertical arrows in Fig. 1 enclose the bright grain and
correspond to the dashed black lines in Fig. 2, where the stratifications of plasma parameters
along the cut are shown. The solid black lines in the temperature stratifications (Fig. 2, upper
row) correspond to the continuum intensity along the cut. The difference between the right
and left columns consists of the different numbers of nodes (see Table 1).

The temperature stratifications along the cut show the rising filamentary structure hotter
than the surrounding plasma, which is, in the direction away from the umbra, rapidly cooled
down and becomes horizontal. Moreover, this cooled flux tube can be followed in the plot
of magnetic field strength (middle row), as the field is weak inside it. In the lower row
are shown the line-of-sight (LOS) velocities obtained by the SIR code. The upflows can
be found in areas of the bright grain, despite the limbward part of the penumbra is studied,
where the horizontally oriented Evershed flow should be observed as a flow away from the
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observer. The height of the maximal LOS velocities does not correspond to the one of weak
magnetic field. The velocities along the field lines were computed from the retrieved values
of inclination and LOS velocities and are shown as white arrows in the maps of the magnetic
field. The orientation of the arrows thus shows the magnetic field inclination and the length
is proportional to the velocity magnitude.

In all bright grains in the analysed part of the penumbra the retrieved stratifications of
temperature and magnetic field strength correspond to the theoretical predictions of the rising
flux tube model, i.e. the hot filamentary structures are located in places of the bright grains
in the penumbra, and the weak magnetic field is found in these bright grains and in the dark
areas which can be traced back as the extensions of the bright filaments. Moreover, higher
values of inclination are reached at the heights of the weak magnetic field if higher numbers
of nodes are used for the inversion. The LOS velocities, however, reach maximal values at
deepest layers irrespective of the numbers of nodes. Velocities along the magnetic field lines
are uncertain and only rarely correlated with areas with inclined and weak magnetic field.

4 Conclusions

With the current spatial resolution (500 km) we cannot observe single flux tubes, but only
their conglomerates, so that the presented results of the inversion can be influenced by com-
plex unresolved structures. The agreement between the theoretical predictions and obtained
stratifications of plasma parameters is nonetheless promising. However, observations with
higher spatial resolutions are needed to clarify whether we really observe rising flux tubes
or some fine structures in the background field which are not connected with the Evershed
flow.

Acknowledgements. This work was supported by the research projects IAA3003404 of the GAAV
of the Czech Republic and GACR 205/04/2129.
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Abstract. Spectro-polarimetric observations of sunspot groups have betormped simultaneously
with the VTT and with THEMIS. At the VTT we observed a group of iron ailiden lines at 1078 nm
with the Tenerife Infrared Polarimeter, and at THEMIS we observedrendpectral channels (MTR-
mode): Fe 630nm, NaD, K Fe 557.6 nm and alternatively Cr 578 nm or Fe 525 nm. The inversion
of the Stokes-profiles was done with the SIR-code for the infrared lind§@ Fe 630 nm, for the
other spectral ranges the inversion is still pending. So far we deriadite magnetic field strength
decreases with height at most locations inside the spots, in contrast éorsoemtly published results

of other investigations.

1 Introduction

The height dependence of the magnetic vector field has beestigated many times, but
recent results are still controversial, see Balthasar &adok (2005), 8nchez Cuberes et
al. (2005), Orozco Sarez et al. (2005), Balthasar (2006) andCalret al. (2006). In or-
der to obtain reliable results we observed several linegraiing in the photosphere and in
the chromosphere simultaneously with two telescopes wnexath other: the German Vac-
uum Tower Telescope (VTT) and the French-Itali@€Bcope @liographique pour Etude

du Magretisme et des Instabiis Solaires (THEMIS) on the island of Tenerife. Once the
magnetic vector field is known, investigations of electricrents and electromagnetic forces
become possible, and such investigations belong to ourfyians.

2 Observations and data reductions

Two observing campaigns were performed in the years 20032606. Here we present
results from an active region observed on May 29, 2005. AVERE we recorded the Stokes
profiles of an iron and a silicon line in the near IR with the @eéfe Infrared Polarimeter
(TIP 1), both are Zeeman triplets with a splitting factor b6. The Fe 1078.3 nm line
probes the deep layers of the photosphere, while the Si@@if8line is formed in the mid
photosphere.

At THEMIS we observed in the MulTi Raies (MTR) mode the chramiline Cr578.2 nm
from the deep photosphere, the iron lines Fe 6830.2 nm from the mid photosphere and
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Figure 1. Intensity maps of the sunspot group, recombined from the specttihaa. the upper panel
is obtained at the VTT in the near infrared using the adaptive optics sy#tertower panel is from
THEMIS near 630 nm.

the sodium DB line from the chromosphere. Besides, we observedhid Fe 557.6 nm for
calibration purposes.

Figure 1 shows the mosaic scans from the VTT and the correépgparea extracted from
the THEMIS-maps.

In order to derive the physical quantities magnetic fieldrggth, inclination and azimuth,
the SIR-code (Stokes Inversion based on Response functibRsliz Cobo & del Toro Ini-
esta (1992) was used. The magnetic filling factor was foreedhity, but a variable amount
of stray light was permitted. Heights of formation of th&@ient lines were calculated for a
quiet sun model atmosphere and an umbral one. Then the tatapemaps obtained from
the SIR-inversion were used to interpolate the formatiagtite. Fe 1078.3 originates be-
tween 180 and 220 km, Fe 630.2 between 250 and 300 km and Siclio&Bveen 300 and
350 km, except for the umbra, where the line weakens so tisfiotmed in almost the same
layers as Fe 1078.3.
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Figure 2. Maps of the total magnetic field strength obtained from the thrfferdit lines: Si 1078.6

in the upper panel, Fe 630.2 in the middle and Fe 1078.3 in the lower paaleks\below 600 G are

suppressed, the maximum (black) corresponds to 2600 G. The cdinemiindicate the boundaries of
umbra and penumbra.

3 Results

Since the investigation of some lines is still pending, wespnt here results obtained from
three lines: Fe 1078.3, Si 1078.6 and Fe 630.2. The inveysi@re performed indepen-
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dently for the three lines without allowing gradients of thagnetic field in order to avoid
artifacts due to discontinuities as that discussed by iMeztPillet (2000).

The total magnetic field strength obtained for the threeslisalisplayed in Fig. 2.

Comparing the two lines in the infrared, obtained at the VA&, find a decrease of the
magnetic field strength with height for most locations iesttle spots, except for a light
bridge between sub-umbrae and a ring-like structure in tioella of the penumbra on the
left of the main spot. Typical values for the decrease areratd Gkm in the penumbra and
2 - 2.5 Gkm in the umbra. Outside the spots and pores we find an incoédlse magnetic
field strength of about 1 &m. This might be an indication of canopies where the magneti
field is very small or even absent in deep layers. Neverthales magnetic inclination is
less in higher layers, inside and outside of the spots!

Estimates of the magnetic flux observed in these two linew shgood agreement.

The other iron line observed at THEMIS exhibits a somewtgtidi magnetic flux, mainly
for some areas outside the dark features in the continuugdsa his indicates instrumental
differences between THEMIS and VTT. The highest field strengthsanewhat lower than
those obtained from the infrared iron line as to be expedtie ifield decreases with height,
but the values obtained for the penumbra do not fall betwieesetfrom the infrared lines as
they are expected to do.

4 Conclusions

Our results indicate that the magnetic field decreases witthhinside spots, not only in the
umbra but also in most parts of the penumbra. Outside the sgobbserve canopies: In the
higher layer we find a higher magnetic field strength. The Enalagnetic inclination in
the upper photosphere could be explained by a goblet-liketstre of the magnetic field, as
discussed for sunspots by Balthasar & Collados (2005). égions outside spots the picture
would be that the magnetic field is concentrated to smaltsiras in the continuum forming
layers, then in the lower photosphere it widens. Finallyginleoring magnetic structures
approach in the upper photosphere.

In the present state of the data reductions it is hardly ptessd draw a conclusion from
the comparison of the results from the two telescopes.

Acknowledgements. This work is part of the TMR-ESMN (European Solar Magnetism Network)
supported by the European Commission under contract HPRN-CZ-20813.
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Abstract. The penumbra is ideally suited to challenge our understanding of magnetohydrodynamics.
The energy transport takes place as magnetoconvection in inclined magnetic fields under the effect of
strong radiative cooling at the surface. The relevant processes happen at small spatial scales. In this
contribution we describe and elaborate on these small-scale inhomogeneities of a sunspot penumbra.
We describe the penumbral properties inferred from imaging, spectroscopic and spectropolarimetric
data, and discuss the question of how these observations can be understood in terms of proposed
models and theoretical concepts.

1 Introduction

Almost hundred years ago, Hale (1908a,b) performed the first spectropolarimetric measure-
ments on the Sun and discovered that sunspots are manifestations of magnetic fields with
strengths of up to 3000 G in their centers. He proposed the tornado theory to explain both
the darkness of a spot by dust that is whirled up into the solar atmosphere and the magnetic
field by the circular current by electrons. Investigating Doppler shifts in sunspots, Evershed
(1909) measured radial rather than circular movements in sunspot penumbrae and concluded
that his findings were “entirely out of harmony with the splendid discovery of the Zeeman
effect in sun-spots, made by Prof. Hale.”

Until today, we lack a complete understanding of sunspots and penumbrae, but it seems
obvious that the Evershed flow plays an essential role in the latter. The presence of the
Evershed flow is intimately linked to the mere existence of the penumbra as demonstrated
by the observations of Leka & Skumanich (1998). The filamentary bright and dark structure
should be related to the flow field, in a similar way as the granular pattern of the quiet Sun is
related to the granular flow field of hot up- and cool downflows.

The magnetic field can — in principle — be inferred from the spectropolarimetric imprints
of the Zeeman effect on photospheric absorption lines. However, this leads to unambigu-
ous results only if the magnetic and velocity fields are homogeneous along the line-of-sight.
Considerable complications in interpreting the line profiles arise if gradients or discontinu-
ities are present in the volume of the solar atmosphere which is sampled by one resolution
element. Such variations may be present laterally due to insufficient spatial resolution, but
also along the line-of-sight from the depth layers that contribute to the observed line profile.
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In this contribution, we make the case that the latter must be assumed to reconstruct some
of the observed profile asymmetries. We summarize our knowledge of the inhomogeneities
in the magnetic and velocity field of a sunspot penumbra, aiming at an understanding of
radiative magneto-convection in inclined magnetic fields.

2 Penumbral properties

The photospheric penumbral properties may be characterized by three different types of
measurements: (1) imaging, (2) spectroscopy of lines that do not show the Zeeman effect,
and (3) spectropolarimetric measurements of Zeeman sensitive lines.

2.1 Imaging

At a spatial resolution of 1” or worse, the penumbra appears as a gray ring that surrounds
the umbra. The radial bright and dark filaments only become apparent at a spatial resolution
of about 0!5. At a spatial resolution of about 0’2 bright filaments show internal intensity
variations: In the inner penumbra, predominantly on the center side, bright filaments show a
dark elongated core (Scharmer et al. 2002; Siitterlin et al. 2004; Langhans et al. 2007). Such
dark-cored bright filaments have a width of some 0.’2.

2.2 Spectroscopy

As for the intensity, the length scale of variations in a Doppler map decreases with improving
spatial resolution. At 1”” no flow filaments are visible and the Doppler shifts only show a
transition from red shifts on the limb side to blue shifts on the center side. To infer the flow
vector at this spatial resolution, azimuthal cuts at constant distance from the spot center are
constructed. The azimuthal mean reflects the vertical velocity component, while the ampli-
tude of the variation measures the horizontal component which is known to be dominant. It
is found that the flow field has an upward component in the inner and a downward compo-
nent in the outer penumbra (Schlichenmaier & Schmidt 2000; Schmidt & Schlichenmaier
2000).

A filamentary structure becomes visible in velocity maps of the penumbra if the spatial
resolution is of the order of 0.5 or better. However, flow filaments are not always co-spatial
with intensity filaments (Tritschler et al. 2004; Schlichenmaier et al. 2005). Individual flow
and intensity filaments typically have a joined starting point in the inner penumbra. Yet,
further outwards the flow filament is not always co-spatial with a bright filament.

The Evershed flow in the penumbra is characterized not only by a line shift, but also by a
line asymmetry. The line asymmetry is such that the wing is more strongly shifted than the
core (Bumba 1960; Schréter 1965a; Wiehr et al. 1984; Degenhardt 1993; Wiehr 1995). The
asymmetry decreases with formation height of the spectral line (Degenhardt & Wiehr 1994;
Balthasar et al. 1997). Studying the line asymmetry, i.e., the shape of the bisector, one can
show that the measurements are consistent with the assumption that the flow is concentrated
in the deepest photospheric layers (Maltby 1964). Line asymmetries could in principle be
assigned to laterally separated unresolved components (Schroter 1965b), but as they are
still present in high spatial resolution observations down to 03 (see Bellot Rubio et al.
2005), the line asymmetries can only be explained by velocity gradients or discontinuities
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along the line-of-sight (Schlichenmaier et al. 2004; Bellot Rubio et al. 2006). Therefore, the
measurements seem to require a flow field that is concentrated in the deepest layers of the
photosphere beneath 7 =~ 0.1.

Spectroscopy at 0!”3 spatial resolution resolves dark-cored bright filaments. Bellot Rubio
et al. (2005) found that the dark cores are associated with strong predominantly horizontal
flows, while the lateral bright edges are less Doppler shifted. Yet the lateral bright edges are
still more shifted than the dark surroundings in which the dark-cored penumbral filaments
are often embedded in the inner penumbra. The inner end of a dark-cored bright filament is
typically bright and is associated with an upflow. Rimmele & Marino (2006) find that these
hot upflows have a diameter of about 0’3 and turn horizontal within 1”. They continue in
the dark core of a bright filament.

2.3 Magneto-convetive modelling

The first attempt to describe quantitatively (i) the dynamic evolution of penumbral filaments
and (ii) the Evershed effect consisted of a 1D (thin) magnetic flux tube that evolved in a 2D
time-independent background (Schlichenmaier et al. 1998a,b). Such tubes develop a flow
that brings up hot plasma into the photosphere which radiatively cools as it flows outwards,
yielding a flow topology that is consistent with the findings by Rimmele & Marino (2006).
As long as the plasma is hot, the magnetic field strength is reduced and can be weaker by
10° G as compared to the background. In this framework, magneto-convective instabilities
cause solutions in the form of sea serpents (Schlichenmaier 2002), in which the hot upflow is
followed by a cool downflow further outwards. Such a flow arch is conceptually very similar
to the time-independent siphon flows (e.g., Degenhardt 1991; Thomas & Montesinos 1993).
In both cases a pressure gradient accelerates the flow. The pressure gradient in the moving
tube model is sustained by radiative cooling between the inner hot footpoint (high gas pres-
sure) and the cool flow channel further outwards (low gas pressure). This configuration is a
natural consequence of magneto-convective instabilities and radiative cooling.

In contrast, Weiss et al. (2004) have proposed that magnetic field lines associated with
the downflows in the outer penumbra are pumped downwards by small-scale granular con-
vection outside the sunspot. They demonstrate that turbulent transport of mean magnetic
fields by convective motions, i.e., magnetic pumping, is a robust phenomenon. However,
in this scenario it remains obscure how the magnetized penumbra with supposedly coher-
ent flows and field lines is connected to the turbulent convection that is needed to produce
topological pumping effects. It seems more promising to perform 3D simulations of inclined
magnetoconvection including the effects of radiation. First results have been presented by
Heinemann et al. (2006) which confirm the flow topology that we describe above of a hot
upflow followed by a cooler downflow (cf. their Fig. 6). Yet, in these simulations the flow
is not strictly radial, but has a small azimuthal component towards the lateral edges of the
filament. Eventually such simulations will clarify whether or not the energy transport takes
place due to convection in field free gaps as it was suggested recently (Spruit & Scharmer
2006; Scharmer & Spruit 2006) or by flows along magnetic tubes as suggested by the mov-
ing tube model. In any model, the magnetic field strength in bright penumbral features is
certainly less than 1000 G, i.e., much smaller than the average surrounding magnetic field
strength. In accordance with the latter expectation, Bellot Rubio et al. (2005) measure that
dark-cored filaments have smaller magnetic field strengths than the surroundings of the fil-
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aments. They use the Zeeman sensitive line Fe 16149 nm and even find a tendency that the
strength is slightly larger in dark cores than in the bright lateral edges, as one expects due to
contraction of the plasma during the cooling phase.

2.4 Spectropolarimetry

Spectroscopic measurements establish the inhomogeneous flow field within the sunspot
penumbra. Direct observational evidence for an inhomogeneous magnetic field consists of 4-
lobe V-profiles as presented in Fig. 1: At the location within the penumbra where the viewing
angle to the average magnetic field lines is perpendicular, i.e., in the vicinity of the magnetic
neutral line, one expects vanishing V-signal if the field were homogeneous. V-profiles with
up to four lobes, as observed, imply that at least two directions (components) of the mag-
netic field must be present in the resolution element. Another strong indication of non-trivial
topologies of the velocity and magnetic field are given by the observations of amplitude
and area asymmetries of Stokes-V (e.g., Sdnchez Almeida & Lites 1992; Schlichenmaier &
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Figure 2. Observed and synthesized sunspot maps of net circular polarization for Fe115648 nm (top
row) and Fe1630.2 nm (bottom row), respectively. The synthesized maps in the middle column are
based on a snapshot from the moving tube model (Miiller et al. 2002), and the maps in the right colum
are based on the VTUBE tool (see text), where inversion results are used. The spot is at a heliocentric
angle of 30° and the arrows point towards disk center.

Collados 2002). These findings motivate that reconstructions of the (magnetic and velocity)
field topology should consider at least two components or strong gradients or discontinuities
along the line-of-sight. Such attempts have been made using inversion techniques (e.g., Bel-
lot Rubio et al. 2004; Borrero et al. 2006). In such inversions, synthetic Stokes parameters
resulting from polarized radiative transfer based on model atmospheres are compared with
observed profiles of the four Stokes parameters.

The assumption of two interlaced components with constant velocity and magnetic fields
give reasonable fits to the observed profiles. Yet, the pure existence of net circular polar-
ization, N = f V(1) dA, proves that velocity gradients along the line-of-sight are present
(Sanchez Almeida & Lites 1992; Landolfi & Landi degl’Innocenti 1996). Sunspot maps of
the net circular polarization are displayed in Fig. 2. The first row shows observed and syn-
thesized maps of Fe115648 nm, and the second row shows the same for Fe1630.2 nm. The
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Figure 3. Difference in the azimuth, A¢, of
horizontal and inclined magnetic field when
viewed off disk center. The sign of A¢ changes
from one side of the penumbra to the other.
The dashed vectors represent the less inclined
background magnetic field being at rest, and the
solid vectors represent the horizontal magnetic
components that is coaligned with the flow.

line of symmetry

observed maps of N (left column) are simultaneous measurements of the same sunspot at
30° heliocentric angle (Miiller et al. 2006). The symmetry properties of the two observed
maps are different. The middle column shows synthetic maps that are based on a snapshot of
the moving tube model (Miiller et al. 2002). The synthetic maps reproduce the observations
quite convincingly. The main ingredient for reproducing these symmetry properties are two
components along the line-of-sight with the following properties (1) They have two differ-
ent inclinations of the magnetic field and (2) they are Doppler shifted relative to each other
(Schlichenmaier et al. 2002). Figure 3 sketches how the two different inclinations of the
magnetic field produce a sign change in the difference of the magnetic field azimuth, which
is crucial to reconstruct the observed maps. It is important to realize that these maps cannot
be reproduced with a mixture of two laterally separated (unresolved) components with each
having constant magnetic and velocity fields along the line-of-sight!

3 A diagnostic tool: VTUBE

In an attempt to bring together snapshots from simulations and results from inversions, a tool
to diagnose spectropolarimetric measurements was developed (Miiller et al. 2006). We con-
structed a 3D geometric model (VTUBE) of a magnetic flux tube embedded in a background
atmosphere that can be used to gain a better understanding of the different factors that de-
termine /V and its spatial variation within the penumbra. This model serves as the frontend
for a radiative transfer code (DIAMAG, Grossmann-Doerth 1994). Combining the two, we
can generate synthetic Stokes spectra for any spectral line and construct maps of suited di-
agnostic quantities, like \V-maps, for any desired axisymmetric magnetic field configuration
and arbitrary properties of flux tubes being embedded in an arbitrary atmosphere. The model
has been built to offer a high degree of versatility, e.g. the option to calculate several parallel
rays along the line-of-sight that intersect the tube at different locations with arbitrary viewing
angles. One can then average over these rays to model observations of flux tubes at different
spatial resolutions and for different magnetic filling factors of the atmosphere. Furthermore,
one can also take into account radial variations of the physical properties of the flux tube.



Schlichenmaier et al.: On inhomogeneities of the sunspot penumbra 239

Doing so, one can e.g. model the interface between the flux tube and its surroundings.

To generate a realistic NV-map with the VTUBE model, we extracted the radial dependence
of azimuthally averaged quantities from results of inversions based on two components as
mentioned above, thereby assuming that the penumbral fine structure is axially symmetric.
From the two components, one is assigned to be the background component, and the other
serves as the flow component. This is in accordance with inversion results with one compo-
nent being essentially at rest and the other the other carrying the flow. While the magnetic
field strength decreases with penumbral radius, the difference between the weaker flow com-
ponent and the stronger one decreases outwards and vanishes at the outer penumbral edge.
The flow velocity along the channel (flow component) increases from some 6 km/s at the
inner to 8 km/s in the outer penumbra. The inclination of the flow changes gradually from an
upflow with 20° in the inner to a downflow with —10° in the outer penumbra. The resulting
maps (right column in Fig. 2) compare well with the observed ones, but, especially in the
radial dependence, differences are seen. Possibly this difference may be explained by recent
results (Bellot Rubio et al. 2003; Beck 2006) that suggest that the background field is not at
rest in the outermost penumbra, but shows flow velocities of up to 1 km/s. This may modify
the AV-map and may reconcile the model with the observations.

4 Conclusions

We have described the properties of a sunspot penumbra, including the topology of the mag-
netic and velocity field. The main conclusion is that the penumbra is inhomogeneous. In
order to explain the mentioned spectroscopic and spectropolarimetric measurements at least
strong gradients if not discontinuities must be present along the line-of-sight. We believe
that low lying channels (7 > 0.1) that carry a magnetized flow and are embedded in a mag-
netized background at rest must be assumed in order to understand the measurements, like
the observed bisectors of unmagnetic lines, and the symmetry properties of net-circular-
polarization maps. Yet, we cannot offer a complete picture as the spatial resolution is not yet
good enough to present unambiguous model fits to the observed spectropolarimetric mea-
surements. A great step forward may be accomplished by the recently launched satellite
Hinode, as it will allow for spectropolarimetric observations at 0!’25. The best ground based
observations today are not much better than 1”. At the same time, simulations of magneto-
convection in inclined magnetic field like the ones presented recently by Heinemann et al.
(2006) will significantly enhance our understanding of the penumbral fine structure.
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Abstract. A time series analysis was performed on velocity signals in a sunspobjieaudo search
for possible wave modes. The spectropolarimetric photospheric detimet by the Tenerife Infrared
Polarimeter were inverted using the SPINOR code. An atmospheric rnodgirising two magnetic
components and one stray-light component gave an optimal fit to the Bataier phase dlierence
analysis between line-of-sight velocities of both magnetic componentidprbtime delays between
the two atmospheres. These delays were combined with the speeds ephério wave modes and
compared to height separations derived from velocity responséidnado determine the wave mode.

1 Introduction

Disentangling the signatures of various magnetoatmogp{idA) waves that are supported
by magnetic atmospheres is dfdiult, even daunting, task. However, information may be
extracted from spatially unresolved structures by sppolesimetry. This approach uses the
full Stokes polarization spectra (I, Q, U, V), allowing ploa properties of the emitting
plasma to be inferred through the application of appropnmabdel atmospheres. Here we
present a method that may identify the form of wave whichtexisa magnetic environment.

2 Observations

Active region NOAA 10436 (Fig. 1) was observed on 21 Augusi2@ith the Tenerife In-
frared Polarimeter (Maimez Pillet et al. 1999) attached to the German VTT. Full 8sgkro-
files were recorded for the spectral linesiA&662.018 A (fective Lan@ factorg = 1.50)
and Fa 15665.245 A ¢ = 0.75) over the period 14:39-15:41 UT, yielding a time series
of 250 stationary image positions on the slit at a cadencenefexposure every 14.75 s.
Given the small amount of circular polarization asymmetrythe inner limbside penum-
bra, it is likely that these lines are nafected by gradients in the magnetic field vector or
line-of-sight (LOS) velocity. Therefore, the data weredrted using the SPINOR inversion
code (Frutiger 2000) and the height-independent two mégoemnponent model of Borrero
et al. (2004). The inversion yields a magnetic field geometrysisting of a near-horizontal
component (flux tube, FT) and a closer-to-vertical compo(magnetic background, MB).
Since the velocity variations were most strongly observe8tokes Q the response func-
tions (RFs) of Stokes Q to LOS velocity (Fig. 2) were calcedatThe RFs of the magnetic
components overlap over most part of the atmosphere, butdéeter-of-gravity (COG),
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Figure 1. Continuum intensity image of NOAA 10436. White (black) contours mark the u
bralpenumbral (penumbrajuiet Sun) boundaries. The straight black line marks the slit position dur-
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Figure 2. Height variation of combined 15662 A and 15665 A Stokes Q velocity msptor the MB
(solid) and FT (dotted) atmospheres. Vertical lines mark the COG in eanpanent.

displayed as vertical lines, reveal a distinct separat&iwben the components. Height dif-
ferences between the LOS velocity signals were taken aeti@ation of the COGs, while
wave propagation speeds were calculated over these haiyes from the output inversion
atmospheres.

3 Time Series Analysis

A Fourier phase diierence analysis was performed between the MB and FT velsigityals
following Krijger et al. (2001). Spectra from the eleven lgrad pixels of the inner limb-
side penumbra are overplotted in the left panel of Figure BprAximately constant phase
difference values were recorded in the randge-24.5 mHz, with the probability distribu-
tion function (PDF) centred on5.5°. Negative phase fierences mean that the FT velocity
leads the MB, agreeing with the COG heights in Figure 2 forangwave propagation. The
centroid value was converted into time delay between theatsgresulting in values ranging
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Figure 3. Left: Fourier phase dierence spectra between the MB and FT velocities from the eleven
analyzed pixels. Darker shading denotes greater Fourier coheagckarger symbol size greater
cross-spectral poweRight: PDF of phase dierence values over the frequency randge-24.5 mHz.

The thick curve displays the measured values and the thin curve thett@atifisian profile.

from —6.3 s t0—-3.8 s. Attributing these phaseftérences to propagating waves conflicts
with the evanescent behaviour of vertical waves below tlogistic cutdf (5.2 mHz). How-
ever, p-modes may travel at angles away from the vertical at thegghtse(e.g., 40— 60°

for | = 600- 800 at 3.5 mHz; Cally 2006, private communication) and, fatinations of
50, frequencies>3.2 mHz may propagate.

4 Height Separation Comparison

The low-photospheric sampling of the spectral lines melaatstioth components are mostly
gas dominated (Fig. 22 > 1 below 70 km and 90 km in the MB and FT, respectively).
As such, difering forms of wave will have certain properties in terms afpagation speed
and direction: acoustic waves propagate isotropicallhatsbund speeds; Alfvén waves
are restricted to the direction of the field and propagatbatifvén speedys; MA slow
modes propagate along the field at eitligior the tube speedy, if the sunspot is thought
of as a large “flux tube”; MA fast modes propagate at a speedd®stcs and €3 + va)'/2
depending on the angle between the direction of the field lzeitcof wave propagation.
Taking these considerations into account, the previoustgined vertical height separa-
tions are converted into path lengths along the directiopropagation: 590to the vertical
for acoustic and fast-mode waves; along the field for &ffic and slow-mode waves. Note
that the fast-mode speed willftér between waves moving toward the sunspot (ingressing)
and those moving away (egressing). Probability distrdoufunctions of the RF-predicted
path lengths are given as solid curves in Fig. 4, while vatasulated by combining time
delays, wave speeds and propagation angle to the field arglotted as dotted and dashed
curves. The best correspondence is observed for ingrefs@tigrode waves: this case has
the smallest dierence between the RF-predicted and calculated path |©@@s (Table 1).

5 Conclusions

This is the first time that spectropolarimetric data havenhesed in this manner to identify
a MA wave mode. The fact that a fast-mode wave best fits theredisenal data makes
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Figure 4. Comparison of RF-predicted (solid lines) and calculated (dotted andidiaks) wave travel
distances. Cases are presented for waves propagatingtatth@ vertical at the acoustitop left) and
fast-mode speedbdttomeft), as well as field-aligned waves propagating at the &df¢op right) and
slow-mode tube speedbdttom right). In all panels, vertical height separations were converted into
path length along the direction of propagation.

Table 1. Differences between RF-predicted and calculated path length COG values.

Wave Type Absolute Separations [km]
Acoustic 8

Alfv énic 4

Slow mode 9

Fast mode (ingressing) 0

Fast mode (egressing) 5

gualitative sense as the spectral lines sample afigigion of the low photosphere where
p-mode waves should be modified into a fast-mode form by thenetagfield. It will be

interesting to see if the detected form of MA wave changesfitee case where the velocity
response of a spectral line is formed bej@w 1 to one where it is formed above this level.
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Abstract. Velocity oscillations measured simultaneously at the photosphere and the chromosphere of
different solar magnetic features (sunspots, pores and facular regions) allow us to study the properties
of wave propagation as a function of the magnetic flux of the structure. While photospheric oscillations
are similar everywhere, oscillations measured at chromospheric heights show different amplitudes, fre-
quencies and stages of shock development depending on the observed magnetic feature. The analysis
via power and phase spectra, together with simple theoretical modeling, lead to a series of results con-
cerning wave propagation within the range of heights of this study. We find that, while the atmospheric
cut-off frequency and the propagation properties of the different oscillating modes depend on the mag-
netic feature, in all the cases the power that reaches the high chromosphere comes directly from the
photosphere by means of linear wave propagation rather than from non-linear interaction of modes.

1 Introduction

The study of the generation and propagation of waves in the solar atmosphere is a hot topic
of research in astrophysics, since it provides information about the atmospheric structure and
dynamics (Lites 1992; Bogdan & Judge 2006), while at the same time it helps us identify the
key mechanisms of chromospheric and coronal heating. Simultaneous time-series observa-
tion of various spectral lines that sample different regions of the solar atmosphere is one of
the most useful techniques for studying wave propagation.

For the analysis that follows we measure the full Stokes vector of the photospheric Si 1
10827 A line and of the chromospheric He 1 10830 A multiplet. The analysis of the photo-
spheric and chromospheric LOS velocity oscillations and the relation between them give us
information about the behavior of the atmosphere: the propagation of photospheric distur-
bances, the amplification of the oscillations as they reach higher layers of the atmosphere,
the cut-off frequency below which the oscillation modes do not propagate, the development
of shocks and so on. In this work we carry out a comparative study among 4 magnetic
structures with different magnetic fluxes: a rather big sunspot, a smaller one, a pore that has
developed no penumbra and a facular region.
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Figure 1. Chromospheric oscillations in different magnetic features. From left to right and top to
bottom we show a typical velocity profile for one position inside: the umbra of a big sunspot (May
9, 2001), the umbra of small sunspot, a pore and a facular region. In all the cases, asterisks (’stars’)
represent the measured values, equispaced in time.

2 Observations

Observations were carried out at the German Vacuum Tower Telescope (VTT) of the Obser-
vatorio del Teide between October 2000 and June 2002, using the Tenerife Infrared Polarime-
ter (TIP). The spectrograph slit (0”5 wide and 40” long) was placed over the targets and was
kept fixed during the entire observing run (approx. 1 hour). The image stability throughout
the temporal series was achieved by using a correlation tracker device which compensates
for the image motion induced by the Earth’s high frequency atmospheric variability, as well
as for solar rotation.

The observed spectral range spanned from 10825 to 10833 A, with a spectral sampling of 31
mA per pixel. This spectral region is a powerful diagnostic window for the solar atmospheric
properties since it contains valuable information coming from two different regions in the
atmosphere. It includes a photospheric Si 1 line at 10827 Aanda chromospheric He 1 triplet
centered around 10830 A.

In order to infer the physical parameters of the magnetized atmosphere in which the mea-
sured spectral lines were generated we carried out the full Stokes inversion of both the sil-
icon line and the helium triplet for the whole time series of observations and for all four
data-sets. Thus, we were able to obtain the temporal variability of several physical quanti-
ties (line-of-sight velocity, magnetic field intensity and orientation, ...) at the photospheric
and chromospheric regions where the observed spectral line radiation has originated, though
here we will focus only on the results concerning the line-of-sight velocity oscillations.
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Figure 2. Phase difference between photospheric and chromospheric oscillations as a function of fre-
quency. Left: for the umbra of the big sunspot (May 9, 2001), representative of sunspot-like structures.
Right: for the facular region. The small boxes on the bottom right corner of each figure show the
expected time delay between photospheric and chromospheric oscillations as a function of frequency.
Asterisks represent the measured values obtained from the cross-correlation of the filtered velocity
maps.

3 Analysis

Photospheric velocity oscillations (retrieved from the inversion of the Si 1 line) show the
same characteristics everywhere: 5-min period, 300—400 ms~! peak to peak amplitudes and
fairly sinusoidal patterns. Contrarily, chromospheric velocity oscillations are very different
depending on the magnetic structure (Fig. 1). In case of the big sunspot of May 9, 2001,
chromospheric oscillations have a 3-min period and peak to peak variations of ~15 kms™'.
They also show a constant and clear saw-tooth shape typical of shock wave trains (top left
panel of Fig. 1). As the magnetic flux of the structure decreases (going from the big sunspot
to the pore), the amplitude of the oscillations grows smaller, along with the steepness and
frequency of appearance of the shocks. The period of the oscillations, however, remains
the same. The case of the facular region is somewhat different. Again, while photospheric
oscillations remain the same, the chromospheric oscillations have the smallest amplitudes of
all the cases (1-2 kms™!) and shocks are barely detectable, although a slight asymmetry in
the oscillation pattern can easily be seen. Interestingly, the chromospheric main period is
now 5 minutes instead of 3 minutes.

Following Centeno et al. (2006), Fig. 2 shows the phase difference between the photo-
spheric and the chromospheric oscillations for the big sunspot (left) and for the facular re-
gion (right). The solid line corresponds to the best fit to a model of upward linear wave
propagation in an isothermal stratified atmosphere that allows for radiative losses. The solid
lines in the small boxes inside both panels of Fig. 2 show the expected time delays, as a
function of frequency, between the oscillations measured at the photosphere and the ones
measured at the chromosphere, obtained from the theoretical modeling. The expected time
delay shows a very strong dependence with frequency. To make an estimation - directly from
the observations - of the time that it takes for a photospheric perturbation to reach the high
chromosphere, we have to take this fact into account. We have filtered both the photospheric
and the chromospheric velocity maps in very narrow frequency ranges (so that the expected
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time delay does not vary within the bandwidth) and have compared the external modulation
schemes of each pair of filtered velocity maps.

In the case of the sunspot-like structures, we filtered the velocity maps in 3 narrow ranges
around 6 mHz (where the bulk of the chromospheric power is mainly concentrated): 4-5,
5-6 and 6-7 mHz. We then compared each pair of filtered maps finding that they resembled
each other, and, in order to make them match, a time shift between them that depended on
the frequency range had to be applied. This shift corresponds to the time that it takes for a
perturbation originated at photospheric levels (where the Si line is formed) to reach the chro-
mosphere (at the height where the He triplet is generated). In the case of the facular region
we filtered the velocity maps around 3 mHz (where both photospheric and chromospheric
power spectra have their main contributions). The rest of the analysis remained the same.
Asterisks superposed on the theoretical time delays in the small boxes in Fig. 2 correspond
to the measured values. Even though the theoretical curves predict a very strong variation of
the time delay within the 1 mHz filtering bands, the measured delays agree surprisingly well
with what was expected.

4 Discussion and conclusions

In the case of sunspot-like features the cut-off frequency is ~4 mHz, so the modes with
frequencies below this one will not be able to reach the high chromosphere. Many authors
have argued before about the possibility of the non-linear interaction among 5-min modes
being the source of the chromospheric 3-min oscillations (see, e.g. Fleck & Schmitz 1993).
But if this were the case, the photospheric and chromospheric filtered maps would show
no correlation between them. As a matter of fact, this correlation exists and is very clear,
indicating that most of the 6 mHz power observed at chromospheric heights in sunspot-like
structures comes directly from the same frequency range in the photosphere via upward
linear wave propagation.

In the case of facular regions, the cut-off frequency stays around 2 mHz, due to the radiative
losses and the higher temperature, allowing the 5-min power propagate through the atmo-
sphere and reach the high chromosphere. Again, a clear correlation between photospheric
and chromospheric filtered velocity maps can be found, indicating that the propagation is
mainly linear within the 2—5 mHz range.

As the photopheric perturbations propagate upwards, their amplitude increases due to the
rapid decrease in density and they eventually develop asymmetries that steepen more or less
depending on the magnetic structure (the lower the magnetic flux, the smaller the steep-
nes of the developing shock). In all the cases, the time delay between photospheric and
chromospheric oscillations is around several minutes in the frequency range near where the
chromospheric power peaks.
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Abstract. We aim at studying the spatial and temporal scales of the small-scale enadfitoronal

hole boundaries using EUV observations from TRACE (171 A) and EFEA) on-board SoHO with

a spatial resolution ofland 5.5, respectively, and various time cadences. We found that small-scale
loops known as bright points may play an essential role in coronal haledasies evolution. Their
emergence and disappearance continuously expand or contrastaitboles. The changes appear to
be random on a time scale comparable with the lifetime of the loops seen attémegeratures. No
signature was found for a major energy release during the evolutior ¢ddips.

1 Introduction

Coronal holes (CHSs) are large regions on the Sun that areetiagtly open and were iden-
tified as the source of the fast solar wineB00 km s, Krieger et al. 1973). They are visible
in coronal lines (T> 6 - 1 K) as regions with a reduced emission relative to the quiet Su
(Stucki et al. 2002). There are two types of coronal holetanend mid-latitude CHs. Dur-
ing the minimum of the solar activity the solar atmospherédminated by two large CHs
situated at both polar regions. The mid-latitude CHs caniter‘isolated’ or connected
with a channel of open magnetic flux to a polar CH. The latteis@ie called equatorial
extensions of polar CHs (EECHs). Navarro-Peralta & Santbaza (1994) showed that
isolated CHs have a typicalftirential rotation, while EECHs maintain two types of rota-
tional rates: dierential below latitude of £0which becomes almost rigid while approaching
the poles.

The small-scale CH boundaries evolution was a subject afrakgtudies during the last
few decades (Kahler & Moses 1990 and the references therKifler & Moses (1990)
studied &viaB X-ray images of EECH boundaries with a time resolution of 9@utes
aimed at looking for discrete changes of CH boundaries. Ttnvayd that X-ray bright points
(BPs, Madjarska et al. 2003) play an important role in botha@kpansion and contraction
of the CH. Kahler & Hudson (2002) made the first systematicphological study of the
boundaries of CHs as viewed in soft X-ray images from the 6bh&oft X-ray telescope.
The studied coronal holes represent equatorial extensibpslar coronal holes observed
during solar maximum phases of cycles 23 and 24. They fousitthie CHs evolve slowly,
and neither large-scale transient X-ray events nor cororigiht points appeared significant
factors in CH boundaries development. They suggested ffet-olose magnetic field re-
connection is more likely to describe the actual physice@iGH boundaries.
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Figure 1. Full-disk EIT 195 A images obtained on October 19, 1996 and Novemp#999. The
images are derotated to 15:00 UT on October 20, 1996 and Novemt29%, The over-plotted boxes
outline the field-of-view subject to a detailed study.

2 Observational material

We selected two long-lived coronal holes: an EECH (during tbtation the channel con-
necting the equatorial part of the CH with the polar CH wasett) in October 1996 (CH1)
and an isolated CH in November 1999 (CH2) (Fig. 1). We analyBetreme-ultraviolet
Imaging Telescope (EIT; 2.62pixel size) and Transition Region And Coronal Explorer
(TRACE; 0.5’ pixel size) data obtained in the ke 195 A and Fex/x 171 A passbands,
respectively. After the necessary data reduction, a dévatto a reference time was applied
to all images in this study. The images hav@atent cadences ranging from 15 min to 6 hrs.
In the present work we paid special attention to the dataatemtuin order to get information
on the evolution of the CH boundaries using a contour plotis filethod is more reliable
than any visual inspection and ensures the detection ofraajl-scale changes.

3 Data analysis and results

In order to follow the evolution of the CHs for the longest pibde period of time we
produced movies from the full-diskx2 binned images obtained with EIT in the 195 A
passband. Their visual inspection shows that after 48 lerbtlundaries have significantly
changed which in the case of CH1 results in a full displacemfpart of the coronal hole. In
order to determine the cause for these changes a more deindéysis of the full-resolution
EIT and TRACE images was done. Figure 2 presents examplbs @flt-resolution images
of CH1 used in this study. Figures 3 and 4 give a closer lookebected areas from CH1.
The arrows point at some of the BPs whose evolution appeae/mexpanded or contracted
the coronal hole. We could not identify any flaring eventtesato this evolution. The time
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Figure 2. Intensity reversed EIT 195 A images of the coronal hole observedaob®r 19-20, 1996.
The evolutions within the over-plotted rectangular areas (a and b) aneshd-igs. 3 and 4.

200

Y (aresecs)

[ 50

X (arcsecs)

20-0ct—96 01:37:44 UT

200

19-0ct-96 20:31:32 UT

19-0ct-96 21:27:51 UT
200 r

Y (aresecs)
4
3

Y (aresees)

100 150 0 50
X (arcsecs)

20-0ct—96 02:37:01 UT
T 200 X \

100 150 0 50

19-0ct—96 22:25:10 UT
200 T

arcsecs,

100 150
X (arcsecs)

20—0ct—96 03:25:12 UT

25:10 UT

19—0ct—96 23::
200 Y -

20—0ct-96 00:25:19 UT
200 T

Y (aresecs)

100 150
X (aresecs)

0 50 100 150 0 50

X (arcsecs)

20—-0ct—96 04:25:10 UT

ccccccc

Figure 3. Intensity reversed EIT 195 A images of the area marked with ‘a’ in Figh& arrows point
at the BPs whose evolution led to the expansion (arrow A) and the contrdatiow B) of the CH.

scale of the changes is defined by the lifetime of the BPs wisi@round 20 hrs at these
temperatures (Zhang et al. 2001).
We believe that our results do not contradict Kahler & Huds¢®002) result and the
discrepancy could be explained with the fact that the Migjbdf BPs in X-ray (also EUV)
images, especially during the solar maximum activity, ierggly diminished by the presence
of active regions and bright loops seen in X-ray. The BPs ramalnd size, and also their
lifetime strongly depend on the temperature in which theyodoserved with more and longer
living BPs seen in spectral lines formed at lower tempeesturHowever, predominantly
large loops exist at temperatures abovex 4P K (Feldman et al. 1999) which are closing
at large distances showing slow evolution.
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Figure 4. Intensity reversed EIT 195 A images of the area marked with ‘b’ in Figt& arrows point
at a bright point whose evolution led to the contraction of the coronal hole.

Due to the diferent rotational profiles at coronal (Insley et al. 1995 dwareferences
therein) and photospheric levels (Meunier 2005) and thetfed CH boundaries separate
two topologically diterent (open and closed) magnetic field configurations, edrbale
boundaries are presumably the regions where processegpimatand close magnetic field
lines take place. The possible mechanism of the CH bourglavigution could, therefore,
be a continuous magnetic reconnection (Kahler & Hudson pB8&veen the open magnetic
field of the CH and the closed field of the small-scale loopated along CH boundaries.
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Abstract. We study the changes of magnetic field structure in active regions (ARynal holes (CH),
and coronal hole - active region (CH-AR) interface zones. Zonedafnal hole - active region in-
terface are characterized by relatively fast fluctuations of the phogoisgmagnetic fields. Interaction
between the closed AR magnetic fields and the open CH fields can calssliteitt some eruptive
events.

1 Introduction

It is often assumed that CH boundaries are sources of slawwihd. CH boundaries have
also been suggested as important factors in coronal eeuptignts, especially when they
are associated with ARs. Webb et al. (1978) found that moshetransients are related
to large-scale changes in CH areas and tend to occur on tdersasf evolving equatorial
holes. Kahler & Moses (1990) found that the boundary chaagesharacterized by events
of length scales: 2 x 10* km and time scales of 3 h. They interpret the boundary changes
in terms of magnetic reconnection. There anedent types of CH boundaries (Kahler &
Hudson 2002). The boundaries of CHs are quite irregulagctifig the structure of adjacent
photospheric magnetic fields. Small-scale changes in thetate of a CH boundary could
be seen from SOHEIT images to occur on a time scale of a few hours. However, the
main structure may be observed for several months and apfmeestate quasi-rigidly. The
maintenance of such a rigid open-field structure agairfigrdntial AR rotation could be
achieved by continuous reconnection between open andidiiese lines at the boundary of
the CH (Wang et al. 1996).

It is interesting to compare the evolution of the photosjgheragnetic field at CH-AR
interface zones as seen by MDI (Scherrer 1995) to that ofdlee sorona observed by EIT
(Delaboudingre et al. 1995) and Yohkoh SXT (Tsuneta et al. 1991).

2 Analysis and results

CHs are known to be the regions of open magnetic field, lowrardensity, and low tem-
perature. They are associated with weak, predominantlgoleri photospheric magnetic
fields (Bohlin 1997).

In Figure 1 the process of formation and evolution of a pesipolarity CH near the AR
NOAA 9026 during the period 2000, 5-7 June is presented. dpedw shows magne-
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tograms from SOH@DI overlaid with the CH boundaries observed in thetH®830 A
line (from Kitt Peak National Solar ObservatgP-NSO). The middle row represents the
AR and CH evolution in X-ray observed by Yok@&XT, and the bottom row shows their
evolution in the Fan 195 A line observed by EIT. In this area, there was no CH in the
Her line detectable on June 5. In some small regions of reducesitgieoverlapping, large
faint arc structures were seen. In X-ray a large region oficed density (X-ray coronal
hole) surrounded the AR. It forms sharp arc boundary strastuThe arcs connect the AR
negative-polarity fields with the positive-polarity phspieric fields at the boundary of the
X-ray CH. The general magnetic configuration changed littiél June 6. On June 6, X11
(13:30 UT), X23(14:58 UT) class flares, and several minor M &nclass events occurred
in NOAA 9026. These events resulted in changes of magnelicdanfiguration. The Feu
arc structures were destroyed, probably they reconnedtactiosed magnetic fields of the
AR and an open magnetic structure appeared (cf. Fig. 1 middlesecond image). A new
CH in the chromospheric Hdine was observed (second image in the top row in Fig. 1). The
post-flare X-ray arc increased and connected boundariég afgw positive-polarity CH and
a negative one on the other side of the AR, forming a large &estnucture above the AR.
Such structures are thought to be the sources of some ergstdnts. Six CMEs were ob-
served during June 6 and three CMEs on the next day inclugincghtlo CME. Possibly,
the halo CMEs were produced in that magnetic structure. Swigbtenings were observed
in the footpoints of the X-ray arc at the CH boundary. Charige=ronal arcs occur, and
the brightness could be attributed to changes in the phoésgpmagnetic field (Howard &
Svestka 1977).

An analogous process was observed during the period 1-7nNmre1998. An X-ray
CH was present during the whole period. The magnetic corstgur indicated by arcs was
stable until November 3. A great number of M and C class ewastsrred in the AR NOAA
8375. These events changed completely the magnetic fieftjoostion. A new positive-
polarity CH appeared in Heon November 3 on the unipolar region near NOAA 8375. A
new large structure of arcs was formed which connected thadaries of X-ray CHs at the
leading and the following parts of the AR. Possibly, the 2ME on November 4 originated
in that structure, and such an eruptive event resulted ifictmeation of an open magnetic
field structure on the following negative-polarity unipofagion, and a Hechromospheric
CH appeared on November 5. A huge helmet arc structure @gnig an AR and joining
positive-polarity and negative-polarity CH boundariessveaeated. The two halo CMEs
which were observed on November 5 were possibly associdtbdhvat magnetic structure.

The structure of photospheric magnetic network elementheéninterface zone ffers
strongly from that in the other part of the adjacent CH or thegregion. Figure 2 shows
the magnetic field evolution in NOAA 9026, in the adjacent GiHd in the CH-AR inter-
face zone. MDI magnetograms at 96 m cadence are used to staglyetic field changes.
Daily CH maps in He 10830 were obtained from the Kitt Peak &i&tl Solar Observatory.
The MDI data were converted to magnetic field strength adogrtb H(Gaussy1.232 +
2.816(pixel value). The positive-polarity magnetic fieleteage strength (thick line) and the
negative one (thin line) in the CH (Fig. 2b), in AR (Fig. 2chdain the zone between them
(Fig. 2a) for magnetic fields greater than 20 Gauss are prebenn the zone of CH-AR
interface fluctuations are significant, especially after tronal hole appearance. In this
region positive-polarity magnetic fields dominate as in@i¢ In Figure 2d, the evolution
of the ratio of the average magnetic field strength of pasigielarity and the absolute value
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Figure 1. Formation and evolution of the CH during the period 2000, 5-7 June. dwp magne-
tograms from KP-NSO overlaid with CH boundaries observed inH830 A (KP-NSO); middle row:
AR and CH evolution in X-ray (SXT); bottom row: evolution in ke195 A (EIT).

of the negative-polarity for all values of magnetic fieldshe AR (3), in the CH (2), and
in the zone of CH-AR interface (1) is shown. In the CH and CH-2Adte the imbalance
is much stronger than that in the AR, and the maximum coiscwdéh the time of the CH
creation above the photospheric region with unipolar,tp@spolarity magnetic field. Some
simultaneous variations are observed at the time of X-¢lasss on June 6.

3 Conclusion

The photospheric magnetic field structure in the CH part eoted with the AR dfers
significantly from that in the other parts of the CH. A CH - ARdrface zone is characterized
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Figure 2. Evolution of averaged line-of-sight magnetic field strength in CH - AR iatfzone of
NOAA 9026 (a), in the CH (b), and in the AR itself (c) for magnetic fieldsadee than 20 Gauss; thick:
positive polarity, thin: negative polarity; Panel d: magnetic field strengtalemce in CH (2), in zone
of CH-AR interface (1), and AR (3) for all magnetic fields. Abscissday in June 2000; ordinates:
absolute field strengths in Gauss (a, b, c), relative units (d).

by relatively fast fluctuations of the photospheric magnféilds. Emerging or cancellation
of magnetic flux, intensive motion of small photospheric metie fields may yield increased
instability, and shear or twist the footpoints of the colamagnetic fields. Such dynamic
processes increase the magnetic energy in the solar cdmeaaction between the closed
AR fields and the open CH fields can cause or facilitate somgtieeuevents. Andice
versa, magnetic fields eruption can form large-scale patterng;iwtontain open magnetic
fields. CH were formed within these open-field regions. Thepést layers of the solar
atmosphere are involved in such processes.

Acknowledgements. SOHO is a project of international cooperation between ESA and NASA.
NSQKitt Peak data used here were produced cooperatively by/NGRO, NASA/GSFC, and
NOAA/SEL. We are grateful to the Yohkoh team for supplying the SXT data.
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Evolution of the photospheric magnetic field in
the source regions of coronal mass ejections
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Abstract. Six coronal mass ejections associated with erupting quiescent filaments on the visible solar
disk were identified in data from SoHO (Solar and Heliospheric Observatory) LASCO (Large Angle
and Spectrometric Coronagraph), EIT (Extreme ultraviolet Imaging Telescope) and MDI (Michelson
Doppler Imager) data and ground-based Ha observations from Big Bear and Meudon observatories.
These events were analysed to investigate whether their initiations could be related to changes of the
underlying photospheric field. The results show that in five out of the six events, substantial changes
in the photospheric magnetic field occurred in the source regions prior and around the CME’s lift-off
times as identified from emerging/diminishing flux detected by MDI. In one event large magnetic flux
changes could be identified not in the source region itself, but in a neighbouring active region. The
results demonstrate that new missions, such as STEREO and Hinode (Solar-B) in conjunction with
SoHO and ground-based measurements, will provide joint data sets that have the potential to provide
new insight into the physical causes of CMEs.

1 Introduction

Large-scale transient releases of solar matter into interplanetary space occur in the form of
coronal mass ejections (CME:s) (e.g., Hundhausen 1999). CMEs are the causes of interplan-
etary shock waves, large-scale disturbances of the heliosphere, major geomagnetic storms
and solar energetic particle events (Webb 2000, Bothmer 1999, 2003). The physical causes
of CME:s are not understood so far and a variety of theoretical models exist having their
own advantages and drawbacks (e.g., Lin et al. 2003, Aschwanden 2004). CME:s are often
associated with the disappearance of a filament, as visible in Ho, EUV and micro-wave ob-
servations (e.g., Bothmer & Rust 1997, Bothmer & Schwenn 1998, Gopalswamy et al. 2003,
Tripathi et al. 2004).

Rather few studies have been undertaken so far using simultaneous space- and ground-
based multi-wavelength observations (e.g., Song et al. 2002). A study based on the com-
bined analysis of coronal and photospheric data suggests that newly emerging magnetic flux
in the photosphere can lead to the onset of a CME if the flux has a magnetic polarity which
is favourable for magnetic reconnection with the pre-existing field near the filament site
(Feynman & Martin 1995). However, it seems that eruptions can also occur in the absence
of any observable flux emergence (Wang & Sheeley 1999). In addition to the scenario of
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emerging flux, cancellation of photospheric magnetic flux has also been suggested as a trig-
ger for prominence eruptions and CMEs (e.g., Linker et al. 2003). Alternatively, CMEs
may be caused by large-scale instabilities of the corona, as in the case of instabilities of
trans-equatorial loops connecting different active regions (e.g., Zhou et al. 2005).

In a detailed analysis of SOHO data Tripathi et al. (2004) and Tripathi (2005) found
that transient post-eruptive arcades (PEAs) visible at EUV-wavelengths can be considered
as unique tracers of CMEs on the solar disk. From the database' of this study we have
selected those CME events which were associated with disappearing filaments exceeding
heliographic lengths of 10 degrees. Our set of six events comprises CMEs associated with
quiescent filaments from decaying active regions with less complex magnetic field structures,
contrary to the study of CMEs from active regions by Muglach & Dere (2005). The less
complex magnetic structure is useful for unambiguous interpretation of the data. With our
selection criterium we tried to minimize the problem of making false associations between
coronal and photospheric changes because the photospheric flux is ever varying on different
spatial- and time-scales, e.g., as visible from the observations of the small-scale bipoles of
the magnetic carpet, the appearances of X-ray bright points and active regions or the large
changes apparent in sunspot groups.

2 Data

For the present study, data from SoHO/LASCO/EIT/MDI (Fleck et al. 1995) were used.
Complementary, Ha ground-based data from Paris/Meudon? and Big Bear® were studied.

The source regions of the six selected CME events were defined by the heliographic po-
sition of the associated EUV PEAs visible at 195 A (Tripathi et al. 2004) overlying the
magnetic inversion lines separating the areas of opposite polarity magnetic fields in the pho-
tosphere. A rectangular box was fit to each region including the bipolar field regions and
quiescent filament. The evolution of the photospheric flux was investigated in this area and
also in the surroundings of the source region from a day before until a day after the onset of
the CME using MDI magnetograms with a time cadence of 96 min and thresholds of +200 G
allowing to identify significant changes of the field. The onset times of CMEs were obtained
by extrapolating the corresponding height-time diagrams based on the LASCO/C2 and C3
observations provided in the CME catalogue®.

3 Summary of the observations

On 12 of September 2000 a huge CME with a speed of of 1600 km s~! was detected by
the LASCO instruments around noon (Tripathi et al. 2004). Figure 1 left panel shows at the
top the associated filament on the solar disk observed in Ha and at 195 A by SoHO EIT,
followed by MDI-snapshots of the photospheric field in the CME’s source region.

The white arrow in the MDI images shows one of the two locations close to the filament
channel, to the East, where larger areas of magnetic flux of negative polarity (black color)

Thttp://vizier.u-strasbg.fr/viz-bin/VizieR ?-source=J/A+A/422/337
Zhttp://bass2000.obspm.fr/home.php
3ftp://ftp.bbso.njit.edu/pub/archive/
“http://cdaw.gsfc.nasa.gov/CME_list/
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Figure 1. Left Panel: Top to bottom: Ha observations showing the location of the disappearing
filament on 11/12 September 2000; EIT 195 A images showing the erupting prominence; 6 MDI
snapshots showing the intensity and polarity changes of the photospheric magnetic field in the source
region of the CME. Right panel: Same observations as displayed in the left panel for the CME event
on June 24, 1999.

had emerged within the area of pre-existing positive polarity (white color). From the inspec-
tion of the MDI data, the opposite polarity flux started appearing near 10:00 UT, i.e. prior
to the subsequent detection of the CME by LASCO/C2 after 11:30 UT. The appearance of
newly emerging flux near the filament channel, with a magnetic polarity favourable to stim-
ulate magnetic reconnection processes, corresponds to the scenario proposed by Feynman &
Martin (1995).

Similar observations are shown in the right panel of Fig. 1 for the CME event on 24 June
1999. Opposite to the previous event, no newly emerging flux could be identified in the
CME’s source region during the time interval from a day before until a day after the CME.
A close investigation of the field intensities near the magnetic polarity inversion line showed
that the flux intensities of both polarities were continuously diminishing in the course of the
event, in agreement with the scenario of magnetic flux cancellation (Linker et al. 2003). In
a different study of the same event by Zhang et al. (2001), the authors independently came
to the same conclusion.

In another type of event such as on March 5, 2000 (not shown here) no flux changes could
be identified in the source region of the CME itself, but new flux with a polarity favourable
to trigger magnetic reconnection occurred in an active region bordering the filament channel.
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4 Conclusions

For six CME events associated with large quiescent filament disappearances, simultaneous
multi-wavelength observations of the corona and photosphere were studied using data from
SoHO and ground-based observatories. Remarkable changes of the photospheric flux could
be identified close to the onset time of the CMEs in each of the selected events. According to
the characterization of the photospheric field changes, CMEs can be triggered through emer-
gence of newly magnetic flux with a polarity favorable to trigger reconnection processes in
an area with pre-existing opposite polarity flux or through the process of continuous cancel-
lation of magnetic flux, or through flux changes in a near-by active region neighboring the
filament site which destabilize the magnetic arcade overlying the disappearing filament.

Acknowledgements. This study is part of the scientific investigations of the project Stereo/Corona,
supported by the German Bundesministerium fiir Bildung und Forschung through the Deutsches Zen-
trum fiir Luft- und Raumfahrt e.V. (DLR) under project number 50 OC 0005. Stereo/Corona is a
science and hardware contribution to the optical imaging package SECCHI for the NASA STEREO
mission launched in October 2006. The work is further supported through EU-INTAS project 03-51-
6206 ’Solar and interplanetary disturbances causing severe geomagnetic storms’ and through project
P0O20060453 with Praxis, Inc., Washington, D.C., USA as part of the SECCHI project. DT acknowl-
edges the support from PPARC.
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Abstract. We extend our earlier studies of two-dimensional prominence imagingniyltaneous
observations of the Hefand H3 emissions at the 1 m SST on La Palma. The observed small spatial
variations of the He BYHg ratio indicate rather homogeneous physical conditions within prominences
Sub-regions do exist which show a largely uniform ratio in spite of subatapatial intensity varia-
tions. Here, the fine-structures will exhibit almost uniform physicalditions. In other regions with
variations of the ratio parallel to the emissions, the structures will hdiereint intrinsic physical state.

1 Introduction

A powerful diagnostics of physical conditions in prominegds the ratio of total line emis-
sions, i.e. tha-integrated intensities. Model calculations of the enoissatios Car 8542Hg
(Gouttebroze et al. 1997) and Heg/Big (Labrosse & Gouttebroze 2001) showed the depen-
dences on temperature, pressure and slab-widths. Thevabearof such integrated intensi-
ties does not require the use of a spectrograph, but may welbbe with narrow filters, just
wide enough to also cover Doppler shifted profiles. This érsd substantial decrease of the
exposure time, thus higher spatial resolution and, hehedntestigation of fine-structures,
hardly visible in spectra. Wiehr and Stellmacher (1999) &tellmacher and Wiehr (2000)
observed simultaneous images ini{8642 and I8, here we present such observations in
He D; and Hs.

2 Observations

On July 14 and 15, 2003, we observed with the 1m SST on La Palmaug quiescent
prominences simultaneously in Hg Bnd H3 using a dichroitic beam splitter. The exposure
time was set between 0.1 s and 0.25 s, accounting for theidi@divprominence brightness.
Image motion was minimized using the correlation trackeahefSST, set to a nearby white
light limb facular grain as lock-point. The raw images wemgrected for the dark and
the gain matrices; the underlying aureole was determinewh fhe neighborhood of the
respective prominence and subtracted.
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Figure 1. Prominence at the east limb, ®5 on July 14 (left) and 15, 2003, taken at the SST in
the total emission of Bl (upper), He @ (middle) together with the two-dimensional ratio maps (lower
panels); the white rectangles indicate sub-areas selected for the dogtenown in Figs. 2 and 3.

3 Results

At the high spatial resolution achieved in the two-dimenaialata (Fig. 1), we mostly find
small spatial variations of the He;fHg emission ratio over the prominences.

For a more detailed discussion, we give scatterplots ofiieson ratio versus the He;D
and, respectively, thegtotal intensities. These scatterplots show a clusterirdptd points
indicating the spatial prominence structure in the resgesub-region.

This clustering is well seen in histograms obtained by irgtggg the scatterplots along
their ordinate (panels on top of the scatterplots). Distimaxima of the intensity histograms,
marked by vertical lines, frequently occur in prominencg®l{imacher & Wiehr, 2000) and
are attributed to dierent numbers of threads along the line-of-sight.

Interestingly, such pronounced spatial brightness straaloes not necessarily occur in
the ratio of the emission lines which, instead, is often fbom be largely constant, even
in regions with substantial intensity variation. In thesses, the prominence structure is
similar in both lines, thus resulting in a largely uniformisgeion ratio.
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Figure 2. Scatterplot of the He PHB ratio versus the total intensities of Hg Pmiddle) and 8
(right panels) for the marked sub-region in promineng&5E from July 14, 2003; cumulations of
data points are indicated by vertical lines in the corresponding numbet] Hi8tograms (at the top,
obtained from integration along the Y-direction); the ratio histogram (at tesitke, obtained from
integration along the X-direction) shows a rather small range, in spitegeliavarying He Q and H3
intensities, indicating prominence structures of almost equal intrinsidgaiysate .
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Figure 3. As Fig. 2 but for the same prominence on the next day; the ratio histofjedthshows
distinct values for each emission cumulation, indicating structuredfefent intrinsic physical state.
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Figure 4. Frame-selected &l image of a
highly structured, faint prominence obtained
at the VTT with a 2A filter; pronounced
structures only occur in faint, hot promi-
nences (cf., Stellmacher & Wiehr 1994) and
exhibit substantial temporal variations (see
Engvold 1997) .

4 Conclusions

The model calculations by Labrosse and Gouttebroze (208dy shat mostly the gas-
pressure fiects the emission ratio, whereas temperature and slalb-héde a much smaller
influence. However, the pressure would have to vary untezllly fast if responsible for
the time variation also observed for the emission ratio. déenve alternately suggest an
influence of the ionizing EUV radiation, required to popeal#ite helium triplet system from
the (singlet) ground state. The respective (504A) EUV phstwill penetrate into the promi-
nence depending on the ‘packing density’ of the promineteeires (cf., Fig. 4): denser
structures will thus show less Hg@mission. The structuring, in turn, is known to exhibit
fast variations (cf., Engvold, 1997).

[The complete discussion of the observations will appe&atar Physics’.]
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Abstract. We study the properties of Doppler shift oscillations observed in hot coronal loops by
SoHO/SUMER. These oscillations have been identified as magnetoacoustic slow mode standing waves
and may be an important magnetic field diagnostic for the oscillating loops. Visual inspection of the
SUMER data suggests that one in three microflares trigger oscillation. So for an average active region
we can expect several oscillation events per hour. To study the statistics of the oscillations, automatic
identification and classification of the events is required. We have performed a Wavelet analysis on a
12 hour time series of SUMER Fe xix data and find that almost all of the oscillation events in the data
set are identified by this technique, with very few false positives. The method is expected to be useful
for the analysis of future Ca xvu and Fe xx1v spectra of microflares observed with HINODE/EIS.

1 Introduction

SoHO/SUMER has recently revealed standing slow mode oscillations in hot (6-8 MK) coro-
nal loops (Wang et al. 2002; Kliem et al. 2002). The search for coronal loop oscillations is
motivated by the variety of information they can provide us with. Doppler shift oscillations
give us information on the excitation site, the excitation mechanism, the energy dissipation
and the coronal magnetic field. The magnetoacoustic waves are only seen in hot flare lines,
such as Fe xix, with a formation temperature above 6 MK, without any signature in cooler
lines. Analysis and conclusions on coronal loop oscillations are limited because SUMER is
only able to observe at the solar limb and is not able to raster across the loop structures. The
HINODE mission will give us the possibility to make high cadence imaging and spectral ob-
servations of active region loops at any position on the Sun, and thus will provide us with the
loop geometry and oscillations characteristics at different loop positions in a wave period. In
order to understand the properties of these oscillations we will carry out a statististical study
using the wavelet-based method. We would like to determine the percentage of active region
microflares that trigger oscillations, find which modes are excited, their periods, damping
times as well as the range of temperatures of the lines in which we observe them.

2 Observations

The spectroscopic observations of the active region AR 9176 with a hot loop system have
been obtained by SUMER in the sit-and-stare-mode on September 16-17th, 2000, with an
exposure time of 1.5 min (Fig. 1). Time series in five spectral lines, Fe xix 4 1118 (6.3 MK),
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Figure 1. EIT 195 A image of the observed active region showing the position of the SUMER slit.

Caxv 21098 and 11110 (3.5 MK), Caxm 4 1134 (2.2 MK), and Sim A 1113 (0.06 K), were
recorded and after processing the raw data line moments have been computed. The Doppler
oscillations are seen in the hot Fe xix line coinciding with the flare like brightenings typical
for this line.

3 Data Analysis

We use the wavelet-based algorithm A trous ("with holes™) (Fligge & Solanki 1997; Starck et
al. 1998) to help identify the oscillations in the velocity time series (Fig. 3). A trous reduces
the noise by local thresholding on wavelet coefficients at each scale. First we determined
the noise in shift, A, at each position and time pixel by evaluating the error in the center of
gravity of the line using the error propagation law 0%(1,) = 0>(I;)(01,/A1;)?, and assuming
a Poisson distribution of the noise for the intensity o(/;) = +I,. In order to find the noise
wavelet coefficients at each scale, we applied the A trous algorithm to the relative error time
series, using the same parameters as for the data. After identifying those wavelet coeffi-
cients that are significantly non-zero against the noisy background, we have used the Morlet
wavelet transform to find the power of the wavelet coefficients and to reconstruct the time
series at each pixel, filtering out oscillations with periods under 6, and above 15 minutes.
To make this method automatic, all the criteria must be of general form giving acceptable
results for any chosen time series.

4 Conclusions

We have developed a technique, based on the discrete wavelet algorithm A trous and a sub-
sequent Morlet reconstruction, allowing automatic extraction of coronal loop Doppler shift
oscillations. We have tested this method on a 12 hour time series and found 22 clear cases
of oscillations (Fig. 3 ). Their occurrence coincides with about 33% of the microflare events
typical for the line Fe xix (Fig. 2), they are usually not seen as oscillations in the intensity
map. Our method has been shown to be reliable in the analysis of the subsequent three day
long SUMER time series.
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Figure 2. Intensity of the Fe xix with the contours defining the position of the Doppler shift oscilla-
tions.
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Figure 3. Corresponding Doppler shift map after denoising using A trous algorithm and after Morlet
reconstruction.
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Abstract. We present an application of the magnetic stereoscopy tool to the cdoopal observed
by TRACE in the active region NOAA 8891. Designed for the newly laudcBEEREO mission, this
tool aims to reconstruct the 3D geometry of coronal loops. Takingradge of the solar rotation,
two TRACE images observed one day apart are looked as STERE@-8HEREO-B EUVI images.
Combining with the extrapolated magnetic field lines in the corona from phio¢ospMDI data, the

3D geometry is reconstructed with the identified loop pair.

1 Introduction

The STEREO mission for observing the Sun-Earth system samebusly from two dierent
viewpoints, provides us a good opportunity to reconstrbetthree-dimensional geometry
of coronal loops which are important to obtain more precisgsizal parameters along the
loop, then to test loop models (Aschwanden et al. 1999). retedoop properties are needed
to reproduce loop oscillations and to use them to measumabmagnetic field strength.
Due to the high electric conductivity in the corona, loopslina the magnetic field lines.
Therefore, 3D geometry of coronal loops are of fundamemgloirtance for studing the
associated magnetic field.

Wiegelmann & Inhester (2006) developed a magnetic steopystmol which combines
pure geometrical stereoscopy with the local magnetic fielehtation from dfferent mag-
netic field models. However, this tool has only been appleed model active region from
which they computed artificial loops as seen from twidedlent viewpoints. In this work, we
apply the magnetic stereoscopy tool to real TRACE and SOHI data. This represents a
test of the method to solar datfiected by noise, instrumental artifacts, etc.

2 Observations and loop identification

The investigated active region NOAA 8891 was a long-livedatively quiet one which is
shown in the white box marked in Fig. 1. Figure 2 shows two Ehages of this active
region recorded by TRACE in the 171 A wavelength band (Hartdyl.e1999) about one
day apart, one on March 1st, 1422UT, 2000 and the other onhvard, 1744UT. We can
regard these two TRACE images as approximations of the EbiWge pair from the two
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Figure 1. SOHQMDI line of sight magnetogram observed on March 1st, 1535UT, 2080 MOAA
8891 located in the white square.

Figure 2. Hand-traced loops (dafled lines, see internet version for colours) marked with numbers
on the filtered TRACE 171 A images observed on March 1st, 2000, 1%2Rift) and March 2nd,
2000, 1744UT (right). In the left image, the white line is segmented out inother TRACE image
observed on March 1st, 1351UT, and then transformed with propedic@ates onto the March 1st,
1422UT image.

STEREO spacecrafts. To enhance the faint loop structurdeitwo TRACE observations,
high-pass filtered images are created by subtracting a smdomage from the original
image. Subsequently the loops are traced out in the filtenadés and marked in Fig. 2. In
fact the right part of Loop 0 in the left filtered image is iribig, thus a white line is shown
as a reference of the direction of Loop O.

3 Magnetic field extrapolation and field line projection

Usually, coronal magnetic fields cannot be measured dyredtherefore one has to ex-
trapolate them from photosphere magnetic observationgause of lows values in the
lower corona, the magnetic field can be considered forae-fve use the method of See-
hafer (1978) to extrapolate the linear force-free field fIe®@HQMDI line-of-sight magne-
tograms. We have computed the linear force free field modedSodiferent values ofy
varied from-0.0156 Mn1? to 0.0156 MnT*? (the value ofr increases by .1 x 10° at every
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Figure 3. Projection results of the extrapolated 3D potential field lines along two TRAGE direc-
tions. The leftimage is for the viewpoint on March 1st, 1422UT, 2000thadight one on March 2nd,

1744UT.

step). In total, 4183 field lines are stored in an initial a@amagnetic field group because of
the randomly selected starting footpoints of the field lin&8 the field lines are then pro-
jected onto both TRACE images to be compared with the idedtifiops shown in Fig. 2.
As an example the projected potential field lines are givefign 3.

4 Magnetic stereoscopy

A clear association of loops in two TRACE images is very intpot before the stereoscopic
reconstruction. To quantify how good the correspondendeigeen a loop combination
from both TRACE images, we introduce a quantiy, .(b) which shows the average dis-
tance of a certain field linkb to one loopL, in image AC_,(b) and to one loof.g in image

B C.,(b). For each loop combination, an optimais found from the total 4183 field lines
which minimizeC,,,(b). The smaller this minimur,, . (b) is, the better the loop combi-
nations associate with each other. In this way we find th&lnisults of possible loop pairs
and their best fitting field lines to which further results egéerred. Because the starting
points of the calculated field lines are randomly selectatitae interval of the 4% val-
ues is not small enough, we are aiming here to find some mocéspreandidates which fit
the loop pairs even better. We calculate additional fielddiwith their footpoints focussed
near the footpoint of the optimal field lines found so far arithwmallera interval. Then
comparing all these 2585 new field lines with the loops trdoaich Image A and Image B,
we obtain a more precise result. Possible loop pairs aedlist Table 1. A stereoscopic
reconstruction for the most possible loop pair (0,0) areshim Fig. 4 with the aid of the
best fitting field line b(0,0). In the right panel, we also icatie the reconstruction error bars.
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Table 1. List of the possible loop pairs andvalues of the field line best fitted with each loop pair.

Loop pair Loop No.(Image A) Loop No.(Image B) C,, ,(b)(arcsec) ol

1 0 0 1.54 -1.2
2 1 1 3.08 -1.5
3 1 2 3.45 -1.5
4 2 3 4.63 -1.2
5 4 4 6.36 0.8

Figure 4. Magnetic stereoscopy of loop pair 0-0. Ligellow points give the solution of the 3D
reconstruction, the dafied line is the best fitting 3D magnetic field line. The right panel shows the
reconstruction error bars at five points in the 3D magnetic field line. (Seénthrnet version for
colours.)

5 Conclusion

We reconstruct the 3D loop structure for one loop pair ideatifrom two TRACE images

observed one day apart with the help of the extrapolatediiferce-free magnetic field

lines. This work will be applied to the STEREO data in the niedinre. We expect that

better stereoscopic results can be obtained also with ammated loop segmentation tool
and with a better magnetic field model.
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Observations of a flaring active regioninH  «
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Abstract. A 40 min time series of the active region NOAA AR10875 was obtained oril Rpt",
2006 under very good seeing conditions using the nedttiGgen” Fabry-Perot interferometer at the
German Vacuum Tower Telescope, Observatorio del Teide, Ten&hfeHy line was scanned giving
two-dimensional images at 21fférent wavelength positions with a cadence-&0 s per scan. After
speckle reconstruction the spatial resolution achieved was bettertBanThe data provide a unique
possibility to study the temporal evolution of a pre-flaring, flaring and flasiag solar active region
in He. From the analysis of the present spectrometric data set we expeatamipadvances in the
understanding of An waves, dynamics of fibrils and filaments and the physical nature efghmmid
structure seen in the core obAHHere we present first results from this data set.

1 Introduction

The solar chromosphere is highly dynamic. Since its disgoirethe 19th century it has
remained a lively field of research (e.g., Innes et al. 200®)this part of the atmosphere
the plasma changes frong > 1 in the photosphere 1 < 1 at larger heights. Thus, mag-
netic fields, emerging from deep layers and moved around,dsieninating the processes in
higher layers. Especially when seen in Hpart from being fascinating, the rich structuring
and fast events as a result of magnetic field reorganisatidrchanges of energy are well
observable. The interaction between the gas and the madimddi is expected to be a rich
source of Alf\en waves. Here, we present two-dimensional (2D) spectpisttr obser-
vations of a complex, active region exhibiting the full ey of structural dynamics in long
fibrils and sigmoid structures. The high spatial and tempeslution of our time sequence
allows to scrutinize the wealth of processes occurring éndfiromosphere.

2 Observations and data analysis

The solar AR10875 was observediat 0.59 on 28' April, 2006 with the upgraded @Gtingen
Fabry-Perot interferometer (Puschmann et al. 2006) at dveatvm Tower Telescope (VTT)
on Tenerife. The observations have been supported by tipeKireuer Adaptic Optics Sys-
tem, KAOS (von der Lihe et al. 2003). 126 spectral scans through thdikt, taking nar-
rowband images (FWHM 55 mA) at 21 individual wavelength positions. The stepwidth
wavelength was 100.7 mA, the exposure time 5 ms, and the fisiéw (FOV) ~ 77’x58",
with an image scale of/Q12/pixel.
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Figure 1. Active region NOAA AR10875 at

1 =0.59 observed with the upgradedtingen
Fabry-Perot interferometen) Speckle recon-
structed broadband image at 6300 A. The spa-
tial resolution is better than’8, the FOV is
~63’x47’. b) Reconstructed narrowband im-
age in Hy line centre (spatial resolution better
than 0’35, see Fig. 3 for the white line}) Re-
constructed narrowband image atH1 A off

line centre.

Broadband data have been taken strictly simultaneously thié narrowband data by
imaging through a broadband filter (FWH¥B0 A) centred around 6300 A. This allows
post-facto image reconstruction to achieve high spat&dltgion on each spectral position.
The temporal cadence between each scanwiss, spanning in total 40 min. The seeing
condition during the observations was very stable with ad-parameter up g~ 30cm.

To obtain highest possible spatial resolution in the breadtimages, we used the mod-
ified version of the @ttingen speckle reconstruction code (de Boer 1996; Puschr
Sailer 2006) that takes into account the field dependengcition of the adaptive optics. The
narrowband data have been reconstructed following the adet Keller & von der lilhe
(1992), using the information of the broadband image (s&®Béllo Gonalez et al. 2005).
To remove remaining jitter within the time sequence, allgesin broadband and at every
He line position were co-aligned with a correlation method.

3 Results

In Fig. 1 an example of a speckle reconstructed broadbandeiméthe observed active
region is presented. It harbors the lower part of a large matngith many bright umbral
dots, several small spots with distorted penumbrae, anglspdviany intergranular bright
points are visible.

A large variety of diferent chromospheric features, like fibrils, dark filamemis a sig-
moid like structure, emphasizing their dynamics, are saehe line core image shown in
Fig. 1b. Finally, in Fig. 1c the reconstructed narrowbandgde near the blue continuum is
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Figure 2. a)-f) Temporal evolution of the active region NOAA AR10875 at the line centrel®
starting at 08:53:45 UT with a cadence of 6.6 min.

presented, where we observe network bright points and dankdint whose strong blueshifts
indicate fast upward flows.

Figure 2 gives an impression of the high dynamics of chrotesp features presentin the
FOV. Different line centre images are shown at 6 equidistant tithes §.6 min) covering
the entire time series of 40 min. The occurrence of several #izents is observed. In Fig. 3a
we follow such en event in time, presenting the temporalgiah of the line centre intensity
in the stripe indicated by the white horizontal line in Fig. 10 consecutive spectral profiles
(At=19 ) corresponding to the part with the temporally most eggdorightening reveal the
change from a normal weak umbral absorption profile to an gorigrofile during such a
flare event. We measure an increase of the line core intdmsitp to 400% compared to the
starting profile in less than 40 sec and a slow decrease oifnthedre intensity afterwards.
At the same time of this sudden increase, the intensity als@ases at some "18listance
(to the right in the upper panel of Fig. 3).

4 Conclusion and outlook

At this first inspection, the excellent quality througho tentire 40 min time series is re-
vealed. This gives an opportunity to study théelient chromospheric features and their
dynamics present in the FOV at smallest scales and to andigizaelation to the structures
rooted more deeply in the photosphere. The motions of filfiilsnents and the temporal
changes of the sigmoid like structure as well as severalrebdesolar flare events will be
addressed in further studies. Velocities will be determiftem the Doppler #ect, and with
the help of models, physical properties will be inferred.e Bearch for Alfén waves and
an in-depth analysis of “fast moving dark clouds” as foungiavious works (&nchez-
Andrade Niio et al. 2005) will be a further interesting topic of futuesearch.
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Abstract. Spectral observations of the 26 June 1999 flare (etal. 2004) presented a unique oppor-
tunity to compare fects of thermal and non-thermal mechanisms of excitation on profilBalafer
series and Ca 8542 A lines. The radio spectra and HXR flux demonstrated indirect esidef the
non-thermal beamfiect on the chromosphere during the flare (Kashapova et al. 20@5¢owpared
the line profiles in the flare kernel associated with the influence of nomti@lectron beams with the
"only thermal” kernels. Results are discussed both from their obsenzdtmd theoretical aspects.

1 Introduction

Nowadays it is accepted that the solar flare energy is ihiti@leased in the corona and
then transported by various means from the primary relesecs chromosphere. The

high-energy particle beams are the fastest afieictive transportation agents. This type
of emission excitation is called non-thermal. Howevergdiastics of the lower atmosphere
response to the particle beams still remains an unsolvdderoof solar flare physics.

Many of the investigators (Fang et al. 2004; Heinzel 2008satered the hydrogen and Ca
lines as dominating diagnostic tools to study the energyhaisms in the solar atmosphere.
However, the obtained results are not based on any wellatbfirethod. Thus, simultaneous
observations in i and in Car 8542 A revealed the fact of opposite asymmetries at the same
moments of the flare (Mein et al. 1997). The theoretical satiohs (Ding & Fang 1996)
showed that under downwards motion the lihe profiles will be sensitive to the location of
the moving region (from top to deeper layers) while thai®aline will not. The deeper the
moving region the more significant was thigeet.

The solar flare on 26 June 1999 consisted of three phases. athéht we found an
indirect evidence of accelerated non-thermal particlertssir only the second phase of the
flare, allowed us to distinguish the emission kernels adngrth mechanisms of excitation
and compare the characteristics of profiles of the BaimeiGmd8542 A lines observed by
the Ondejov Multichannel Flare Spectrograph, hereafter MFS.
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Figure 1. Position of HXR source obtained by Yohkoh Hard X-ray Telescopar(ffy:17:12.214

to 07:17:39.714 UT) and the dHslit-jaw image of the flare taken at 07:23:18 UT (shaded area) as
projected on images in the 1600 A band at 07:17:15 UT and 07:28:45 Ui (&ti to right). The

L band (13.9 - 22.7 keV) and the M1 band (22.7 - 32.7 keV) are pthtky dashed and full lines,

respectively.
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Figure 2. Top: Composed Hline spectrogram, hi slit-jaw filtergram, Hr line and Car 8542 A line
spectrograms (from left to right) taken by MFS at 07:08:53 UT (the finstse of the flare - thermal).
Bottom: Hr, HB and Car 8542 A intensity profiles. The type of line corresponds to the scan position
as marked on the top panel. The solid and dashed lines are the quiet aegidgabulated profiles,

correspondingly.

2 Effect of non-thermal electrons: discussion and prelimin ary conclusions

As can be seen in Figure 1 at the 1600 A image the emissionlkerssociated with the HXR
source were compact and bright at 07:17:15 UT (the moment® Hux rising). But at
07:28:45 UT the intensity of the kernel decreased and thetstre became ffuse. We can
see only one bright point in this kernel. Possibly, this pomrresponds to the real location
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Figure 4. The same as in Figure 2 at 07:23:42 UT (the second flare phase - norather

of the HXR source of electron beam with energy larger than€2 Khe emission visible in
all the studied lines is stronger in the non-thermal keraslsompared to the thermal ones.
In the flare kernel associated with the thermal processegsi@s 2 and 3, we can see a red
asymmetry in the Balmer series lines as well as in tha 8842 A line. Possibly, it can be
ascribed to the gentle evaporation of the flare plasma omtadhductive heat flux.

Apart from this fact we can observe that in the non-thermahdis the red asymmetry
can be seen only in the Balmer lines while in then@542 A no line profile asymmetry is
visible. The apparently fierent form of asymmetries inddand Car 8542 A at this flare
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Figure 5. The same as in Figure 2, but obtained at 07:59:35 UT for the flare kariseh during the
second flare phase.

kernel might be explained by a lower location of energy rsteand by a hydrodynamic
process beginning in the chromosphere.

Based on the above result we can conclude that in the nomé#hd&ernels the red asym-
metry can be seen only in the Balmer lines while then®542 A line profiles are still
symmetric. Quite the contrary to this behavior, the emissibserved in the flare kernel
associated with the thermal excitation processes denatedta red asymmetry both in the
Balmer lines and in the Ga8542 A line. Such properties revealed from simultaneousmebs
vation are attractive tools for investigations of non-that processes that imply the energy
transport to deep layers of solar atmosphere.
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Abstract. The Russian solar observatory CORONAS-F (Complex ORbital Observations in Near-Earth
space of the Activity of the Sun) was launched on July 31, 2001 into an orbit with inclination 82.5°
and altitude 500 km. CORONAS-F operated until December 12, 2005, when its altitude had decreased
to 350 km. One of the prime objectives of the SONG (SOlar Neutrons and Gamma-rays) experiment
aboard CORONAS-F was to measure neutron fluxes and hard X ray (HXR) and y emission produced
by solar flares, providing important informations about particle acceleration processes in the Sun. Very
interesting, SONG measurements (22 flares with the X-ray energy > 80 keV) in this respect were taken
in 2005, close to the solar activity minimum, when a significant number of flares occurred on the Sun,
which could be measured well isolated from other events. These measurements were compared with
data obtained from the RHESSI mission during the same time.

1 Introduction

The temporal evolution of soft X-ray (SXR), hard X-ray (HXR) and y-ray emission pro-
duced on the Sun and their energy spectrum in a wide energy interval provide us with the
most direct information about particle injection and acceleration processes in solar flares. It
is well known that the solar flare X-ray and y-ray emission is the result of charged particle
interaction with the solar atmosphere - the superposition of electron bremsstrahlung con-
tinuum and y-ray line emission (e.g., Ramaty et al. 1988; Ramaty & Mandzhavidze 1994).
The observed HXR- and y-ray spectrum showed that the charged energetic particles were
accelerated up to rather high energies (E > 300 MeV) during the flare. Of course, recent
experimental and theoretical studies show that interplanetary shocks driven by coronal mass
ejections (CMEs) play a major role in accelerating SEPs (e.g., Cane et al. 1988; Berezhko et
al. 2001), but solar flare HXR and y-ray hardness data are very important in estimating the
possible damage that may be caused by a given flare to technical systems.

2 Experiment

One of the main goals of the Russian solar observatory CORONAS-F (Complex ORbital
Observations in the near-Earth space of the Activity of the Sun) was to measure solar X-ray
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and y-ray emission and to study its connection with solar energetic particle events and CMEs
(see Kusnetzov et al. 2002).
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The SONG (SOlar Neutrons and vy rays) instrument, consisting of a large CsI(T1) crystal,
detected X-ray and y-ray emission over a wide energy range: 0.03-200 MeV. Neutrons are
detected due to their interactions with Cs and I nuclei. For the identification of neutrons on
the background of y-ray flux the dependence of the pulse shape in CsI(TI) on the relative ion-
ization of the particle is used (Kusnetzov et al. 2004). In this paper we present results related
to this goal obtained near the minimum of the last solar activity cycle. Many powerful solar
flares took place during the year 2005 when the sunspot number was relatively low (near 45-
60). Information about flare high energy electromagnetic emission during such conditions
in the solar atmosphere is very important for better understanding solar flare physics.

3 Observations and data analysis

It is well-known that CMEs are among the main drivers of space weather (e.g., Gopalswamy
2006). Though a large part of CMEs are associated with flares, their connection is not yet
clear. It is also known that the Sun is the most energetic particle accelerator in the solar
system, producing ions of up to tens of GeV and electrons of up to tens of MeV. So, the data
obtained by the SONG-experiment about HXR and y emission, which permit us to estimate
the flux and spectra of charged particles accelerated in the solar atmosphere, are useful.

The duty cycle for the detection of solar flares on board CORONAS-F was about 40%
— a result of its orbit parameters. So some major flares during 2005, January - Septem-
ber were lost or measured only partly. However, 22 flares were detected, with HXR emis-
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sion with energy > 80 keV, eight of them with y emission with energy > 750 keV. Not all
of them were measured in detail by the RHESSI experiment, see the RHESSI flare list

http://hesperia.gsfc.nasa.gov/hessidata/dbase/hessi_flare_list.txt,

e.g., the powerful flare of January 1, 2005 (SXR-class X1.7). Its temporal evolution in
various energy bands is presented as an example in Fig. 1. Comparing and using SONG
and RHESSI solar flare catalogues together may be useful for detailed investigations of high
energy neutral emission of solar flares.

y-ray observations of the solar flare observed by the SONG and RHESSI experiments
during 20 January 2005 provided two different signatures of the interaction of high energy
ions in the solar atmosphere: y-line emission and y emission due to 7° decay, like for the
October 28, 2003 and November 4, 2003 flares (e.g., Veselovsky et al. 2003).

Characteristics of the SONG flare (detection time, highest y-ray energy channel) as well as
SXR GOES characteristics are presented in Table 1 (here Fig. 3). We can see that y emission
was observed not only in major flares of GOES X-class in SXRs. About 30% of the flares
with HXR and vy emission were only GOES M-class (less than M5) in SXR. Such hard spec-
tra of energetic neutral emission show that the charged energetic particles were accelerated
in these flares up to rather high energies. With respect to the HXR emission detected during
some of C-class flares, especially the C9.3 flare on May 06, 2005 was impressive. The time
evolution of HXR emission obtained by SONG for this flare is presented in Fig. 2. This flare
and its possible role in space weather effects were discussed in Myagkova et al. (2006). We
note that significant flux of HXR-emission is rather unusual for C-class flares and during
more than four years of CORONAS-F operation the significant flux of HXR-emission was
detected only in two C-class flares.

Figure 2. HXR emission measured by SONG
experiment aboard CORONAS-F satellite dur-
ing the solar flare of May 6, 2005 (background
subtracted).
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4 Summary and conclusions

In this paper we have presented observational results regarding HXR and y-emission obser-
vations obtained by the CORONAS-F spacecraft (SONG instrument) during the year 2005.
Measurements of solar flare HXR- and y-ray emission permits one to estimate the hard-
ness of the flare emission in order to better predict the possible damage of technical systems
that can be caused by flares. In four of the events y emission with energy up to 100 MeV and
more was detected. We have observed several major solar flares during January and Septem-
ber 2005 in hard X ray and y ray onboard the CORONAS-F satellite (SONG experiment)
and presented most of them. We observed two distinguished phases in y-ray emission in the
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powerful flare 2005, January, 20 SONG data, demonstating that solar HXR- and y-emission
monitoring is important during all phases of the solar cycle.

H|ddm| SHR-flae UT SONGUT [SXR- |Coordin| AR |Max E [RHESSI| SONGdata Figure 3. (: Table 1) Solar
m  [(GOES) start-mact- | (42-80keV) [class |ates MeW data conmnents

HXR- and y-ray flares detected

finish, Wz
91 01[ 000100310079 | 00270737 | K17 |WO6E34 0715 | 26 | o by SONG (CORONAS-F) from
1401| 21.08-2126-21,3 | 21:16-21 24 |M1 9 |N14EID|0720 | 02-0225| yes | some shit peaks January to September 2005.

1501( 00:22:0043-01 .02 | 00320042 | X1.2 | N14B08|0720 | 2250.75| yes | middle latiodes
1501| 05:54-0638-07:17 | 06:24-06 532 | M&.6 | N16E04 | 0720 | 08-0225) partly | ERB till 06:24
1501 22:25-2302-23:3] | 20:38-2055 | X2.6 |H1SWO0S5|0720 | 2250.75] yes in polar cap

1701| 06:59-09:52-10:07 | 09:06-1000 | 38 [HISWZS|0720 | 2-6 | patly | ERE after 09:15,
shade till09:52
7 |1501| 08:050822-08:40 | 08.0808:15 | X1.3 INISWSI 0720 | 08-0225| partly | shade till0E0Z
8 [2001] 06:36-0701-07:25 | 09:47.0958 | X7.1 |N14W51 0720 | 90-150 | yes
9 [2101] 10:10-10:16-10:19 | 10:14-10:16 | 1.7 |N19WB1[0720 | 225-0.75| yes
1006 05| 03:05-03:14-06:21 | 03:07-03:12 | C9.3 |S04W71|0758 | 080225 wes hard HER

11 (16 06| 20:01-2022-20:42 | 20:50-2053 [M4.0 INWWSO 0775 |.08-0225| yes | After SXR peak
12(14.07|05:57-072507:43 | 07:220724 | M9, |[NOFWS0|0785 | 2-6 ne
13[2807) 21:39-2208-22:24 | 21:45-21 55 | M4.8 [NO9E32|0752 | 080225| ne
143007| 06:17-0635-07:01 | 06:120828 | X1.3 | N12E80|0752 | 2250.75] wes
15 (2206 16:46-1727-18:02 | 17:00-1724 | M5 6 | S13WS 0756 | 08-0225 yes | ERE 17:07-1711
16 [2306] 14:19-1444-16:06 | 14:36-1440 | M2.7 |S14W20| 075 | 225-0.75 yes
17[0708| 17:17-1740-18:05 | 17:30-182% | X17 |S11E77|0B08 | 2-6 yes | shade till 1750
181028 05| 16:43-1703-17:11 | 16:59-1701 |M2.1 | S12E74 | 0808 | 22350.75 yes
19102 05| 20.52-21 06-21:17 | 21.04-21 06 | X5.4 | S12E75 | 0808 | 08-0225| mo small peak

|20(05 09 19:13-2004-20:35 | 20.00-20:16 | X6.2 | S12E67 (0803 | 2.6 | partly | shade til2000
21 [1005| 21:30-22:11-22:43 | 21:45-22:15 | X2.1 |S13E47|0808 | 0.752 | yes
22(1205|08:37-0903 05:20 | 08:450849 | M6 2 | S11E25 |0B08| 2-8 | patly

o w| &) w| | —

We emphasize that CORONAS-F and RHESSI data of solar HXR and y emission are a
good database for HARD NEUTRAL EMISSION INDEX of solar flares creation. Com-
paring such new HXR-index with SXR one will be very useful at least for the priliminary
estimation of spectral shape of total solar neutral emission.
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Abstract. Inversion techniques are presently the most powerful tools to dedageetic, dynamic,
and thermal properties of the solar plasma from polarization line profilesreliability and robustness
of Stokes inversions have been confirmed many times by means oficahtests. Part of the solar
physics community, however, is still worried about the uniqueness obltkened solutions. In this
presentation | clarify the scope and the limitations dfedient Stokes inversion techniques and discuss
the challenges for inversion techniques for the near future.

1 Introduction

Inversion techniques (IT), i.e., the automatic way to refaoin observations to atmospheres,
have been frequently used during the last three decadesathi of information about IT
is available in the literature. Among others, the followixgellent reviews about IT are to
be mentioned: Wood & Fox (1995), a general review about Bisarmethods in spectropo-
larimetry; del Toro Iniesta & Ruiz Cobo (1995, 1996, 199@y,isions of least square IT with
special weight on error estimation and the gradient detetitin problem; Socas-Navarro
(2001), a revision of most recent developments of Stokesr&iwn techniques and projects,
currently under development; del Toro Iniesta (2003), ap®inensive review on IT; and fi-
nally | would like to refer to the fantastic review of BellouRio (2006) who summarizes the
main results of inversion techniques and pays specialtaiteto the gradient determination
problem.

In this contribution | will try to address two important tagi Firstly, the uniqueness prob-
lem of Stokes inversions, and secondly, the establishnfemiteria for the selection of the
most adequate IT for each problem. Therefore | classify Thim three main groups, ana-
lyzing the advantages and shortcomings of each of themllfiharesent recent advances
and most exciting promises for the next future.

2 On the uniqueness problem

In the literature one easily finds definitions of forward miéidg or inversions similar to

those reflected here: "Our way of representing the solar spimere is through a set of
model parameters which is assumed to describe completelyasphysical system. These
parameters are not directly measurable but determine thes/af the observables: the
Stokes spectrum. The forward problem consists in predjdtie unknown Stokes profiles
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by solving the radiative transfer equation (RTE), once abedlues of the model parameters
is chosen. The inverse problem consists in inferring thaesbf the model parameters in
such a way that the solution of the RTE optimally matches tieeoved spectra”. Of course
these expressions are true and beautiful (in fact some wf tla@ be found in del Toro Iniesta
& Ruiz Cobo 1996). But, following these ideas, one could dode that inversion methods
are able to retrieve an atmospheric model just from obsepedtra. However, many authors
(see for instance Sankarasubramanian & Rimmele 2002; Nt al. 2004) have noticed
that this is not the case, claiming that inversion methoésussable to produce a unique
solution from a set of Stokes spectra. Consequently, agteoticism against inversion
methods was born.

Sabatier (2000) describes inversion techniques as thgsasalf a set of observational
results in order to retrieve as much information as possdl@ model which is proposed
to represent the system in the real world. With this definifio mind, it is clear that the
usual criticism against inversion methods, in the sensdeif non-uniqueness, is really
baseless. Before doing an inversion, an a priori model ideg@vhose parameters will be
fitted afterwards. An inversion procedure does not interfthtba new model, rather it tries
to find the proper values for the free parameters of a givenainod

For clarification purposes, let me introduce two definitioles us denote “model atmo-
sphere”, or simply “atmosphere”, a table containing valokseveral physical quantities
(for instance, temperature, electronic pressure, detisieyof sight velocity, magnetic field
vector) discretised as function of depth (geometrical dicap). And let us call “additional
information” (Al) all information needed, in addition todhmodel atmosphere itself, in order
to synthesize the proper Stokes spectra. Such an Al includesic parameters (excitation
potentials, transition rates, etc.), a table of abundarsmae physical approximations (for
instance LTE or Statistical Equilibrium, Hydrostatic Elaiium, stationarity, etc.) and a
scenery (geometry of structures present in our atmospbkeres or magnetic probability
density function, etc.). In some particular cases somenmétion of the Al can be included
in the model atmosphere directly.

When comparing forward modelling and inversions, we can saythe forward problem
consists in obtaining the Stokes profiles from both, modabaphere and additional infor-
mation, while inversion consists in retrieving the modehasphere from Stokes profiles
and additional information. The Al can neither be obtairedrf inversion nor through for-
ward modelling and must be introduced as an input to bothcggres. Cferent inversion
methods applied to the same set of spectral profiles wouldugediterent results only, as
long different Al values are used. It has been proven, that, once thitaacl information
is fixed, the output model atmosphere becomes unique (eu@,&dbo & del Toro Iniesta
1992; Westendorp Plaza et al. 1998; Socas-Navarro et &; B&dlot Rubio et al. 2000). Of
course, each parameter of the model atmosphere will bedrdetate inside a certain error
bar, which in some cases may be extremely large. Here | wikddd mention, e.g., the
problem of magnetometry of the quiet Sun internetwork frawk8s profiles of the 630 nm
Fer lines (Marinez Gonalez et al. 2006) which is not a non-uniqueness problem. I$imp
the information at low polarization signal, encoded in thek®s spectra used, is irffigient
to produce acceptable error bars.
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3 Validation criteria

Once a model atmosphere has been obtained after applyitigd¢€ main validation criteria
can be outlined which can be sequentially used. Firstlysthehetic profiles must match
the observed ones inside the observational error. In masgsadior instance when flexible
enough IT are used) the inversion is always able to find a metalh, together with the
Al chosen, can reproduce the observational data. Is thdtiresunodel atmosphere the
real one? Not necessarily. We can only be sure that our medmimpatible with the Al
adopted. Any error or inadequacy inside the Al will be tratesdl to erroneous values of
the atmosphere. E.g., an LTE inversion of lines harboringelaleparture cdgcients will
produce well fitted profiles adopting erroneous temperataliges; a large set of neutral iron
lines can be perfectly fitted by an erroneous pressurefgtediton the &ects of which on the
lines are compensated by an erroneous temperature satiificasymmetric Stokes profiles
stemming from solar faculae are easily fitted by one-compbimeersions, but the velocity
and magnetic field gradients will be the opposite to the reako In this cases additional
validation criteria are needed. The second one is the iltijadif the model atmosphere: For
instance, strong line of sight variations of the physicamities can in general be rejected
because they are simply translating to the atmospheric heoges in the Al set chosen. The
third validation criterion is the capability of the obtathatmosphere to reproduce spectral
profiles which have not been used in the inversion. Figurelapeed from Figs. 3 and 7 of
Allende Prieto et al. 1988) illustrates how a quiet Sun madhined after inversion of 20
spectral lines taken from the Solar Flux Atlas of Kurucz et(4984) is able to reproduce
two spectral regions not included in the inversion. Othamneples of the application of these
validation criteria can be found in Bellot Rubio et al. (1997

4 Classification of inversion methods

The Radiative Transfer Equation (RTE) relates Stokes veunid atmosphere through the
absorption matriX and the source function vect8: In order to simplify the solution of
the RTE diferent standard approximations are used: a) the Milne-Btiin(ME) approach
considerK as a constant through the atmosphere@&ad a linear function of optical depth;
b) LTE approach, in whiclK is evaluated from ionization and excitation equilibriunuag
tions (Saha and Boltzmann equations) wislés approximated by the Planck function at
local temperature; c) NLTE, in whidk andS are evaluated by solving the stationary Statis-
tical Equilibrium equations. Each of these approximatigies rise to a dferent inversion
technigue. Even more, an IT always works in minimizing theitfanction which tells us
about the misfit between the synthetic and the observed Sokdiles. The way in which
the minimization procedure is carried out, least squargdgdnetic algorithms, principal
component analysis or neural network, gives raisefiedint IT.

Reading the abundant literature about IT, one easily cdesldhat the authors chose a
particular IT for strange reasons: e.g., because it isa@wai] easy or user-friendly. Before
proposing proper IT selection criteria | would like to makelassification of the IT. There-
fore, 1 will group the most important IT in three main famdiethe ME family; the SIR
family; and the PCA family. For each family | will cite semingapers, outline the advan-
tages and shortcomings of each IT, and refer to some verytreagers in which such IT
have been used.
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Figure 1. Left: The solid line represents the quiet Sun temperature stratification ebitafter inver-
sion of 20 spectral lines taken from the Solar Flux Atlas of Kurucz et &84). Right, upper panel:
Observed profile (solid line) of the G&162 A lines whose wings (enhanced in the graph) were in-
cluded in the inversion. The dot-dashed lines show the synthesized ptufiimed from the resulting
model. The observed profile is nicely reproduced. A good agreeimetgo found for neighboring
lines not included in the inversion. Lower panel: Very good agreememtden observed and synthe-
sized profiles was also found for the wings of theiNlalines (not included in the inversion). Figure
adapted from Figs. 3 and 7 of Allende Prieto et al. (1988).

4.1 ME family
4.1.1 Some important papers

The first Stokes inversion technique found in the literatueis based on the Milne-Eddington
approximation neglecting magneto-opticileets (Harvey et al. 1972). Auer et al. (1977)
carefully tested the behavior of their IT with simulated ehstions. This code was gen-
eralized by Landolfi, Landi Degl’'Innocenti, & Arena (1984) account for damping wings
and magneto-opticalfiects. In the High Altitude Observatory a strong impulse wasry
to IT after the papers of Skumanich & Lites (1984, 1987). TMIS code was extensively
used for the analysis of the Advanced Stokes Polarimeter(&htnore et al. 1992) produc-
ing groundbreaking scientific results. Among other moseneécevelopments of ME IT, |
would like to mention the work of Lagg et al. (2004), who prsan ME code specifically
designed to invert He1083.0 nm Stokes profiles induced by the Zeentéece and taking
into account a simplified treatment of the Hantkeet similar to that used by Collados et al.
(2003). In addition | mention the code of Socas-Navarro .€R&l04), where the importance
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of doing the radiative transfer calculations for HE83.0 nm within the framework of the
incomplete Paschen-BacKect theory is demonstrated.

4.1.2 Advantages

ME inversion codes are very fast: a typical map of Stokestspe¢akes around 4-5 CPU
hours (see for instance Socas-Navarro 2005). Additiontilse codes are easy to handle.
Provided that the output consists in some few parametershvare constant throughout the
atmosphere, the interpretation of the results becomeglsti@ward. ME inversion codes
are robust, in the sense that the results are user indepgeBa#sides, LTE approximation or
Hydrostatic Equilibrium are not needed, thus ME IT can beneagplied when the knowl-
edge of the atmospheric structure or about the physicsvadah the line formation is poor.

4.1.3 Shortcomings

ME IT are unable to fit asymmetric Stokes profiles, which areeswely common in real
observations. This fact is caused by the assumption of aatrebsorption matrix. Several
strategies have been proposed in order to circumvent tbigem building second-order ME
codes capable to fit gradients (see for instance Skumanith 20d references therein), but
in any case, these solutions need more free parameters tiantechniques (as SIR for
instance, see next subsection) and produce larger ermirbarder to reach poorer fits. ME
codes do not supply temperature, pressure or density iatism Finally, ME codes are only
adequate to attack simultaneous inversion of one or twotigpdines because the number
of free parameters grows with the number of spectral lindslewin more sophisticated
strategies, the number of free parameters is mostly inadlperof the number of spectral
lines.

4.1.4 Some recent papers

Among other papers using ME published in 2006, one finds thetdal work of Centeno
et al. (2006), where thanks to an ME inversion of ther Hiee at 1083 nm shock formation
at chromospheric layers in sunspot umbrae has been fourgatdat al. (2006) studied the
dynamical properties of photospheric flux tubes at the foatts of coronal loops.

4.2 SIR family
4.2.1 Some important papers

Least square inversion techniques based on responsediusstifer a big inflation since the
1990s. The additional information for these codes can bagdthvery easily and, conse-
quently, a lot of diferent methods are presently operative correspondingtereint geome-
tries, approximations or even spatial distributions of netig structures. Among others, as
the most important contributions | mention: the SIR methRdiz Cobo & del Toro Iniesta
1992) that has been extensively used to study the strucfureny photospheric features
(see for instance Ruiz Cobo 1999, 2001); the SPINOR coddigEret al. 2000; see also
Bernasconi & Solanki 1996) which is inspired by the samegsiphy as SIR. Bellot Rubio
et al. (1997) designed an inversion code that takes intousta flux-tube geometry (see
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Figure 2. Left panels: Stokes I (top) and V (bottom) profiles of two lines of thai@drared triplet
observed in a sunspot umbra and corresponding synthesizedppoéiléded by the SIR-NLTE code of
Socas-Navarro et al. (2000b). Note the normal Stokes | and anas&tokes V profile characteristics
related to an umbral flash. Right panel: Temperature and velocity st#itifis in the resulting two
component umbra model during the occurrence of anomalous Stogasfiles (figure adapted from
Socas-Navarro et al. 2000b).

also Frutiger & Solanki 1998); the IT of Bellot Rubio (2008ge also Borrero et al. (2005),
has been specially designed to study the uncombed penumbug#l; the MISMA code
(Sanchez Almeida 1997) was built to study the properties ofrorgcale magnetic struc-
tures; the MISS code (Allende Prieto et al. 1988; see alstigemnet al. 2005) uses the same
strategy as SIR to invert stellar spectra; the SIR-NLTE c@fecas-Navarro et al. 2000a)
was the first successful Stokes inversion code runningdritiie LTE approximation. Fig-
ure 2, adapted from Socas-Navarro et al. (2000b), illustrite mechanism involved in the
occurrence of umbral flashes, observed in the lines of theiGf@ared triplet. This result
has been obtained from the application of the above mertiSie-NLTE code.

4.2.2 Advantages

The SIR family admits an arbitrary complexity of the atmosih thus accounting for any
variation of physical quantities along the line of sighsalt permits the consideration of
many atmospheric components offdient treatments of the physics involved in the line
formation (LTE or NLTE, etc.). As the free parameters cquoesl to real atmospheric val-
ues, the inversion of many spectral lines (including blémds be attacked. The IT output
includes thermodynamic (temperature, pressures, depsity information. Besides, these
codes are in general very flexible, allowing to adogfestent geometries or scenarios. Fi-
nally, they provide the user with reliable error estimasiofigure 3, adapted from Figs. 5
and 6 of Ruiz Cobo et al. (1997) shows results from the SIRrgiwa of a temporal series
of 85 min in the Ki 769.9 nm line observed at quiet Sun center. Error bars repréise un-
certainties evaluated by the SIR code. To study the religlilMonte Carlo simulation has
been carried out: The shaded areas in this figure represengghlting standard deviations
(for details, see Ruiz Cobo et al. 1997).
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Vz (m/s)

Figure 3. Left panel: Two individual profiles of iKat 769.9 nm corresponding to opposite phases of
the velocity oscillation (separated 145 s in time). Crosses representgbevationd s and solid and
dotted lines show the synthesized profilgg. In the lower part of this panel fierences between ob-
served and synthesized profiles are plotted. Right panel: Line-of\gdcity stratification resulting
from the inversion of the profiles shown in the left panel. Positive anathegvelocities correspond
to redshift (solid line) and blueshift (dotted line), respectively. Ermmskcorrespond to uncertainties
calculated by the inversion code (SIR). Shaded bands represesttainties coming from a Monte
Carlo simulation. Figure adapted from Figs. 5 and 6 of Ruiz Cobo et 87)19

4.2.3 Shortcomings

These codes are slow: a typical run takes around 20 or 30 tangsr than an ME inversion
(Bellot Rubio 2006). SIR family inversion codes are, as rioer@td above, very flexible,
however, their use becomes extremelffidillt. Uniqueness problems may appear, because
the additional information set can be changed very easily ebnsequently, dierent users
could obtain diferent results inverting the same observational data.

4.2.4 Some recent papers

Among other papers published during 2006 | mention: the vafrocas-Navarro et al.
(2006), in which the study of Ellerman Bombs is carried owbtigh NLTE inversion of the
Cau infrared triplet; Jutak et al. (2006) found a higher temperature magnetic canopyea
a sunspot light bridge using SIR; Borrero et al. (2006) &gdahe inversion of neutral iron
lines at 630 nm and 1560 nm using the uncombed penumbral impdetion code; Balthasar
(2006) searched for vertical electric currents in sunspatnae using SIR inversion; Bellot
Rubio et al. (2006) studied, through SIR inversion, thecitme of penumbral filaments
at a spatial resolution of/®; Dominguez Cerd@a et al. (2006) quantified magnetic field
strengths in quiet Sun regions using MISMA inversion ofblsiand infrared lines.

4.3 PCA family

4.3.1 Some important papers

The simplest inversion strategy is one that uses a look-bie.ta=rom a large number of
known model atmospheres a database of synthetic Stoketeprisfibuilt. The Principal
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Component Analysis (PCA) allows a fast search in the lookalgbe. The most important
papers related to the PCA inversion development are thostee$ et al. (2000), Socas-
Navarro et al. (2001), anddpez Ariste & Casini (2002).

4.3.2 Advantages

PCA inversion techniques are extremely fast: A typical naqes$ around ten minutes to be
inverted (Bellot Rubio 2006). In 2004, at the French telpgecbHEMIS, a PCA IT allowed
for the first time real-time inversions of Stokes spectra.

4.3.3 Shortcomings

The main limitation of these techniques is related to the sizthe database. To keep the
latter small, only few free parameters can be fitted, andabketgrid step must be coarse.
This implies that the accuracy of PCA inversion becomedsiidower than the ME one.

4.3.4 Some recent papers

A beautiful paper using PCA inversion is the work dfiez Ariste et al. (2006), in which
the 3D magnetic field topology of solar filaments is studied.

5 Recent advances and next future

Besides the preceding classical inversions other tecbrifave been developed during the
last decade. Significant progress may arise from the inveisi Stokes profilesfiected by
the Hanle &ect. There is in fact a new generation of inversion codesitpikito account both
Zeeman and Hanleffects which will produce in the next future groundbreakingstific
results (see for instance Asensio Ramos & Trujillo Bueno72d@ujillo Bueno et al. 2006,
and references therein; Merenda et al. 2006).

To break the degeneracy between magnetic field strength ifing factor apparent in
the weak magnetic field regime it is possible to take advantdgome properties of lines
showing hyperfine structure, such as M553.7 nm and Mmn874.1 nm (lbpez Ariste et al.
2002, 20086).

Another recently developed inversion technique is basedvrtficial neural networks
(Carroll & Staude 2001; Socas-Navarro 2005). This techmiguextremely fast but, at the
moment, the results show significantly larger errors thaesital inversion methods.

Finally, major progress on inversions rate could come fr@rdtvare inversion on Field
Programmable Gate Arrays, which is about thousand timesrftisan software inversions
(see Bellot Rubio 2006).

6 Conclusions

The uniqueness problem is caused by a poor definition of ttitiadal information needed
for the inversion. Once the scenery has been defined (i.éheafieometry, approximations
used, atomic parameters, abundances, etc.) the inversithods produce unique results.
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As a summary one can establish the following rule for an optmselection of the proper
inversion technique: a) ME must be used in cases of unknowsigicontrolling the line
formation; b) PCA to obtain very fast results; c) a SIR familyersion method when the
knowledge about the line formation mechanisms is apprtgpdad the entire information
hidden in the spectral lines shall be retrieved.
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Stokes profile inversion in Meso-Structured
Magnetic Atmospheres
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Abstract. Based on the Meso-Structured Magnetic Atmosphere (MESMA) appediom(Carroll &
Kopf 2007) we present first results of an inversion of spectropoktrimobservations obtained from
internetwork regions. To cope with the inherent complexity of the mostlgsgived magnetic field
in the solar photosphere the MESMA approach provides a statisticaliptéstrof the underlying
atmosphere in terms of a random Markov field. This statistical model allews derive a stochastic
transfer equation for polarized light. The stochastic transfer equatgititly accounts for the spatial
correlation — the characteristic length scale — of the underlying magneticcamthagnetic structures.
We use this new diagnostic parameter in an inversion approach to deateribit the magnetic flux
structures in the solar internetwork possess a finite correlation length vghich compatible with the
classical flux tube picture.

1 Introduction

The entire solar photosphere exhibits a rich structure igfelaand small-scale magnetic
features like sunspots, pores faculae or plages. But eXoesunspots and pores these
magnetic fields cannot be spatially resolved with presdastepes, although these fields
clearly manifest themselves in high resolution spectrapwletric observations.

With the improvement of spectropolarimetric sensitivitglagpatial resolution over the last
years it became clear that these unresolved magnetic fiEdrach more ubiquitous than
previously thought. This raises the question of the sigaifi@ of these elusive and complex
magnetic fields for the solar magnetism in general (Schry&itle 2003; Sanchez Almeida
2004) and how these magnetic fields can be appropriatelgtigated by spectropolarimetric
observations.

The interpretation of Stokes profiles in the context of the tlux tube model relies on the
basic picture of an embedded cylindrical magnetic strecsurrounded by a quasi field-free
medium. Based on that assumption a so called 1.5-dimensadiative transfer is applied
where a number of rays piercing through the underlying 2--dm3nsional geometry of
the model to obtain the spectral 'signature’ of the undagymagnetic structure (Solanki
1993). But if the underlying structures are much more dywcaxdisrupted and intermittent,
the conventional static flux tube model will allow only a paepresentation of the real
magnetic field structure. In this sense the flux tube modginogides a rather macroscopic
treatment of the problem — in the 1.5 dimensional sense -e $hrecaveraging process for all
line-of-sights (LOS) is performed after the actual intéigraof the transfer equation.
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The other extreme, in contrast to the macroscopic view, @asMhSMA approximation.
The assumption here is that the atmospheric conditiongatom line-of-sight are rapidly
changing. The fluctuation of the atmospheric parametersrean very short scales, such
that a micro-structured or micro-turbulent approach igifiesl. This allows an averaging
over all atmospheric parameters at each spatial positifuméothe actual transfer equation is
integrated. Despite its appealing simplicity in the way tigpproach treats the radiative trans-
fer, the idealized assumptions about the underlying atimagpstrongly limit the application
of this approach. Structures in the solar photosphere whetlagnetic or non-magnetic are
in general not in a microturbulent state. Magneto-convedimulations suggest that neither
predefined static macro-structures nor pure micro-strastare present in the solar photo-
sphere, the possible structuring seems much more to caenprisoad range of flerent
scales (Sch#enberger et al. 2005;agler et al. 2005; Stein & Nordlund 2006).

This paper is organized as follows: In Sect. 2 | briefly sumneathe basic concept of line
formation in stochastic media and present the stochadliciped transfer equation. In Sect.
3 | give an overlook of the first results of an inversion of dp@aolarimetric observations
obtained from internetwork regions. Sect. 4 concludes aghmmary of the here presented
analysis.

2 The stochastic transfer equation for polarized light

The approach described here is based on a statistical mbtlet atmosphere in terms of
a random Markov field, the MEso-Structured Magnetic AtmespHMESMA) which was
introduced by Carroll & Kopf (2007). In this contribution liljust give a brief summary of
the basic concept of the MESMA approach, for a more detailesgntation of the statistical
model and derivation of the stochastic transfer equatierrélader is referred to Carroll &
Staude (2003, 2005a) and Carroll & Kopf (2007).

The atmospheric volume of interest (the actual resolutiement) is assumed to be char-
acterized by an a-priori unknown structuring along the-fifiesight. The only assumption
we make about the underlying atmosphere is that the stesctave a finite spatial extent
and can be described in terms of a Markov random field. Thisvalus to neglect all higher
order spatial correlationffects to use a first order approximation to describe the dyatia
relations.

We begin by introducing a random atmospheric ve&arhich comprises all relevant at-
mospheric parameters such as temperature, pressuretyweattagnetic field strength, mag-
netic field inclination, etc. If we move then along an arbigréine-of-sight we obtain a
series of realizations at fiierent positionss for the random vectoB. This spatial depen-
dency allows us to describ® in terms of a stochastic process (a Markov process) along
the line-of-sight and for which we can specify a suitableditbanal probability density or
transition probability from one spatial poiato anothers + As,

P(Bsias| Bg) = €% 6(Bs— Bsias) + (1— € %) p(Bsias) - (1)

This conditional probability which specifies the so calledbi§-Anderson process (Frisch
& Frisch 1976) describes how the probability for a transitchanges as we move along
the line-of-sight from a given positiomand the associated atmospheric conditiBgst this
position. The probability for staying in the same regiBidor the entire trajectorasdecays
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exponentially while the probability for a sudden jump inte¢her atmospheric reginis, as
rapidly grows. The conditional probability density thenef describes the correlation of the
individual structures between two spatial positi@@ds+ As. The degree of correlation is
controlled by the parametar the characteristic length (correlation length) of theistires.
Based on that particular Markov process we can derive thewilg stochastic transport
equation (see Carroll & Kopf 2007), for the so called mearditional Stokes vectoy

—GEBS(S) = -KYg+j + f A5 Y p(B”,9) dBY — f A5'Ye p(B”, 9) dBY, )

B B

The mean conditional Stokes vectis defined as
Ye(9 = [1p(.sB.9dI. 3
|

Itis important to realize thal is given by a statistical equation and it is conditioned oa on
particular atmospheric regini& The transport Eq. (2) describes the evolutioiY gthrough
the atmosphere along the LOS. There are four basic proctsstegovern the transport of
Yg, the two processes of absorption and emission and two mooegses that describe the
statistical inflow and outflow of intensity to and from theirag B under consideration. The
degree of statistical scattering and absorption is cdettdly the correlation length of the
particular atmospheric structures. The observable of ocoblpm — the expectation value
of the Stokes vector — at the top of the atmosplerean easily be obtained from a final
integration of the mean conditional Stokes vector over titeeatmospheric state spaBe

<I(s)>= fB Ye(s) p(B. ) dB . @)

It is this extra degree of freedom in the stochastic transfgration, given by the correla-
tion length, which provides the additional diagnostic dalig of the stochastic approach
(Carroll & Staude 2005b, 2006; Carroll & Kopf 2007). As coudd shown by Carroll &
Kopf (2007) the asymmetry of the Stok¥sprofiles directly depends upon the underlying
correlation length and allows to estimate the charactetestgth scale of the magnetic field
from the net-circular-polarization (NCP) of Stokégprofiles.

3 Analysis of internetwork magnetic fields

Based on the stochastic mesostructured approach we halgehabservations of full
Stokes profiles of the iron line pair Fel at 630 nm, taken atHingh Altitude Observa-
tory/National Solar Observatory Advanced Stokes Polarimet&R)A The quiet sun data
were obtained by B. Lites on 1994 September 29 (Lites et &6)19In the following we
are in particular interested to gain some insight into tharatteristic length scale of the
magnetic structures in the internetwork. Our inversiortiralis based on the Levenberg-
Marquardt algorithm (Press et al. 1992) and incorporatesstbchastic transport equation
as the forward kernel. In a first step we analyzed granulairgedyranular regions in order
to determine the convective characteristics of the nonratig components from Stokés
profiles.
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Fel A 6501.5

Stokes |/Ic

6301.2 6501.4 63501.6 6501.8
Wavelength  [A]

Figure 1. A fitted Stoked profile of the Fe 1 6301.5 A line. Diamonds represent the observatien, th
solid line the profile fit.

For the granular and intergranular components we adoptedrdmular and intergranu-
lar model atmospheres from Borrero & Bellot Rubio (2002)s®&aon the temperature and
pressure stratification of these models we assumed a sintgfe3tochastic velocity field.
Please note that the stochastic approach makes no assnmiptiot the numbers of individ-
ual structures in the resolution element, the only assumpptiade here is that there are three
different types of structures present.

The free parameter of the fitting routine are the three simgleed velocities for each
atmospheric component, the probability values of the iddizl types (comparable to the
conventional filling factor) and the correlation lengthgted individual components. For an
upflow (granular) region a fit of a Stokégprofile is shown in Fig. 1. The remarkable result
here is the fact that there is no need to use nonphysical péeasnlike micro- or macro-
turbulence to fit the profiles. The convective velocity stawe exhibits a clear mesostruc-
tured behavior on scales between 200 km and 400 km. Thedésraseiin agreement with
earlier investigations of mesoturbulent velocity fieldshe solar photosphere by Gail et al.
(1976).

As we could place tight constraints upon the charactesisifche ambient flow pattern
we proceed by analyzing the magnetic field by inverting tlspeetive Stoke¥ profiles. We
adopted a stochastic model of twdtdrent types of structures (non-magnetic and magnetic).
The free parameters of the inversion are the velocities netigfield strengths as well as
the correlation lengths of the individual structures. Twe 6f the Stoked/ profiles are
shown in Fig. 2 and Fig. 3. The observed Sto¥egrofiles could be well reproduce by the
stochastic two-ensemble model. In particular the asymesetf the Stoke¥ profiles are
well reproduced. The magnetic structures in the analyzednaetwork region have surpris-
ingly small correlation lengths between 50 km and 125 km fiarcsures in upflow elements
and 150 km to 230 km for structures in downflow elements. Theselts clearly indicate
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Fel A 63071.5
0.002 ¢ ‘ ‘

0.001
0.000
~0.001 ¢

Stokes V/Ic

~0.002 |

~0.003 |
~0.004 ¢

0501.2 6501.4 63501.6 6501.8
Wavelength  [A]

Figure 2. Fit of a typical Stoked/ profile of the Fe | 6301.5 A line, again the diamonds represent the
observation and the solid line the fit to the profile.

Fel N 6302.5
0.004 [
0.002}

0.000 B

—0.002 |

Stokes V/lIc

—0.004 |

—0.0061

03502.2 6502.4 ©63502.6 6502.8
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Figure 3. A typical fit for the StokesV profile of the Fel 6302.5A line. Diamonds: observations,
solid: line fit.

that the magnetic field — as well as the velocity field — in therinetwork can neither by

described by macroscopic structures like flux tubes nor bap be described in terms of
a microstructured or microturbulent field. An interestimgult here is the clear trend for
stronger field structures to have larger correlation lemgitd for weaker structures to have
shorter correlation lengths. This seems to be the resuhieiricreased buoyancy forces of
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strong magnetic structures which results in a preferreticatalignment and gives rise — for
disc center observations — to an increase of the line-ditsigrrelation lengths.

4  Summary

This analysis of magnetic field structures in the internekvatearly demonstrates the feasi-
bility of an inversion under the MESMA concept. Moreover, fwand that the characteristic
length scales in the solar internetwork are relatively §niait clearly far from being mi-
crostructured or microturbulent. However, the lengthaesdbund in this work are also not
consistent with the classical flux tube picture (Stenflo J9@4ich would require correlation
lengths larger than 350 km. Another intriguing result heréhie fact that the obtained cor-
relation lengths of the magnetic structures agrees verlywittl the autocorrelation (along
a vertical direction) of magnetic structures in magnetobgginamic simulations (Schan-
berger et al. 2005) which have a mean value of approximathken. This surely deserves
further investigations but one can already say that advanm@gnetoconvective simulations
and (polarized) radiative transfer modeling provide atfalicombination to gain further
insight into the surface magnetism of the sun.

Acknowledgements. We gratefully acknowledge support of this work by the Deutsche Farsgdt
gemeinschaft (DFG) under the grant CA 4173.
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Abstract. We investigate the validity of the Stok¥samplitude ratio as an indicator of the magnetic
field strength in solar inter-network regions with the help of MHD simulations st\bw that the Stokes
V amplitude ratio of the Fe | 15652-15648 A lines and Fe | 5247-5250 A linesst good correlation
with the magnetic field strength even for magnetic fields with a complex intstnadture like those
in MHD simulations. However, in the latter case, the amplitude ratio sub-estrttetenagnetic field
strength, always revealing sub-kG values. The Stakamplitude ratio of the Fe | 6301-6302 A lines
shows no correlation with the magnetic field strength. The reasons of thésioer are explained.

1 Introduction

It is an open question whether the characteristic field gtteim solar inter-network regions
lies in the kG or sub-kG range (see, e.g., Lin 1995; SocasiMaw Sanchez Almeida
2002; Khomenko et al. 2003; Ddnguez Cerdéa et al. 2006; bpez Ariste et al. 2006).
Since Stenflo (1973), the Stokésamplitude ratio of the the Fe | 5257, 5250 A pair of lines
was used as an indicator of the intrinsic field strength ofifresolved network elements. A
common assumption used a priory in many observational waloksit inter-network fields
is that the ratio of the Stoke¢ amplitudes of the Fe |l 6301, 6302 and Fel 15648, 15652
lines is directly related to the field strength containechmtesolution element, i.e. the same
as for the Fel 5257, 5250 A pair. However, this approach i&vifithe pair of spectral
lines used for the analysis have exactly the same sengitvidll atmospheric parameters,
except for the magnetic field, and form at the same height. plinpose of this paper is to
check the validity of the Stokeg line ratio method for the Fe | 5247-5250 A, 6301-6302
A and 15652-15648 A pairs of lines, as applied to the compleldgi obtained via MHD
simulations, assuming that these fields provide an adegeaptesentation of the fields in
solar inter-network regions.

2 MHD simulations, Stokes spectra synthesis and calibration of the line ratio

We have used a snapshot of realistic 3D simulations of soégymeto-convection with a bi-
polar structure of the magnetic field arfiB |>= 30 G (see \bgler et al. 2005, for details).
The horizontal spatial resolution is 20 km. The Stokes spaiftthe Fe | 5247, 5250, 6301,
6302, 15648, and 15652 A lines formed at solar disc cenire (1) were calculated for
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Figure 1. Left: Calibration curves for the line ratio. Thin line¥m = 0 andVpae = 0 (applied

to the profiles with original resolution); Thick line&/y. = 0.3 km s, Vinoe = 0.7 km s(applied

to the profiles with reduced resolution). Solid lines: Fel 6301, 6302;athBhes: Fel 5247, 5250;
dotted lines: Fe | 15648, 15652 lineRight: The map of the longitudinal magnetic field component at
logrs = -1 in the 30 G flux snapshot from the simulations afgler et al. (2005).
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Figure 2. Magnetic field strength obtained from the line ratio of the Fel 6301 and 6308e4
(left), Fel 5247 and 5250 A lines (middle) and Fel 15652 and 15648 /s |{ieft). Top panels:
Spatial resolution of 20 kmBottom panels: Spatial resolution of 0.6—0.7 arcsec. Only profiles with
amplitudes above a threshold o&5L0°2 in units of I, were used.

every vertical column of the selected snapshot. In orderdkamealistic the comparison of
the synthetic spectra with observations, we performed aatotion of the two-dimensional
snapshot with an adequate point-spread function decigésinspatial resolution to about
0.6-0.7 arcsec (Khomenko et al. 2005).

The line ratio is defined as the amplitude of the blue lobe ok&tV of the line with the
smaller Lané factor divided by the amplitude of the line with the largeeoThe calibration
curves for the line ratio are given in Fig. 1 obtained by radéatransfer calculations in the
HSRA model atmosphere varying the constant vertical magfield strength.



E. Khomenko and M. Collados: Line ratio method applied terimetwork

4
I~
o

Fel 15652, 15648
o
Iy

1.0F AN T N ]
 0sb VAN Fel 6301 N E
s F - R B ]
b oeb ! , Fel 6302 4
. 0.6 ' ]
s Fel 6301 1 = 1
3 04l I ! TS E
s Fo__ Fel 6302 - X ]
& 02F ! I : h E
_ N
0.0L 1 ==
Q 100 200 300 400 500
100 E 500
1200 X=3640 km 3 500
1000 & Y=3100 km E| 400
E soof 1 2300 el
o 600 E- 3 ® 500 X=3720 km
400; ........ E Y=3100 km

=)

o 9o
o N

Fel 15652
Fel 15648

1

4
I~
o

Fel 15652, 15648
o
Iy

=)

o 9o
o N

Fel 15652
— - Fel 15648

400 500

400

500

5250
o 9
o @

Fel 5247,
o o o
o k=

o

305

-100 0 100 -100 Q 100

Figure 3. Height variation of the RFs at the wavelength of the line core intensity insitterrgsmag-
netic field concentration (left panels) and in the canopy zone (rightgeatepoints with coordinates
andY marked in the bottom panels. The vertical lines are the centroids of the Rtésottom panels
represent the height variations Bf at the selected points.

3 Line ratio with full and reduced spatial resolution

Figure 2 gives maps of the magnetic field strength obtaintt #fe calibration of the line
ratio for the diferent pairs of lines at the original numerical resolutio2@km (top panels)
and at the reduced resolution (bottom panels). For congrarike right panel of Fig. 1 gives
the longitudinal magnetic field strength attgg= —1.

The locations with strong fields in the original snapshotespond rather well to loca-
tions with the maximum field derived from the line ratio of the | 5247, 5250 and 15648,
15652 A line pairs. The patches with enhanced line ratiogp&irger than the actual field
concentrations in the case of the reduced spatial resolufiloe field strength obtained from
the Fel 5247, 5250 line ratio does not reach kG values in amt pbthe simulation snap-
shot, staying within 600-800 G at those pixels correspanttinkG fields in the original
snapshot. In the case of the Fe | 6301, 6302 A lines, the fisddgth derived from the line
ratio is largest not where the field is largest, but rathenendanopy regions surrounding the
magnetic field concentrations and in the granular-intengjeer borders (at the original reso-
lution). The line ratio of the smoothed Fe | 6301-6302 A pasfitorresponds to kG fields
in most of the pixels of the simulation box. The correlati@ivieen the “true” field strength
and the one derived from the line ratio of the Fe | 6301, 6302dliis absent.
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4 Response Functions and regions of formation

The reason for such a behavior of the line ratio becomes tidarms of the region of for-
mation of the considered set of lines calculated by meanssp@nse Functions (RFs, see
Ruiz Cobo & del Toro Iniesta 1994). Some examples of the RFb@ Stoked to temper-
ature at the wavelength of the line core intensity are givelig. 3. They are calculated at
two points inside a strong magnetic field concentration drideacanopy region, close to it.

According to Fig. 3, the RFs of the infrared lines (top papale similar and are rather
narrow. This is a very useful property since the magnetid fiileles not change much within
the formation region. The formation regions of the Fe | 524@ 8250 lines are nearly the
same, but the significant contribution comes from a verydgygrtion of the solar atmo-
sphere. The maximum of the contribution appears to come frpper layers, where the
magnetic field is already small even inside the kG fluxtubes txplaining the absence of
the kG line ratio of these lines in Fig. 2. For the Fe | 6301,BB0es, the formation regions
are also very extended. In addition, the shapes of the RFeatrer diferent. Thus, the
gradients in physical quantitiefact these lines in a fierent way, leading to Stok&am-
plitude ratios that do not carry information about the maigrfeeld strength. In particular, in
the canopy regions (right panels of Fig. 3), the field strenmgtreases with height. It makes
the StokeV amplitude of the Fel 6301 line to increase with respect toRbe 6302 line,
leading to the kG line ratio in the region where the field is-&@&

5 Conclusions

The Stokesv amplitude ratio of the Fe | 15648-15652 and Fe | 5247-5256sligive rea-
sonable estimate of the field strength even for fields withmleminternal structure as those
from MHD simulations. In the conditions appropriate foranrnetwork, the kG Fel 5247-
5250 line ratios are improbable due to the maximum sensitofi these lines in the upper
photosphere, where the field is already below kG. Due to ttye ldiference in the forma-
tion regions of Fe 1 6301 and 6302 A lines, their Stokeamplitude ratio is fiected by the
gradients of the magnetic field, velocity and thermodynapaiameters and does not carry
information about the magnetic field strength, showing aress of kG values.

Acknowledgements.  The authors are grateful to A.dgler for the kind permission to use 3D model
atmosphere for the purposes of our study. This research wasdunydée Spanish Ministerio de
Educacbn y Ciencia through project AYA2004-05792.
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Abstract. We present the results of an investigation of the impact of NLfEcés and of granu-
lation inhomogeneities on the solar Ba4554 A line. Our analysis is based on both the classical
one-dimensional (1D) solar atmosphere models and on the new geneyithree-dimensional (3D)
hydrodynamical models. We show that NLTE and 3ets have to be taken into account for reliable
diagnostics of the solar atmosphere using this line. We analyse the inflabdifferent parameters
on the line shape. It turns out to be most sensitive to collisional broaglemad barium abundance.
Uncertainties in the oscillator strength, micro- and macroturbulence (icade) have a secondary
importance. We have derived the barium abundance assuming NL&HEin&/Ag, = 2.16 in good
agreement with the recent result of Asplund et al. (2005).

1 Introduction

There are at least two attractive features of thetB4554 A resonance line as a diagnostic
tool. Firstly, the line shows conspicuous linear polai@asignal around 0.6% in the atlas
of Gandorfer (2002). Apparently, this line seems to be blatfor investigating the Sun'’s
hidden magnetism via the Hanl&ect. Secondly, the Ba14554 A line is sensitive to the
non-thermal motions because its thermal broadening islsibk line formation heights
“trace” the photosphere and the lower chromosphere makiisglihe a good indicator of
the evolution of granulation structure with height. An exdenof such a diagnostic is the
analysis by 8tterlin et al. (2001) of observations obtained with a barfilter at DOT (Sko-
morovsky et al. 1976).

Diagnostic usage of the Beresonance line requires understanding of its NLTE fornmatio
in inhomogeneous models of the solar atmosphere. We strassfter the NLTE analy-
ses made by Rutten (1977, 1978) and Rutten & Milkey (197%ré&st on the solar barium
spectra has in fact faded. Note that more numerous stelldiest (see, e.g., Mashonkina &
Gehren 2000; Mashonkina et al. 2003; Mashonkina & Zhao 2886)estricted by the nar-
row constraints of 1D classical modeling and by using NLTHradance corrections without
careful analysis of the physics of formation of the bariurectpum. This is precisely the aim
of our contribution where we show results of our multilewesdiative transfer simulations of
the Ban 14554 A line both in 1D and 3D models of the solar atmosphere.
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2 The method and atomic model

We carry out our investigation using the NLTE numerical cidATAJA”. The code was
developed by Shchukina & Trujillo Bueno (2001) to facilgéatdiative transfer simulations
with complex atoms in realistic solar and stellar atmosjgh@odels.

Our atomic model includes 40 energy levels ofiRad Bar. The levels are interconnected
by 99 bound-bound and 39 bound-free radiative transitidfeshave also taken into account
the hyperfine structure and isotopic shift for therB#554 A line.

3 One-dimensional case

We performed our calculations usingfldrent “"standard” 1D atmospheric models:
MACKKL (Maltby et al. 1986), VALC (Vernazza et al. 1981), H®UL (Holweger &
Miller 1974). We found that the line shape depends insigmifigzaon the choice of the
model. Thus we present our results only for the MACKKL model.

Figure 1 (right panel) shows that the departurefitciensg of the upper levels of the Ba
resonance doublefi4554 A and14934 A) and the upper level of the Ba5535 resonance
line drop rapidly below unity as the height increases. Téiel underpopulation is mainly
due to resonance line scattering and photon losses. Cangdhe lower (ground) level of
the Bar 15535 line its underpopulation is caused by another NLTE maeigm known as
ultraviolet overionization (Shchukina & Trujillo Bueno @D). At the same time the lower
level of the Bair resonance doublet is insensitive to this mechanism. Sojislption is close
to the LTE value. The levels with excitation potential of mdihan 2 eV are overpopulated
because of ultraviolet line pumping. The main consequericgich a behaviour of the
departure caficients is significant deviation of the line source functidrihe Ban 14554
resonance line from the Planck function. As a result theirtdile becomes deeper than in
LTE. Figure 1 (left panel) shows that the NLTHexts are more pronounced around the core
of the line, with the LTE approximation producing weakerfpes. The observed line wings
could be reproduced under the LTE assumption.

Besides the NLTE féects there are two other parameters which cause apprebiaizld-
ening of the wings of the Ba 14554 resonance line. They are the collisional damping
constant and the abundance. The fornfégat is more important. The main contribution to
the damping is given by van der Waals broadeniggWe estimated using the Deridder
& van Rensbergen (1976) approach with enhancement fectol.5. In agreement with the
conclusion of Mashonkina & Zhao (2006) we found that the mécalculations of the colli-
sional damping constant made by Barklem & O’Mara (2000) estémateys for this line by
afactor 1.5. The near line wings are sensitive as well to #heevof microturbulent velocity,
while the line core is fiected by the macroturbulence. For our calculations we hdoptad
a “typical” choice 0fVmicro = 1 km st andVimicro = 2km s, The line profile appeared to be
non-sensitive to the uncertainties in the oscillator gitknUsing abovementioned parame-
ters and the abundanég, = 2.13 (on a logarithmic scale withy = 12.0) we can reach a
good agreement with the observed profile, except for theciame.
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Figure 1. Left panel: line profiles for the MACKKL model calculated under LTEwsgption (dotted
line), NLTE (dashed line). Solid thick line: observations taken frorage Atlas (Delbouille et al.
1973). Right panel: Departure deients 8) vs. height in the 1D atmospheric model MACKKL. The
thick solid and dashed lines are fheodticients for the lower (ground) and the upper levels of tha Ba
resonance doublad554 and14934 A, respectively. Dotted and dashed-dotted ligeeficients for
the lower and upper levels of the Beesonance lind5535 A. Thin solid linesj codficients of Bar
levels with excitation potential above 2 eV.
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Figure 2. Left panel: the profiles in 3D-model spatially averaged over grandiésd), over inter-
granules (dashed) and over the whole surface (long dashes). 8ol&l observations taken from the
Liége Atlas. Right panel: the mean anisotropy in 3D-model vs. height muga (dotted); intergran-
ules (dashed) and the total anisotropy.

4 Three-dimensional case

We have used a 3D snapshot model taken from realistic radiatidrodynamical simula-
tions of the solar surface convection by Asplund et al. (3080ich simulations remove the
need for fudge parameters like micro- and macroturbulence.

In the 3D-case the Ba14554 line profile sffers most from uncertainties in the damping
enhancement factdg followed by the abundance uncertainties. We can reach agllert
agreement with observations even in the line core (left pem&ig. 2). The best fitted
parameters ardg, = 2.16 andE = 1.5. Figure 2 shows that granular and intergranular
profiles difer from each other. Granules are brighter and blueshiftesl opposite ect
taking place for the intergranules. The Doppler shifts eaars “inversion” &ect in the left
wing of the profile betweeni = —20 and—-80 mA: in filtergrams the intergranules can be
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brighter than the granules.

Another diference between granules and intergranules reveals itsdliel intensity
anisotropy parameted3/Jj (right panel in Fig. 2). The anisotropy in the granules isheig
than in the intergranules. Since the Stokes Q value is ptiopat to this parameter, the
effect must be taken into account in the analysis of the solall-siwale magnetic fields.

5 Conclusions

The solar granulation inhomogeneities and NLTEeets are found to be important for the
Ban 14554 line formation. Granular and intergranular profiles aery diferent. Depar-
tures from LTE are larger in the hot granules than in the adatergranules. The intensity
anisotropy appears to be higher in granules than in inteuyes, which is important for
the Stokes diagnostics. The wings of this line are senditithe uncertainties in the colli-
sional damping and the abundance. More comprehensivesasaty all these results will be
presented in future publications.
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schaft for participation in the workshop.
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Abstract. The magnetic sensitivity of the solar spectrum is caused by the Zeefiieat &d by a

variety of less familiar physical mechanisms by means of which a madiedtican create and destroy
spectral line polarization. This paper highlights how plasma diagnostic taséton them could help
us to explore the magnetism of the “quiet” regions of the solar photospinerehromosphere. A few
suggestions for increasing the discovery potential of some telescoggemiarimeters are also given.

1 Introduction

Solar magnetic fields leave their fingerprints in the stat@alfirization of the emergent
electromagnetic radiation. This occurs through a variétather unfamiliar physical mech-
anisms, not only via the Zeemaffect. In particular, in stellar atmospheres there is a more
fundamental mechanism producing polarization in spelitras. There, where light escapes
through the stellar “surface”, the atoms and moleculeslaminated by an anisotropic ra-
diation field. The ensuing radiation pumping produces patah imbalances among the
magnetic substates of the energy levels (that is, atomét fmlarization), in such a way that
the population of substates withfidirent values ofM| are diferent. This is termedtomic
level alignmentAs a result, the emission process can generate lineaiizatlan in spectral
lines without the need for a magnetic field. This is known astsecing line polarization.
However, light polarization components will also be sal@ty absorbed when the lower
level of the transition is polarized (Trujillo Bueno & Lan@iegl'innocenti 1997; Manso
Sainz & Trujillo Bueno 2003). Thus, the medium becomes dichsimply because the light
itself is escaping from it.

In summary, the mere presence of atomic level polarizatgomgenerate spectral line po-
larization. The interesting point is that a magnetic fieldlifies the atomic level polarization
via the Hanle &ect, where the magnetic fieB (in G) that produces a significant change is
(e.g., Landi Degl'Innocenti & Landolfi 2004)

Br~1.137x10""/(tie ) 1)

(tite andgy being the lifetime, in seconds, of tldelevel under consideration and its Land
factor, respectively). Since the lifetimes of the uppeels\{J,) of the transitions of interest
are usually much smaller than those of the lower levéls it is clear that diagnostic tech-
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niques based on the lower-level Hant&eet are sensitive to much weaker fields than those
based on the upper-level Hanlezt.

2 The Zeeman effect vs. the Hanle effect

The most important mechanisms for magnetic field diagnestiche atmospheres of the
Sun and of other stars are the Zeemfiaat, scattering processes and the Hafflect

The advantage of the Zeemafieet as a diagnostic tool is that the mere detection of
polarization implies the presence of a magnetic field. Thkrgavs are the following. First, it
is of limited practical interest for the determination ofgnatic fields in hot (chromospheric
and coronal) plasmas because the Zeeman polarizatiors seile the ratio between the
Zeeman splitting and the Doppler-broadened line width oBdcthe Zeemanfiect isblind
to magnetic fields that are tangled on scales too small todmved.

Concerning the Hanleffect, one of the good news is that it is sensitive to weaker mihgn
fields than the Zeemartfect: from at least 1 mG to hundreds of gauss (see Eq. 1). More-
over, it is sensitive to the presence of hidden, mixed-jitgléields at sub-resolution scales.
Finally, it is important to point out that the diagnostic u§e¢he Hanle &ect isnotlimited to
a narrow solar limb zone. In particular, in forward scatigrat disk center, the Hanlgfect
can create linear polarization, in the presence of inclimegnetic fields. The bad news is
that the Hanle fect signal saturates for magnetic strendgdhs 10By. For example, for the
typical case of the S4607 A line (whoseB~23 G) we have that a tangled magnetic field
of 250 G produces an amount of Hanle depolarization simildhat of a tangled magnetic
field of 1000 G. In other words, the Hanléect does not allow us to determine the fraction
of quiet Sun volume occupied by kG fields.

Finally, it is also useful to consider the Zeeman broadenirnbe intensity profiles, which
is proportional to the squared modulus of the magnetic figkehgth — that is, it can also
give us information on the presence of tangled magneticdfietdsubresolution scales. The
main disadvantage is that it isflicult to disentangle the Zeeman line broadenifiga from
that due to the thermal and convective motions. It is aldterahsensitive to weak magnetic
fields.

3 Magnetic mappers of the quiet solar photosphere

An important point is that the Hanlgfect can be suitably complemented with the Zeeman
effect, not only with the Zeeman-induced polarization (whiak,mentioned above, is in-
visible to magnetic fields that are tangled on scales toolgdméak resolved), but also with
the Zeeman broadening of the intensity profiles of some clyefelected near-IR lines (for
instance, the Mnline at 15262.70 A considered in Fig. 1). The combinationhef Hanle
and Zeemanfeects (including the Zeeman line broadeninfiecs an attractive tool to obtain
information on the distribution of tangled magnetic fieltis@b-resolution scales in the quiet
regions of the solar photosphere (see the recent reviewdjyidBueno et al. 2006).

For example, a detailed theoretical analysis of obsematid the Hanle #ect in G lines
and in the Sr4607 A line has led to the conclusion that the strength of ttidén magnetic
field fluctuates on the spatial scales of the solar granulgigdtern, with rather weak fields in
the (granular) upflowing regions and much stronger fieldeén(intergranular) downflowing
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Figure 1. Synthetic Stokes profiles of the Mn line at 15262.7 A calculated in a magnetized Milne-
Eddington atmosphere for 100, 600, 900 and 1300 G. Note the peesédistortions in Stokek and

how these features change as the magnetic field strength is increaséd.th/IStokesv profile of

this line is insensitive to magnetic fields that are tangled on scales too smalldedieed, the Zeeman
broadening of its Stokeisprofile (which is seen clearly in this near-IR line thanks to the presence of
level crossings between the hyperfine structured sublevels af sensitive to such hidden fields,
especially for 100< B < 600 G. For more information see Asensio Ramos et al. (2007).

plasma. The inferred mean strength of the hidden fiekBjs~ 100 G, which implies an
amount of magnetic energy density that is more thafiGgent to compensate the energy
losses of the solar outer atmosphere (Trujillo Bueno et@0422006).

4 Magnetic mappers of the quiet solar chromosphere

Most of the chromospheric lines that can be observed frongtband are broad, which
implies that the magnetic fields of the quiet solar chromesplare dficult to diagnose via
the only consideration of the Zeemaffieet. Let us show some more suitable tools.

4.1 The Hanle effect in the Car IR triplet

An important diagnostic window for investigating the matysra of the quiet solar chromo-
sphere is the Hanleffect in the Car IR triplet (Manso Sainz & Trujillo Bueno 2007). In-
terestingly, while the scattering polarization sign@//() in the 8498 A line shows a strong
sensitivity to inclined magnetic fields with strengths beéw 1 mG and 10 G, the emergent
Q/! in the 8542 A and 8662 A lines is sensitive to magnetic fieldamilligauss range
(i.e., between 16 and 10 G). The reason for this very interesting behavior is that the
Q/! in the 8498 A line is dominated by tfselective emissioprocesses that result from the
atomic polarization of thehort-livedupper level, while the&)/I in the 8542 A and 8662 A
lines is dominated by theelective absorptioprocesses that result from the atomic polariza-
tion of thelong-livedlower levels (Manso Sainz & Trujillo Bueno 2003). It is alsogortant
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Figure 2. The emergent fractional polarization at the solar disk center in the linsedfler 10830

A multiplet, assuming that a constant-property slab of helium atoms at athighout 2000 km is
permeated by a horizontal magnetic field of 10 G. The variQuisprofiles correspond to the slab’s
optical thickness indicated in the inset, calculated at the wavelength of tHeereded component.
The positive reference direction for the definition of the StaRgmrameter is along the magnetic field
vector. For more information see Trujillo Bueno & Asensio Ramos (2007)

to mention that the calculated polarization amplitudesrarg sensitive to the assumed ther-
mal model of the solar chromosphere (see Fig. 4 of Manso Saifaijillo Bueno 2001).
In conclusion, simultaneous observations of the scatjgrotarization in the Ca IR triplet
should be carried out in order to use them as a sensitive timater and magnetometer of
the quiet regions of the solar chromosphere.

Suggestion-1Develop the instrument SUPOS of SUNRISE thinking in meagusimul-
taneously at least any of the following two line pairs of theuQR triplet (i.e., not only the
8542 A line): 8498 A and 8542 A or 8498 A and 8662 A.

4.2 Forward scattering in the He1 10830 A multiplet

As mentioned in Section 2, in the presence ofratlined magnetic field forward scattering
processes can produce linear polarization signatureseictrgp lines. In this geometry, the
polarization signal i<reatedby the Hanle &ect, a physical phenomenon that has been
clearly demonstrated via spectropolarimetry of solar oatdilaments in the He10830 A
multiplet (Trujillo Bueno et al. 2008).

Figure 2 shows theoretical examples of the emergent fizaitimnear polarization in the
lines of the He 10830 A multiplet, assuming a constant-property slab dfineltoms per-
meated by a horizontal magnetic field of 10 G. As expectedsnieler the optical thickness
of the assumed plasma structure the smaller the fractiatatipation amplitude. In princi-
ple, the Tenerife Infrared Polarimeter allows the detectibvery low amplitude polarization
signals, such as those corresponding toAlhe= 0.1 case of Fig. 2. However, in order to
be able to achieve this goal without having to sacrifice tleiapandor temporal resolution
we need a large aperture solar telescope. Certainly, a pimgninvestigation would be to
explore the topology of the chromospheric magnetic fieldhignovel diagnostic window.
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Suggestion-2:Develop a polarimeter capable of measuring simultaneagyspectral
lines of the following two multiplets of He 10830 A and 5876 A. The reasons for including
the D; multiplet at 5876 A can be found in Trujillo Bueno et al. (265

4.3 Forward scattering in the K line of Can

There are more opportunities for mapping the magnetic fighdse solar chromosphere via
the Hanle &ect in forward scattering at the solar disk center. For exangpspectral line of
great interest for chromospheric diagnostics is the K lih€a, whose forward scattering
polarization has already been measured (see Stenflo 20063e e K line at 3934 A
hasJ = 1/2 andJ, = 3/2 its scattering polarization is totally caused by the galec
emission processes from the polarized upper level. Itdifnaal linear polarization at the
line center should be sensitive to inclined magnetic fields <10 G. On the contrary, the
Can H line at 3969 A is of little practical interest for the expdion of the magnetism of the
quiet solar chromosphere given that its lower and uppeildesennot be aligned (because
J = =1/2).

Suggestion-3Modify the polarimeter POLIS in order to measure with the Vand GRE-
GOR the K line of Cau, instead of the H line.

4.4 Enhancement of scattering polarization by vertical fields

The common belief that scattering polarization is inséresib vertical magnetic fields does
not apply to transitions between spectral terms whadevels (orF-levels for hyperfine
structured multiplets) cross and anticross in a given rarfigeagnetic field strengths. Thus,
the scattering polarization in the NB®; line increasessteadily with the magnetic strength,
for vertical fields between about 10 and 100 gauss (Trujillo Bueno et 802190 Another
very interesting example is shown in Fig. 3, which gives timergent fractional linear polar-
ization of the Bar D, line in 90° scattering geometry for increasing values of the magnetic
strength of the assumecdrtical field. The Bar D, line at 4554 A is particularly interest-
ing because the emergent linear polarization has conwitmifrom diferent isotopes that
are easily resolved and have d@dient behavior in the presence of a magnetic field. As a
result, there is a dlierential magnetic sensitivity of the emergent linear poéion at the
line center (where the signal is produced by the even isstapiout level crossings) with
respect to the line wings (where the signals are producetégdd isotopes with crossings
and anti-crossings between the ensuing hyperfine levelsgrefore, the measurement and
modeling of spectropolarimetric observations in theiB2 line could be a very useful di-
agnostic tool to obtain empirical information on the spdtisctuations of the magnetic field
vector in the lower solar chromosphere.

5 Concluding comments

As we have seen, we have novel diagnostic opportunities &ppimg the hidden magnetic
fields of the quiet solar photosphere and chromosphere.iFetil, it is now urgent to de-
velop a large aperture ground-based solar telescope aptinfior spectropolarimetric obser-
vations. We could also have a powerful coronal magnetic miapa UV/EUV polarimeter
is developed for a solar space telescope (see Trujillo Beeab 200B).
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Figure 3. Theoretical calculation of the emergent linear polarization of the Ba line in 90 scat-
tering geometry for increasing values of the assumed vertical magredtic fihe positive reference
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Abstract. The second solar spectrum resulting from coherent scattering is a méfortdiagnostics
of turbulent magnetic fields on the Sun. Scattering on diatomic molecules ptaymportant role in
forming this spectrum and even dominates in some spectral regionsmbgaetic field electronic
states of a molecule are often perturbed via the Paschen-Back eSometimes this perturbation can
completely change the spectrum, not only quantitatively, but even quaditatiHere we calculate
molecular scattering properties taking into account the Paschen-Back &Ve calculate the Mueller
matrix for coherent scattering at diatomic molecules in the intermediate'$icase (a-b) and look for
the dfects that can be caused by the Paschen-Biekte We have found a considerable deviation from
the Zeeman regime and discuss here the gquantitative and qualitfieeseon observed polarization
signals for the CNB?L — X2X system as an example. We show an application of the Hdfdete
for the interpretation of observations of the CN violet system, from whiehdetermine a turbulent
magnetic field strength of about 13 G.

1 Introduction

The properties of the coherent scattering process are raddifia magnetic field via the
Hanle dfect, which provides us with a very sensitive tool for studythe distribution of
weak magnetic fields on the Sun and gives the possibility taswme spatially unresolved
mixed polarity turbulent magnetic fields using the secordrsgpectrum. Such measure-
ments are impossible with the Zeemdfeet because of the Stok@scancellation.

Scattering on molecules plays an important role in formheggecond solar spectrum and
even dominates in some spectral regions. Sensitivitidseofitolecular lines to the Hanle ef-
fect significantly vary with the total molecular angular memtum. This allows us to employ
the diterential Hanle fect (cf. Stenflo et al. 1998; Trujillo Bueno 2003; BerdyugiRluri
2004). The recent analysis of molecular scattering patidn (Berdyugina et al. 2002; Fau-
robert & Arnaud 2003; Landi Degl'lnnocenti 2003; TrujillouBno 2003; Asensio Ramos &
Trujillo Bueno 2005; Bommier et al. 2007) and the first datetbf the Hanle fect in di-
atomic molecular lines on the Sun (Berdyugina & Fluri 20@)ealed the clear advantages
of molecular lines for studying turbulent magnetic fieldsrhgans of the dierential Hanle
effect.

The Hanle &ect is most sensitive when the magnetic splitting is conmtgarto the nat-
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Figure 1. Scattering profiles for a whole doublet, in the (0,0) band of the CN violstesy. Solid
and dashed curves represent the PBR and ZR cases, respedtivblg.two left panels the magnetic
field is perpendicular to the line of sight and in the plane of the solar suffecezontal field). In the
two right panels the magnetic field is perpendicular to the solar surface &nel line of sight (vertical
field). We assumed a Doppler widthly = 25 mA, and a Voigt parameter= 0.0001. Figure from
Shapiro et al. (2007b).

ural line width. For most atomic transitions this impliesakemagnetic fields, so that the
level splitting can be calculated in the Zeemdieet regime (ZR). For many molecular tran-
sitions even weak magnetic fields can significantly perthebimternal molecular structure
and change wave functions of molecular levels. Therefaeelgvel splitting and amplitudes
of the transitions should be calculated taking into accdhatPaschen-Backfect (PBE)
regime (Berdyugina et al. 2005; Asensio Ramos & Trujillo Bo006).

Previously the Hanlefeect in the Paschen-Back regime (PBR) was treated only famiato
transitions by Bommier (1980) and Landolfi & Landi Degl'lroemti (1985), who studied the
Hanle dfect on level-crossings for the heliuny@nd sodium D lines of solar prominences.

For the first time we couple the PBE with the Hantieet in molecular lines and discuss
briefly the main alteration in the Hanl€ect theory caused by the PBE with the example of
the CNB?Z - X 2% system, which is strongly influenced by the PBE. We apply tthéory
for the interpretation of observations of the CN violet systand show first results of our
technique.

2 Alterations due to the PBE

The dficiency of the Hanleféect strongly depends on the magnetic displacement and on the
transition amplitudes. Both these quantities are subgetté PBE which results from the
perturbation between fierent molecular or atomic states in the presence of a magdieddl.

In this section we present calculated scattering profil&fransitions for several values
of magnetic fields. We assume an unpolarized incident iadifield and single scattering at
an angle of 90. Collisional depolarization and continuum opacity areleegd. We choose
the magnetic field direction to be perpendicular to the lihsight such that the Stokds
andV signals equal to zero.
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Figure 2. Fits to the observations (thin solid lines in both panels) of StdkksandQ/I. in the CN
violet system. The assumed magnetic field in the calculated spectra, gmingife curves with larger
to the ones with small€p/I., are: 0 G (no depolarization, thick dashed line), 13 G (best fit resulk thic
solid line) and 25 G (too much depolarization, thick dotted line).

In Fig. 1 we present doublet scattering profiles R{g) (N=2 —» 1 — 2) andP(3)
(N=3—- 2 - 3) transitions in the presence of a horizontal (two left pg)nand vertical (two
right panels) magnetic field. The PBE profilesteli significantly from the ZR case. First
of all, the PBE modifies the profile shape in polarization. tReimmore, the integrated line
depolarization is considerably influenced by the PBE. In PiBRontrast to the ZR, even
the saturated polarization is magnetic field dependent dstailed discussion in Shapiro
et al. 2007b). It is well-known that the Hanl&ect is absent for a vertical field direction (cf.
Stenflo 1994; Landi Degl'Innocenti & Landolfi 2004), but basa of PBE the depolarization
will also depend on the magnetic field strength.

Note that the line profiles of the individual doublet compatsesignificantly change due
to the PBE already for a magnetic field strength of 100 G foelewith smallJ values.
These modifications are however smeared by Doppler broaglanid the influence from the
second doublet component.

3 Interpretation of the CN violet system in the second solar s pectrum

As application of our theory we present here the interpiaiadf the CN violet system
observations in a quiet area near the solar limb presenttiteiatlas by Gandorfer (2005).
We analyse the data only in one spectral region, for more plessee Shapiro et al. (2007a).
The selected region contains four CN violet system doubleith N = 6, 7 and 52 from the
(1,1) vibrational band and with = 69 from the (0,0) vibrational band. Because of the
relatively large Land factor gy ~ 1/N) the lines withN = 6 and 7 are very sensitive to the
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magnetic field and show the saturated Hafflect already at the fields 2520 G, while lines
with N = 52 and 69 are much lesffected by the magnetic field. Therefore, this region is
ideal for applying the dferential Hanle ffect technique, in particular since there are lines
with small and bigN-number from the same vibrational band, as the relativegtheof the
lines from the diferent bands can befacted by other factors.

As a first step we use a quite simple model for the radiativestex calculations. We as-
sume that the isothermal and homogeneous CN molecularikgiuated above the region
where the continuum radiation is formed. Its lower boundsaiiyradiated by the solar con-
tinuum radiation. While passing through the molecular laés initial incident radiation
will be either scattered (but only once, as we adopt the sisghttering approximation) or
absorbed by CN molecules (details in Shapiro et al. 2007a).

We have made a simultaneous fit of ¢l andl /I signals, varying the free parameters
of the model and the turbulent magnetic field strength (Fjg.The observed doubling of
the line withN = 52 appears due to a strong titanium blend, neglected in odemdhe
magnetic field strength is obviously within well defined limilt has to be stronger than 10
G to saturate the depolarization of the line with= 7, while the upper limit is defined by the
only modest depolarization of the lines with= 52 andN = 69. The best fit corresponds to
13 G, which is consistent with the examination of the othercsl features. Furthermore,
this result fits well with previous work (see the discussiorBerdyugina & Fluri 2004;
Trujillo Bueno 2005, and references therein).
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Abstract. New high-resolution observations reveal that small-scale magneticdhoeatrations have
a delicate substructure on a spatial scale .@f O Its basic structure can be interpreted in terms of
a magnetic flux sheet or tube that vertically extends through the ambiekt-fretd or field-free at-
mosphere with which it is in mechanical equilibrium. A more refined intégtien comes from new
three-dimensional magnetohydrodynamic simulations that are capatdproducing the corrugated
shape of magnetic flux concentrations and their signature in the visible continFurthermore it is
shown that the characteristic asymmetric shape of the contrast profdewér granules is anfiect
of radiative transfer across the rarefied atmosphere of the magneticdihcentration. | also discuss
three-dimensional radiation magnetohydrodynamic simulations of therahtegers from the top of
the convection zone to the mid-chromosphere. They show a highly dgridmmomospheric magnetic
field, marked by rapidly moving filaments of stronger than average etagfield that form in the
compression zone downstream and along propagating shock frdmssifiulations confirm the pic-
ture of flux concentrations that strongly expand through the photosphi&r a more homogeneous,
space filling chromospheric field. Future directions in the simulation of seealle magnetic fields are
indicated by a few examples of very recent work.

1 Introduction

With “realistic simulations” computational physicistsraat imitating real physical processes
that occur in nature. In the course of rebuilding nature&dbmputer, they aspire to a deeper
understanding of the process under investigation. In s@ansesthe opposite approach is
taken by computational physicists that aim at separatiadithdamental physical processes
by abstraction from the particulars for obtaining “ideahsiations” or an analytical model
of the essential physical process. Both strategies areedestt are complementary as can
be seen for example in Section 4 on the physics of faculadidipaper, however, we mainly
focus on “realistic simulations” and comparison with olysdions.

The term small-scale flux concentration is used here to datghe magnetic field that
appears in G-band filtergrams as bright tiny objects witlmd at vortices of intergranular
lanes. They are also visible in the continuum, where thegaltedfacular points(Mehltret-
ter 1974), while the structure made up of bright elementsi@in as thdiligree (Dunn &
Zirker 1973). In more recent times, the small-scale magtietid was mostly observed in the
G band (a technique originally introduced by Muller 1985}dngse the molecular band-head
of CH that constitutes the G band acts as a leverage for thedity contrast (Rutten 1999;
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Rutten et al. 2001; &chez Almeida et al. 2001; Shelyag et al. 2004; Steiner. &08i1).
Being located in the blue part of the visible spectrum, ttisice also helps improving the
diffraction limited spatial resolution and the contrast in thetmuum.

Small-scale magnetic flux concentrations are studied fggra¢reasons:

- Since they make up the small end of a hierarchy of magnetictsires on the solar surface,
the question arises whether they are “elemental” or whegbesmaller flux elements
exist. How do they form? Are they a surface phenomenon? Whiagisorigin?

- Near the solar limb they can be identified with faculae, kndw critically contribute to
the solar irradiance variation.

- They probably play a vital role in the transport of mechahi&nergy to the outer atmo-
sphere, e.g., by guiding and converting magnetoacoustiesvgenerated by the convec-
tive motion and granular lfieting.

2 The basic structure of small-scale magnetic flux concentra tions

Recent observations of unprecedented spatial resolutitntiie 1 m Swedish Solar Tele-
scope by Berger et al. (2004) and Rouppe van der Voort et@5Preveal G-band bright-
enings in an active region as delicate, corrugated ribbatsshow structure down to the
resolution capability of the instrument ofl0, while isolated point-like brightenings exist as
well. The structure made up of these objects evolves on desttban granular time-scale,
giving the impression of a separate (magnetic) fluid thastesnixing with the granular
material. Figure 1 shows an example G-band filtergram froenféhmer paper taken in a
remnant active region plage near disk center. In this regigergranular lanes are often
completely filled with magnetic field like in the case markgdtbe white lines in Fig. 1.
There, and in other similar cases, the magnetic field coratbo is framed by a striation of
bright material, while the central part is dark. Figure 1wb@xamples of ribbon bands and
also an isolated bright point in the lower right corner.

The graphic to the right hand side of Fig. 1 displays the eemrG-band intensity (solid
curve) from the cross section marked by the white horizdimak in the image to the left.
Also shown are the corresponding magnetographic signshéthcurve), the blue continuum
intensity (dotted), and the Ca H-line intensity (dash-eldft Note that the magnetic signal
is confined to the gap between the two horizontal white lifdse intensities show a two-
humped profile.

This situation reminds of the flux-sheet model and the “lrighll effect”. A first quasi-
stationary, self-consistent simulation of a small-scalg #heet was carried out by Deinzer
et al. (1984a,b), popularly known as the “KGB-models”. Tlasib properties of this model
are sketched in Fig. 2. Accordingly, a small-scale flux comeion, either of tube or sheet-
like shape, is in mechanical equilibrium with the ambiemh@$phere, viz., the gas plus
magnetic pressure of the atmosphere within the/gltmet balances the gas pressure in the
ambient (field-free) medium at equal geometrical heightis Eituation calls for a reduced
density in the flux concentration with respect to the envinent, at least in the photospheric
part, where the radiative heat exchange quickly drives tndiguration towards radiative
equilibrium, hence to a similar temperature at constantrggtocal height. This density re-
duction renders the flux tufsheet atmosphere more transparent, which causes a depressi
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Figure 1. Left: G-band filtergram showing the ribbon-like shape of magnetic fluxceatrations.
Right: G-band intensity (solid curve) along the section indicated by the hddakwhite lines in the
image to the left. Also shown are the magnetogram signal, the continuumiiptang36.4 nm, and
the Ca Il H-line intensity down-shifted by 0.2. From Berger et al. (2004)

of the surface of constant optical depth, as indicated bystitace ofr. = 1 in Fig. 2. In

a plage or network region, thigtect increases the “roughness” of the solar surface, hence
the efective surface from which radiation can escape, which as®s the net radiative loss
from these areas.

The graphics to the right hand side of Fig. 2 shows a sketdheafelative intensity emerg-
ing from this model, viz., the intensity of light propagagiim the vertical direction as a func-
tion of distance from the flux sheet’s plane of symmetry. itresponds to the plot on the
right hand side of Fig. 1. The similarity between this modal ¢he observation is striking.
Turning to a narrower flux sheaibe would result in the merging of the two contrast peaks
to a single central peak in both, model and observationtae ribbon band or bright point,
respectively. Yet, the striation of the depression walt ti@n be seen in the observation is of
course not reproduced by the model, which is strictly twmtisional with translational in-
variance in lane direction. We will see in Sect. 4 that thdeaensional magnetoconvection
simulations show rudimentary striation. The physicaliorigf the striation is still unknown.

Accordingly, the basic properties of ribbon-like magnéhix concentrations can be un-
derstood in terms of a magnetic flux sheet embedded in andde fialance with a more or
less field-free ambient medium. This can also be said (raggdbe word sheet by tube) of
the rosette structure visible in other still images of Bergfeal. (2004) who call it “flower-
like”. Flowers can transmute to pores and vice versa. Thatistn of their bright collar is
similar to that seen in ribbon structures. Discarding thatsbn, the basic properties of flow-
ers can well be interpreted in terms of a tube shaped flux cdraten like the one sketched
in Fig. 2.

A 2 h sequence of images with a quality comparable to Figs.dugfige van der Voort
et al. 2005) reveals that the shape of the ribbon-like fluxceatrations and the striation of
ribbons and flowers change on a very short time-scale, of iither @f the Alfven crossing
travel time. This suggests that these morphological cheaage the striation itself are related
to the flute instability, which small-scale flux concentoa are liable to. For an untwisted
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Figure 2. Sketch of a magnetic flux sheet (left) with corresponding intensity cdr(tight), distilled
from self-consistent numerical MHD simulations. Note that the isothesudhces are not exactly
parallel to the surface of optical depth unity, which gives rise to the p#atidd-shape of the contrast
profile.

axisymmetric flux tube, the radial component of the magrfetid at the flux-tube surface
must decrease with height, Bd/dzs < 0, in order that the flux tube is stable against the
flute (interchange) instability (Meyer et al. 1977). Whileaspots and pores with a magnetic
flux in excess ofb ~ 10*° Mx do meet this condition, small-scale flux concentratioasdt
fulfill it (Schiissler 1984; Steiner 1990iiBte et al. 1993). Bnte (1993) shows that small-
scale flux sheets too are flute unstable, and he concludefiléina¢nt formation due to the
flute instability close to the surface of optical depth unitguld ensue. As the flux sheet
is bound to fall apart because of the flute instability, itbrikeare again reassembled by the
continuous advection back to the intergranular lane soal@mpetition between the two
effects is expected to take place, which might be at the origthetorrugation of the field
concentrations and of the striation of the tigheet interface with the ambient medium.

Although the fine structure of small-scale magnetic flux emiations changes on a very
short time scale, single flux elements seem to persist oeefulhduration of the time se-
qguence of 2 h. They may dissolve or disappear for a short gparidime, but it seems
that the same magnetic flux continually reassembles to nteda teappear nearby. Lat-
est G-band time sequences obtained with the Solar Optiteddape (SOT) on board of the
Japanese space satellite HINODE (Htgmlarb.msfc.nasa.gfmovies.html) seem to confirm
these findings even for G-band bright points of low intensityis suggest a deep anchoring
of at least some of the flux elements although numerical sitimr seem not to confirm this
conjecture.

As indicated in the sketch of Fig. 2, the magnetic flux coniun is framed by a down-
flow of material, fed by a horizontal flow that impinges on thexfconcentration. Already
the flux-sheet model of Deinzer et al. (1984b) showed a fiergiflow of this kind. Accord-
ing to these authors it is due to radiative cooling from therdssion walls of the magnetic
flux concentrations (the “hot wallfiect”) that causes a horizontal pressure gradient, which
drives the flow. The non-stationary flux-sheet simulatiohSteiner et al. (1998) and Leka
& Steiner (2001) showed a similar persistent downflow, whistth increasing depth, be-
comes faster and narrower, turning into veritathbsvnflow jetdeneath the visible surface.
While downflows in the periphery of pores have been observdigefieka & Steiner 2001;
Sankarasubramanian & Rimmele 2003; Tritschler et al. 2@@8)also horizontal motions
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Figure 3. Simulation snapshot. Left: Frequency integrated intensity. Right: Vertieginetic flux
density at constant average geometrical height of optical depth umigymean flux density is 200 G.
From Vogler et al. (2005).

towards a pore by Dorota¥iet al. (2002), only very recently such an accelerating dimmn
has been observationally detected in the immediate wcofitibbon bands by Langangen
et al. (2007).

3 3-D simulations of small-scale magnetic flux concentratio ns

New results from realistic simulations on the formationndmics and structure of small-
scale magnetic flux concentrations have recently been ghddliin a series of papers by
Schissler and collaborators. dgler et al. (2005) simulate magnetoconvection in a box en-
compassing an area on the solar surface »f6Mm? with a height extension of 1400 km,
reaching from the temperature minimum to 800 km below th&serof optical depth unity.
Although this is only 0.4% of the convection zone depth, thre $till includes the entire tran-
sition from almost completely convective to mainly radiatenergy transfer and the tran-
sition from the regime where the flux concentration is dor@day the convective plasma
flow to layers where the magnetic energy density of the fluxceatrations by far surpasses
the thermal energy density. The bottom boundary in this &miles simulations is open
in the sense that plasma can freely flow in and out of the coatipanal domain, subject
to the condition of mass conservation. Inflowing materiad hayiven specific entropy that
determines thefective temperature of the radiation leaving the domaineatdb, while the
outflowing material carries the entropy it instantly has.

Figure 3 shows a snapshot from this simulation: To the leftdmergent mean intensity,
to the right the vertical magnetic field strength at a cortsteight, viz., at the horizontally
averaged geometrical height of optical depth unity. (I vddike to caution that this magnetic
map is not what would be seen with a magnetograph, irresgectiits spatial resolution.)
The strong magnetic field in intergranular lanes is manifeastcorresponding signal in the
emergent intensity very much like the snapshot discuss8ddh 2. Also the intensity signal
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shows the same corrugated and knotted ribbon structurastidiserved, and sometimes
there appear also broader ribbon structures with a darkatartre, like the one marked in
Fig. 1. In the latter case however, the characteristictiirias absent, possibly because the
flute instability is suppressed on very small spatial scdiesto lack of sfficient resolution

of the simulation. In the central part of the snapshot, a snmsre or magnetic knot has
formed.

A comparison of the average gas plus magnetic pressure astofu of height at loca-
tions of magnetic flux concentrations with the run of the agergas pressure in weak-field
regions reveals that the two are almost identical, provirag &ven in this dynamic regime,
the thin flux tube approximation is very well satisfiedd@ler et al. 2005). This result con-
firms that the model discussed in Sect. 2 and sketched in kégng8eed an acceptable first
approximation to the real situation.

Simulations are not just carried out for the sake of reproduobserved quantities. Once
good agreement with all kind of observations exists, situta allow with some confidence
to inform about regions not directly accessible to obsémat for example about the mag-
netic structure in subsurface layers. In this respect tmeilsitions of \bgler et al. (2005)
show that often flux concentrations that have formed at thface disperse again in shallow
depths. This behaviour was also found by Stdraberger et al. (2005) in their simulation
with an entirely diferent code and further by Stein & Nordlund (2006a). A vettiesction
through a three-dimensional simulation domain of $igrdberger et al. (2005), where two
such shallow flux concentrations have formed, is shown in &ig he superficial nature of
magnetic flux concentrations in the simulations, howewedifticult to reconcile with the
observation that many flux elements seem to persist overggtime period.

4 The physics of faculae

With growing distance from disk center, small-scale maigriltix concentrations grow in
contrast against the quiet Sun background and become aypparsolar faculae close to the
limb. Ensembles of faculae form plage and network faculaedhe as conspicuous features
of the white light solar disk, as are sunspots. It is theeefust surprising that they play a
key role in the solar irradiance variation over a solar cyrld on shorter time scales (Fligge
et al. 2000; Wenzler et al. 2005; Foukal et al. 2006). Measargs of the center to limb
variation of the continuum contrast of faculae are divets®yever, as the contrast is not
only a function of the heliocentric angle,= cosg, but also of facular size, magnetic field
strength, spatial resolution, etc., and as measurementzrane to selectionfiects. While
many earlier measurements report a contrast maximum agoen@?2. . . 0.4 with a decline
towards the limb, latest measurement&t{&lin et al. 1999; Ahern & Chapman 2000; Ad-
jabshirizadeh & Koutchmy 2002; Ortiz et al. 2002; Centron&gnolli 2003; Vogler et al.
2005) point rather to a monotonically increasing or at madlyndecreasing contrast out to
the limb.

The standard facula model (Spruit 1976), again consistandignetic flux concentration
embedded in and in mechanical equilibrium with a weak-fielfiedd-free environment as
is sketched in Fig, 2. When approaching the limb, the limb sfdbe bright depression wall
becomes ever more visible and ever more perpendicular tonthef sight, which increases
its brightness compared to the limb darkened environmertheéextreme limb, obscuration
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Figure 4. Left: Network faculae at a heliocentric angleof 0.48 in the continuum at 587.5 nm. The
solar limb is to the right. Right: Faculae within the white box of the image to the leftedigqiccording
to the position of the dark lane, together with the mean spatial scan throughghed faculae. From
Hirzberger & Wiehr (2005).

by the centerward rim of the depression starts to take plabgh decreases the size and
possibly the contrast of the visible limb-side wall.

Recently, Lites et al. (2004) and Hirzberger & Wiehr (200&yd obtained excellent im-
ages of faculae with the 1 m Swedish Solar Telescope. Fig{iresh Hirzberger & Wiehr
2005) shows on the left hand side network faculae at a heltdceangle ofu = 0.48 in the
continuum at 587.5 nm. The solar limb is located towards ijiat hand side. It is clearly
visible from this image that faculae are in reality parjidifightened granules with an ex-
ceptionally dark and wide intergranular lane (“dark facl#ae”) on the disk-center side of
the contrast enhancement, which is also the location of tignetic flux concentration. The
right half of Fig. 4 shows the string of faculae within the tehbox of the image to the left,
aligned according to the position of the dark lane. Also sihisithe mean contrast profile,
averaged over the alignment. Similar contrast profilesmglsifaculae are shown by Lites
et al. (2004). Such contrast profiles pose now a new constizh any model of faculae
must satisfy.

Magnetoconvective simulations as the one discussed in $é&utleed show facular-like
contrast enhancements when computing the emergent ityteaising lines of sight that
are inclined to the vertical direction for mimicking limb sdrvation. Such tilted three-
dimensional simulation boxes are shown in the papers byeKetlal. (2004), Carlsson et al.
(2004), and De Pontieu et al. (2006). Keller et al. (2004) alwow the contrast profile of two
isolated “faculae”, which however have a more symmetrigshaather than the observed
characteristic steep increase on the disk-center side thwttgentle decrease towards the
limb. Also they obtain a maximum contrast of 2, far exceedhrgobserved value of about
1.3. Itis not clear what the reason for this discrepancy tigh Interestingly, the old “KGB-
model” (Deinzer et al. 1984b; Kiker & ScHhissler 1988) as well as the two-dimensional,
non-stationary simulation of Steiner (2005) do nicely ocefuce the asymmetric shape and
the dark lane.

Another conspicuous property of faculae that high-resmtuimages reveal is that they
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Figure 5. Left: a) Magnetic flux concentration (blue, vertically oriented lines of éorgee internet
version for colours) with surfaces of optical deptk 1 for vertical lines of sight (thicked curve) and
lines of sight inclined by = 60° to the vertical direction (thifned curve). b) Corresponding contrast
curves. All values of the light red curve left of the black dot originatfrlines of sight left of the
one indicated in panel a). Right: a) Surfaces of optical depthl and 5 (thickred) for lines of sight
inclined by 50 to the vertical, together with isotherms. b) Contrast profile. The regioregétive
contrast is bounded by the two oblique lines of sight indicated in panel a).

are not uniformly bright but show a striation not unlike talgrossibly in connection with
the one seen in G-band ribbons at disk center. While this ffeatannot be reproduced in
a two-dimensional model, it must be part of a satisfactorgeldimensional model. But
so far 3-D simulations show only a rudimentary striationisTinding, rather surprisingly,
indicates that thefective spatial resolution of present-day three-dimeradisimulations is
inferior to the spatial resolution of best current obseore.

In an attempt to better understand the basic propertiecofda, Steiner (2005) considers
the ideal model of a magnetohydrostatic flux sheet embeddag@liane parallel standard so-
lar atmosphere. For the construction of this model the fhuees atmosphere is first taken to
be identical to the atmosphere of the ambient medium buteshiih the downward direction
by the amount of the “Wilson depression” (the depressiomefsurface of continuum opti-
cal depth unity at the location of the flux concentration)e Bhifting results in a flux-tube
atmosphere that is less dense and cooler than the ambiemimrmadtia fixed geometrical
height. In the photospheric part of the flux concentratibermal equilibrium with the am-
bient medium is then enforced. Denoting with indeke flux-sheet atmosphere and wéth
the ambient atmosphere and withthe depth of the “Wilson depression”, we therefore have

oy _JTe(z+W) for 7c>1
i@ _{Te(z) for o<1, @

wherer, is the optical depth in the visible continuum an@?) < p«(2) Yz. The lower left
panel of Fig. 5 shows this configuration together with twdfatgs of optical depth unity,
one for vertical lines of sight (disk center), the other foek of sight running from the top
right to the bottom left under an angle &f= 60° to the vertical, like the one indicated in
the figure. The upper left panel shows the correspondingraann enhancement for disk
center (double humped profile) afd= 60°. Of the curve belonging t6 = 60°, all values
left of the black dot belong to lines of sight left of the onelitated in the lower panel.
This means that the contrast enhancement extends far bélyertpression proper in the
limbward direction, exactly as is observed. The reasonhisriiehaviour is explained with
the help of Fig. 6 as follows.
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Figure 6. Photons preferentially escape along the line of sight to the right that $eséte magnetic
flux sheettube in comparison to the line of sight to the left under equal zenith angtaube of the
rarified (less opaque) atmosphere in the flux shaes.

A material parcel located in the solar atmosphere and ldtetiae flux sheet “sees” a more
transparent atmosphere in the direction toward the fluxtstwepared to a direction under
equal zenith angle but pointing away from it because of thefied flux-sheet atmosphere.
Correspondingly, from a wide area surrounding the magfiaticsheet or flux tube, radiation
escapes more easily in the direction towards the flux shetitada single flux shegtibe
impacts the radiative escape in a cross-sectional aressthaich wider than the magnetic
field concentration proper.

The right hand side of Fig. 5 shows a similar situation asédéft but for a flux sheet that
is twice as wide. The continuum contrast for lines of sigltimed byd = 50° to the vertical
is shown in the top panel. It can be seen that a dark lane otimegantrast occurs on the
disk-center side of the facula. It arises from the low terapae gradient of the flux-sheet
atmosphere in the height rangergf= 1 and its downshift relative to the external atmosphere
in combination with the inclined lines of sight. One couly $aat the dark lane in this case
is an expression of the cool “bottom” of the magnetic flux shee

It is remarkable that this basic, energetically not selisistent model is capable of pro-
ducing both, the facular dark lane and the asymmetricalipsti contrast curve of the facula,
with realistic contrast values. The results of this basidrbgtatic model carry over to a fully
self-consistent model of a magnetic flux sheet in dynamieradtion with non-stationary
convective motion (Steiner 2005). In this case the facalae becomes broader and darker.

It follows from these insights that a facula is not to be idféed with bright plasma that
sticks, as the name may insinuate, like a torch out of ther soldace and as the “hillock
model” of Schatten et al. (1986) suggests. Rather is it theifestation of photospheric
granulation, seen across a magnetic flux concentration -rutgion that appears brighter
than normal in the form of so called “facular granules”. tewingly, already Chevalier
(1912) wondered: “La granulation que I'on voit autour desh&s plu€clatante que sur les
autres parties est-elle la granulation des facules ou della photospére vuea travers les
facules ?” and Ten Bruggencate (1940) noted that “Sie [Rippémengranulen und Fackel-
granulen] unterscheiden sich nicht durch ihre mittleré<se, wohl aber durch den Kontrast
gegeiiiber der Umgebung.”

If this is true, one expects facular granules to show the sd@ynamic phenomena like
regular granulation. Indeed, this is confirmed in a comparisf observations with three-
dimensional simulations by De Pontieu et al. (2006). Theseole that often a dark band
gradually moves from the limb side of a facula toward the diskter and seemingly sweeps
over and "erases” the facula temporarily. The same phenom#rey also observed in a
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time sequence of a three-dimensional simulation, whiclbkedahem to identify the physics
behind this phenomenon.

Examination of the simulation sequence reveals that dankdare a consequence of the
evolution of granules. Often granules show a dark lane thadlly introduces fragmentation
of the granule. The smaller fragment often dissolves (pska) in which case the dark lane
disappears with the collapsing small fragment in the inarglar space. Exactly this process
can lead to the dark band phenomenon, when a granular dagkidaswept towards the
facular magnetic flux concentration. Since the facularhigging is seen in the disk-center
facing side of granules, only granular lanes that are addeictthe direction of disk center
lead to facular dimming. This example nicely demonstrateg fegular granular dynamics
when seen across the facular magnetic field can lead to gefadalar phenomena.

Despite the major progress that we have achieved in undeiatathe physics of faculae
over the past few years, open questions remain. These eoncer

- a comprehensive model of the center to limb variation ofatightness of faculae includ-
ing dependence on size, magnetic flux, flux density, color, et

- a quantitative agreement between simulation and obsenvatith respect to measure-
ments in the infrared and with respect to the observed geaalkdisplacement between
line core and continuum filtergrams of faculae,

- the physical origin of the striation,
- a quantitative evaluation of the heat leakage caused hyaacor
- the role of faculae in guiding magnetoacoustic waves inéochromosphere.

5 3-D MHD simulation from the convection zone to the chromosph ere

For investigating the connection between photospheridlsoale magnetic fields and the
chromosphere, Schanberger et al. (2005) have extended the three-dimensiadaition
hydrodynamics code CBOLD ! to magnetohydrodynamics for studying magnetoconvec-
tive processes in a three-dimensional environment thatrepasses the integral layers from
the top of the convection zone to the mid chromosphere. The based on a finite vol-
ume scheme, where fluxes are computed with an approximateaRiesolver (LeVeque
et al. 1998; Toro 1999) for automatic shock capturing. Ferabvection of the magnetic
field components, a constrained transport scheme is used.

The three-dimensional computational domain extends fré@®km below the surface of
optical depth unity to 1400 km above it and it has a horizoditalension of 480& 4800 km.
The simulation starts with a homogeneous, vertical, uaipwiagnetic field of a flux density
of 10 G superposed on a previously computed, relaxed modékofal convection. This
low flux density is representative for magnetoconvectioawery quiet network-cell interior.
The magnetic field is constrained to have vanishing horedacamponents at the top and
bottom boundary, but lines of force can freely move in theZwntal direction, allowing for
flux concentrations to extend right to the boundaries. Bgeani the top boundary being
located at mid-chromospheric heights, the magnetic fieldlgsved to freely expand with
height through the photospheric layers into the more or hessogeneous chromospheric
field.

Iwww.astro.uu.sébf/co5boldmain.html
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Figure 7. Horizontal sections through the three-dimensional computational don@ator coding

displays logB| with individual scaling for each panel (see internet version for calputeft: Bot-

tom layer at a depth of 1210 km. Middle: Layer 60 km above optical depte 1. Right: Top,

chromospheric layer in a height of 1300 km. White arrows indicate thiedmal velocity on a com-
mon scaling. Longest arrows in the panels from left to right corredpgord.5, 8.8, and 25.2 ks,

respectively. Rightmost: Emergent visible continuum intensity. From fBafizerger et al. (2005).
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Figure 8. Snapshot of a vertical section through the three-dimensional commahdiomain, showing
log|B| (color coded) and velocity vectors projected on the vertical plane (whiteva). The kw
dashed curve shows optical depth unity and the dot-dashed and sokdcblaours3 = 1 and 100,
respectively. See internet version for colours. From 8ehaerger et al. (2005).
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Figure 9. Logarithmic current density, ldg, in a vertical cross section (top panel) and in four hor-
izontal cross sections in a depth of 1180km below, and at heights of 96k@km, and 1310 km
above the mean surface of optical depth unity from left to right, resmggti The arrows in the top
panel indicate the magnetic field strength and direction. The dashed linatieslite position of the
vertical section. [] = 3 x 10° A/m?. From Wedemeyer-8m et al. (2007).

Figure 7 shows the logarithmic absolute magnetic flux dgrieithree horizontal sec-
tions through the computational domain at a given time intstagether with the emergent
Rosseland mean intensity. The magnetic field in the chrohersppart is marked by strong
dynamics with a continuous rearrangement of magnetic flua dime scale of less than
1 min, much shorter than in the photosphere or in the cormeadne layers. There, the
field has a strength between 2 and 40 G in the snapshot of Fighich is typical for the
whole time series. Dierent from the surface magnetic field, it is more homogenandls
practically fills the entire space so that the magnetic §lliactor in the top layer is close to
unity. There seems to be no spatial correlation betweemubspheric flux concentrations
and the small-scale field concentrations in the photosphere

Comparing the flux density of the panel corresponding to 60 km with the emergent
intensity, one readily sees that the magnetic field is canatd in intergranular lanes and
at lane vertices. However, the field concentrations do naiif@st a corresponding intensity
signal like in Fig. 3. This is because the magnetic flux is taakvto form a significant
“Wilson depression” (as can be seen from Fig. 8) so that niatisd channeling #ect takes
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place.

Figure 8 shows the logarithm of the absolute field strengtbuthph a vertical section of
the computational domain. Overplotted are white arrowscatthg the velocity field. The
b/w dashed curve corresponds to the optical depth unity faicadiines of sight. Contours
of the ratio of thermal to magnetic pressusefor 8 = 1 (dot-dashed) angl= 100 (solid) are
also shown. Magnetoacoustic waves that form transient éifdsnof stronger than average
magnetic field are a ubiquitous phenomenon in the chromosgrel are also present in the
snapshot of Fig. 8, e.g., along the contoupof 1 nearx = 1200 km andx = 2500 km.
They form in the compression zone downstream and along getiog shock fronts. These
magnetic filaments that have a field strength rarely excgetliinG, rapidly move with the
shock fronts and quickly form and dissolve with them.

The surface o = 1 separates the region of highly dynamic magnetic fieldsrat@nd
above it from the more slowly evolving field of high beta plastrelow it. This surface is
located at approximately 1000 km but it is corrugated antbial height strongly varies in
time.

A very common phenomenon in this simulation is the formatbma ‘magnetic canopy
field’ that extends in a more or less horizontal directionr@xanding granules and between
photospheric flux concentrations. The formation of suclopatiields proceeds by the action
of the expanding flow above granule centres. This flow trarnispgehells’ of horizontal
magnetic field to the upper photosphere and lower chromosptdere shells of dierent
field directions may be pushed close together, leading tavgticated network of current
sheets in a height range from approximately 400 to 900 km.

This network can be seen in Fig. 9 (top), which shows, for &slsnapshot of the simu-
lation, the logarithmic current density, It together with arrows indicating the magnetic
field strength and direction. Figure 9 (bottom) shows frofhtieright log|j| in four hor-
izontal cross sections in a depth of 1180 km below, and athiteigf 90 km, 610 km, and
1310km above the mean surface of optical depth unity. Higimem the chromosphere
(rightmost panel), thin current sheets form along shocktipe.g., in the lower left corner
nearx = 1.4 Mm.

Using molecular values for the electrical conductivity, d&meyer-Bhm et al. (2007)
derive an energy flux of 5 to 50 Wthinto the chromosphere caused by ohmic dissipation
of these current sheets. This value is about two orders ohinate short of being rele-
vant for chromospheric heating. On the other hand, the eyagdlonolecular values for the
conductivity might be orders of magnitude too high for to leenpatible with the #ective
electrical conductivity of the numerical scheme determdibg the inherent artificial diu-
sion. Therefore, the ohmic heat flux might be conceivably orgers of magnitude larger
than suggested by this rough estimate, so that magnetimbdat ohmic dissipation must
be seriously taken into account. More advanced simulatiakgg explicit ohmic dfusion
into account will clarify this issue.

6 Future directions

Continuously increasing power of computational facitittegether with steadily improving
computational methods, expand the opportunity for nuraésicnulations. On the one hand,
more detailed physics can be included in the simulationherother hand either the compu-
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tational domain or the spatial and temporal resolution @mbéreased. In most simulations,
especially when the computational domain encompasses@mall piece of a star, bound-
ary conditions play an important role. They convey inforim@in the outside world to the
physical domain of the simulation. But this outside worldfen poorly known. In order to
acquire experience and intuition with respect to the infteeof diferent types of boundary
condition on the solution, one can implement and run variea$izations of boundary con-
ditions, which however also requires additional resounce®mputer power and time. Also
the initial condition may critically determine the soluticfor example the net flux and flux
density of an initial, homogeneous vertical magnetic fi@dundary conditions, therefore,
remain a hot topic also in future.

Most excitement in carrying out numerical simulations cerfrem the prospect of per-
forming experiments with the object under investigatioxperiments in the numerical labo-
ratory. Not only that an astrophysical object can be recanttd and simulated in the virtual
world of the numerical laboratory. Once in the computer,dbmputational astrophysicist
has the prospect of carrying out experiments with it as ifchlestial body was taken to the
laboratory.

The following few examples shall illustrate some aspect$ist

6.1 More detailed physics

In the solar chromosphere the assumption of LTE (local thesmamic equilibrium) is not
valid. Even the assumption of statistical equilibrium i ttate equations is not valid be-
cause the relaxation time-scale for the ionization of hgdroapproaches and surpasses the
hydrodynamical time scale in the chromosphere (Kneer 19841) in order to take time de-
pendent hydrogen ionization in a three-dimensional sitraridnto account, simplifications
are needed. Leenaarts & Wedemey@hB (2006) employ the method of fixed radiative
rates for a hydrogen model atom with six energy levels in kiiea-dimensional radiation
(magneto-)hydrodynamics code €BDLD. Thus, additional to the hydrodynamic equa-
tions, they solve the time-dependent rate equations

n n
T v = D Py - Y Py @)
j#i j#i
with Pjj being the sum of collisional and radiative rate §méents,P;; = Cjj + R;j. The rate
codficients are now local quantities given a fixed radiation fieldgach transition, which is
obtained from one-dimensional test calculations.

Simulations with this approach show that above the heighhefclassical temperature
minimum, the non-equilibrium ionization degree is fairlgnstant over time and space at
a value set by hot propagating shock waves. This is in sharpasi to results with LTE,
where the ionization degree varies by more than 20 ordersaghitude between hot gas im-
mediately behind the shock front and cool regions furthexyawhe addition of a hydrogen
model atom provides realistic values for hydrogen ion@atiegree and electron density,
needed for detailed radiative transfer diagnostics.

6.2 Large box simulations

Benson et al. (2007) have carried out first simulations witarge simulation box so as to
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Figure 10. Left: Stillimage of the logarithmic magnetic flux density from a time series feiiistant

t = 1368 s after starting with an initial homogeneous vertical field of 10 G fliside A strong
magnetic flux sheet has formed extending frong)( ~ (200Q -500) to ,2) ~ (250Q0). Right: A
plane parallel wave with frequency 100 mHz travels through convectasna into the magnetically
structured photosphere and further into the pymagnetically dominated) chromosphere. The panel
shows the dference in absolute velocity between the perturbed and the unpertudbédrs@12 s
after the start of the perturbation. The wave becomes strongly redractee lowg region and at the
location of the flux sheet.

accommodate a supergranulation cell. They started a dimnikat encompasses a volume
of 48 x 48 x 20 M using 508 grid cells. With this simulation they hope to find out more
about the origin of supergranulation and to carry out heisrsic experiments (Zhao et al.
2007).

Hansteen (2004) has carried out MHD simulations comprisimgst height range from
the top layers of the convection zone into the transitionoregnd the corona. With these
simulations they seek to investigate various chromosplieatures such as dynamic fibrils
(Hansteen et al. 2006), mottles, and spicules, which are sditthe most important, but also
most poorly understood, phenomena of the Sun’s magnetisted atmosphere. But also the
transition zone and coronal heating mechanisms are in thesfof these kinds of “holistic”
simulations.

6.3 Improvements in boundary conditions

Many conventional magnetohydrodynamic simulations of sheall-scale solar magnetic
field assume that the horizontal component of the magnetit ¥i@nishes at the top and
bottom of the computational domain (e.g. Weiss et al. 199GtaDeo et al. 2003; &ler
et al. 2005; Sch#enberger et al. 2005), which is a rather stark constraipga@ally with re-
spect to magnetoacoustic wave propagation and PoyntingRegently, Stein & Nordlund
(2006b) have introduced an alternative condition with thegibility of advecting magnetic
field across the bottom boundary. Thus, upflows into the cdatimmal domain carry hori-
zontal magnetic field of a prescribed flux density with thermilgvoutflowing plasma carries
whatever magnetic field it instantly has. With this conditan equilibrium in which equal
amounts of magnetic flux are transported in and out of the ctatipnal domain is ap-
proached after some time. It should more faithfully model plfasma flow across the lower
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boundary and it allows for theffiect of magnetic pumping (Tobias et al. 1998).

6.4 Helioseismic experiment with a magnetically structured atmosphere

With numerical experiments Steiner et al. (2007) have expldhe feasibility of using high
frequency waves for probing the magnetic fields in the phgitese and the chromosphere
of the Sun. They track an artificially excited, plane-paialnonochromatic wave that prop-
agates through a non-stationary, realistic atmosphere fhe convection-zone through the
photosphere into the magnetically dominated chromosphérere it gets refracted and re-
flected.

When comparing the wave travel time between two fixed geooadtneight levels in the
atmosphere (representing the formation height of two saklibes) with the topography
of the surface of equal magnetic and thermal energy dertsigyriagnetic canopy @ =
1 surface) we find good correspondence between the two. Theserical experiments
support expectations by Finsterle et al. (2004) that higljdency waves bear information
on the topography of the ‘magnetic canopy’. This simulaggamplifies how a piece of Sun
can be made accessible to virtual experimenting by meareabi$tic numerical simulation.
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Solar mesogranulation as a
cellular automaton effect
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Abstract. We present a simple cellular automaton model of solar granulation thaireaphe granular
cell characteristics in terms of lifetime and size distributions. We show thsedgnanulation, as defined
in observational data, is an intrinsic feature of such a cell system.

1 Introduction

Since the first report of mesogranulation by November et188(), the phenomenon has
been investigated by many scientists with various appregth the problem. Unlike gran-
ulation, which is believed to be quite well understood as mveotive pattern arising from
surface cooling, the nature of mesogranulation still remmalusive. The reported size of
mesogranules is 3 to 10 Mm, hence deeper convection levess heen invoked to pro-
vide for the large cells, assuming that those patterns acemfective origin. Specifically,
it was suggested that the first ionization of He, which ocairdepths around 7 Mm, is
the driving force behind mesogranulation. However, thiszation level is not accompa-
nied by a peak in the specific heat and therefore cannot ggeetai significant increase of
buoyancy. Furthermore, in contrast to granulation and rgupeulation, the reported meso-
granular characteristics vary greatly depending on théysisamethods applied (Rieutord
et al. 2000) and the power spectra of the horizontal veldatg do not show a distinctive
mesogranular peak, but rather a continuous spectrum ofiigrasizes which extend to the
meso-domain (Chou et al. 1991; Straus et al. 1992; Strausr&a&unni 1997; Lawrence et
al. 2001). As indications of mesogranular structure inlsiaaHD simulations were reported
(Ploner et al. 2000), this suggests that mesogranulatiobbea surface self-arrangement ef-
fect of granulation, without reaching deeper into the cotioa zone. We have developed a
simple model, which retains the mutual influence of grantiiesugh the horizontal pressure
as the only means of interaction. We show that such a simpiehneproduces quite well the
granulation features as well as mesogranulation when a@@ly the way the observational
data and numerical simulations are.

2 One-dimensional model

The first version of the model has one spatial dimension a@wérthe evolution of artificial
granules in time. It can be represented by 2D plots of grapastions versus time (see
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Fig. 1). The granules are defined as the space between thgrartelar lanes, which are
simple points in this model. These points start from a randuotial distribution and move
along the spatial dimension in each time step, therefordymiog lines that run along the
time axis. Thus at any given time there is a number of granplesent in the simulation,
their sizes being the distances between neighboring palitts spatial domain is periodic.
The movement of any given point (intergranular lane) at ek step is determined by a
‘pressure’ diference exerted on it by the granules that the point separékespressure is
assumed to be proportional to the granule size; the poinestawards lower pressure, i.e.
small granules tend to be squeezed out of existence. Wet ealtell competition’ model,
since this scheme makes cells ‘compete’ for space. When teianular lanes meet, they
merge, marking the disappearance of a granule. This acedantdissolving’ granules.
On the other hand, when an expanding granule reaches aksie, it splits, becoming a
fragmenter, with a new point (intergranular lane) appegrirhe splitting parameters, which
include random components for critical splitting size aed/intergranular lane position, are
chosen such that the cell lifetime and size distributionrsaspond to the observed properties
of granulation.

1] 400 800 1200 1600 2000 2400 2800 3200 3600 4000
time (arb. units)

Figure 1. Example of the granule evolution plot, with intergranular lanes (black linegyiag in time
from left to right. Mesogranular lanes are marked as thick lines foraaieg timet, = 440 timesteps
(corresponding to 50 min). Timespan of the domain is 445 min. Xhg (nits are arbitrary.

A common way to detect mesogranulation in observationa datd MHD simulations
is by means of ‘corks’, test particles being passively atbeby the flow. The corks are
introduced onto the surface of the fluid in each timestep afidr a few granule lifetimes,
they tend to gather in the long-lived intergranular lanekicv mark places of horizontal
velocity convergence (feeding downflows). The patternsuzhslong-lived intergranular
lanes outline areas of horizontal fluid divergence whichideatified with mesogranules
(Simon et al. 1991; Ploner et al. 2000; Rieutord et al. 20@Qtabeo et al. 2001; Roudier et
al. 2003). In our model, there are no explicit fluid velodtibut we can define mesogranular
lanes as intergranular lanes living longer than a given tigyevhich is significantly longer
than the average granule lifetime. Whenever two lanes margdeep the lifetime of the
older one. Figure 1 shows an example of a granule evolutiot) plith the mesogranular
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Figure 2. Mesogranule lifetime (a) and size (b) histograms extracted from the ld@hfsee Fig. 1).
Solid lines represent meso-dissolvers and dotted lines meso-fragmente averaging time equals
to = 50 min.

lanes marked as thick lines fogy = 50 minutes. Similarly to granules, mesogranules can
also be divided into dissolvers and fragmenters. Figureo®/shmesocell characteristics for
averaging timeg = 50 min.

We find that the mesogranule characteristics depend onlklwea the details of the
granule cell interaction. A random motion model, in whiclengranular lanes perform a
random walk in the domain, produces mesogranulation wittil&@i characteristics.

3 Two-dimensional model

Figure 3 shows a snhapshot from 2D extension of the cell eéeolunodel. The cells are
now triangles and the cell evolution is achieved by movirg\thrtices towards one of the
neighbors along the connection lane (cell side). By emplpyour diferent motion rules
as well as four dferent splitting rules (including a random motion model) weasure how
sensitive the resulting mesostructures are to the defdifeaell interaction.

To be able to compare these results with observations or meaehsimulations, we also
employ procedures similar to those used in solar data aisdéysnesogranulation detection.
Apart from the cork method, which outlines the velocity dgence areas, one can directly
calculate the divergence and extract the statistical ptigseof the divergence patches, i.e.,
mesogranules. The velocity field is obtained with a Localr€ation Tracking (LCT) al-
gorithm. Both the mesolane and the divergence patch mehradsice similar exponential
histograms of cell areas and lifetimes. The statisticgbprides of mesogranules in the model
show only little dependence on the cell interaction rulesydng them to be robust features
of such cellular automata models. Figure 4 shows an exanfiple anesogranulation char-
acteristics for the mesolane detection method.

4 Conclusions

We have shown that mesostructures, similarly defined as serghtions, arise naturally
in granulation-like cellular automata models, with no giddial efects needed. Both the
cork-equivalent as well as velocity divergence methodeaenesostructures in the mod-



342 L. Matloch et al.: Solar mesogranulation as a cellulémmaton éect

/\
AV

L7
ma

A
1 UV N7 N A
0 12 24 36 48 6 7.2 84 96 108 12
X

Figure 3. Example of the 2D extension of the granule evolution plot, with the mesolgralaunes
marked as thicker light-grey lines, foy = 60 min. Large dots are the mesovertices, i.e. vertices that
are older thart,.
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Figure 4. Example of the mesogranulation characteristics for the mesolane detectbnd for the
2D model (see Fig. 3); (a) is the lifetime histogram, (b) is the area histagfaeraging time equals
to = 60 min.

els. Moreover, mesogranulation proves to be a robust featusuch models, only weakly
depending on the detailed granule interaction rules.
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Abstract. A theoretical sunspot model is provided including magnetic suppressithie difusivities
and also a strong stratification of density and temperature. Hffasidin alone with given magnetic
field and zero mean flow only produces (after a very long relaxation tiagy spots without any
bright ring. Models with full dynamics of both field and flow, howeverpyide rings and also the
observed correlation of ring temperature excess and the spot sigeings are formed as the result of
heat transport by the resulting flow systamd increased thermal fiusivity due to reduced magnetic
quenching around spots.

1 Introduction

Measurements have shown the existence of bright rings drswmspots (Bonnet et al. 1978;
Rast et al. 1999, 2001). The rings appear one spot radiustigiie spots and are reported
to be about 10 K warmer than the photosphere. There is a chkyat that larger spots have
brighter rings. We shall discuss in the following whethengie mean-field models of more
or less flat sunspots do develop such rings or not.

2 A simple model

The model concerns a horizontal layer with top and bottormepthusos,, anddy,q: below the
photosphere. In our computatiodg, = 1 Mm is fixed, slightly beneath the typical depth
of Wilson depression. The fluid is assumed to be a perfectlgassity and temperature at
the top Prop, Trop) @and bottom guet, Thot) boundaries are prescribed with the solar structure
model by Stix & Skaley (1990). The reference atmosphere [Bagimated by adiabatic
profiles,

1

g T\
T=T —(D-z = —_— . 1
top T Co ( ), 1% Ptop(Ttop) 1)

Here the gravity igg = 2.74- 10 cms?, D = dypot — thop is the layer depth (here 15 Mm),
zis the vertical coordinate;, andy are specific heat and adiabaticity index defined by the
condition that the bottom temperature and density are Exasgroduced, i.e.

IN(Thot/ Trop)
y=1+ ——.
In(obot/ Ptop)

gb

Cp==———,
P Tbot - Ttop
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The entropy equation witB = C, log (P/p”) is

oT (66_? +Uu- VS) =V (oTxVS). 3)
The sunspot darkness is usually explained in terms of coireelteat transport suppressed
by magnetic field. Accordingly, the eddyffiisivities in the model depend on the magnetic
field (cf. Rudiger & Kitchatinov 2000). This dependence describes adstelecrease of the
turbulent dffusivities with the magnetic field amplitude. Henge= y1¢ (8), whereyt is
nonmagnetic dfusivity and the quenching function

3 (pP-1 p2+1
o0 =gl
depends on the field strength normalized to the energy eqtia value 8 = B/( /iop U'),
U is the rms turbulent velocity. Any anisotropy of the eddffuivities is neglected.
The depth profiles of the equipartition fielflsq = +/op U, and the (nonmagnetic) ftli-
sivities are written in accordance with the mixing-lenggpeoximation, which yields
3y-4 1
— L > 2 T V7P
¥ @ =xo (Ttop) ’ Beq BO(Ttop) '
whereT has been defined in (1) whilg andBy are the thermal diusivity and the equiparti-
tion field on the top boundary. A marginal value for thermahegction,yo = 1.4-10 cn/s,
was taken for the dliusivity, andBy = 500 Gauss. The density runs fron®2x 106 g/cm®
at the top to 18 x 1072 g/cn?® at the bottom, and the temperature varies from 14,000 K to
120,000 K.
The horizontal boundaries are stress-free and impenetralflor the magnetic field
a vacuum condition is used for the top while the field is assuwertical on the bot-
tom. Thermal conditions are the black-body radiation onttheand constant heat flux
(Fo = 6.27- 10*°g s®) at the bottom. If wall boundaries are used we assume zezesstr
zero normal velocity, and superconductor outside.

arctarﬁ) 4)

(6)

1.1
1.0

0.9F
0.8
0.7¢

0.6 ¢
0.5

NORMALIZED HEAT FLUX

L L L L L
0.001 0.010 0.100 1.000 10.000  100.000

RADIUS (Mm) TIME (DAY)

Figure 1. Left: Profiles of surface brightness normalizedRg after 1 day (solid) and after about
500 days (dotted) for vanishing heat flux across the wall boundaightRTime dependence of the
normalized total irradiance at the top. The thermal conditions on the siflangd, = 0 (solid) and
JdT /ot = 0 (dotted).

A simplified model was used to probe the possibility of repiidg bright rings by heat
transport alone. In this model the velocity is put to zere, spot-like structure of the mag-
netic field is prescribed and stationary, and thudion equation for the entropy is solved.
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It is a rather flat spot with an aspect ratic= 2. The spot of this model has a magnetic flux
of 3- 10 Mx and a depth of about 10 Mm.

The surface brightness at the initial state is uniform angaésf,. The brightness of
the region occupied by magnetic field decreases due to megnetnching of the thermal
diffusivity. The normalized surface brightness approacheprtiféde shown by the solid line
in Fig. 1 (left panel) already after several hours and vesiewly after this time. The profile
does not show any bright ring.

The further evolution depends on the thermal conditionsosed on the wall boundary.
The boundary condition (zero heat flux across the boundaisgres that in the steady state
the total irradiance from the surface equals the heat sutpliye bottom £R?Fg). In the
steady solution the heat flux blocked by the spot can reenferdkat spotsas a bright ring
(Eschrich & Krause 1977). Figure 1 (right) shows that theihosity does indeed recover
after the initial reduction but it needs a very long time whis of the order of the Kelvin-
Helmbholtz time {xn ~ 10 yrs for our model).

The reason for this long time scale is the high heat capatityeosolar interior. The time
passed before the rise in the surface irradiance can be semuich longer than lifetimes of
sunspots. Steady solutions of the heat transport equatiotinas not relevant for sunspots.
Also flatter spot models do not show any bright rings.

3 A new MHD sunspot model

For a more consistent MHD model for sunspots we work with thelasticity condition,
V - (pu) = 0, and the complete momentum equation together with thectimuequation

9B _
ot

7

Figure 2. Field lines (top) and streamlines (bottom) after 3 days for an initial field 6fG&uss. The
dotted streamlines mean the flow convergent on the top and divergém dottom. The depth of the
simulated spot is comparable to its diameter. The surface flow is comtergar the spot but divergent
at larger distances.

Vx(uxB-nVxB). (6)
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Amplitudes of the initial uniform field of several hundred s are considered. Magnetic
diffusivity and eddy viscosity are assumed to follow the samenetégy quenching expres-
sions as in Eq. (4).

The vertical size of the simulated spots is comparable to themeter. The resulting
mean ‘meridional circulation’ is convergent on the top nénr spots and it makes down-
drafts beneath the spots in agreement with results of beliography (Fig. 2, bottom). The
amplitude of the flow is about 800 m's The flow direction becomes divergent at larger
radial distances. The field strength in the spot is about Z3@0ss. Brightness and field
strength are almost uniform in the central parts of the spatghey change rapidly with
radius beyond the ‘umbra’.

The radial heat-flux profiles show bright rings around theésp@ur rings are somewhat
brighter than the observed rings.

A comparison of Figs. 2 and Fig. 3 shows that the position efrthg maximum is at the
radius where the horizontal surface flow changes its doacind an upwards directed sub-
surface flow appears. At the same radius the surface fieldgilrdnas a minimum. Hence,
the upward flow carries extra heat from benemtldthe reduced field strength increases the
diffusive heat flux due to reduced magnetic quenching of the tiedifiusivity (4). If the
flow is switched ¢ to probe its contribution to the bright rings they do not gisaar. We
conclude that both the flow and the reducefiiudiivity quenching contribute to the resulting
bright rings. The contribution by the circulation shouldsioally be steady. Observations
can help to decide between the two possible explanatioribdaings by finding out whether
the rings around big spots are decaying on a time scale of dag®eor not.

NORMALIZED HEAT FLUX
o

—éo —'; o o
RADIUS (Mm)
Figure 3. Surface brightness normalized kg for the time of 3 days in the runs for initial fields

of 400 (full line), 500 (dashed), and 600 Gauss (dotted). All ruresvshright rings which are more
pronounced for larger spots.
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Numerical modeling of MHD wave propagation
In sunspots: a 3D case
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Abstract. We present the first results of a 3D numerical modeling of linear MHDeymopagation in

a realistic sunspot model. In our simulations, a piston located at the b#se giiotosphere generates
waves with a certain period. The ratio between the acoustic and thérAffpeedes/va, decreases
from much larger than one at the photosphere to much lower than one @htbmosphere in our
simulation domain. Waves propagate through the region wiiereva, where mode transformation is
observed. At a somewhat higher region, wheyex v,, the fast (magnetic) mode reflects back to the
photosphere due to the vertical and horizontal gradients.ofrhe slow (acoustic) mode propagates
to the upper layers and increases its velocity amplitude. Unlike the 2D simwatf@Alfven mode

is also generated by the piston and experiences transformationscgtthe, layer. The behaviour of
this mode requires further study.

1 Introduction

Wave phenomena in solar magnetic structures have recestthynire a subject of great sci-
entific interest. The latest observational studies of sotsspy Centeno et al. (2006) suggest
that the observed 3-min velocity oscillations in the umhnatomosphere are due to the
propagation of a 3-minute perturbation from the underlyphgtosphere. As theoretically
investigated by Cally (2005) and Schunker & Cally (2006)y&venode coupling and trans-
formation near the equipartition layer, where Alfvand sound speeds coincide, are essential
for the energy propagation to the chromosphere of sunspbese phenomena were studied
via numerical 2D modeling by Khomenko & Collados (2006). ¥iaelopt a magnetostatic
model of a sunspot in which linear waves propagate upwardsyaue transformation oc-
curs near thes = vp line. A complex behaviour of the waves is observed in higbgians.
The fast (magnetic) mode reflects back to the photosphedeomly some part of the wave
energy is transported upwards by the slow (acoustic) maategahe field lines. Although
computations were made for 10-sec period oscillationsefa@ithors suggest that a similar
behaviour is expected for oscillations with frequenciegkr than acoustic cutfo

In order to make such modeling more realistic we addresssmtbrk the same questions
as Khomenko & Collados (2006), but extend our computatior dimensions and study
waves with a somewhat higher period of 20 seconds.
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2 Computational scheme

We investigate linear waves propagating in a 3D magnetogtdtHS) model of a sunspot.
We consider the following ideal MHD equations:

a—p+V(pV)=0, (1)

at
a’g—:/+V(pVV+(P+8B—;)f—%)=pg, 2)
%(%pvz+5—;+yfl)+V(%pV2V+y)_/lPV+%Bx(V><B))=Vpg+pQ, 3)
%—?:VX(VXB), (4)

where all the symbols have their usual meaning kisla unity tensor. We neglect energy
losses, which are represented by the te@ which we set to zero and thus consider only
adiabatic waves. We use the equation of state of the peréect §s a first approach all
equations were linearized and solved using a fourth-ordeige-Kutta numerical scheme.

3 Computational domain and boundary conditions

For our 3D modeling, we have taken an axial-symmetric MHS ehofla sunspot computed
by Khomenko & Collados (2006). A part of this cube of siz831.8x 0.8 Mm® was chosen
as a computational domain (see Fig. 1 in Khomenko & Collad@®6® As in the latter work
we apply theperfectly matched layer boundary conditions (Berenger 1994), though extended
to 3D, at all domain boundaries. These conditions excludef#ctions from the boundaries
and absorb all incoming waves.

Waves were excited by a driver placed at the base of the umpbadbsphere. The driver
had a Gaussian shape in horizontal directions. It initigéedodical velocity perturbations.
Two types of drivers were applied: horizontal and verticBhe horizontal driver initiates
mostly a set of slow magneto-acoustic waves and&ifwaves. The second, vertical driver,
produces mainly the fast magneto-acoustic waves. The mmhaf different wave types as
they are rising into the upper layers is described below.

4 Results of the calculations

The two magneto-acoustic modes (fast and sloviedin their nature depending on the
value of thecs/va ratio. In the photosphere, wheecg/va > 1, the fast mode is acoustic,
while the slow mode is magnetic. In the high layers, wheye/a < 1, the situation is the
opposite. The magnetic waves, as well as the &ifwaves can be distinguished by plotting
the transversal velocity oscillation¥ {( B, columns of panels 1 and 3 in Fig.1) and the
acoustic waves by plotting the longitudinal on®4/B, columns of panels 2 and 4 in Fig. 1).
Unlike the 2D case, the AlBn mode can be generated in simulations with a horizontal
driver. Due to the inclination of the field lines, the driveyess not generate pure modes, but
rather a set of Alfén waves, slow and fast magneto-acoustic waves, with ther la¢ing
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Figure 1. The four columns of panels show velocity oscillations produced by MHBesa The
two left sets correspond to the simulations with the horizontal driver, twd ggts correspond to the
simulations with the vertical driver. For each driver the left panels djspnsversal\{ LB), while
the right panels display longitudina¥/[|B) velocity components. The surface whege= cs is shown
with a gray color. Oscillations of the magnetic field are multiplied by a certaitofdo clearly show
the variations of the field lines, shown as thin solid lines. Darker shadesspond to larger velocity
perturbations, but the scale is arbitrary, since we consider a lineartasesunspot axis is parallel to
the Z axis and crosses the Y axis in the middle of the computational domaithgséop left panel).
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less important. It is seen in the two left columns of Fig. 1t glaw-to-slow mode transfor-
mation plays an important role and a large amount of the waeegy is transported into the
upper chromosphere along the field lines by the slow wave.Allveen wave generated by
the driver is not observed in the upper layers. Thus, we colecthat, possibly, it is trans-
formed into the other wave types. A further analysis of thhewdations is required, however,
to understand the behaviour of this mode. In the upper layensre the magnetic wave
becomes fast, its propagation direction does not deperiglamd it is reflected back to the
photosphere. Note that there appear two fast waves: onectinatts towards the spot axis,
and another one that refracts away from it.

In the simulations with a vertical driver (two right colump$ Fig. 1) the fast (acous-
tic) mode generation is the mosffieient. Near thecs = va layer the fast-to-fast mode
transformation is very sizeable. Fast (magnetic) waveas afountain-like structure due to
refraction and finally reflect back to the photosphere.

From these calculations we can conclude that the slowetg-ahd fast-to-fast mode trans-
formations are veryféective at thecs = va layer. As a consequence, only if the slow mag-
netic mode is generated in the deep photosphere, wave enangport to the chromosphere
by this mode can befkective.

5 Conclusions

Different wave phenomena which were seen in 2D calculationsxqhaieed by Khomenko
& Collados (2006) are also observed in our 3D modeling. Theyethat only some part
of the driver energy can reach the upper chromosphere. @alglow wave can transport
energy to the upper layers, since the fast mode is reflecigdd Bhe slow-to-slow and fast-
to-fast mode transformations seem to be mdheient in 3D than in 2D. Consequently, at
least for short-period waves, the slow mode should be getedirectly by the driver, to
make the energy transport mor@eent.

In the future, our 3D simulations can be used to revéalcts which are not accessible by
2D methods, such as generation and transformation of th&Alnode, &ects of the twist
of the flux tube, etc.
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schaft for participation in the workshop. This research was partlyddriny the Spanish Ministerio de
Educacbn y Ciencia through project AYA2004-05792.
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Seismology of sunspot atmosphere: from
chromospheric resonance to nonlinear
antireflection
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Abstract. The theory of 3-min oscillations in sunspot chromospheres is revisedat.and nonlinear
effects are taken into account. Itis revealed that not only the chromaspésonance is responsible for
the 3-min oscillations in sunspots. The spectrum of oscillations in chromeosgimd transition region
appears due to the combineffeets of chromospheric resonance, cfitfoequency of temperature
minimum and nonlinear antireflection of the sunspot atmosphere.

1 Introduction

There are numerous observations of 3-min oscillationsiiaralosphere and transition region
of sunspots. Oscillations are detected in optical (Cengtrab. 2006), UV (Brynildsen et al.
2004) and radio (Gelfreikh et al. 2006) ranges. The most apbfeature of 3-min oscilla-
tions is the occurrence of few peaks in their spectrum whahespond to the periods of 3
min and less. The explanation of the fine structure of 3-métspm of the chromospheric
oscillations of sunspots was found by Zhugzhda & Locans 1198hey were the first who
did not consider sunspot oscillations as eigen-osciltatiorhe propagation of slow MHD
waves through sunspot atmosphere was explored. The tneatbhthe wave propagation
was based on the finding of Syrovatskii & Zhugzhda (1968) véwealed that slow waves
propagate in a stratified atmosphere along the field lines satind speed if the magnetic
field is suficiently strong. The filter theory was used for exploratiorwipirical models of
the sunspot atmosphere (Zhugzhda et al. 1983, 1984, 1985; $8ttele et al. 2001). A new
approach to the seismology of sunspot atmosphere is proposee present paper.

We need to mention that the filter theory of sunspot osdiltetiis confused sometimes
with the eigen theory because of a chromospheric resonaneeritioned for the explanation
of the frequencies of transmission. But a chromospherior@®r works as an interference
filter for slow waves since it is excited not from inside butrfr the outside by waves coming
from the subphotospheric layers.

The structure of the sunspot atmosphere is not known weligimoThis point becomes
clear from the comparison of distinct empirical models afispot atmosphere. There are
essential dferences between empirical models of Staude (1981), Mattby €1986) and
Lites & Skumanich (1982). For example the thickness of tmepierature plateau in the
chromosphere varies from 400 km for Staude’s model to 800dtrthe Maltby et al. model.
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Figure 1. (a) Schemes of wave propagation through a four-layer atmosptrenates of frequencies
below cut-df frequency (bottom of the plot) and above ctit{oop). (b) The dependence of filter trans-
mission on dimensionless frequency for variousfioents of amplitude reduction due to nonlinear
dissipation. Curves 1-5 correspond to the reductiofficdents 1, 0.83, 0.67, 0.37, 0.07.

The thickness of the temperature minimurfielis by more than a factor 2 for various models.

2 Four-layer model of sunspot atmosphere

To explore the filter properties of the sunspot atmosphereamsider a four-layer isother-
mal model of the sunspot atmosphere which is shown in Fig.Faur isothermal layers
of temperature3 1, T2, T3, T4 correspond to corona, temperature plateau of chromospher
temperature minimum and photosphere-subphotosphereslaje sunspot, respectively.
This model permits to play with the parameters of the sunafmobsphere which is not pos-
sible with the empiric models. Fig. 1a shows two scenariogafe propagation through
the sunspot atmosphere. The first scenario occurs for slaesnaith the frequencies less
than the cut-ff frequency of the temperature minimum. In this case the wimédent upon
the temperature minimum from below undergo strong reflacéiod penetrate through the
temperature minimum to the chromosphere due to a turifezlteconsidered for the first time
for waves in the solar atmosphere by Zhugzhda (1972). Aieepration to the chromo-
sphere the waves are reflected from the corona and tunnelddtbrough the temperature
minimum to the photosphere. The waves reflected by the texhperminimum and corona
interfere in the photosphere. If they are out of phase detsteuinterference occurs and
the reflection from the upper sunspot atmosphere drops.plidres at the frequency of the
chromospheric resonance. Thus, the sunspot atmospheks indhis case as a Fabry-Perot
interference filter for slow waves. This scenario is showmbrgws in the bottom of Fig. 1a.
But there is the essentialftirence from the conventional interference filter due tongtro
dependence of wave reflection from the temperature minimarfreguency. As a result,
the only one passband could appear for slow waves. As a h#esdécond harmonic of
chromospheric resonance has the frequency above thefdoeégquency of the temperature
minimum which exludes resonance. If the temperature plateassumed to be so thick
that the frequency of the second harmonic of a chromosphesianator is below the cut-
off frequency, the transmission of the passband for the firghdaic reduces so much that
the filter does not work for this frequency. The filtering doechromospheric resonance
is effective only for the limited range of frequencies below thé-afii frequency since the
Fabry-Perot interference filter for slow waves works onlyewheflections from the corona
and the temperature minimum are of the same order. Only $nrcthige waves are concealed
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almost completely due to destructive interference. No ntiwa@ one harmonic of the chro-
mospheric resonator can be in the range of frequencies venilsuitable for anfeective
interference filter. It could happen that all of the harmseni€¢ a chromospheric resonator
are out of this range of frequencies. In this case an intenfa filter for slow waves has
low transmission and a corresponding peak in the spectrdmaih oscillations is so small
that it can be missed. Thus, the chromospheric resonanceatdre responsible for the
appearance of multiple peaks in the spectrum.

To understand the origin of the peaks in the spectrum we reednsider the second
scenario of wave propagation when the frequency is aboveuthdt frequency of the tem-
perature minimum. The scheme of wave propagation is showmeimpper part of Fig. 1a.
In this case there is no strong reflection of waves from thegptgature minimum. If the
spectrum of incident waves is decreasing fast with frequéme peak around the cutidre-
quency has to appear. The origin of passbands above théfdtgeuency is related with the
so-called antireflectionfiect which appears in a multilayered medium. THieet appears
when the medium consists of few layers with more or less shaymdaries between them.
The interference of the waves reflected from the boundareemthe media partly trans-
parent for the waves of some specific frequencies. The teatyerplateau and temperature
minimum are the layers responsible for the appearance dfpieupeaks in the spectrum of
3-min oscillations. The frequencies of these peaks areshititan the cut frequency.

A concern arises due to the evidence that 3-min oscillatamesnonlinear in the chro-
mosphere (Centeno et al. 2006) and the transition regioyn{BBsen et al. 2004). But the
interference responsible for the chromospheric inteneeefilter and antireflectionfieect
takes place in the temperature minimum and photosphereevtherlinear approximation
works perfectly. Thus the nonlinearity of 3-min oscillat®does notféect the interference
process. But the nonlinear dissipation of waves has to eetheeamplitudes of waves com-
ing from above to the temperature minimum. The observatidgrynildsen et al. (2004)
show decreasing amplitudes in the transition region fopeenatures above 28. To explore
the dfect of nonlinearity on filtering of slow waves by sunspot aspizeres it is enough to
explore the consequences of amplitude reduction the waaesling from upper layers to
the temperature minimum. Since it isffiiult to estimate a nonlinear dissipation, various
codficients of amplitude reduction of the waves reflected fromttpeof the atmosphere
were used to calculate the transmission function. Fig. Hwshust one example of the
calculation of the transmission déieient for the four-layer atmosphere as a function of the
dimensionless frequendy normalized to the cutfbfrequency. The curves 1-5 on the plot
of Fig. 1b show the transmission of the filter as a functiofdior different values of the
amplitude reduction cdgcient, namely, 1, 0.83, 0.67, 0.37, 0.07. The transmissfaalo
filter passbands increases, as a rule. The transmissiore @attsband due to the chromo-
spheric resonanc€(= 0.815) increases with decreasing amplitude of the reflectee svap
to the amplitude reduction cficient 0.83. A further reduction of the waves reflected from
the transition region leads to a decrease of the passbamhtission and disappearance of
the chromospheric resonance when the amplitude of reflecagds reduces by a factor of
10-15. The transmission of the passband due to thefEfitequency 2 = 1) increases as
well with decreasing amplitude of the reflected wave. Thagmaission of passbands due
to antireflection fect increases along with the decrease of the reflected wapbtades.
Thus, we see that the nonlinear damping of the waves in ctsphaye and transition region
leads to a higher quality of filter passbands.
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Figure 2. Transmission as a function of frequency for empirical models of {#@sL& Skumanich
(1982), (b) Maltby et al. (1986) and (c) Staude (1981). Curvescbrespond to reduction of reflected
waves by factors 0.7, 0.5, 0.25, 0.1, 0.0, respectively.

3 Analysis of empirical models of sunspot atmosphere

Figures 2a, b and ¢ show the transmissionfitcient for the empirical models of Lites &
Skumanich (1982), Maltby et al. (1986) and Staude (1981 gédssband due to the cut-
off frequency appears almost at the same frequency for all theels since the sound
velocities in the temperature minimums of these models aegly the same. In contrast,
the passband due to the chromospheric resonance occufteatrdi frequencies for fier-
ent models. Besides, the transmission of this passbandases with the increase of its
frequency. The maximum transmission occurs for StaudedemoThe interval between
antireflection passbands idi@irent for the models of Lites & Skumanich (1982), Maltby et
al. (1986) and Staude (1981) since the thickness of temperatinimum and temperature
plateau difers for these models. Thus, the frequencies of passbante 8fmin spectrum
provide information on the parameters of sunspot atmogshdre curves 1-5 in the plots
of Fig. 2a,b,c show the dependence of passbands on the imdatamplitude of reflected
waves which has to occur due to nonlinear dissipation of w.a@» the whole, the dissipa-
tion of waves in transition region and upper chromospheuses an increase of passband
transmission.
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Ray tracing of ion-cyclotron waves in a coronal
funnel
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Abstract. Remote observations of coronal holes have strongly implicated the kintgradtions of
ion-cyclotron waves with ions as a principal mechanism for plasma heatidgacceleration of the
fast solar wind. In order to study these waves, a linear perturbatidpsisies used in the work frame
of the collisionless multi-fluid model. We consider a non-uniform backgdoplasma describing a
funnel region and use the ray tracing equations to compute the ray p#ib afaves as well as the
spatial variation of their properties.

1 Introduction

The ultraviolet spectroscopic observations made by SUMERWYCS aboard SOHO in-
dicated that heavy ions in the coronal holes are very hot high temperature anisotropy
(see, e.g., Kohl et al. 1997; Wilhelm et al. 1998). This remuh strong indication for heat-
ing by ion-cyclotron resonance (i.e., collisionless egegchange between ions and wave
fluctuations, see Stix 1992, Chap 10) involving ion-cy@atwaves that are presumably
generated in the lower corona from small-scale reconnea&i@nts (Axford & McKenzie
1995). Performing a Fourier plane wave analysis, ion-dyaiowaves are studied using the
collisionless multi-fluid model. While neglecting the elext inertia, this model permits the
consideration of ion-cyclotron wavdtects that are absent from the one-fluid MHD model.
Realistic models of density and temperature as well as a 2beflumodel describing the
open magnetic field are used to define the background plasimasidering the WKB ap-
proximation, we first solve locally the dispersion relatad then perform a non-local wave
analysis using the ray-tracing theory, which allows to categhe ray path of the waves in
the funnel as well as the spatial variation of their projgstti

2 Basic equations

The cold collisionless fluid equations for a particle spggiare:

M v () =0 N
at 1V >

ovj
mjnj(a—tj+vj-ij)—anj(E+vij):0, (2)
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Figure 1. Left: Electronic density rfs) and temperatureT() model-profiles of the chromosphere
(Fontenla et al. 1993) and the lower corona (Gabriel 1976). Rightn&lunagnetic field geometry as
obtained from a 2-D potential field model (Hackenberg et al. 2000).

wherem;, n; andv; are respectively the mass, density and velocity of a speciebhe
electric fieldE and the magnetic fiel8 are given by Faraday’s law, i.& x E = —9B/4t.
The background density, temperature and magnetic fieldemerithed in Fig. 1. Considering
the quasi-neutrality and no ambient electric field, we penfa Fourier plane-wave analysis.
The dispersion relation is obtained using

D(w,k,r) = Det[;)—zzkx(kxE)m(w,k,r).E] =0, ©)

wherec is the speed of light in vacuuna,is the dielectric tensor which is a function of the
wave frequency, the wave vectok and the large-scale position vectorThe wave vector
k lies in thex — z plane, withk = k(sing, 0, cos).

The dispersion relation (3) is used to compute the Ham#ioitype ray-tracing equations
(Weinberg 1962):

dr _ dD(w,k,r)/ok dk _ dD(w,k,r)/or @
dt  dD(w,k,r)/dw’ dt  OD(w,K,r)/0w

3 Numerical results

We consider a cold plasma made of electramg, (protons ;) and alpha particles (He,
indicated bya) with n, = 0.1n,. In this case, the dispersion relation (3) is a quadratic
polynomial of degree 6, which means that 3 modes exist and eae is represented by
an oppositely propagatings(> 0 andw < 0) pair of waves. These modes, for which the
dispersion curves are shown in the right panel of Fig. 2,laédn-cyclotron modes 1 (IC1)
and 2 (IC2) and the fast mode. For large k, the two IC modeshreaesonance regime
at each one of the ion-cyclotron frequencies, ke= Qp andw = Q, = Qp/2. The fast
mode has a cutfbfrequencywe/Q, = 0.583 and couples and mode converts with the IC1
mode at the so-called cross-over frequengy/Q, = 0.612. The polar plots of the group
velocity forkVap/Q,=0.2 (Fig. 2), show that the IC2 mode is mainly anisotropic eaainot
propagate perpendicularly 8y. Thus the corresponding energy mainly flows along the
magnetic field lines, with maximum group velocity at paraieopagation. On the other
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Figure 2. Right: Dispersion curves in the cold three-fluid (e-p?HJemodel at the location &7.5
Mm, z=2.5 Mm) in the funnel with 8q-inclination angley ~ 79° and for diferent propagation angles
6 (Q, and Vj, are the proton cyclotron frequency and Adfvspeed). Left: Polar plot of the group
velocity as a function of and forkVa,/Q, = 0.2.

hand, the IC1 mode and the fast mode propagate almost igmhgpand consequently the
energy flow is fairly isotropic. These results are confirmgdHe ray-tracing computation
which clearly shows that the IC2 mode is well guided alondittld lines, since the ray paths
(direction of the group velocity) for various initial anglef propagatiody nicely follow the
magnetic field lines (Fig. 3, p. 358). Indeed, the maximaluauwgdeviation isy ~ 6.5° at z

~ 4 Mm andy ~ 0° (quasi-parallel propagation) in the upper part of the fuywbere the
wave is quasi-electrostatic, i.¢£ |~ 1, and has a nearly linear polarization, ijea |~ O.
On the contrary to that behavior, the IC1 mode and the fastenanel unguided with a ray
path having mainly a strait trajectory. The angular degiaii between the ray path ari}
varies between-60° and 80 for the IC1 mode and-40° and 60 for the fast mode. The
polarization is in general elliptical, right-handed % 0) for the IC1 mode and left-handed
(o < 0) for the fast mode, except fér= 20° in the upper part of the funnel¥z6 Mm) where

it is mainly circular, right-handed(= —1) for the IC1 mode and left-handed € —1) for
the fast mode.
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Abstract. Nanoflares are small impulsive bursts of energy that blend with and possibly make up much
of the solar background emission. Determining their overall contribution is central to understanding
the heating of the solar corona. Here, a simple nanoflare model based on three key parameters: the
flare rate, the flare damping time, and the power-law slope of the flare energy frequency distribution
has been used to simulate emission line radiances observed by SUMER in the corona above an active
region. The three lines analysed, Fe xix, Caxmi, and Sim have very different formation temperatures,
damping times and flare rates but all suggest a power-law slope greater than 2. Thus it is possible that
nanoflares provide a significant fraction of the flare energy input to active region coronae.

1 Introduction

Nanoflares were postulated first by Levine (1974) and later by Parker (1988) to be the source
of the solar corona’s background heat. The majority would be small fluctuations on the over-
all background and impossible to detect, so their energy has been estimated by extrapolating
the energy frequency distribution of larger flares. The energy frequency distribution of larger
flares tends to follow a power-law distribution

dN o

aE " E M)
where dN is the flare number in energy interval dE. The energy of small flares dominates if
@ > 2 (Hudson 1991). The standard method to evaluate « is to evaluate the energy of many
flares in a series of observations and then plot their frequency in bins of energy dE. The
majority of analyses based on this type of event counting deduce @ ~ 1.7, a value smaller
than the critical 2 (Lin et al. 1984; Shimizu 1995; Aschwanden & Parnell 2002). These
results may, however, be misleading. For example, Parnell (2004) demonstrated that one can
obtain @ ranging from 1.5 to 2.6 for the same dataset using different but still reasonable sets
of assumptions for the analyses.

Here we take an alternative approach and model UV radiances observed by SUMER in an
active region corona, assuming that the radiance fluctuations and the nearly constant ‘back-
ground’ emission are caused by small-scale stochastic flaring (Pauluhn & Solanki 2004,
2007). The model has successfully been applied to UV radiance fluctuations in the quiet
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Figure 1. Simulation radiance distributions (a, ¢) for the light curves (b, d) on their right and (e) the
dependence of shape parameter o~ on 74py for @ = 1.6 (dashed) and @ = 2.4 (solid).

Sun (Pauluhn & Solanki 2007). The lines chosen, Fexix (7 MK), Caxm (1 MK) and
Sim (0.05 MK), cover two decades in formation temperature. In a previous paper, event
counting in the Fe x1x dataset deduced an o ~ 1.8 (Wang et al. 2006).

2 The Model

A detailed outline of the model and assumptions are given in Pauluhn & Solanki (2007).
Basically, flares with a power-law frequency distribution in radiance are assumed to erupt
with a frequency, py, and then decay with a damping time, 7,4. The radiance observed is the
sum of all overlapping radiances.

For a large number of independent random flares, the radiance distribution is lognormal:

p(x) = exp (—M)/ (o-x \/ﬂ) , (2)

202

where o is the shape parameter. Small o (< 0.3) indicates a symmetric distribution due
to high background emission caused by either a long damping time, 7,4, or a high flare fre-
quency, py. Examples are given in Fig. la-d. o is inversely proportional to /74p; (Pauluhn
& Solanki 2007) with a slight @ dependence as shown in Fig. le. The radiance distribution
can be used to obtain the value 7;p to within = 20%.

2.1 Wavelet analysis

Since our model is random no periods are expected and this is observed when analysing
the model light curves. We notice however that the steepness of the wavelet global power
spectrum at high frequencies depends inversely on the damping time, so can be used to
determine 7,4 to within ~ 20%. Global power spectra for different 7; are shown in Fig. 3e
with the global power spectra of the data overplotted.



H. Safari et al.: Nanoflare radiance distributions 361

f -

{ EIT 195089

5*

i
Figure 2. EIT 195 A image taken on 17 Sep 2000 of observed active region showing the position of
the SUMER slit (black vertical line).

3 Observations

The active region corona was observed at a fixed position above the limb (Fig. 2) in the three
lines, Fe x1x, Ca xm and Sim by SUMER. Observations were made over periods of 14 hours
with an exposure time of 1.5 min. Therefore a typical period would consist of about 500
exposures. Observations were made over several days but for this analysis we look at data
from the 14 hours when the active region was closest to the limb for the Fe xix and Ca x.
The Sim data were taken on the following day when a number of small surge-like events
were seen above the limb. More details of the observational setup are given in Wang et al.
(2006). The images in Fig. 3a, show the time series of radiance seen along the slit for the
analysed periods.

For each line, radiance distribution functions were computed from the complete dataset
and fitted with the lognormal function. Using the different o’s we are able to obtain 74py
from the relationship plotted in Fig. 1e. Then using the wavelet analysis to get the 7, we
obtain the pys. Given the 74, and p, we run the flare simulations for various a’s. This gives
light curves that can be compared with our SUMER observations. In Figs. 3b,c,d we show
simulated and observed light curves. As « increases, the background becomes smoother and
single flares become more prominent. A foolproof technique to quantify this effect is the
next stage of our analysis. For the moment, we can say that the simulations with @ = 2.4
look the most realistic. Those with @ = 1.6 have too much background variation, whereas
those with @ = 3 do not have enough larger flares.

Acknowledgements. H. S. acknowledges warm hospitality and financial support during his research
visit to the solar group, MPS, Katlenburg-Lindau.
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Abstract. Current measurements provide the photospheric magnetic field (e.g., from MDI on SOHO)
and line-of-sight integrated 2D coronal images (e.g., EIT). Our aim is to use these observations to
reconstruct the 3D structure of the solar corona. Here we do the reconstruction in two steps. We
compute a global coronal magnetic field model with the help of a potential or linear force-free model.
In a subsequent step we model the coronal plasma radiation with the help of scaling laws. Scaling laws
which relate loop emissivities with plasma parameters will be tested with these models.

1 Introduction

To understand the physical processes in the solar corona (e.g. coronal mass ejections), it
is important to get insights into the solar magnetic field which couples the solar interior,
the photosphere and the corona. Unfortunately, because of low plasma density and high
temperature in the corona, a direct measurement of the coronal magnetic field is extremely
difficult. Therefore the extrapolation of the photospheric magnetic field into the solar corona
is very important. Here we use the extrapolation results of the potential field model and
linear force free model on global scales.

The scaling laws which relate loop emissivities with plasma parameters will be tested with
these models. The distribution of the plasma and the shape of the loops in these models com-
pared to what is seen in the EUV and white light images will reveal how well the magnetic
field is reconstructed. We discuss how future measurements from different viewpoints with
STEREO can be used to refine the model.

2 Method of extrapolation

We construct a field B which satisfies

VxB
V-B

aB ey
0 2

with a constant value of @ (@ = 0 means potential field model). We also fit our extrapolation
to surface observations.

A field which satisfies Egs. (1) and (2) can be calculated from its poloidal and toroidal
components (Morse & Feschbach 1953)

B = P(¢)+aT(¢) 3
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Figure 2. Extrapolation results: a = 0 for left panel and a = 0.3 for right panel.

P(¢)
T(¢)

VXVXre 4)
Vxre, (5)

where r is the radius vector in units of the solar radius R.
The potential ¢ satisfies a Helmholtz equation

Ap = -d?p. (©6)

¢ is fitted to surface measurements by a decomposition into spherical harmonics
1 - .
¢ = nz”; WP" (@) (@pmcos p + by, sinp). @)

The fit is achieved by minimizing the following expression at r = 1:

Z[B(l,@,p)~e—D(9,p)]2 0. 8®)
0p

Here e is the known vector of the view direction and D is the line-of-sight (LOS) field
component obtained on the surface. From this we get the coefficients a,,, and b,,,,.
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Figure 3. Influence of the heating scale height S 5 on loop properties. The values of Sy (in Mm) are
4, 40 and 4000 for the top, middle and bottom curve, respectively.

3 Measurements and results of extrapolation

Figure 1 gives the MDI LOS magnetogram of the synoptic magnetic field from May 11, 1998
to June 7, 1998 at the photosphere. Figures 2 and 3 show the result of our linear force-free
field extrapolation with different values of the free parameter . Careful inspection of these
two panels shows that the extrapolation results are different.

4 Scaling laws

Because of the low plasma 3 in the low corona, plasma can move only along magnetic field
line. We write the energy equation along the field line as

Ey—Er—Ec=0, 9

where Ey, Eg and E¢ are heating the term, the radiative loss term and the conductive term,
respectively. Rosner et al. (1978) derived scaling laws to approximate the plasma parameter
along the loops. These scaling laws have been refined by Aschwanden & Schrijver (2002)
who found the analytic expression

Ep(s) = Egexp[-(s—s0)/SHl, (10)

where Sy is a heating scale height. Er and E¢ have no free parameters. With the heat
input as in Eq. (10), they obtained the distribution of temperature, pressure and density
as a function of heating scale height and loop length. Schrijver et al. (2004) extrapolated
magnetic fields to the solar corona with a potential field model and filled the field lines with
the plasma according to the above scaling laws. They also compared their simulation result
with observations and reached the conclusion that the best heating flux densities Fy depend
on magnetic filed strength B and loop length L as: F; = ¢B"9%03 /L1005 (¢ is a constant).

Figure 3 shows the influence of Sy on loop properties. We have combined their scaling
laws with our magnetic field model. Figure 4 provides the temperature distribution in the
solar corona as a cut through the longitude 40°.
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Figure 4. Temperature distribution in the solar corona, cut through longitude 40°.

5 Discussion and outlook

We extrapolate the magnetic field in the solar corona with the potential field model and the
linear force-free model, and fill the loops with plasma according to the scaling laws. We
cannot compare our temperature distribution with observations directly. In order to enable
direct comparisons of our model with observations, we intend to calculate the plasma emis-
sivities in the corona and integrate the LOS emissivities to produce artificial images. After
that, we can compare our simulations and observations directly.

STEREO provides the opportunity to observe the Sun from two view directions. We will
apply an advanced models, such as the MHS model (e.g., Neukirch 1995), to compute the
coronal magnetic field and the plasma self-consistently. Our models contain free parameters,
e.g., the optimal linear force-free parameter « and the details of the scaling laws. To optimize
these parameters, we will compare our artificial images with the real images from STEREO.
This allows us to find the optimal parameter set within our model approximation which fits
the observations best.
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work of P. Ruan was supported by the International Max Planck Research School on Physical Processes
in the Solar System and Beyond at the Universities of Braunschweig and Gottingen. The work of T.
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Abstract. We present results of numerical simulations of magnetic flux transjpattte surfaces of
cool stars with radii of IR, and 3.3R,. The dfects of diferential rotation and the tilt angle on the
lifetimes of stellar bipolar magnetic regions are discussed. The existéhaegelasting polar spots
can be explained by high-latitude persistent emergence of bipolar segion

1 Introduction

It is evident from studies of Zeeman-Doppler imaging of dipirotating cool stars that
starspots are magnetic structures. We have applied theatiafox transport model, which
works reasonably for the transport of magnetic fields on the(8Vang et al. 1989; Dikpati
& Choudhuri 1995; van Ballegooijen et al. 1998; Mackay ef@D2; Baumann et al. 2004)
to understand thefiects of large-scale surface flows on the lifetimes of stdasspo

2 The model

The surface flux transport model for purely radial magnegid§ with horizontal and radial
diffusion is used (Baumann et al. 2004, 2006). The horizontalradidl turbulent diu-
sivities are taken ag, = 600 kn? s and nr = 100 kn? st respectively. The observed
differential rotation profiles of the Sun (Snodgrass 1983), AB & HR 1099 (Donati et
al. 2003) as well as the solar surface meridional flow profilathaway 1996) are used. A
starspot pair is represented by a bipolar magnetic regiereétiter BMR) emerged with a
tilt anglea = 0.51 between the bipole axis and the local latitudinal circlegveil is the
emergence latitude. The area covered by the starspot isddjinthe region with the field
strength above a certain threshold level (for details, sieelt al. 2007).

3 The effects of large-scale flows on starspot lifetimes

Figure 1 shows the evolution of three BMRs that emergedigrént latitudes. The strongest
rotational shear is at mid-latitudes. It leads to shorfetithes owing to a faster reduction of
the characteristic length scales of the BMR, which leadagtef difusion. Near the equator,
local shear is less pronounced and this results in sligbtigér lifetimes. At high latitudes,
although the local shear rate is higher than in the equategéons, the lifetime is relatively
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Figure 1. Evolution of BMRs with diferent emergence latitudes, with initial tilt anglkes= 0.51,,
and with solar surface shear (shown with respect to the rest frame afghator). The top panels
indicate the initial states, and the bottom panels show the states after 55 Hayfeld strength above
a threshold level (14%) is indicated by white regions enclosed by a thick btattour. Contours for
4% and 2% of the initial peak strength are filled with shades of gray for palcinity.

Figure 2. Two large BMRs with (a) and without (b) an initial tilt angle & 0.51¢), at times shortly
before their peak strength falls below the threshold.

long. The reasons are, firstly, that the poleward meridifinal decelerates with increasing
latitude, and secondly, that the meridional flow advectsBMR to regions with weaker
shear. Both ffects prolong the lifetimes of high-latitude starspots. A BMovering 12%
of the stellar surface, emerging &t = 40° with a tilt anglea = 20° may live as long as 7
months, because it develops into a roughly circular polpr(Eggure 2a). Polar caps require
an initial tilt of the BMR (Figure 2b), because otherwise émhanced flux cancellation leads
to a relatively short lifetime.

In the case of (sub)giant stars, lifetimes increase as ptiopal to the square of the stellar
radius. When a BMR, which covers about 0.8% of the stellaasgrfemerges at 7@titude,
it lives for about 2 years. Emergence of additional BMRs at-rto high latitudes, can lead
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to the formation of polar spots which live for many years. Fatance, random emergence
of 6 BMRs, each covering 3% of the stellar surface, duringykdrs, leads to a lifetime
increase of an already existing polar cap from 3 years to asysik et al. 2007).
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Abstract. The stellar mass loss rate is important for the rotational evolution of a star and for its
interaction with the circumstellar environment. Based on empirical mass loss rates of cool stars, we
develop a model for the increase of stellar wind ram pressures and mass fluxes with the stellar rotation
rate. On the main-sequence, the predicted mass loss rates do not exceed about ten times the present
solar value. We expect the erosion of planetary atmospheres and the detectability of magnetospheric
radio emissions originating from extra-solar giant planets to be strongest during the pre-main sequence
phase of the host star.

1 Introduction

The rotational evolution of cool stars and their interaction with the interstellar medium or
with planetary companions depend on the stellar mass loss rate. Astrospheres carved out
from the ambient interstellar medium by tenuous winds cause absorption features in the stel-
lar Ly @ emission line profile. By fitting observed and simulated absorption features, Wood et
al. (2002, 2005) deduced mass loss rates of cool stars in the solar neighbourhood, which in-
dicate a correlation between stellar mass loss rates and coronal activity levels. Their method
is based on the assumption of thermally driven winds with a solar-like terminal velocity and
disregards the influence of magnetic fields on the acceleration of outflowing plasma. By
comparing self-consistently determined wind ram pressures with the empirical constraints,
we investigate the impact of magnetic fields on the mass loss and on the rotational evolution
of cool main-sequence stars (Holzwarth & Jardine 2006).

2 Model setup

We consider a 1 Mg main-sequence star with rotation rates 0.6 < Q/Qg < 11.3. Following
the approach of Weber & Davis (1967), we assume a split-monopole field geometry for
the open magnetic field and that the entire stellar surface contributes to the mass loss. The
properties of the polytropic wind are specified through its temperature, T\, (particle) density,
ng, and radial magnetic field strength, By, at the reference level ry = 1.1Rg close to the
stellar surface (Holzwarth 2005). The dynamical impact of the stellar wind on the interstellar
medium depends on the mass loss rate, M, and the terminal wind velocity, ve. In contrast to
the wind ram pressure, which decreases far away from the star o 72, the ram force per solid
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Figure 1. Comparison between empirical CWRP (symbols, indicating spectral type) and theoretical
CWRP (curves) of main-sequence stars. The cross marks the transition from slow to fast magnetic
rotators.

angle, Mv.,/(4r), is independent of the distance from the star. To compare our theoretical
results with the empirical values of Wood et al. (2002, 2005), we use the ram force per
stellar surface area, P o« Mv,,/R?, as the principal quantity of our analysis and refer to it as
the characteristic wind ram pressure (CWRP).

Observations indicate an increase of the coronal temperature, density, and activity level
with the stellar rotation rate, Q. This aspect is taken into account by using rotation-dependent

wind parameters:

T() _(Q)nr n() _(Q)nn B() _(Q)nq)

Too Qo ' np,o Qo ' By Qo
The power-law indices nr, n, and ng determine the rates of increase of the thermal and mag-
netic wind parameters. The reference parameters, To o = 2.9-10° K, ng o = 2.8-10° cm™, and
By = 3G, are specified through the requirement that for the rotation rate Qg = 2.8- 107657
the model yields solar wind conditions as observed at earth orbit (v, = 400km/s,n, =~
7em>,T =~ 2-10°K,B =~ 5-107°G). The polytropic index is I' = 1.22, and the mean
molecular weight u = 0.5.

3 Wind ram pressures of cool stars

Within the framework of our model, the observed high CWRPs of the moderately rotating
targets 36 Oph, 70 Oph, and € Eri can only be explained in terms of very dense stellar
winds (Fig. 1). Such a wind scenario is in contrast with recent X-ray observations, which
indicate that the coronal densities of these targets are rather solar-like (Wood & Linsky 2006).
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Figure 2. Terminal wind velocities (left) and mass fluxes (right). The cross marks the transition from
slow to fast magnetic rotators.

The CWRPs of the more rapidly rotating targets £ Boo and EV Lac are consistent with
wind scenarios which are based on a moderate increase of the thermal and magnetic wind
parameters. The rates of increase applied here are in agreement with empirical values of
previous investigations (e.g. Saar 2001; Ivanova & Taam 2003). The character of the increase
of both the mass loss rate and the terminal wind velocity depends on whether the star is a
slow magnetic rotator with a thermally driven wind, or a fast magnetic rotator with high wind
velocities caused by an efficient magneto-centrifugal driving (Fig. 2).

4 Impact on stars and planets

To analyse the impact of the two wind scenarios on the rotational evolution of a 1 M, star,
we apply them to the stellar rotational evolution model described by Holzwarth & Jardine
(2005). The larger amount of angular momentum carried away by very dense winds hampers
the pre-main sequence spin-up of stellar rotation (Fig. 3, upper panel), which is in discord
with the observed existence of very rapidly rotating young stars. The predicted mass loss
rates and wind ram pressures are highest during the pre-main sequence phase. Since the
level of magnetospheric radio emission from planets increases with the kinetic and magnetic
energy flux of the incident stellar wind (e.g. GrieBmeier et al. 2005), we expect that the
detectability of extra-solar giant planets is largest for young and rapidly rotating host stars.

5 Conclusion

The increase of the wind ram pressure of cool stars is characterised by the slow and rapidly
rotating targets, and quantified through the rates of increase ny ~ 0.1,n, =~ 0.6, and ng < 1;
these values are consistent with previous investigations. The high CWRPs of the moderately
rotating targets 36 Oph, 70 Oph, and € Eri are peculiar and imply significantly different wind
properties; their role has to be clarified. The predicted mass loss rates of cool main-sequence
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Figure 3. Evolution of the stellar surface rotation rate (upper panel) and mass loss rate (lower panel)
of a 1 Mg, star subject to different wind scenarios. Crosses mark the current state of the Sun.

stars do not exceed about 10M,. The most promising targets for radio searches of extra-solar
giant planets are predicted to be rapidly rotating pre-main sequence stars.
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