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Summary

This thesis describes high-resolution imaging and higloltgion spectroscopic observa-
tions in the blue continuum and in molecular bands, theilyaigand the interpretation

of results. These refer to small-scale photospheric feafug.g. G-band bright points,
ribbons, faculae etc. In addition, descriptions are giviethe radiative diagnostics in the
continuum of three-dimensional MHD simulations that hagerbcarried out in order to

study the physical structure of faculae and the centeintb-Variation of their brightness.

The projects which have been carried out as part of thisghasil the most important
results are:

e High-resolution simultaneous observations of the Sun iadlspectral bands, the
blue continuum (436.4m), the G band (430.2m) and the violet CN band-head
(387.9nm), have been carried out with the 1-m Swedish Solar Teles(8§&).
Near diffraction limited spatial resolution was achievedhie filtergrams by means
of the Joint Phase Diverse Speckle and the Multiframe Blieddhvolution recon-
struction techniques.

e The contrast of the photospheric bright points was studiedlli three observed
spectral ranges and compared with the computational giealsdoy other researches.
It was found that on average over observed bright points togitrast in the blue
CN band-head images is 1.4 times higher than that in the @-baages. This
disagrees with the predictions of 3-D MHD simulations. Tlasons for this dis-
crepancy are discussed.

e High-resolution spectroscopic observations of smalleso@agnetic activity mani-
festations in the solar photosphere were carried out sametiusly in the blue CN
band-head (387.588388.473nm) and in a blue spectral band (436.436.9nm)
containing absorption lines of CH with the spectrographaitksd on the SST. The
analysis of the line-core depression of the CN and CH lineltlaa line-core inten-
sity contrast of the bright points yielded that the brighinp®appear brighter in the
CN than in the CH lines in the same spectral band.

e High-resolution narrowband images in the continuum neaf705.7nm were ob-
tained with the SST by applying the MFBD reconstruction tegbe. It is shown
that magnetic features observed near the solar limb arevgmaed by facular
brightenings with a high contrast. The granulation patterplages near the limb
has a three-dimensional appearance.

e Radiative Transfer computations in the continuum\at705.7nm in 3-D MHD
models computed by the Max-Planck-Institut fur Sonnetesyforschung and Uni-
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Summary

versity of Chicago MHD groups have carried out. The studientiets have dif-

ferent amount of average magnetic flux, i.e. 10 G, 200 G an@ 4®@s well as
MHD simulations of a pore (Cameron et al. 2004). The radeatransfer was
computed by means of the STOPRO code. It was shown that civatens of

strong magnetic fields are responsible for the appearantieedd-D granulation
pattern, faculae, narrow dark lanes (at the limbward sideoofie granules) etc,
whose radiative properties are very close to those obtdnoad the observations.
The physical parameters of the atmosphere, which lead tioth®ation of photo-

spheric phenomena as observed near the limb are discussed.

e Radiative Transfer computations in the continuum at676.8nm and of the full
Stokes vector in the Ni | line at =676.8nm in many snapshots of MHD models
with different amounts of magnetic flux were carried out vitlle STOPRO code.
The investigation with low spatial resolution of the certadimb variation (CLV)
of the continuum contrast were analysed. The magnitudesdlitib darkening in
the simulations was directly compared with the observation Neckel (1996).
The results of Stokes-vector computations of the Ni | lineeygoperly adapted to
conditions of the MDI instrument on the SOHO spacecraft anectly compared
with the observations obtained with it by Ortiz et al. (2002)



1 Introduction

The Sun is a special object in stellar astrophysics. It istlest prominent body in our
solar system and contains approximately 98% of the totakrmathe solar system. The
Sun can be observed from Earth with high spatial resolutitg outer visible layer is

called the photosphere, which has a temperature of abo® K&hd emits 99.99 % of
the energy generated in the solar interior by nuclear fysmost of it in the visible spectral
range. The solar spectrum consists of a continuum with #naasof dark absorption lines
superposed. The lines are called Fraunhofer lines, andotae spectrum is sometimes
called the Fraunhofer spectrum. These lines are produaedply in the photosphere.

Spectra of the CH and the CN molecules in the Sun

CH is an important molecule in cool stars. Its absorptiondsaextend from the near-
ultraviolet to the mid-infrared with very strong contribarts in the visible. The roughly
1 nm wide band neaA =430nm which contains CH lines is called the G band. At low
spectral resolution this band-head resembles a singldérapéoe to which Fraunhofer
(1817) assigned the letter "G”. Between 428915< A\ <431.5nm it is dominated by
about 746 transitions 90% of them belonging to #fe\ — X211 electronic system (Jor-
gensen et al. 1996) of the CH molecule. The G band containswasy blends of other
species like Fe, Ti, Ni, Cr, Ca, etc. In Fig 1.1 the mean sgl@csum near the G band
at the disc center is presented, as observed by a FouriesforanSpectrometer (FTS,
Brault & Neckel 1987) operating at the Mc-Math telescope aih Reak.

Another diatomic molecule, cyanogen CN, produces an abiearpand in the blue
of the solar spectra. The blue CN band-head is located ke388 nm and contains
absorption lines of the CN molecule owing to transitionshefB2X" — X2¥* electronic
system. In Fig 1.2 a section of the mean solar spectrum nedbltie CN band-head at
the disc center taken from the FTS atlas is presented. /Aabdiliiy, many weak CH lines
(log(gf) <-5) of the A2A — X211 electronic system and several strong lines of the CH
B?Y.~ — X211 system, as well as a number of atomic lines are present irsgi@stral
domain.

Magnetic activity of the Sun
The magnetic activity of the Sun is responsible for mostifeng structures and processes
visible in solar observations obtained from Earth and frpace: sunspots, plages, promi-

nences, coronal loops, mass ejections etc. The photosphtre Sun offers the oppor-
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Figure 1.1: Fragment of the G-band spectrum taken from FIBES.at

tunity to observe the structure and dynamics of magnetiddiat all scales directly with
high spatial resolution. Well known magnetic features heedunspots whose magnetic
nature was firstly proved by George Elley Hale (1908), whosuead the Zeeman split-
ting of spectral lines. The existence of small-scale magrietids was established by
polarimetric observations of Sheeley (1967) afforded /80 cm solar image at the
Kitt Peak National Observatory. Stenflo (1973) and Wiehr7@)39measured a magnetic
field strength of about 2000 G in the network in quiet regiopatalysing the weakening
of Fe | lines (at 525.Gim, 524.7nm, 630.25nm, 633.68nm and 640.&m). Filter and
spectrographic magnetogram studies (e.g. Keller et al0,188yer et al. 1990, Tarbell
& Title 1977, Simon & Zirker 1974, Beckers & Schroter 1968jther supported the idea
that the flux outside of sunspots was confined in isolated filnes with a unique field
strength of 1500 - 200@;, although many of magnetic flux was found in so-called "mag-
netic knots” - small dark structures equivalent to what we gall "micropores” (Topka
et al. 1997, Spruit & Zwaan 1981). A review of early spectiapmetric studies of the
magnetic flux outside of sunspots can be found in Solanki 3189in Stenflo (1993).
Many of observational studies carried out at up to 0.3 aressaclution generally sup-
ported the idea that virtually all of the small-scale stunetin active and quiet network
regions is composed of filamentary flux tubes of kilogausssiih (Nisenson et al. 2003,
Berger & Title 2001, Muller et al. 2000, Berger et al. 1998y &allegooijen et al. 1998,
Berger & Title 1996, Berger et al. 1995, Muller et al. 1994]IKe1992, Muller & Keil
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Figure 1.2: Fragment of the blue CN band-head spectrum tagenFTS atlas.

1983, Muller 1983).

G-band bright points as proxies of small-scale magnetic
features

The G band has become the principal diagnostic to study ppb&yic magnetism at the
highest achievable spatial resolution without polarimmeRichard Muller made the first
observations of the photosphere in the G band with therbQefractor at the Pic du
Midi Observatory, France. The obtained filtergrams disptasnagnetic elements as tiny
"network bright points” (Muller & Roudier 1984, Muller et.all989) with a size smaller
than 0.5 arcsec. They showed that on 4§08iltergrams, bright points, the network
elements, also called facular points, are more clearlytifieth, embedded in the granular
pattern, which exhibit a high contrast. The bright pointenfhave an elongated shape,
sometimes being assembled in a string (see Fig. 1.3 for dequriphey appear around
sunspots, in plage regions and in the network.

At the former 0.5m Swedish Vacuum Solar Telescope (SVST) on La Palma, Spain,
time series of up to 4 hours have been obtained under extskbemg conditions (e.g.
Berger et al. 1995, Berger et al. 1998, Berger & Title 1996hoit 60% of the bright
points are circular, while the remaining ones show an aweeagentricity of 1.5. Berger

9
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Figure 1.3: Joint phase diverse speckle reconstructedregdiution G-band image of
part of an active region NOAA0669 at 49%, 8.14 E, 1 =0.97, observed by the author
with the SST on 7 September, 2004 at 14:30 (UT).

etal. (1995) measured the bright point diameter ask22(0.35 arcsec) on average, while
the smallest bright point diameter so far seen is k20(0.17 arcsec) and the largest is
600 km (0.69 arcsec). Their measurements indicated a large spraattinsic bright
point contrast. The measured area covered by bright poiassfeund to be 1.8% of the
total image area of the active region. Wiehr et al. (2004)suezd, on basis of high-
resolution observations including a speckle image recoatsbn techniques (De Boer
1993), with the new 1-m Swedish Solar Telescope (SST), beasize of G-band bright
points varies from 10@m to 300km, with a most frequent value near 1&t (see also
Puschmann & Wiehr (2006)). The lower limit of bright poirgeiis still unknown. Berger
etal. (1998) observed splitting and merging of bright peiort an average time scale of
220s and an average life time of &in. On timescales of the order of 180or less,
significant morphological changes to all small-scale mégmeéements were observed by
Berger & Title (1996). G-band observations with the Dutcre®pelescope (DOT, 45n
reflector) by Nisenson et al. (2003) revealed a correlaiioe bf BP motions of about
60s. Keller (1992) and Keller & von der Lihe (1992) applied thethod of speckle
image reconstruction to their polarimetric data obtainétth the SVST and showed that
bright points exist co-spatially with strong magnetic feeld€o-temporal observations by
Berger & Title (1996) of G-band images and magnetogramsatdd that not all mag-
netic elements have an associated G-band bright pointe &itBerger (1996) made a
modeling of bright point as a Gaussian bright core centaredGaussian dark surround
and investigated changes of its intensity due to limitediapaesolution of the telescope.
Their modeling showed that very small bright points, e.ghwisize of 0.1 arcsec, would
disappear at a resolution of 0.4 arcsec whereas the magast®ignal at the same res-
olution will remain non-zero. Bright points indicate botragnetic and non-magnetic
features (Berger & Title 2001). Langhans et al. (2002) idiext the former as inter-
granular downflows, and the latter as granular edges withamgbwotions which are a
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Figure 1.4: Flux tube modeling at different levels of sophation. Left: magnetostatic
diagram. Right: snapshot of a 2-D MHD simulation (O. Stei@epenheuer Institut in
Freiburg) of a magnetic flux sheet, black and white arrowscaté magnetic field and
velocity field, respectively. The temperature field is raedewith a color scale given in
Kelvin.

source of confusion in magnetic element studies. Furthesiingations showed th&all
G-band bright points, properly distinguished from grarida brightenings, are magnetic
in nature” - Berger & Title (2001). They also showed that bright points eo-spatial
and co-morphous with associated magnetic flux concentistio

Recently, Berger et al. (2004) obtained G-band images ropaeal with the mag-
netograms and Dopplergrams of a remnant active region headisc center with the
SST and achieved an unprecedented spatial resolution aordlee of 0.1 arcsec using
high-resolution image reconstruction techniques. Thewéothat magnetic flux as seen
in both the magnetogram and the G-band image is typicallicgired into larger, amor-
phous, "ribbons” which are not resolved into individual fludbes (see below). The higher
values of the magnetic flux are found in localized conceiuingtembedded within the
"ribbons”. The Dopplergrams indicate relative downflowsasated with all magnetic
elements with some indication that higher downflows occyaaaht to the peak mag-
netic flux location.

Flux-tube models

G-band bright points are a manifestation of magnetic elésy@rhich are concentrations
of magnetic flux in photospheric layers. The basic theoaépicture of each magnetic
feature is an isolated tube of magnetic flux. 90% or more ohttevork magnetic field is
in form of magnetic flux tubes with a field strength of the ordet.5kG and typically a
diameter of 10&km. They rise from below the solar surface in a roughly vertitedction
with a rapid expansion. The concept of a flux tube was thexaigtiinvestigated by Spruit
(1976), Spruit (1979) and many other authors, a summary edound in Schrijver &
Zwaan (2000). The left panel in Fig. 1.4 describes the magtatic flux tube where the
magnetic pressure causes a reduction of the gas pressugietmbalance the outside gas
pressure at all heights. The expansion of the tube with hésgthue to the exponential
pressure drop-off. The lower gas pressure leads to a paviduation of the flux-tube
atmosphere, which leads to a depressed iso-surface of thi@eom optical depth in its

11



1 Introduction

inside. The relatively transparent flux-tube interior a#oto see deeper layers, by the
Wilson depression of 20@m for pores of 100Gkm diameter and 10@m for facular
points. The horizontal wavy arrows designate sidewaysatiawh by the walls which are
hotter than the inside gas at certain heights due to a defictnvective energy flux inside
the flux tube (vertical arrows). The first observational fiesition of the "hot-wall” effect

is presented in Spruit (1976), Spruit & Zwaan (1981).

The standard models of a flux-tube atmosphere come from, &otanki & Stenflo
(1985), Solanki (1986), Solanki et al. (1991), Solanki &djevic (1992), Bunte et
al. (1993), Bruls & Solanki (1993), Briand & Solanki (1999)hey describe the strat-
ification of the physical parameters of the flux-tube atmeselalong its axis derived on
the basis of a large amount of spectral line profiles, esfe&@tokes V of Fe | lines,
measured with the Fourier Transform Spectrometer at the MoNPierce telescope at
Kitt Peak. These data, however, have low spatial resolubohgood spectral resolution
and provide the empirical best-fit flux-tube models undeggimption that the spatially
averaged Stokes V profile can be characterized by a singla ate@sphere and a mean
flux-tube density, i.e. “filling factor”. Another approach empirical modeling is to fit
observations with the automated inversion technique,degeloped at the IAC by Ruiz
Cobo & Del Toro Iniesta (1992), based on the calculation spomse functions. The
results recover the Solanki-type models with assumptiéds stratification, magneto-
static flux-tube shape and the Local Thermodinamical Bopiim (LTE) line formation
(Bellot Rubio et al. 1998).

Another approach is the numerical modeling of magneto-ection, i.e. the physical
processes resulting from the interaction between comadgtdriven flows and a mag-
netic field in an electrically conducting fluid, for paramstapropriate for the solar pho-
tosphere. "Realistic” MHD simulations include elaborateygics of radiative transfer,
partial ionization, "open” and transmitting boundary cdiwhs in order to realistically
approximate the Sun and to cover the whole branch of phygroaglesses. The compre-
hensive simulation of "non-magnetic” solar granulatiors li@en successfully done by,
e.g. Nordlund (1984), Stein & Nordlund (1989), Stein & Nanddl (1998), Steffen
et al. (1989), Atroshchenko & Gadun (1994), Gadun et al. 9199wo-dimensional
time-dependent MHD simulations of magnetic structureb@solar atmosphere and their
dynamical and radiative interaction with the surrounditegsma have been presented in
a series of papers by, e.g., Deinzer et al. (1984a), Deirtzal €(1984b), Knolker &
Schissler (1988), Grossmann-Doerth et al. (1989), Karadk al. (1991), Grossmann-
Doerth et al. (1989), and Steiner (1998). The right panelign A.4 illustrates this
approach. The simulations illustrated the strong tenddéocyhe magnetic field to be
swept to and concentrated in the intergranular, downflowdarsteiner (1998) pointed
out that the determination of the complicated internalcitite and dynamic of magnetic
elements requires observations with a spatial resolutattebthan 10&km in the pho-
tosphere. The simulation results can be compared with e@sens through radiative
diagnostics and line synthesis. Thus the results of thelatioas were directly compared
with the polarimetric observations by Leka & Steiner (2006fl3mall magnetic structures
in the solar photosphere obtained with the National Solase@latory/High Altitude Ob-
servatory Advanced Stokes Polarimeter using magnetisaihgitive Fe | spectral lines.
2-D models predicted the existence of shock waves in therypgpetosphere caused ei-
ther by the collision of the horizontal flows of neighbourigiginules, or by the swaying
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1 Introduction

motion of the flux sheet when a fast motion of the sheet pudteeplasma in front of it,
creating a vertically oriented bow shock moving horizogtadr by the deformation of
the flux sheet due to the dynamics of convection. (e.g. Cattan al. 1989, Solanki et
al. 1996, Steiner et al. 1998, Gadun & Hanslmeier 2000 efithe observational evi-
dences of this were obtained by, e.g. Nesis et al. (1992)isNgsl. (1993), Solanki
et al. (1996), Rybak et al. (2004). The latters observedlsismnatures in the Fe |l
(A =645.638nm) spectral line observed simultaneously with the G-bandyesa They
found a particular relationship between the shock evenea@eband bright point located
2 arcsec from it, which suggests that the observed shockasisat consequence of the
magnetic flux concentration. The bending and horizontgldement of flux sheets by
convective flows and the excitation and propagation of shakes within a flux tube are
also seen in the simulations.

However, the 2-D simulations lack 3-D instabilities thatymander flux tubes akin to
the rapid changes seen in G-band bright points, and thetiradteansfer is very simpli-
fied. MHD simulations of convective motions including magoaéeld have been carried
out in 3-D by, e.g., Nordlund (1986), Weiss et al. (1996),t@at0 (1999), Emonet &
Cattaneo (2001), Stein & Nordlund (2002), Vogler and Sdiér (2003) and Vogler et
al. (2005). These simulations revealed a complex structneagnetic flux concentra-
tions which are very relevant to high-resolution obseoradi They clearly demonstrate a
continuous displacement and rearrangement of magnetiaflive network of intergran-
ular downflows. They are able to reproduce and explain suctogpheric features as
G-band bright points (Schissler et al. 2003, Shelyag €2@G04) of facular brightenings
(Keller et al. 2004, Carlsson et al. 2004).

Why are G-band bright points bright?

The "hot walls” excessively radiate into the flux tube (Camid®70, Spruit 1976, Trujillo
Bueno 1990, Hasan et al. 1999) which causes the flux-tubesaimeoe become heated
through radiative influx by around 200 with respect to the surroundings at equal geo-
metrical height (Steiner 1990). According to "conventibwesdom” by Rutten (1999):
"magnetic elements brighten in the G-band because the Ceklicause radiation es-
cape somewhat higher up in the atmosphere, where the flus taeehotter, while in
deep layers from where the continuum radiation escapesteitmperature elevation is
less pronounced” Rutten (1999) also argues that the CH molecule, which hasta q
low dissociation energy of only 3.8V, is very liable to photodissociation by the UV
radiation of the "hot walls”. However, Sanchez Almeida et §2001) found that the
CH photo dissociation plays a minor role owing to high deesiin the photosphere.
Their synthetic LTE G-band spectra fulfill many observedymies of the G-band bright
points. The synthetic contrast, however, far exceeds teerobd contrast which was ex-
plained by the limited spatial resolution of present obagons. Berger et al. (1995)
concluded thathe enhanced contrast in the G-band is largely a consequeineehanced
CH depletion through molecular dissociation in the deeptpbpheric layers of the hotter
flux-tube atmospheres compared to the quiet Sun surrousdiingy also challenged the
effectiveness of CH dissociation by UV-radiation from ttet walls”.

A decreased CH-line depression in G-band spectra (in thgerfiom 430.24m to
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1 Introduction

430.78nm) of bright points compared to G-band spectra of the surrmgnphotosphere
was proved by spectroscopic observations of Langhans ef{2001), Langhans et al.
(2002) and Langhans et al. (2004) with very high spatial goetgal resolutions.

Recently, the results based on realistic 3-D radiative MifBusations and on a de-
tailed treatment of the G-band spectrum synthesis andtdicenparison with observa-
tions showed that the G-band brightening of small magnatic dbncentrations in the
solar photosphere is most probably due to the lateral lgeatid spatial evacuation of the
magnetic structures (Shelyag et al. 2004). The observedr@-bontrast was quantita-
tively reproduced after smoothing the simulated image tmimihe image deterioration
by telescope and Earth’s atmosphere. The higher temperattine flux tube leads to a
strong reduction in the number density of the CH moleculénerhagnetic flux concen-
trations and thus to weakening of the CH lines in the G-band.

The blue CN band-head, as alternate to the G-band, bright
point diagnostic.

Effects, similar to the G band, can be observed in bands adhandiatomic molecule, e.g.
CN. The first low resolution images made using narrow-baner$ilcentered on the CN
violet band-head at 388:3n by Chapman (1970) and Sheeley (1971) already showed
a high contrast between small-scale magnetic featureshandsurroundings. Rutten et
al. (2001) presented simultaneous imaging observatiothei® band and in the blue CN
band-head (387.4m) obtained with SVST where the G-band bright points lookgHuer
in CN than in the G band. However, they did not provide a quainte comparison of the
contrasts.

Several authors have suggested that because of the shaxtelewgth and a corre-
spondingly higher sensitivity of the Planck function to parature fluctuations the con-
trast of magnetic elements in CN-band filtergrams could beerpmnounced, making the
latter an even more attractive magnetic flux proxy. Numésiraulations in semiempiri-
cal models by Kiselman et al. (2001), Steiner etal. (200tBin®r et al. (2003) showed
that CN, in the region0—* < 7.,,; < 10 behaves very similarly to CH, and the contrast
of magnetic elements in CN is expected to be higher. Theyigteztithat the computed
contrast of a bright point is about 40% larger in the UV CN baedd (at 388m) images
than in the G-band images. Computations by Berdyugina €28l03) using plane paral-
lel model atmospheres showed the same trend. They argueithéhsuperior contrast in
the blue CN band-head is probably due to a higher dissoniamergy (7.%#V) of CN,
and hence its higher temperature sensitivity, and highesitieof lines in the band as
compared to those of CH (3€%/) in the G band.

Faculae and solar irradiance

Magnetic elements into which much of the magnetic fieldsidatsf sunspots is concen-
trated, have a rather complicated 3-D structure. Theirtjpmson the solar disc causes
these features to be seen from Earth at different angles ltaeased heliocentric angle,
the limbward side of the "hot walls” become visible, whilettool depressed "floors” are

14



1 Introduction

hidden Spruit (1976). The bright photospheric features se¢he continuum in active

regions near the limb are faculae (e.g., Muller 1975, Wangi&nz1987). The spatial

correlation between continuum facular regions andHleand Ca Il K plages gives a
strong indication that the bright facular grains represkatnear-limb manifestations of
small-scale magnetic flux concentrations, which near destes are visible as G-band
bright points (Beckers 1976).

From observations of the center-to-limb variation (CLV)tbé continuum contrast
(575nm) of the network bright points, Auffret & Muller (1991) fourtthat on average
the contrast increases from 8% at the disc center to 27%0-at0.3 and then decreases
closer to the limb. Observations of Wang et al. (1998) yidldenaximum aj ~ 0.15.
Akimov et al. (1985) found a local maximum near= 0.3, an increase to = 0.16, and
a slight indication of a decrease t0=0.14. Balloon-borne observations by Rogerson
(1991), Hirayama (1978) and Akimov et al. (1985, cf. refeesntherein) showed high
contrast with a maximum at <0.15. Sutterlin etal. (1999) observed at SVST and found
an increase of continuum contrast to 50%uat0.17 and did not find a strong decrease
in a range of 0.& p <0.17. Okunev & Kneer (2004) found a monotonic decrease of
the intensity contrast of polar faculae fpr<0.4. Ortiz et al. (2002) found from MDI
observations a continuum (646n) contrast maximum negt =0.3. Spatially highly
resolved images of plage regions showed a decrease of tHeemalensity of large facular
grains with decreasing (Auffret & Muller 1991, Sanchez Cuberes et al. 2002). They
also pointed out an increase of faculae size from disc cémtée limb. High-resolution,
speckle reconstructed images in the continuum and the G Iaktirzberger & Wiehr
(2005) showed that limb facular grains are clearly visilgeay, =0.05, i.e. only 1 arcsec
from the solar limb.

Flux tube models of Spruit (1976), Deinzer et al. (1984b)Ydmtlow contrast at
disc center and does not sufficiently reproduce observed faicular contrasts near the
limb. Deinzer et al. (1984b) and Knolker et al. (1988a) kew@n additional heating
process for the upper layers ("hot could”) leading to sigaifitly higher contrasts near
the limb and also high contrast at disc center. Detailedyasmsabf the "hot cloud” model
by Eker (2003) came to optimum parameters of the model whdphoduce the former
observations. Schatten et al. (1986) assume "hillockshéniso+ surface produced by
boyancy from heating and a temperature increase below tffecsu yielding a contrast
increase up to the very limb. In this model, a facula congiten uplifted photospheric
feature (hillock) with a height of 15&@m and a width of around 80Rm. Modeling of
flux tubes by Topka et al. (1997) showed that the limb darkgaimd disappearance of
the cool "floor” from the observer’s field of view are respdiisifor the appearance of
faculae. They proposed that faculae are simply micropavéh, a typical diameter of
350 km— 650km and a Wilson depression of 1Q@n, seen from the side and, hence,
the typical facula does not turn into a bright point at thecdienter (the smaller flux
tubes tend to be bright even at disc center due to relativéfloatr”). However, the
facular contrast becomes zero at the very extreme limb sheéhot wall” disappears
from view. Steiner (2005) considered magnetostatic fluxesleenbedded in a plane
parallel model atmosphere and few snapshots of 2-D nunteiicallation and showed
that extension of the facular contrast enhancement ineselagm center to limb from a
few tenths to up to 1 arcsec as a consequence of enhancetiomdiam the limbward
surface outside the magnetic flux concentration. Kellet.e{2004) and Carlsson et al.
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1 Introduction

(2004) presented first simulations of faculae using real&D MHD simulations and
explain their appearance mainly through the "hot wall”.

An important question in solar physics is to what extentsslaface magnetism af-
fects the solar irradiance. Radiometers on board satelléay., SOHO) have revealed
that the total solar irradiance changes in time. Solar iarack variations on scales of
days up to the solar activity cycle length are closely reldtethe evolution of the solar
surface magnetic field, because the emergence and evodiitaative regions is reflected
in the irradiance records (Lean et al. 1998, Fligge & Sol&@0). Sunspots and active
region faculae are considered to be the dominant contmdtcsolar irradiance changes.
The large number of faculae around sunspot maximum morecihapensate the deficit
due to sunspots, which explains the slightly higher soladiance at solar maximum
(Frohlich 2002, Krivova et al. 2003, Walton et al. 2003).eT¢eemingly magnetically
inactive internetwork provides a large fraction of the metgnflux, of kilogauss and sub-
kilogauss magnetic field strengths (Stenflo 1982; Domin@ierdeia et al. 2003, 2006;
Sanchez Almeida 2003, 2004a, 2004b; Sanchez Almeida &0&I3; Trujillo Bueno et
al. 2004; Khomenko et al. 2005). The contribution of pholwsr magnetic features
to the solar irradiance depending on the amount of magneicaihd disc position was
observed by, e.g, Frazier (1971), Ortiz et al. (2002), Waret al. (2002).

The main goals of this PhD project were to obtain high-resmtumages of the net-
work in the G band and in the violet band of CN simultaneouslgrder to analyse the
contrast relations of small-scale magnetic features isgh@o spectral bands; to carry
out high-resolution spectral analysis of G-band brighthpousing spectral lines of CN
and CH molecules. The second part of this PhD project wascabmearry out high-
resolution observations of plage regions near the soldry imtontinuum and to analyse
the tiny structure of facular brightenings and provide a parnson with results of Ra-
diative Transfer computations in 3-D MHD models. Reali&ib MHD simulations of
solar surface magneto-convection allow us to investigaetysical mechanism behind
changes in brightness and radiation flux, thus providingritgcal underpinning for a
connection between surface magnetism and irradiance. t&regsic study of solar sur-
face simulations will improve our knowledge of the photorieeproperties of network
and plage magnetic fields. Hence one may compare the re$udtdiative computations
of the continuum intensity in these models with existingasalbservations.
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2 High resolution imaging

In this chapter basics of phase diversity algorithms foonstruction of narrowband so-
lar images will be presented. Results of observations ofthall-scale solar features,
observed simultaneously in CH and CN molecular bands anukilue continuum car-
ried out at the 1-m Swedish Solar Telescope (SST, see Schatrak (2003a)) will be
presented and analysed.

2.1 Phase diversity image reconstruction

The investigation of small-scale structures on the soldasa is one of the primary issues
in solar physics. It requires the means to achieve the higiessible spatial resolution
in our imaging observations. A minimum requirement for tisad spatial resolution of
0.3 arcsec (Title & Berger 1996) or better (Berger et al. 308&cording to diffraction
theory the 0.97 m entrance pupil of the SST has a spatialugsolof 0.11 arcsec at
A = 430nm. A principal disadvantage of ground-based solar telescapa reduced
resolving power due to distortions of the wavefront due t® vhriable atmosphere of
the Earth, i.e. bad seeing, which leads to smearing of smlages. Although the static
aberrations of the optic elements also distort a wavefltenseeing is the primary obstacle
to obtaining high-resolution images. The ultimate solutiothe problem is to correct the
wavefront in real-time using one or several adaptive mirae. adaptive optics (AO)
correction. However such a system so far never achieveactifhn limit of the telescope
over a large field-of-view (FOV). Another possibility to selthe problem is to decrease
distortions in the image through reconstruction methodsioAg many postprocessing
tools of image reconstruction there are two primary techesgof image reconstruction:
Speckle Imaging (De Boer 1993) and the Phase Diversity (RQthe first method the
observer collects an array of solar images with short exgssusually 100 of them, close
in time so that the solar surface can be assumed to be coasidthe differences in the
images are only due to seeing effects. In the second casenooklollect at least two
simultaneous solar images corresponding to differentdgasitions.

Comparing these two methods we can point out several adyest PD:

e PD reconstruction is sensitive to both sources of imageatisgions: seeing and
static aberrations of the telescope’s optic. This makes suethods efficient in
restoring solar images obtained outside of the Earth’s spinere, i.e. by space
telescopes.

e PD is based only on knowledge of the optical parameters ditkscope and does
not need statistical characteristics of the atmospherae awpat.
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2 High resolution imaging

e PD reconstruction can be accomplished by use of only two @sadhis is espe-
cially important when observing at short wavelengths wiieegdiffraction limit of
the telescope is small and the characteristic time scaleegbhotospheric features
evolution is smaller than 15 sec.

In this section we will briefly describe the main aspects @ thethod which we have
used in postprocessing of our observations.

The PD concept was first proposed by Gonsalves (1982) andlthead on the for-
mulation of Roddier & Roddier (1991), was applied to solaages by Restaino (1992).
Details of the PD methods in their application to solar osgons are exhaustively de-
scribed in classical works, e.g. in Lofdahl & Scharmer @Q%axman et al. (1992),
Paxman et al. (1996) or Tritschler (1995). It consists ofdimeultaneous recording of
at least one focused)) and one defocused}, image, i.e. a PD pair, of exactly the same
object:

do = [ ®to+mng
dp = [ @ty + ny,

where f is the "true” intensity distribution{, andt, are the corresponding actual point
spread functions (PSFs) at the moment of exposw@ndn, - the amount of noise in
the observed images and the symhol denotes a convolution operation. The amount of
defocus ford, is expressed in a unit that makes the equivalent phase sliifé &dge of
the entrance aperture of the telescope equéhtoadians ork/2 waves. The amount of
defocusAz along the optical axis is:

(2.1)

Az = 8\An (%) , (2.2)

whereAn is the phase shift in waveg,and D are the focal length and the entrance pupil
diameter of the telescope respectively. Both the phasesesral the "true” object can be
estimated by minimizing the error metric L in the Fourier dom where the convolution
can be replaced by a multiplication of the Fourier transtrne. Dy, Dy, Ty, T, and F':

L=> |Dy—FTyf* +~-|Dy — FTiJ?, (2.3)
where a hat symbol” denotes an estimated value,andv are the spatial frequencies,
which correspond to x and y in the image, ant a given ratio of the rms values of the
noise levels in the two exposures:

2
_%

Y= (2.4)
Ok
This means that in principle a solution can be found evendfdignal-to-noise ratio in
focused and defocused diversity channels is differentviSglthe equatiodL /0F = 0

an optimum for the estimated object is:

Fy =@ <DOT6k + ’YDkT;;k) ; (2.5)

where %’ denotes the complex conjugate and
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2.1 Phase diversity image reconstruction

Q= <‘TO‘2 +7- \Tk|2> _1/2- (2.6)
Thus the minimization problem can be written as:
Ly =Y |EP, (2.7)
where the error functiod’ is defined as: |
E=Q- (DkTO _ DOTk> . (2.8)

The wavefront at the telescope’s exit pupil is expanded in a set of basistitums{ ¢, },
e.g. Zernike polynomials (Noll 1976) or Karhunen-Loéved JKunctions (Orlov et al.
1997, Roddier 1990). For the focused channel:

M
d= cnbm, (2.9)
and for the defocused channel:
. M

whered,, is the introduced phase distortion, i.e. defocus. Howenstead of representing
the wavefront through a set of basis functions, a point-biyHpapproach, which enables
preciser estimation of high-order aberrations, is alscibts (Lee et al. 2003). The
solution procedure aims at finding a set of coefficiefats} which leads to a minimum
of the error metric in Eq. 2.7. This problem is solved itevalty from an initial estimate
ngS:O, i.e.c¢,,=0. Sincel}, = T (¢,,) andE = E (¢,,) in the nextiteratior,.,1 = ¢,.+dc:

M
OF
SE = ; a(’?cm, (2.11)
where
oE QT 0QT;
dem D Oem | | Ocm (212)

Thus a desired solution with respectitg, is found by minimizing:

o))
E — ey, 2.13
2P 2o, @19
This means that we need to solve a matrix equation:
A-dc+b=0, (2.14)

where
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2 High resolution imaging

OE|0E .. 0E|OE
Ocy 1 Ocy Ocy 1 Ocm,
A= : : : (2.15)
OF |0E .. OE | OF
8Cm 801 8Cm acm
and
1 801
b=5| + | (2.16)
dem

here(f|g) = >_,, fg* denotes the inner-product.

The approach described above is similar to a standard nearlieast-squares fitting
technique as described in Press et al. (1986).

The expression Eq. 2.5 cannot be used directly to obtaineftened object because
it gives an unlimited amplification of noise at high Fouriezduencies and needs an in-
creased number of iterations for successful convergertuerefore the observed daty
and D,, should be filtered beforehand with a spatial filiér(see Lofdahl & Scharmer
(1994)):

B (11"
(Fsl* (1o + v Tel*))

In the presented technique it is assumed that the obsenagksrare isoplanatic, i.e.
to andt, do not vary over the FOV. However, the image formation thiotlge Earth’s
atmosphere is strongly anisoplanatic, even after AO cbomrs. To avoid this, the de-
scribed PD algorithm was separately applied to small susiesually with a size of
5.3x5.3 arcsec? or 128x 128 pixels, which can be considered isoplanar. A full resdor
image is then constructed by combining the subfields in a mosa

However, as pointed out by Lofdahl & Scharmer (1994), therR&hod described
above leads to good estimates of the wavefront parametens poor seeing the restored
objectsF), are disturbed by artifacts: the low S/N ratio at isolatedtispfrequencies
causes a fringing pattern in the restored images. This mappeahe optical transfer
functionsT), have zeros or very low values at some. These artifacts can be removed
by combining the results of several atmospheric realinatigi.e. J number of PD image
pairs taken close in time so that the 'true’ object can berassito be constant. Thus in
this approach, called partitioned phase-diverse speB®E), the restored object looks
as follows:

(2.17)

J A* A*
_ 2j1 DioTh + 1D T,

J
2 =1

Even better results are expected with a joint phase-divegreekle (JPDS) technique
(Paxman et al. 1992a, Paxman et al. 1996, Seldin & Paxman) I#®4use the joint
treatment constrains the wavefronts by requiring that thee” object is identical in all
atmospheric realizations. A comparative study of the dieedrmethods applied to solar
images obtained with the SST can be found in Lofdahl & Sclear(2001).

F]M

(2.18)

~

T

~

2 2
+ 7| Tk
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2.1 Phase diversity image reconstruction

In Lofdahl (2002) all possible variations, i.e. differemimber of atmospheric real-
izations.J, diversity channeld(, objects and wavelengths are combined into a complex
approach in the form of linear equality constraints (LECal¥éner etal. 1989). The LEC
are given as the set of linear equations which aim at minimgihe number of unknowns

Cikm-

C-c—d=0, (2.19)

whereC' is a N, x N matrix, N = KJM and N, < N number of constraints. The
solution is:

c=c¢+Q, B, (2.20)

wherec is a particular solution an@- is a matrix ofN' = N — N column vectors which
are the orthogonal basis of the null-spac€bfEquation 2.14 can then be presented as:

QIAQ: 58+QF - b=0 (2.21)

Thus in the particular case of only one diversity channel A =1, we have to solve a
Multi-Frame Blind Deconvolution (MFBD) problem (Schulz 93). Under the Gaussian
noise assumption the ’'true’ object estimation can be foun¢sae Lofdahl (2002) for
details):

J

1
P = $'D. (2.22)
Yobs + 7 151 ; Y

and the error metric as

2

1D L= Rl TS ST ST
L(c) = |D;|" — + == = ayml, (2.23)
j ’ “Yobj + Z;] |Sj|2 2 m /\m j !

u,v

where~,,; has the effect of establishing stability with respect taymations in the ob-
ject, v, stabilizes the wavefront estimates anglis the expected variance of mogdeof
the KL functions.

If K > 1and.J = 1 we have the easiest PD case, in which the LECs look like:

Clm — Ckm = 0; k> 1,YVm (2.24)

If K > 1and.J > 1 we obtain a PDS case, in which the LECs are as follows:

>k Cikm = 0; m € {tilt modes}
Cikm — Cj(h—)m = CG—1km — C(—1)(k—1)ymi J > L,k >1,m € {tilt modes} (2.25)
Citm — Cjkm = 0; Vi, k > 1,m € {tilt modes}

Piston and tilts, i.e. the first three modes were excluded tiee computations since they
do not affect the error metric and thus cannot be estimated.
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2 High resolution imaging
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Figure 2.1: Example of PDS algorithnk(= 2, J = 2 case) at the O-th iteration. The
first and the third rows show focused channels, the secondrenfbrth the defocused
channels, respectively. In each of these rows observed andikly windowed;, k£ im-
ageg ! (Dji), estimated;, k-th imageg—* (H Fy Ty + Nji.), wavefronte,,. at the exit
pupil and the corresponding PSF are presented. Three bpaoels show not filtered
'true’ object estimation before filtering~ (F,) (left panel), the noise filteH in Fourier

domain (middle panel) and the estimated, filtered 'trueeob§ ! (Fy, H) (right panel).
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2.2 Observations

In this work we have used a MFBD/JPDS code developed by Mdalfif (Institute
for Solar Physics, Sweden). For illustration in Fig. 2.1 @itial state of JPDS algorithm
fora K = 2, J = 2 case and for one 128128 pixels subfield is shown. Images were
observed with the SST nea=430.5nm. The first and the third rows show focused
channels, the second and the forth the defocused chanespeatively. In each of these
rows observed and Hanning windowgdk image of the solar photosphege® (D),
estimated), k-th image§ ' (H FiTj. + Nji), the initial estimate of the wavefront, at
the exit pupil and the corresponding PSF are sh@an(dg ' denotes Fourier transform
and the inverse Fourier transform, respectively). Threge[saat the bottom show not
filtered 'true’ object estimation before filterirgy* (£1,) (left panel), the noise filteH in
Fourier domain (middle panel) and the estimated, filtenagt'tobjectg ! (Fy, H) (right
panel). At this iteration, the error metrichas its maximum and hence the restored image
has poor resolution. As seen from the bottom-left panel fthds completely unusable
without spatial filtering because of huge amplitudes at Isjggttial frequencies.

In Fig. 2.2 the final iteration of the algorithm for the sameéfid as in Fig. 2.1 after
successful convergence bfto the desired minimum is shown. The meaning of the panels
is the same as in Fig. 2.1. Each individually estimated im@ge(H Fy,Tjx + Njk)
has now an intensity distribution close to the observed emgg. The JPDS restored
image has a near diffraction limited spatial resolutiore @€the spatial filtef!) revealing
structures unresolved in the raw observations.

2.2 Observations

Observations were carried out at the SST in September 200hawé observed different
active regions on the Sun near the disc center containirghtopoints (BPs) in three
spectral domains.

In Fig. 2.3 a sketch of the optical setup used for the obsemngis shown. Beam
splitters enabled simultaneous recordings in the threetigpeegions. In the G-band
and continuum channels the sunlight was split into two bebyna 50/50 nearly gray
beamsplitter passing the light to the detectors. One CCDlocated exactly at the focal
plane of the telescope and another CCD with a0 shift along the optical axis which
roughly corresponds to approximately 1 wave phase shifteaentrance pupil (see Eq.
2.2). This enabled observations in two diversity chanris,focused and one defocused,
in each spectral domain. Phase diversity image pairs in thartl and in the blue con-
tinuum were recorded by two KODAK Megaplus 1.6 CCD (1536.024 pixels with a
pixel size of Qum) cameras through narrowband interference filters center4d0.5nm
and 436.4m respectively with a FWHM of him. Phase diversity image pairs in the CN
band-head were recorded on a KODAK Megaplus 4.2 CCD cantegd @V was reduced
to 660 x 1050 pixels with a pixel size of 9m) through a 0.8:m wide interference filter
centered at 387.8m. Detailed information about the filters can be found in Apgign
A. Two diversity channels in the CN domain were provided bymbination of several
prisms, which split the incoming beam into two with diffeteptical paths leading to
two images on the same CCD with a spatial separation (seqyinZ=8). Consequently
one half of the CCD corresponds to the focused image and enlbdif to the defocused
image with an amount of defocus according to the optical pé#ference between the
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Figure 2.2: Example of PDS algorithnk(= 2, J = 2 case) after the final iteration. The
annotation to panels is the same as in Fig. 2.1.
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2.3 Data reduction
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Figure 2.3: Optical setup for simultaneous PD imaging ing&d) CN band-head and blue
continuum with SST. An external shutter triggers all CCD eaas to start the exposure

at the same moment of time.

two beams, i.e. again®@m. All the science CCD detectors were triggered by an external
shutter to secure simultaneous recordings in the threg¢rgpeggions. In our observations
the exposure time was 1is for CN and 11ms for G-band and blue continuum. In order
to improve the quality of the obtained data tip-tilt and Atieg Optics (AO) (Scharmer

et al. 2003b) corrections during the observations wereiegpi real time .

2.3 Data reduction

2.3.1 Dark frame and flat field

The correction of the obtained images for dark signal andfigéd of the CCD is an
important part of the data reduction (see Chapter 3). Asrdestin Chapter 3, the dark
image was taken for each CCD with the same exposure time, Gbngode and the
outdoor lighting as used in the imaging observations. Thigiot was blocked before
the external shutter to exclude illumination of the CCDs. Nafge taken 100 dark images
and averaged them to reduce any influence of the CCD readsaé.n

The CCD flat-field effects in the observed images coming fraferént photosensi-
tivity of the CCD pixels also can be calibrated. For this ps@400 images were obtained
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2 High resolution imaging

at the same conditions as in the observations while thecgbespointing was randomly
displaced near the disc center of the Sun avoiding activeme@nd then averaged. Thus
even with the short exposure used here all details of the soldace in the acquired
flat-field image were smeared and it contains only a gain matrihe CCD.

Using the additive property of the dark image and the mudigive property of the
flat field a reduced data image can be obtained as follows:

DAT Agpserved — DARKFRAME

DAT Areiucea =
reduced = PLATFIELD — DARKFRAME

(2.26)

However such an operation is not sufficient. Usually a CCDtaios so-called dead
pixels, i.e. corrupted pixels which deliver always the sagmal, e.g. 0 or a maximum
value, which does not depend on illumination. Dust parsicle the CDD surface produce
almost the same effect. In Fig. 2.2 an example of a dead parebe seen as a black dot
in the observed focused image at a location (2.0,3.9) aregech we left for illustration.
The intensity in that pixel has a big contrast to the surranggland thus affects the result
of the PD reconstruction causing a characteristic circfilage pattern in the restored
data. To avoid this effect those pixels, whose contrastenfldt field exceeds a certain
threshold (set manually) were replaced in the reduced inhggie average intensity
of the immediate surroundings. Of course the intensityeslof such pixels in the PD
restored image cannot be trusted, but at least no fringittgnpaaffected the brightness
of nearby pixels.

2.3.2 JPDS reconstruction

The image scale at the focal plane of the SST is 0.0405 apiset/A\=430nm. Accord-
ing to the Rayleigh criterion, the diffraction limit of thelescope with entrance pugil
at a certain wavelengthis: \

a=122- %, (2.27)
whereq is the resolution in radian. Hence the diffraction limit o104 arcsec, 0.103 arc-
sec and 0.116 arcsec in G-band, CN band-head and continnaimels corresponds to a
sampling of around 2.8 pixels per resolution element on a @@De. This sampling is
sufficient for a secure PD reconstruction.

For our observations the analysis of time sequences of teegfiams did not show
visible proper motions or structure changes of the BPs uB@kin scales in less than
155, i.e. the Sun fulfills the requirement of a static scene. &fwee, to be conservative,
we selected the set of 8 PD image pairs obtained withis dr further investigation
which have the highest rms contrast. Thus in each spectrahiiothe JPDS code with
K =2 andJ =8 was applied to the observed data. All restored filtergrases un
the present work were co-aligned through a cross-coroglabue to anisoplanar image
formation individually restored subfields were slightlyfedd with respect to each other
so that co-alignment of a full reconstructed G band, CN bia@ad and continuum images
varied over the FOV. To correct this the restored triplehodges was destretched using a
'local correlation tracking algorithm’ (November et al. 8%).

The contrast of small-scale structures in an image is vengigee to its spatial res-
olution. The unbiased comparison of the contrast valuesRsf & different wavelengths
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requires images with equally high spatial resolution intlalee spectral regions (CN, G
band and blue continuum). This is particularly problemadince the magnitude of the
atmospheric aberrations is wavelength dependent in anapgyoximately and statisti-
cally known fashion, but is known to increase towards shmavie/elengths. Additionally
presence of photometric noise in the observed images ins@ederrect estimation of the
object and therefore only a near-diffraction limited resimn of JPDS restored images
was achieved (see a spatial filtBrin Fig. 2.2 for example). The different wavelengths
were restored separately and have different amounts ofuasaberrations after the JPDS
processing. As a consequence JPDS restored images haremtifpatial resolution in
three spectral channels. In order to equalize the spasaluton of the restored CN,
G-band, and blue continuum images the following techniqas applied: In the last iter-
ation of the JPDS reconstruction, for a given subfield, tha fiestored CN, G-band and
continuum subfields were filtered with the same spatial filters filter was based on the
cut-off frequencies, in the Fourier domain, of the worstgmawhich always was the CN
filtergram, probably due to the lower S/N in the original ireag This technique works
if the sizes of the smallest structures lie below the spatisblution. Tests using MHD
simulations suggest that this is the case (see Chapter 4etyeget al. (2004)).

2.4 Results

In Fig. 2.4 the restored filtergrams in the blue continuum,a@adand CN band-head
are presented. All intensities were normalized to a meamsity of the CN image. In-
tensities of BP pixels vary over a wide range. Often BPs oeastl associated magnetic
features are darker than granules (Langhans et al. 200®ly&) et al. 2004). In order
to allow a secure and automatic identification of BPs we usegbhnique of Berger et al.
(1998), which consists of the subtraction of the continuamge from the correspond-
ing image in the molecular band. Hence a BP mask at the léftimoin Fig. 2.4 was
computed as (compare with results in Chapter 3):

Mask — 1’ ICNbandfhead _ Icont > 015

<ICNband—head> (Icont>

Mask = 0 IoNband—head _ ILeont <0.15

(ICNband—head> <Icont>

The co-alignment of the three reconstructed filtergramsagasmed to be so perfect that
the same BP-mask could be used in all of them. Although thaiodd filtergrams reveal
complex structure of the BPs, e.g. ribbons or "hot walls’nped out by Berger et al.
(2004), we do not provide an individual analysis of theiemgity.

Fig. 2.5 shows the intensity variations along the same cattypical BP in the three
spectral regions. The intensities are normalized to theageequiet Sun values. BPs in
the CN band-head, as a rule, have the highest brightnesssewa respect to the quiet
Sun as compared to that in the G band and the blue continuum.

In Fig. 2.6 we present scatter plots of the normalized intgmsthe molecular bands
with respect to the normalized continuum. Two groups of pipheric features, BPs
(red dots) and quiet granulation (black dots), show difiel@ightness distributions in
molecular bands as predicted by numerical simulations efy@lg et al. (2004). The CN
band-head distribution is in very good quantitative agresinwith a similar analysis in
Chapter 3.

(2.28)
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Figure 2.4: Joint phase diverse speckle reconstructedgfidtms of an active region
NOAAO0669, located at.=0.97 on 7 September, 2004 at 14:30 (UT), containing BPsitake
in the blue continuum (436.bm), G-band (430.:xm) and CN band-head (387:fin).
Also shown (bottom-left) is the mask used to identify brigbints. The presented images
have not been filtered to equalize the spatial resolution.
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Figure 2.5: Intensity along a cut through a typical BP for bhée continuum (436.5m
- dashed line), G band (430ubn - dotted line) and CN (387.8m - solid line).
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Figure 2.6: Normalized a) G band and b) CN band-head iniessiependence on the

normalized intensity in the blue continuum measured irvactgion NOAA0669 located
at4=0.97 on 7 September, 2004 at 14:30 (UT).
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2 High resolution imaging

Spectral region (C) (CIPDS)  (CIPDS+eau)

Continuum 0.090 0.145 0.143 0.11
G band 0.218 0.341 0.340 0.12
CN band-head 0.311 0.481 0.481 0.12

Table 2.1: Observed contrast values of BPs with respecetquiret Sun intensity within
the G band at 430.bm, the violet CN band-head at 387u8n and blue continuum at
436.5nm. (C), (CPPS) and (CIFPStean) denote the contrast in the not reconstructed,
JPDS reconstructed and JPDS reconstructed with resolegjoalization images respec-
tively. Rms contrasts are computed for the quiet Sun.

To quantify the brightness excess in BPs we define the carfitnaa given pixel as:

_Li—1Iny

C
A Io

(2.29)
where, denotes the intensity of the BP in a certain wavelength baadd ], , is the
mean intensity of the quiet Sun for the same wavelength.

The calculated mean contrast values of the BPs are presentatile 2.1. The con-
trast of the BPs is higher in CN than in the G band, with the mrasio (Con/Cor) =
1.4 over all BPs in the 2% 43 arcsec? filtergram triplet. The mean BP contrast in CN
band-head i€y /C.on: =~ 3.4 times higher than in the blue continuum. The contrast of
BPs in the G band i€'cy/C.on ~ 2.4 times higher than in the blue continuum. This
IS in reasonable agreement with simple theoretical priedist(Berdyugina et al. 2003,
Kiselman et al. 2001).

According to Shelyag et al. (2004) those atmospheres winiglespond to BPs have a
mean temperature at the layer of the continuum intensityd®ion (7" (7x—430 nm = 1)) =
6500 K. For this temperature from Berdyugina et al. (2003pb&in:

ClNvand—head! C&5una=14 CERand—nead! Ceony =2-8 andCE<R 4/ Ciori"=2.0.

A statistical study of the brightness distributions of BRON and CH filtergrams
covering 81x 43 arcsec? of active regions with the filling factor ~ 0.03 showed that
the contrast ratio of the BPs in CN to CH decreases with irstngeG-band brightness of
the BPs as shown in Fig. 2.7. In this plot only a subset of ttadyaed data is shown for
a subfield, for which the alignment of the various images vasiqularly good.

Theoretically the relative brightness excess of BPs in Chidbaead with respect to
G band is due to a stronger decrease of the number densitg @Nhmolecule with in-
creasing temperature at the level of line-core formatisrgampared to CH. We conclude
that with increase of the BP intensity the absorption by @didecreases with respect to
absorption by CH spectral lines. This is in agreement withspectroscopic observations
which we will present in the next Chapter.

Although the observed contrast ratios agree reasonably mitdel predictions, the
absolute contrast values of observed BPs are lower thae thakeoretical predictions
based on the Kurucz model atmosphere (Kurucz 1993) With ~ 6500K by a factor
of 5.
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Figure 2.7: Scatter plots of the contrast ratio in CN banadhend G band vs. normalized
G-band intensity. The solid line represents a 4-th ordeyrmpmhial least squares fit to the
data points.

The difference between the absolute contrasts found frenoliservations and com-
puted by Berdyugina et al. (2003) can be attributed to séfetors, of which the main
ones are;:

e the computed contrasts where calculated using a simpled&umodel whose tem-
perature stratification along differs from that of a flux-tube in the photosphere
even if the temperatures at= 1 are equal;

e the computed contrasts refer to an unlimited spatial réisolwhereas our observed
filtergrams are limited to a spatial resolution of 13Q;

e the observed contrast is further diminished by scatteigiat.li Alternatively, the
temperature contrast between magnetic BPs and the quies &wwer.

The significantly higher contrast seen in the violet CN baedd compared with the
G band makes it a promising wavelength band for solar higbluésn studies, although
there are factors making nowaday high-resolution groussskt) solar observations in this
wavelength more complex than in the G band:

e fewer photons are provided by the Sun;
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2 High resolution imaging

e there is more scattered light;

¢ the spatial resolution is worse because of the strongeeinélel of the atmospheric
aberrations (seeing).

Recently, Uitenbroek & Tritschler (2006 submitted.) prase results of the syn-
thesis of the blue CN band-head and G band using 3-D MHD simak& They present
the comparison of the intensity contrast of BPs in synth@titband-head and G-band
images. The result i€y /Cer) = 0.96, which is in sharp contradiction with our ob-
servations. Moreover, their simulations yielded that tai$o is almost constant in the
range of high G-band intensities of the BPs and decreasewaniensity. The Kurucz’s
models, however, gave opposite results where in the modieliyj; = 6250K this ratio
was computed as 1.35. They correctly pointed out that thesels cannot be used to
describe either granule’s or BP’s atmospheres. They foalsd, that the BP brightness
enhancement in molecular bands is due to partial evacuitioigh field concentrations
rather than due to non-linear dependence of the Planckiumet short wavelengths
which would lead to higher contrast in the CN.

Several possibilities to resolve this contradiction arleaatd:

e Our estimated spatial resolution is not entirely corecttiiedCN band-head image
is better resolved in our observations than the G-band.rdtevely, the amound
of scattered light is larger in the G-band range than at theeleagth of the CN
band-head.

e The continuum opacities used in simulations may be wrong.

e Before comparison with observations, the results of radiatansfer computations
through MHD simulations should be convolved with the reai®SF estimated
from our observations by JPDS and the amount of scatteréd digould also be
taken into account.

e The definition of a BP should be concretized, i.e. BP intenidabon structure,
facula or evidence of the "hot walls”, whose properties mayeéry different.

One way to distinguish between some of the above explarsatiowld be to make a
comparison of simulated CN and CH spectra with our speabms®bservations includ-
ing modelling the limited resolution, seeing and scattéigitt (see Chapter 3).
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3 High resolution spectroscopy of the
solar photosphere

In the previous chapter the brightness properties of thexgranular bright points (BPs)
observed through narrow-band filters for G band, blue CN Haeat and blue continuum
were investigated. In this chapter, we present results gifi-hesolution spectroscopic
observations of the small-scale magnetic activity matatesns in the solar photosphere
with the spectrograph installed on the new 1-m Swedish S@kascope (SST). The re-
sults of simultaneous observations in two spectral regiotise blue and in the near UV
containing absorption spectral lines of different speateg., CN, CH and many atoms,
will be presented. Spectral properties of the BPs chaiastgrqualitatively the plasma
state in the upper photospheric layers are investigated@mgared with results obtained
in Chapter 2.

We have observed and analyzed spectra in the blue CN band-3@&4588-388.473
nm) and in a blue region (436-1436.9nm) containing absorption lines of CH. Note that
except for specifically mentioned cases all wavelengths iVese throughout the present
chapter correspond to vacuum as follows from the wave numibitie FTS atlas (Brault
& Neckel 1987).

3.1 Observations

The SST spectrograph, designed on the basis of a Littrovesydtas a 7@rooves/mm
echelle grating with a blaze angle 6£63.43 and has a theoretical spectral resolving
power of around 240000. The slit has a width ofi2b which corresponds to 0.1143 arc-
sec in the image plane and is etched on a glass plate with atmefidayer of coated
silver. The slit plate is mounted on the turnable slit holdéich constitutes one wall of
the slit box. The slit box also contains a corrector lens airdons that divert the outgo-
ing beam into two exit ports labeled A and B where CCDs weremtexli This enabled
to make spectroscopic observations in two spectral donsamsltaneously. The optical
setup used for observations is sketched in Fig. 3.1. Sirere tis no predisperser in the
spectrograph itself, all spectral orders fall on top of eattter on the CCD plane and to
separate desired orders narrow-band interference filters used. In Table 3.1 prefilters
and CCDs used in the spectroscopic setup are listed. Unfately the high gain setting
in the CCD at port A produced an increased noise level in cEmbspectra with respect
to the data collected at port B. This caused certain diffiesiin the data reduction which
will be discussed later. In order to identify the exact sbspion on the Sun the light
reflected by the slit box was used. The reflected light wasctefed by a condensing
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Figure 3.1: Optical setup for simultaneous spectroscopgenvations in two spectral
ranges, i.e. port A and port B. Additionally, cameras to rdcihe corresponding slit
jaw images and make short-exposure high-resolution imagése red continuum are

sketched.
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3.1 Observations

parameter port A port B
CCD type Kodak Megaplus 1.6, 10 bit Kodak Megaplus 1.6, 10 bit
CCD size 1536& 1024 pixx 9 um 1536x 1024 pixx 9 pum
CCD gain +6dB 0dB
prefilter 436.3%m, 1.15nm, 36.37% (air) 387.92m, 0.80nm, 60.54% (air)
spectral range 436.08bn < A < 436.9530m 387.590nm < A <388.480nm
spectral order 53 58
grating angled — « -0.7r +0.13
mean dispersion 15:5m/nm 15mm/nm
spatial diffraction limit  0.11 arcsec 0.10 arcsec
exposure time 150ths 1500ms
maximum Intensity 947 counts 665 counts
in continuum
spectral lines CH, atomic CN, CH, atomic

Table 3.1: Specification of instruments used in observation

achromatic lens with a focal length of F=2m and split by a 50/50 beamsplitter passing
the light to positions where slit jaw CCD cameras were itsthlThe exposure time for
the slit jaw image was as long as the exposure time of the smoreding CCD collecting
the spectra, to ensure that one achieves the same spatiaiti@s in both types of data
to simplify identification of observed solar features. Thaimproperties of the slit jaw

parameter slit jaw A slit jaw B

CCD type Kodak Megaplus 1.6, 10 bit Kodak Megaplus 1.6, 10 bit
CCD size 1536& 1024 pix< 9 um 1536x 1024 pixx 9 pm

filter 430.5130m - air, 1.18nm, 46.37% 387.92im - air, 0.80nm, 60.54%
spatial diffraction limit  0.11 arcsec 0.10 arcsec

exposure time 150ths 1500ms

Table 3.2: Specification of observed slit jaw image data

detectors are listed in Table 3.2. Strong overexposureenlihjaw cameras was com-
pensated by neutral filters with high density. Exposure tmadl four CCD cameras were
synchronized by a trigger signal so that the complete diateserecorded simultaneously.
In addition, high resolution images in a red continuum usingarrow-band interfer-
ence filter were obtained (see Table 3.3) taking 10% of the totoming sunlight by
mounting a 90/10 beamsplitter in the light path before thecspgraph. These images
are uncorrelated in time with the spectroscopic datasetsange as high resolution, al-
most diffraction limited, intensity maps of the photospherhe diffraction limit of the
spatial resolution was achieved by means of Multi Framedbeconvolution (MFBD)
described in Chapter 2. Frame selection based on rms comeasurements was applied
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3 High resolution spectroscopy of the solar photosphere

parameter red light

CCD type Kodak Megaplus 1.6, 10 bit
CCD size 1536 1024 pix< 9 ym

filter 705.7nm - air, 0.71nm, 45.37%
spatial diffraction limit  0.18 arcsec

exposure time lths

Table 3.3: Specification of observed high resolution imaafa th a red continuum
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Figure 3.2: Example of a raw image of the flat field (top) andesponding spectra
(bottom) observed at the port B.

to choose 10 'Red’ images with the best contrast during e&chtitne interval, which
were stored to be processed by the MFBD routine.

3.2 Data reduction of the spectra

In figure 3.2 an example of the raw observed spectroscopécatdhe port B (B-spectra)
corresponding to the blue CN band-head spectral domaimwsrshT here are two charac-

teristics of CCDs that must be considered in making an aginical image: 1) since they
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3.2 Data reduction of the spectra

are electronic components CCDs are sensitive to heat witleitamera as well as light
from the object of interest and 2) the individual pixels ie tBCD array may vary signif-
icantly in their sensitivity to both heat and light. The watl part of the data reduction is
to diminish the effect of these two factors. It consists alkdaame subtraction and flat
fielding, which will be explained in the following sections.

3.2.1 Dark frame

Astronomical CCDs are so sensitive that they can detedirel@c noise generated by the
CCD chip itself. This means that even without illuminatiig tCCD surface one gets a
nonzero output signal. We call the ouput signal created bg@a €hip without exposure to
photons a Dark Frame. It results from thermal electronsermikels, from voltage offsets
in the CCD electronics and from noise produced by the eleixtso The rate of thermal
electrons depends on the temperature of the CCD and on thaitrap of each pixel.
Since the CCD pixels have different impurities, each elam@haccumulate electrons at
a different rate. This can cause a faint pattern to form omggsanade with the CCD. Even
though this pattern is not due to light, it is difficult to detene which pixel intensity was
due to light and which was due to dark current when taking tspgcopic data. Luckily,
for a given CCD temperature, the thermal electrons accumataa constant rate for each
pixel. This means that this effect can be measured and itsilsotion can be subtracted
from the recorded images. In practice, during the obsemwatone should take a dark
frame of the CCD under the same conditions as when takingrggeopic data, with the
only difference that the beam of sunlight is blocked somewlirethe optical path. This
means that the chip temperature, exposure time, CCD opegnatode as well as indoor
lighting of the optical laboratory have to be equal to thoseduduring observations. In
order to reduce noise in the single dark frame usually 108 oaages were taken and
subsequently averaged. The resulting dark frame is almestdf noise and contains
only the information about the dark counts of each pixel ef@CD. Using the additive
property of the latter, one removes it from the useful sidgnyadubtraction of the averaged
dark frame from the raw observed data. However, this methadt able to remove noise
of the CCD and readout electronics in a single frame. Thetsmmopic signal in our
observations lies between 37 and 1024 counts whereas tlwaltgpunt values of the
dark frame lie around 29 counts, which is up to 78% of the usédumal. This means that
dark frame subtraction is obligatory for reducing the spsttopic data in order to get
realistic values of spectroscopic line depression.

3.2.2 Flatfield

First of all it should be mentioned that the flat fielding of ebh&d spectroscopic data is
much more complicated than for images. The flat field is a 2edsional gain matrix of
the CCD. In acommon image processing method a flat-field irslageld be made by tak-
ing a picture of an evenly illuminated scene which does notsiny intensity variations.
Obtained in that way the flat-field image shows only the inhevariances in intensity
value across the CCD array due to differences in photos@hsar to dust specks on the
CCD surface or vignetting in the optical system. Using thdtiplicative property of the
flat field one divides the raw data image, already correctethivdark frame, by the flat-
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3 High resolution spectroscopy of the solar photosphere

field image, which should be also corrected for the dark fraane achieve the reduced
data image with a 'true’, accurate to the noise level, brighs distribution independent
of the optical setup and CCD.

DAT Appserves — DARKFRAME

DAT Ayeduced =
reduced = FLATFIELD — DARK FRAME

(3.1)

In solar observations the homogeneous illumination of gteator is achieved by a rapid
random swinging of the telescope by around 10 arcmin in edlatiions so that the field of
view moves around the solar disc center avoiding sunspdtpares. By collecting many
images on the CCD during this time but followed by averagivegt one expects to smear
any information about the solar surface and to have a purergatrix of the CCD (CCD
flat field). It is very important to take flat fields when the CGOn the same position in
the optical setup as in the observations to avoid flatfieldirtifacts on the dust particles
on the CCD surface because of a different beam cone. In o@naisons a flat-field
image consists of 400 averaged frames. On the top in Figh8.8lserved averaged flat
field is shown. It does not contain any spatial informationhef solar features along the
slit of the spectrograph, but the averaged spectrum of tlae pbotosphere near its disc
center. In order to obtain the gain matrix of the CCD itse# tbllowing procedure has
been applied:

Step 1. As one can see from Fig. 3.2 the observed spectrd eeseall inclination
of the spectral lines and their no-rectilinear shape. Cesging the flatfield in the spa-
tial direction by averaging each spectrum along the slit ateagreference 1-dimensional
spectrum. Using the algorithm of cross correlation, speatrall positions along the slit
were co-aligned to a reference and divided by it. At the same the corresponding
vector of dispersion shifts was created. The latter was tesatign the observed spectra
along the dispersion axis. The observed spectra show npaiit of the spectral lines,
but also distortsions. This is inherent in grating spectipfs and is partly due to the fact
that the spectrograph has an off-plane design which causegghion and barrel defor-
mations of the spectra. Also, some image distortion is ahbgehe corrector lens. Such
image distortions make the reference 1-dimensional specstightly blurred and divid-
ing flatfield spectra by it produces artifacts on the edgelsa$pectral lines. Therefore, to
improve the quality of the result, the observed flatfield ima@s binned into 3 intervals
in the spatial direction where the line distortion can beleetgd and the afore mentioned
algorithm was applied separately to each bin. The resu@& flat field is shown on
the bottom in Fig. 3.3 where broad, slanting lines are ieterice fringes produced by
the prefilter and the entrance window of the CCD.

Step 2. As opposed to narrow-band spectroscopy the trasiemigrofile of the pre-
filter should also be taken into account. Unfortunately ihag possible to use a filter
curve delivered by the manufacturer since the transmissi@n interference filter de-
pends strongly on its temperature, humidity and on the aoigileclination. In order to
compute the filter transmission curve the reference 1-dameal spectra of the observed
flat field corrected for the dark frame and CCD flat field was coteg@ in the same way as
in Step 1 and compared with the high resolution Fourier Tians Spectrometer (FTS)
atlas (Brault & Neckel 1987) for the photosphere in exadily $ame spectral region. In
case of B-spectra observations two fiducial wavelengthtiposi at 387.58&8m (begin-
ning of observed spectra) and at 388.473(end of the observed spectra), corresponding
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Figure 3.3: Observed flat field corrected for the dark framieand curvature of the
spectral lines (top); computed gain matrix of the CCD (bmito

to Fe | and CN absorption lines respectively were selectegtre ldnd later we will use
vacuum wavelengths, as given by wave numbers in the FTS dtlas important that

both, our flatfielded mean spectrum and the correspondirairsipe provided by the FTS
atlas were taken at the same disc position on the Sun, ise. cénter, to avoid any dif-
ferential center-to-limb variation effects (Langhanslet2004). The linear dispersion in
the spectral plane is defined as :

dx @_ m

a:fs.d)\ 7w cos(B) (3-2)

where f,=1500mm is the focal length of the Littrow leng/\ is a wavelength change
anddg is a corresponding angle of reflection changés the grating constant anglis
the angle of reflection. From equation 3.2 it is evident thatlinear dispersion of ob-
served spectra shows a monotone increase when going frgndamort wavelengths. In
the case of B-spectra the linear dispersion varies from4l4u8 /nm to 15.07mm/nm,
corresponding to fiducial wavelengths mentioned above.vehees of dispersion for the
A-spectra are 15.3t%hm/nm and 15.55mm/nm, respectively. To linearize the linear
dispersion in the observed data the latter have been lineddrpolated between these
two values on the whole observed spectral region and therspeere destretched ac-
cordingly. The difference of the spectral resolution of HI¥S atlas and of the obtained
A- and B- spectra, which was lower than that of the FTS, is anese for the slight dif-
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Figure 3.4: Example of a reduced B-spectrum corrected fdt ttame, flat field and
filter transmission profile (right). At the left we plot the are observed photospheric
spectrum (black line) corrected for dark frame, CCD flat fidilder curve (dashed line)
and scattered light. We also plot the FTS spectrum (gray iiméne same spectral region.
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3 High resolution spectroscopy of the solar photosphere

ference in profiles of corresponding spectral lines. Alsecggal stray light in the SST
spectrograph, which is absent in the FTS, causes theseetifies. To compute the trans-
mission curve of the prefilter windows, parts of spectratiadty free of absorption were
selected, at which the intensity is least influenced by tferéince in spectral resolution.
The prefilter curve is calculated by dividing the 1-dimemnsibreference spectra by the
FTS intensity at these wavelengths and then polynomiatsrjpolated on the whole ob-
served spectral domain. Comparison of flatfielded referegpeetra with FTS, which are
assumed to be free of spectral scattered light, enablesastitoate the scattered light in
the obtained data:
]fTS =1\ ®dprs
IS?ST - [)\ X dSST + Iscatteru

wheredprs and dsgr are instrumental profiles of the FTS and the SST spectrograph
respectively,ly is the 'true’ infalling intensity,/{ 7 and I757 are detected intensities,
L..q.tter Means the level of the scattered light in the spectrograghtlam symbol +’ de-
notes convolution. Narrow spectral lines are more semsitithe spectral resolution than
broader ones, whereas the scattered light intensity asetpected to be the same for
all of them. By varying the FTS spectral smearing by convawvith a Gaussian func-
tion and varyingl,...;.. the optimal combination of these quantities was found shgwi
the best coincidence with the observed 1-dimensionaleeter spectra, corrected for the
prefilter profile.

(3.3)

parameter A-spectra B-spectra
spectral range 436.08bn < A < 436.953nm  387.590nm < A\ <388.480nm
spectral sampling 5.5921hA /pix 5.82236mA /pix
dispersion 15.47nm/nm 14.98mm/nm
resolving power 76360 129170
scattered light 4.% 4.7%
estlmat_ed spatial 0.25 arcsec 0.25 arcsec
resolution

Table 3.4: Specification of calibrated spectral data

In Table 3.4 the properties of the reduced A-spectra anddgispare shown. It should
be mentioned that the spectral resolution was estimated tihe mean spectra produced
as described above as the amount of smearing, which applted ETS spectra to get an
optimum match.

An empirical diffraction limit of a telescope with entranpapil D at a certain wave-
length\ is given by the Rayleigh criterion:

A
a=122 %, (3.4)
where« is the resolution in radian. The spatial resolution of théaoted spectral data
depends on several factors like atmospheric and fixed dlmersaexposure time, CCD
focusing errors. Due to th& dependence of seeing one would expect the A-spectra to
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3.2 Data reduction of the spectra

Figure 3.6: Normalized
power spectra at local 'quasi’- /?
continualZ  (black) andr? | .
(red). Spatial frequencies
were normalized to frequency :
vy for the diffraction limit of —4F
the SST at\=388nm. i
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have a higher spatial resolution as compared to the B-gpadtwever, as a result of the
high gain option for CCD in the port A the accuracy of focusthg CCD on the spec-
trograph slit was lower, than in the port B. This explainsdkereased spectral resolution
of the A-spectra as well. The refractor system of the SSTessifrom residual chromatic
aberration after the corrector lens, which makes a smdtlshthe focal plane along the
optical axis when observing at A and B wavelengths. Hencslihef the spectrograph
cannot be located exactly on the focal plane for the two vemgths. However, the see-
ing, i.e. contrast reduction, blurring and distortion oéelved images due to atmospheric
distortions of the wavefront, appears to be the dominanofad herefore, as discussed
in Chapter 2 the blue B-spectra should have a higher amplitdidberrations and con-
sequently lower spatial resolution than the A-spectra. gaial resolution, taking into
account all factors listed here, is not linearly dependenthe spectral resolving power.
This means that due to the discussed slit defocusing théigrosif the CCD giving the
highest contrast of the spectral lines, i.e. perfectly ssclispectra, does not necessarily
correspond to the optimum position to obtain highest cahiraa spatial domain.

In Fig 3.6 the normalized power spectra in logarithmic scilecal continuum inten-
sitiesI 2 ,-black andl2, ,-red are shown. The abscissa s scaled to the spatial fregugn
corresponding to Rayleigh’s diffraction limit, i.e. 0.08&sec, of the SST at=388nm.
The power decrease is almost identical for both A and B daltégiwpoints to a similar
spatial resolution. At approximately4 - v,, where the noise level dominates over useful
signal of the small scale solar structures, the slope of tveep spectra diminishes no-
tably. This spatial frequency corresponds to the spatslttion presented in Table 3.4
and is nearly equal in A and B spectral datasets.

3.2.3 Doppler shift and line width

The velocity of plasma motions can be calculated from Dapghét A\, measurements
of spectral lines:

A\p = % (3.5)

43



3 High resolution spectroscopy of the solar photosphere

Fel line S/N
1.0 I
i 45
06| | 40
I m
_ | e
1 ;
0.2 [ 301
0.0 I
—-60-40-20 0 20 40 60 0.2 04 06 0.8
M, [mA] \

Figure 3.7: Left - an example of;,_,,;,, determination using a 4-th order polynomial fit
(blue line) to the observed profile of the Fe | line; right -iestted signal-to-noise ratio
of B-spectra along several line profiles near 387 .16/

wherew is velocity, c is the speed of light) is the wavelength of the line center. Since
different spectral lines are formed at different heightthie photosphere, the knowledge
of their Doppler shifts provides information of photosphbarelocity stratifications. As
shown in Appendix B the contribution function for a given spral line varies when going
from its line-core to the wings. Therefore, the analysis oppler shifts at different posi-
tions of the line profile also gives information about vetss at different heights. Since
all lines in the observed 387.58888.473nm spectral region are blended by others, their
'true’ profile could not be estimated easily. Therefore wa&tniet ourselves to investigat-
ing Doppler shifts at the line coreA\p = A\j—pin — AN/ whereX'™ s a reference
wavelength. The refereno\e',fmm is the line-core wavelength of the spatially averaged
spectral line profile along the slit for which the velocitygissumed to be @ /s, since the
absolute velocity values are not of particular interestfoBeinvestigating the velocity
signature of the solar features, an evaluation of accurittyedoppler measurements is
essential. If one computes the line shift as the differeretevéen the positions of min-
imum intensity of the line with respect to the reference posi(peak-to-peak method)
then an accuracy of 215 m/s corresponding to a spectral sampling of observed spectra
of 5.822 - 10~* nm is expected. Fortunately the observed spectral lines aa@nough

to contain a sufficient number of pixels so that it is possiblét the line profile with the
polynomial approximation.

In Fig. 3.7 (right) an example of the determination\gt,,;,, in the line-core of Fe |
(387.777nm) using a 4-th order polynomial approximation of the linefpeois shown.
The presence of noise in the observed data distorts the twidepand introduces an
additional error in the approximation. In order to quantifg accuracy of this method and
compare it with the others, the amount of noise in the flatbeélsipectra was estimated by
analyzing their power spectra. The signal-to-noise r&MNR) was computed as:

P, I
SNR[dB] = 10 - log,, < PW"‘“) =20 - logy, < ;“’"‘”) : (3.6)

noise noise

where P is average power anflintensity. In Fig. 3.7 (right) th&& N R dependence on
intensity/, normalized to continuum of a part of the B-spectrum arotned®e | spectral

44



3.2 Data reduction of the spectra

line is shown. Knowing the noise level all possible distmms of an artificial spectral
line were simulated. The result of the simulations showed M_,,;,, measurements
using a 4th order polynomial approximation have a maximuwiadi®n of 43m/s and a
rms-value of 32n/s, whereas the cross correlation method yields a maximunatewi
of only 27 m/s and 24m/s rms-value. Therefore we have used the latter in our data
reduction. Taking into account that flatfielded spectra @onthe same line shift errors
as the cross correlation method the total error of velocigasurements is estimated to
be 54m/s. We have calculated velocities from Doppler shifts for ¢hepecies: Fe |
at A\p.;=387.777nm, CH and CN. To be precise tHé?, and V%, were averaged over
speed profiles measuredaty=387.844nm, \ox=387.740nm and \o;=387.829m,
Acn=388.124nm respectively. In the present chapter the upflows, i.e. bhifess were
assigned to negative velocities and downflows, i.e. redsshd positive velocities.

In addition to the Doppler shifts the full line width at hatfinimum or FWHM of
the spectral line provides information on the line broadgnaused by many factors.
The most pertinent for such measurements is the width of éhé (B87.777nm) line
as its profile is least distorted by blends. The undistoritesl profile was reconstructed
by subtracting a linear interpolation between two quasiicomm positions at the line
borders from the line profile. Using a 4-th order polynomiatdithe line the FWHM is
measured. The simulations of such measurements of theiattgpectral line disturbed
by known noise, as explained above, gave a maximum deviafidmA.

3.2.4 Slit position

Refraction in the terrestrial atmosphere introduces a Isshdit on the focal plane of
the telescope between images taken at different wavelemgth direction vertical with
respect to the horizon. Such a difference is minimum at nadren the Sun'’s elevation
is largest and maximum when the Sun is located at the horiZbe. slit orientation of
the SST's spectrograph is parallel to the horizon, which megaat the impact of the
mentioned effect is maximum and the spectra in port A and ihpare taken at slightly
different slit positions on the solar surface. By analyzfigand B-slit jaw images the
spatial shift could be derived.

time, UT [hh:mm:ss] Ax [arcsec]

14:56:20 0.0553
15:28:40 0.0623
15:49:20 0.0658

Table 3.5: Displacement of the image position on a slit fospectra and B-spectra ob-
served on 8 April 2005.

In Table 3.5 the image displacement on a slit at the timesnwhe data were col-
lected, is presented. For comparison the slit width amotmesound 0.12 arcsec. As
one can see from Table 3.5 the difference in image positiore it is 0.061 arcsec on
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3 High resolution spectroscopy of the solar photosphere
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Figure 3.8: Example of B- and A- spectra of a BP (red line) itveaegion NOAAO753
at 4,=0.97 observed on 14 April 2005 at 15:00:45 (UT) and of theg8un (black line).
'Red’, B- and A- slit jaw images with a white arrow marking tB& are also provided.

average. Since we do not possess full two-dimensional igpecians over a solar region
but only one-dimensional spectra at single slit positidvesdaccuracy of the comparison
between A-spectra and B-spectra is decreased by this syttegrror. Consequently for

a precise investigation of the spectral properties of pdpteric features A-spectra and B-
spectra were studied separately. Since the B-spectrummscspectral lines of all desired

species (i.e. Fe, CH, CN) we give its analysis the highestipyi

3.2.5 Intensity
In Fig. 3.8 two samples of observed A- and B-spectra are ptedeln BPs both spectra

show a considerable decrease in depression of absorptEsdi CN and CH molecules
and of many atomic lines as well.
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3.2 Data reduction of the spectra

The intensity contrast’, at the line core was defined as:

L— <1, >
Ch=—7""" 3.7
A < ]—)\ N 9 ( )
In the present analysis the line-core intensitigg of a CH line at 436.396im, 15,
of a CH line at 387.829um, /2 ; of an Fe | line at 387.77%m and IZ,, of a CN line

at 388.1881m were measured. The main properties of the transitions sjporeding to
these lines are given in Table 3.6 and in Table 3.7.

Element Wavelength  Wavelength Branch Oscillator  System
vacuum, hm]  air, [nm] strength
CH (A-spectra) 436.396 436.272 P’ 0.281E-02 A-X0-0
CH (B-spectra) 387.829 387.719 'R"  0.230E-02 B-X0-0
CN (B-spectra) 388.188 388.009 P’ 0.345E-01 Violet 0-0
CN* (B-spectra) 387.844 387.734 P’ 0.345E-01 Violet 0-0

Table 3.6: Properties of molecular transitions of CH and @i¢d used in the present
investigation. The CN line marked withis used for Doppler measurements and line
depression study.

Wavelength  Wavelength  Transition £, [eV] E; [eV] log(gf)
vacuum, hm]  air, [nm]
387.7769 387.6670 5DY —a*P? 5.4763 2.2788 -2.808

Table 3.7: Atomic transition parameters for the Fe I linedliseobservations.

The fact that many spectral lines are blended with each otlech changes the line-
core intensity, was not taken into account when computimgctbntrasts. This means
that models must be used to compute the spectrum with all ldvedéd lines prior to
the comparison with the observations. The total A-speatthBrspectra intensity were
calculated by integration overof the whole obtained spectral domain multiplied with a
prefilter curve representative of the filters used for imgggee Chapter 2). Unfortunately
the B-spectrum does not reach the pure continuum in the vapaetral range. Therefore
the intensity over two positions of 'quasi’-continuum aB83802nm and 388.16.Lm was
averaged, which corresponds to a 'quasi’-continuum bnigbs/” . at~ 388.18nm with
an FTS atlas value of 0.894. The A-spectrum has much lessrapkees and includes
almost clear continuum regions with an FTS atlas value 8D.9helZ , intensity was
averaged over four positions at 436.131, 436.186nm, 436.221nm and 436.272m,
corresponding to a mean wavelength~ef436.202nm. The above 'quasi’-continuum
wavelengths were selected such that the absolute inteatdityese positions showed the
smallest rms along the slit in the observed spectra. Thisymdwet it is least affected by

the spectral lines whose depression varies in a wide ranggndeng on the solar feature.
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Figure 3.9: Coincidence of two methods of automaticallgeiaing magnetic bright fea-
tures from the non-magnetic features. Top - local continuntensity subtracted from
CN-band intensity; bottom - BPI. The dashed red line reprssine threshold.

3.2.6 Bright Point Index

The Bright Point Index (BPI) was introduced by Langhans et(aD01) in order to deter-
mine the positions of bright small-scale magnetic featared automatically distinguish
them from the non-magnetic bright features. BPI calcutatiare based on the fact that in
a BP the weakening of CH-line depression is stronger tharoftegomic lines. Assuming
that CN absorption lines behave similarly the BPI was comgbais follows:

BPI — Icont - Iatom . <Icont - ICN)

Geons — Tuton) Tt o &)
wherel.,,; IS a local continuum intensity (see previous sectidp),,, is the line-core
intensity of an atomic line anf}-y line-core intensity of a CN line. Following Langhans
et al. (2001) all intensities were normalized to a 'quasinttnuum atlas intensity, =
0.894. Not all atomic lines conform to the assumption above. Asialpf BP spectra
revealed that the Fe | line at 387.94& has a very small amplitude of change in line
depression over non-magnetic and magnetic, e.g. BPsyésadnd thus was used for the
BPI determinations. The conformity of the BPI method anddifierence of normalized
to the mean intensities at local continuum in the CN-bandesgnted in Fig. 3.9. The
criterion BP>0.2 is used to separate magnetic bright features from thenrammetic
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3.3 Spectroscopy of small-scale magnetic features at Hueceéinter

ones. This criterion according to Fig. 3.9 correspondLE<Lf1§,§Z:I’ZZj> — <§ZZCZ§>] > 0.11
which can be applied when analyzing the filtergrams (seeteh@p. Fig. 3.9 is a vivid
demonstration of the adaptability of the photosphericHirgoints detection technique
introduced by Berger et al. (1998) using continuum and madé&dand filtergrams taken
simultaneously. Due to the absence of appropriate atoneictsp lines in the A-spectra

the BPI was not calculated in that spectral domain.

3.2.7 Line depression

As mentioned above, the difference in image position ontarsh vertical direction for
both observed spectra complicates direct comparison anlg sf their relation in a cer-
tain solar feature. Fortunately the observed B-spectréagoseveral CH lines. Thus it is
possible to avoid this problem. The CH line most favorablettie further investigation
is situated at 387.828m and corresponds to the B-X system. This absorption line is
still blended mainly by the blue wings of the Fe | (387.9i2) and Fe | (387.968m)
spectral lines. In the BPs these strong atomic lines inBggmitly change their depres-
sion at the line-core, but absorption in the wings is weakgm a quite wide range up
to 20%. As a consequence the shape of the CH line is distartachardly predictable
way. In order to improve the precision of computation of the e depth, the contri-
bution of the wings of these atomic lines was estimated bgalinnterpolation between
the values at 387.874m and 387.82(m, i.e. local spectral maxima, which we consider
as an attenuated continuum, and subtracted from its prdfilere we assume that the
mentioned molecular line is never saturated. Deviationfefine-core depression in a
certain photospheric feature were calculated as follows:

[)\/[cont . ]—guietSun/IgourzL'tetSun (3 9)

quietSun ; rquietSun
])\ /Icont

AD) =

Among the almost free from undesirable blending CN linesadbgerved B-spectra
possess a CN line at 387.844 which is positioned very close to the selected CH line
and consequently is also blended by the blue wings of the séongc lines as that. Thus
the accuracy of line depression calculations was verifieddmgparison of the variation
in line depression of the deblended (by deblending methasdrieed above) CN line at
387.844nm and almost undisturbed (since they are far away from stroogpia lines
with wide wings) CN lines at 388.188m, 388.183nm and 388.178m. The results of
such tests yielded that the deviation of two computed vakiésss than 3% throughout
the observed data, which is acceptable for the presenttigaésn.

3.3 Spectroscopy of small-scale magnetic features at the
disc center

3.3.1 Main properties

In this section the common spectral properties of the plpdtesc bright points and other
manifestations of the small-scale magnetic activity of$i@ are investigated. The quan-
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3 High resolution spectroscopy of the solar photosphere

titative analysis of the behavior of the spectral lines of, CiNl and Fe | will be presented
in Section 3.3.5.

Fig. 3.10 and Fig. 3.11 show one example of a calibrated gpsaxipic dataset of an

active region NOAA07353 observed on 14 April 2005 at 14:91T) at disc position
pu = cos(0) = 0.97, wheréd is the heliocentric angle. The first two images in Fig. 3.10
show an intensity map in 'Red’ and the B-slit jaw image useddsign identified solar
features to the spectra. The first two panels in Fig. 3.11 shidved’ image and an A-slit
jaw image respectively. The brightness scales are notepldince the slit jaw images
were not used for intensity analysis. The horizontal blackd (Fig. 3.10 b) and Fig.
3.11 b)) mark the position of the slit. The seeing conditimese good enough to provide
MFBD restored 'Red’ images at the diffraction limit. The espire time of 1.5 is long
enough to assume that the high frequency atmospheric ibes@f the wavefront had
randomly distributed intensity over the whole FOV whiclerifore, allow us to assume
it as isoplanar. This means that A-, B-spectra and A-, Bi&litimages and also 'Red’
iImages have constant spatial resolution without any distws. All three images as well
as the spatial domain of A- and B- spectra were coaligned kgnsief cross correlation.

In Fig. 3.10 c¢) and in Fig. 3.11 c) the profiles of the local omtim contrast (i.e. at
A3 =388.18nm and)\’ =436.202nm respectively) along the slit obtained from B- and
A-spectra respectively are plotted (red line). In the saareefs the black line represents
the contrast of intensity integrated over the whole B and écsal regions labeled?,
andl#,. Itis easy to see thdt®, which could be roughly associated with intensity in the
blue CN band-head observations described in Chapter 2lsesteang brightness excess
at the BPs positions in comparison with the local continuntansity. Unfortunately the
observed spectral region of A- and B-spectra does not folecthe total pass-band of the
filters used in imaging observations (see Chapter 2). Thisemthe direct comparison
of spectroscopically obtained contrast values with resoftthe imaging observations
impossible. At the same time many photospheric structuresisg low BPI have almost
everywhere reduceff?, comparing to the continuum one. A similar behavior was found
for I}, and its ’quasi’ continuum, although with a much lower separebetween them.

int

Target  tmdif,,) mS(I,) ms(if,) () rms(ify) ms(If,) ms(If,,)
A=388.188 \=387.829 \=387.777

Quiet Sun 0.097 0.075 0.091 0.070 0.178 0.100 0.066
Active area 0.099 0.093 0.142 0.090 0.355 0.179 0.115

Table 3.8: RMS contrasts of 'quasi’ continuum intensitiés,, and 72 .; integrated

brightnessi?, and I7},; line-core intensitied 5y, 15, andIZ,; observed a;=0.97 in
active region NOAAQO753 and nearby quiet Sun areas on 14 2p€b at 14:56:19 (UT).

The corresponding rms contrast values of line-core, iattegkand 'quasi’ continuum
intensities are presented in Table 3.8. The result is a ptarfianalysis of spectrograms
from 10 different image positions across the observed actigion. In the 'Red’ im-
age the variety of the magnetic solar features of differeates catches one’s eye. The
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Figure 3.10: Spectroscopic data observed in the activemedDAA0753 at=0.97 on
14 April 2005 at 14:56:19 (UT) : a) Reference image; b) B{shit image; c) integrated
and continuum intensity contrasts(12,) - black ,C (12 ) - red d) line-core intensity
contrastsC' (IZy) - black, C (1Z,)) - red C (IE,,) - blueg e) BPI; f) velocitiesVZ, -

black, V2, - red V2, - blue g) line width of Fe | line.
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Figure 3.11: Spectroscopic data observed in the activemedDAA0753 at=0.97 on
14 April 2005 at 14:56:19 (UT) : a) Reference image; b) A{slw image; c) intensity
contrasty ;) - black, (12, - red

presence of pores indicates an area with high magnetiatsgictihe not cropped slit jaw
image (not shown in the figure) reveals that these porestais@eil on the intersection of
so-called supergranular cells. It is remarkable that tighbipoints near the pores look
like solar facular structures as observed closer to the fola at very high spatial res-
olution. The physical origin of solar faculae will be disead in more detail in Chapter
4. Here we just mention that solar faculae and BPs, are nwsaifens of small-scale
magnetic concentrations in the photosphere. In the casofde the LOS is inclined to
the magnetic field vector, which one assumes to be paralklifiox-tube axis. The in-
tensity enhancement corresponds to a "hot wall” of a graluglated behind the flux-tube
(see Section 4.6). The main marking of facular brightenisgke distinctive monotone
brightness rise of the granule in a certain direction whiapd abruptly at the edge with
a thin dark lane just before the next granule. Such an appearmf the granulation is
clearly seen in Fig. 3.10 a) at4.2 arcsec. Therefore we propose that the active region
observed aj:=0.97 has an inclined magnetic field near the pores. Theriied inten-
sity of the faculaelZ, also shows a higher contrast tha},,. It is remarkable that the
line-core contrasts (Fig. 3.10 b) at-42 arcsec) reveal increased exces&bf and 15,
contrasts. This result is in good agreement with resultgiobtl outside of the disc center
(see Section 3.4).

Notice that the original A- and B-spectra were longer thaspnted here and the zero-
velocity, however, was determined from the full spectrae Tlbw velocities presented in
Fig. 3.10f) vary in a wide range and are slightly different @\, CH and Fe | spectral
lines. Concerning the whole spectroscopic data obtained@197 the upflow velocity
was observed to be up t& —1950m/s in the bright granules whereas the maximum
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detected downflow velocity is only +170@/s in the dark intergranular areas. Large
downflows are also very rare compared with large upflows.

SpeCtraI line Ndownflow/Ntotal Nupflow/Ntotal

CH 48.4 % 51.6 %
CN 48.6 % 51.4%
Fel 47.4 % 52.6 %

Table 3.9: Number of pixels along the slit showing downflowd apflows, with respect
to the total number, measured for CN, CH and Fe | spectras I{Bespectra) at=0.97.
Measurements from many spectrograms from different imagéipns were used.

Although, as summarized in Table 3.9, the mean velocity glitve slit was set to
0m/s the number of pixels, along the slit, which show downflow apfiaw is not exactly
the same. The low spectroscopic signal of narrow and dagtgrdnular lanes, which
show downflows, is obscured by intense spectra of the neargtlgranulation, which
show upflows. Consequently at limited spatial resolutipecsra showing blue shifts are
more often observed as the downflow spectra. This explamslifference in numbers
seen in Table 3.9.

In Fig. 3.12 the dependence of velocity on the continuunmisitg /” . observed at
1=0.97 using spectrograms from 10 image positions is predeitihe black and red pixels
refer to the non-magnetic and the bright point (with the B®R) areas respectively. The
scatter plot shows that the downflow velocity of non-magnégatures decreases with
increasing continuum brightness eventually becomingab#ezblue shift. This tendency
confirms observations of Nesis et al. (1992). However, tiseguanother spectral line for
velocity measurements. The non-BP features cover mogstlwtiole range of measured
velocities. In contrast, most BPs display almost constaldoity slightly increasing with
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the rise of 12 , and cover the 8300 m/s range. The uncertainty of the velocity O-
reference definition does not allow to make a statisticalgcise analysis of the velocity
distribution and the diagram 3.12 should be considered altative behavior.

The FWHM of the Fe | line shown in Fig. 3.10 g) reveals smallrdes with an
amplitude up to 12% around the mean value. However, no cteaelation with velocity
or intensity profiles was found. Inspecting the scatter pfahe FWHM versus velocity
V£ ; at the corresponding heliocentric angle (Fig. 3.13 lefpargpanel), no clear ten-
dency of Fe I line broadening when going from upflow to downftoations is seen. The
areas related to the photospheric brightenings: BP’s anudda, marked with a red color,

display an almost constant value of FWHM at aroundi6¥.

3.3.2 Individual cases

In this section we will consider some properties of paracythotospheric features in
more detalil.

1. InFig. 3.10 and 3.11 the BP at 22.7 arcsec is a typical Gtbaght point, of quite
small size, located in the intergranular region. It is end&etlin the dark intergranular
furrow, which divides it from adjoining granules on eachesidAlmost no variation of
FWHM, whose value amounts to 594, was found within the error bars. The velocity
shows a minutely enchanced downflow in the dark lane to thefi&ie BP and toits right.
The local peak of negative velocity does not lie at the minifiatensities’” ,, 15y, 15,
or IZ ;, but is shifted toward the BP center by around 0.25 arcsee.Bhhitself reveals
a slightly smaller downflow by~200 m/s as compared to the immediate surrounding
downflow peaks of the intergranular lanes. At the center efBR the contrast ofZ_,
is slightly lower than those of%,; and much less than that éf,. A very faint BP to
the right centered at 24.75 arcsec is also surrounded bylaagls, which appear to be
more prominent. This BP has a clear 'embedded in the down#tnwtture. The plasma
downflow motions are gradually increasing when going from BP center, where it
reaches 35@ /s, to the right dark lane up to 50@/s. When going to the left from the
center of the BP the velocity decreases down to 200 and starts to increase again in
the left dark lane, reaching a maximum of 6@@s. As in the previous case local extrema
of the BPI correspond exactly to those of the contrast psofildlso, in the discussed
regions, the velocity profiles obtained for different lirses equal.

2. In Figs. 3.14 and 3.15 the BP centered at 23.9 arcsecdbsbow a clear 'embed-
ded in the downflow’ velocity distribution. The center ofdlBP has a downflow value
of V2=V, ~300m/s andVF, ~400m/s which is somewhat larger than in its im-
mediate surrounding to the right. The right side of this BRIees on the quite extensive
intergranular dark region where downflow velocity incresasp toV/2,=V/%,, ~800m/s
andVZ , ~1000m/s at 24.8 arcsecon the slit, after a narrow slump of 258 near the
BP. Thus at the location of this velocity slump the BPI is lgg 0.2 and the 'Red’ image
together withC'(78,,) does not show any brightness excess there. From these esampl
we conclude that the dark intergranular lanes could havewswelocities which are not
necessarily higher than those of the embedded BP. It is kel that the intensityZ,,
contrast profile has a distance between the minima, asstgribd intergranular dark re-
gion, bigger than the same féf .. This fact could be explained by the expansion of the
flux tube with height in the photosphere.
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Figure 3.13: Fe | line FWHM plotted versus flow velocity measlfor this line (left
panels) and versus normalized continuum intensity (rigimnegts) at different heliocen-
tric angles. Data marked with black, red and blue colorsespond to granule®Ps
(BPI>0.2 for 4=0.97 and BP}0.13 foru =0.65 andu =0.56, andintergranular lanes
wherel? = <0.9, respectively.
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Figure 3.14: Spectroscopic data observed in the activemedDAA0753 at=0.97 on
14 April 2005 at 14:56:19 (UT) : a) Reference image; b) B{shit image; c) integrated
and continuum intensity contrasts(12,) - black ,C (12 ) - red d) line-core intensity
contrastsC' (IZy) - black, C (1Z,)) - red C (IE,,) - blueg e) BPI; f) velocitiesVZ, -
gl(;elck,VéBH -red V2, - blug g) line width of Fe I line.
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Figure 3.15: Spectroscopic data observed in the activemedDAA0753 at=0.97 on
14 April 2005 at 14:56:19 (UT) : a) Reference image; b) A{slw image; c) intensity
contrasty ;) - black, (12, - red

3. The continuum contrast £, and /2

2one ShOws almost zero or even negative values
for some BPs. In the 'Red’ image such BPs appear bright or 8oras darker than
granules. A good example of such a structure is a BP at 11skaita Figs. 3.14 and
3.15. The velocity/?, differs from V2, andV 2, by ~250m/s in the center of the BP.
Nevertheless the shape of velocity profiles across the Bitisas for all three spectral
lines and shows a clear 'embedded in the downflow’ contourvéver, the BPI fulfills
the criteria of photospheric BP even at the local minima adoobserved BP. Thus this
BP should bex1 arcsec wide for a certain slit position. The high value ef BP1=0.47
at the center of the BP, i.e. peak 61I5y), C(I4,) points to a stronger decrease of
absorption in CN and probably CH spectral lines there, dudedhigh temperature, in
comparison to a 'normal’ BP. The difference between velesiin the core of the BP and
in the bordering dark lanes is 200/s and 300m/s to the left and to the right of the
BP respectively. Outside of the dark lanes velocifigg =V 2,=V£ ; become negative
monotonely in the neighboring granules, reaching highaktes at the location of their
maximum intensity. The contrast @f, is above those of? ., the same as fof;}, and

I2 ., not only within the BP interior but also in dark furrows. Thiysical explanation
of this phenomenon will be presented in Section 3.6.1. Th&lFMMWith local minima of
58mA and 59mA on the BP edge, whefé?, =V, %, =V =0m/s, is slightly larger, than
62mA in-between.

4. Another example of wide, dark BPs situated at 34.8.9 arcsec position is on the
same plots as above. This BP has quite diffuse borders wjtitewt granulations with
narrow dark lanes on the edges. The intensity across thieBRins flat with a slump at
the edges. As follows from the BPI profile the size of this BR:is15 arcsec if it is not
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an unresolved agglomeration of smaller BPs. It is simila vade 'ribbon-like’ structure
observed by Berger et al. (2004). The FWHM shows agai:rﬁanA leap inside the BP.
The contrast difference betweéf}, and/? . reaches a value of 0.23, which is bigger than
for a 'normal’ BP and similar to the dark BP from example 3. Tedocity profiles have
no local perturbations and increasing, as a downflow ugfe=V2,=V£, ~300m/s

in the BP center, monotonely from its sides. Thus, in cohtaghe previous examples,
this BP has no visible 'embedded in the downflow’ structurd enlocated in a strong

downflow as the whole.

Topka et al. (1992) report that in the active regions awayuokpots or pores there
are significant amounts of magnetic flux concentrationsdhaneither dark or bright in
continuum relative to the non-magnetic photosphere. Welade that examples 3 and 4
can be classified to this case. Of course, magnetogramsaalech&o decide this point.

5. A typical example of a dark intergranular lane is locatetileen 29.9 arcsec and
30.8 arcsec with minimum intensity at 30.0 arcsec in Figd&dd 3.15. The 'Red’ and
A-, B- slit jaw images do not show any evidence of small-scabgnetic activity, e.qg.
BP. The adjacent granules have higher contrast of the "ge@sinuumi?  and4  in
comparison with contrasts df’, andI:, respectively. The granule to the left shows the
highest continuum intensity excess compared to the sjidgathter granule to the right.
The peaks of maximum intensity correspond exactly to thallodnimum of the BPI,
which reaches-0.22 and-1.4 for the left and right granules, respectively. The mimm
of 1B, is shifted by 0.1 arcsec to the right with respect to positiiere/” . has its local
minimum. The BPI is increasing when going from the left glertowards the right and
reaches a maximum value e10.08 corresponding to a local extremumi@f . and then
decreases again. Such small increase of the BPI is a sigrirohg sibsorption of CN, and
probably CH, molecules in that place. This is well seen eréhe behavior of the contrast
curves offZ, andI® .. I, andIZ .. The line-core contrasts display a considerable dif-
ference of those for the different species. At the right afidgranules the contrast 6f
acounts to 0.07 and te0.11 in the granules with a minimum ef0.21 at the core. The
same values for the Fe | line-core ar8.09,—0.11 and—0.22 respectively. It is remark-
able thatthd Z,; andIZ,; still have a 'normal’ shape of granule-intergranular lamanule
structure. The contrast df;,, has almost the same valué.11 at the right granule, but
is strongly decreased t60.30 and—0.31 for the lane-core and the left granule with an
almost horizontal distribution between them. Such a case isdication of a so-called re-
versed granulation pattern (Berger et al. 2004, Janssenu&ZCén press.), Leenaarts &
Wedemeyer-Bohm 2004, Rutten et al. 2003), usually obbézva the line-core of strong
atomic lines whose level of the line-core formation liesyigh in the photosphere, or
even at the bottom layers of the chromosphere. This phenamisicaused by the temper-
ature stratification of expanding granular gas. The maisedor/Z, < 12, < 15, in
the granule, although according to the Stokes-I contrLftinctions (see Appendix B) of
the line-core formation angr™’ = 1) < (r“¥ =1) < (9% = 1), is the difference in
temperature sensitivity of these species. However, a nometonic temperature gradient
in the height range accessible to observations or a presgnoeesolved fine structures
can also produce this effect. In this sense inversion coatiomis of the observed spec-
trum would be useful. The FWHM has a very strong jump fronmBR, at the left granule,
up to 60mA in the center of the dark lane and decreasing down tm&4vhen reaching

the right granule. The velocity profiles show a huge upflowgf,=V/%,=—1500m/s
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andVZ% ,=—1720m/s, as expected, at the right granule, which becomes a downflow o
VE=V2E,=250m/s andV£ ;=300m/s in the dark core of the lane and finally an upflow
again of V2=V 2,=—240m/s andV£Z ;=—360m/s at the center of the right granule.

6. Another example of the dark intergranular lane is locétetiveen 25.8 arcsec and
26.95 arcsec in Figs. 3.10 and 3.11. The character of cantireontrast profiles' (72 ,)
andC(I4 ) remains almost the same as in example 5. The spetial pragfettis type of
dark intergranular channel is the behavior of absorptiombiecules and atoms inside it.
Examining the contrast curves 6f, andI:, one notices that, again, in the neighboring
granules the corresponding continuum intensity dominadesvever, in-between, where
the dark lane itself is located, tH¢, shows higher contrast thdi¥ , by a factor of 0.5.
The same tendency hatg&1:},) andC(1% ). The BPI never reaches the 0.2 threshold but
is nevertheless higher than for a 'normal’ intergranulaeta0.08 in the core and0.06,
—0.08 at the maximum af? . inthe granules. We suppose that such dark regions have an
increased concentration of magnetic field. The reason wtly stiuctures are not bright,
like a photospheric bright point is concealed, probablyhegeometry of an embedded
flux tube and its thermal and density structure. This is fssin example of a so-called
micropores (Bercik et al. 2003), (Berger & Title 2001), (Ber et al. 2002) - a dark
area with magnetic flux concentrations. However, withoutesponding magnetic field
measurements this statement is only a presumption. Thé knultness of a micropore
was explained by low temperature inside it relative to theaunding granulation. The
low temperature of a micropore interior is due to the quemgloif convection by the field
inside it.

7. A possibility to verify the last statement in example 6 assearch for similar
structures in magnetically very active part of the photesph A spectacular example of
micropore structures is in Figs. 3.10 and 3.11 situated &&tv8.9 arcsec and 10.3 arc-
sec. This area is most probably penetrated by strong magiheti (see Section 3.6.1
suggesting the discussed feature to be magnetic). Theaspmqirofile of/Z, in that re-
gion lies everywhere abové .. The line-core intensities of all three spectral lines (Fig
3.10 c) have a brightness excess across the whole darkdeatilr maximum contrast
values: C(f,)=0.22, C(£,)=0.062 and CIZ ;)=0.063 at the middle of the microp-
ore. This means that the micropore appears brighter thary samounding granules
when observed in the line-core. The contrasts are decredsinn to C(%,)=—0.029,
C(£;)=—0.063, C(Z ;)=—0.063 and to CIZ,)=0, C(’&;)=0, C( £ ;)=0 at the cen-
ter of adjacent granules to the left and to the right respelgti The difference in the
contrasts of CN and CH reaches 1.62. For comparison suchep@ation was never
observed in BPs. The BPI even exceeds the threshold of 0.2eacties its maximum
value of 0.312, which is already comparable with that forrmal’ BPs, at that point
(10.3 arcsec), where the continuum intendify, has its minimum. The velocity pro-
files show that the whole discussed dark feature has a maidy, €onstant upflow with
mean velocitied 2=V 2,=—110m/s and V£ ;=—220m/s. This feature is embedded
in big upflows of V2=V ,=—940m/s andVZ ,=—1100m/s at the right granule and
VE=VE,=VE =—270m/s at a very narrow edge of the left granule. The FWHM has,
again, a strong increase byTﬁ& on average over the micropore and reaches a maximum
of 62mA also at 10.9 arcsec.

It is important that for this kind of solar features the ddfon of the photospheric
G-band brightening cannot be applied, mainly because a@iifgigntly low continuum
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and consequently line-core intensities. Although the BRI &'n _puna/ < lon—band >
—Ieont/ < I.ony > @s well yield a sure reference on the photospheric brighteaf a
small-scale magnetic nature.

8. The last type of small-scale photospheric features weldvitke to discuss in
detail is facular structures, particularly at the disc eentA good example of such a
structure we found in the same figures as above, between &g8caand 7.8 arcsec.
On the 'Red’ image one can see that the right side of the gealmat a typical facular
brightening which is even prominently seen on the A- and B{&v images. At that
place the granule does not possess a homogeneous brigltneasharacteristic wavy-
like pattern with alternate light and dark stripes paralteleach other (compare with
imaging observations and corresponding simulations realimnb presented in Chapter
4). TheC (I12,,) reaches 0.2 in the center of the facula, which was observidatn
the brightest granules or BPs. The line-core intengity repeats the curvature df ,
contrast, but its contrast is everywhere higher than théte@tontinuum. The positions
of local peaks of (12 ,) andC(I12,) are almost equal. However, it should be mentioned
that the contrast excess fff, andZ . is only about 1.7, which is less than the same for
'normal’ bright points. The difference between contradt$/é, andi%;, reaches 0.26 at
the brightest parts of the facula, which is much more tharalisobserved in the BPs.
The BPI has quite low values, reaching a maximum of 0.38 andedses down to 0.2 at
the dark stripe of the facula. At 7.0 arcsec, the center obtight stripe of the facula,
the BPI has a local maximum, whereas its other local maximuélaarcsec does not
correlate with an intensity peak of another bright stripe &rshifted to the left by around
0.27 arcsec. The investigation of velocity yields that ¢hir a quite small downflow
which counts td/2,=V/2,=170m/s< V£ ,=300m/s.

3.3.3 Intensity contrast

In Fig. 3.16 the normalized intensity of CN line-cofg - a), 'quasi’ CN band-head
IZ, - b), CH line-corelZ,, - c) and CH line-cord/, - d) versus normalized continuum
brightnesg 2, are drawn. Intensities where BF0.2 and BPk0.2, i.e. BPs and granu-
lation, are presented as red and black dots, respectivelitidnally we designate those
data points where BRI0.2 and/2, > IZ . by green. Dark magnetic structures discussed
in Examples 6,7 in section 3.3.2, for instance, fulfill thigerion. A similar behaviour

is seen in Berger et al. (2004) for the G band and the blue mamtn at\ =436.4nm
intensities across both BPs and micropores. Therefore Wéheae points a "transition
region” between BPs and non-magnetic granulation. Howexeept for identifying BPs
the BPI is not so well suited to identify other solar featulike granules, intergranu-
lar lanes or micropores. In particular a certain amount & geints in this "transition
region” corresponds to some less prominent BPs which wegéected by the general
criterion BP[>0.2. This means that the definition of a BP should be subsitadtimore
precisely which probably will lead to their manual selesti®&imultaneous observations
of at least spectra and magnetograms are needed to clasfyrtblem.

The prevailing number of bright granules reveals a very beiavation of CN line-
core brightness whereas the continuum intensity changég whole observed range. In
the upper left panel of Fig. 3.16 BPs are completely sepafaten the granulation and
reach intensities from 1.08 up to 2.15. As expected the bpliveen two branches in
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Figure 3.16: Normalized line-co&?, - a), 'quasi’ CN band-head?, - b), CH line-core
15, - ¢) andIZ), - d) intensities versus normalized continuum brightngs measured
at 1=0.97. Red black andgreenpoints denote structures suchBBs, where BP+0.2,
granulation, where BR10.2, and'transition region”, where BRt0.2 & 17, =~ 17

panel b) is much less, than in panel a) due to the finite densiBN absorption spectral
lines, presence of lines of other, less sensitive to tenperapecies and consequently
lower brightness excess in BPs. The graph b) is in a very goadtiative agreement
with Fig. 2.6. 15, and I4, both exhibit a less prominent BP intensity separation as
compared to the CN line-core, but still bigger than in f}fe case. This fact confirms the
behavior of the corresponding contrast courses discuss8edtion 3.3.1 and with the
rms values listed in Table 3.8. A plausible explanation efgharp distinction between c)
and d), which were obtained for the same molecule CH and dhibatefore be identical,
is that the measured spectral lines belong to differenttreleic transitions of the CH
molecule, namely the B-X and the A-X systems, respectivege(Table 3.6). These
two electronic levels may have a different sensitivity toperature fluctuations in the
photosphere. Radiative transfer computations are needeetify this statement and to
carry out a quantitative analysis. The difference in spagsolution of A- and B-spectra
and the small difference betweéfi, , andI” . (see Section 3.5) also contribute to this

O
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effet.

The next graph 3.17 (top panel) shows how the contrast of @\Caihline-core inten-
sities obtained from the B-spectra changes with the carafake 'quasi’ CN band-head
intensity normalized to its mean valug,/(17,). The bright points exhibit an evident
decrease of the ratio'Z/CZ,; with increasing continuum brightness. This resultis in a
gualitative agreement with Fig. 2.7 presented in Chaptef Zuantitative comparison
is not possible since in the present study we can analyzelioehcore intensities rather
than intensities integrated over the whole band-head, lwhave different densities of
spectral lines. Thus on average we have obtaift@t, ) / (CZ;;)=1.9 which is higher
than obtained from the imaging observations. This resudgin in contradiction with
numerical simulations by Uitenbroek & Tritschler (2006 sutted.).

3.3.4 Bright point index

The scatter plot 3.18 shows how velocity?,,, the width of the Fe I line, contrast of
1B ., 1By, IE,; and I, vary with the BPI. Again the red, black and green color mark
BPs, granulation and the "transition region”. The blue lineach panel represents the
average dependency. Qualitatively these results are werjas to those obtained by
Langhans et al. (2004) in the G band. However, in our obsensimany BPs show
higher continuum contrast, which is comparable with thatbioghtest granules. This
could be due to a higher intensity of BPs relative to gramutatvhen observing at shorter
wavelengths. Also the obviously higher spatial resolutbour observed spectra than of
those of Langhans’s data boosts the contrast of small-Bézde

The continuum intensity shows a separation into two pofmrat BPs, wheré? . in-
creases with increase of the BPI, and all other features tf)s decreases with increase
of the BPI. The difference between the graph€'gf;, C&,; andC2, lies in the steepness
of the dependence on the BPI. The "transition region” festishow rather constanf,,
dependence of the BPI.

The maximum upflow velocity/%,, ~—1000m /s corresponds to the lowest value of
the BPI and decreases rapidly down ten(s at BPI around—-0.05. For BP}0 veloc-
ity, on average, becomes positive and nearly constant. YdM is the lowest at the
granules, which, as the rule, have the smallest BPI andasesegradually by 1A
becoming, as the velocity, almost constant for all photesghmagnetic brightenings.

In the upper-right panel of Fig. 3.13 we plot the Fe | line wigtersus/?,,/ (1%,.,).
Here, additionally, we designate intergranular dark lansing the criteriod 2,/ (15 ) <
0.9, as blue dots. In this plot it is seen that the brightergtamules are, the lower the
line broadening they show. BPs and intergranular lanes V&yesimilar FWHM values,
with an average of 60A. In contrast, the granules have 581 mean FWHM. The
darkest intergranular lanes reveal 1@line width excess as compared to the brightest
granules. This result is in good agreement with observati@ar disc center by Nesis et
al. (1992), Holweger & Kneer (1989) and with numerical siatidns by Solanki et al.
(1996). Nesis et al. (1992) report 154 FWHM excess, detected for the Ni | line at
A=491.23nm, in the dark lanes. They argue that the enhanced line broaglencaused
by increased turbulence introduced by the shocks that bnakeorizontal transonic flows
back into the subsonic regime. Solanki et al. (1996) pravialéernative explanations of
the observations as a physical structure of the downflowsl&émemselves.
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u= 0.97
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Figure 3.17: Dependence of the ratio of the contrast of CN @Hdline-core intensi-

tiesCZy, CEy on the integrated 'quasi-CN band-head intensity, observed at three
heliocentric angles.
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Figure 3.18: Velocity?, - a), FWHM - b), 'quasi’ continuum intensity contras,,, -
c), CN line-core intensity contraét?,, - d), CH line-core intensity contraét?,; - e) and
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3.3 Spectroscopy of small-scale magnetic features at Hueceéinter

According to our FWHM measurements at disc center, velaoiasurements near
the limb (see Section 3.4) and investigation of absorptiospectral lines, which will be
presented in Section 3.6.1, we admit to several scenariasedbroadening:

e broadening due to turbulent flows in cool downflow regions,

e broadening due to presence of shock-waves in the upper sttoece.

3.3.5 Line depression

Feature (ADEy)  (ADB,)  (ADA,) (ADB,) VB, VB, VE, FWHM

A =387.844 ) = 387.829 [m/s] [m/s] [m/s] [mA]
BPs —0.410 -0.321  -0.289 -0.308 101 137 198 60
FC —0.400 -0.291 -0.275 —0.261 86 114 202 60

Table 3.10: Mean change in line-core depression of CN, CH,lifes from B-spectra
and CH line from A-spectra for BPs and faculae (FC) showindgPé®.2 with respect
to those observed in the quiet Sun; flow velocities compubedhfe given lines and the
FWHM for Fe I line observed gt=0.97.

In Table 3.10 the averaged line-core depressions of debte@tH (\ =387.829nm)
and CN ¢ =387.844nm), and Fe | spectral lines measured from B-spectra and adéliti
ally of the CH line from A-spectra are listed. Correspondimgan velocities and FWHM
of the Fe | line were also computed. Separation betweendacahd BPs was done by
hand following the 'Red’ and B-slit jaw images.

From thess results it follows that, on average over the Blffs,GN line is weak-
ening(ADEZy) | (ADEZ,;)=1.28 times more than the CH spectral line dmsiDS, ) /
(ADZ,,)=1.33 times more than the Fe I line concerning the line-cotenisities. For
facular structures the same weakening ratios are 1.38 &8drespectively.

Each BP, however, is an individual case of a small-scale etagphenomenon on the
Sun and therefore the above analysis does not reflect sustdaduality. In order to
investigate the behavior of line depression in somewhaerdetail, we provide a similar
analysis as in Sections 3.4.3 and 3.3.3, but concerningribecbre depression instead
of the contrast. Here we restrict ourselves to the study @fpttoperties only of the CN
line at 387.8441m and of the CH line at 387.829m measured in B-spectra to exclude
possible inaccuracies related to the spatial problemsl(regsn and image displacements
in two spectroscopic channels).

The corresponding scatter plots of variations in a lineeadepression for CH and
CN lines ADE5,,, ADE,;) and their quotient, calculated for the active regiona0.97,
depending on thé2, are shown in the two left panels in the top of Fig. 3.19. The red
color labels the BPs and faculae, here we do not separatedetihiem, and the black
color designates all other features. The curvature of Bof¥f,, and ADZ,, reveals a

65



3 High resolution spectroscopy of the solar photosphere

pu= 0.97

0.4

0.2

0.0

-0.2

B
ADCN

-0.4

-0.6

%.8 W.BZ 1.6 %.8 W.BQ 1.6 %.8 W.BQ 1.6
! \'nt/<‘ mt> ! mt/<‘ mt> ! mt/<‘ mt>

pu= 0.56 pu= 0.56

0.4

0.2

0.0

B
ADCN

-0.2

-0.4

-0.6

Figure 3.19: Change in line-core depression of CN and CHtsgddmes depending on
'quasi’ CN band-head intensity and their ratio observedhiage disc positions. Blue and
red lines are least square fits to this ratio consideringdaddrand deblended line depths
respectively.
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3.4 Spectroscopy of small-scale magnetic features nedinibe

peculiar bow-shaped profile, with convex to the left. Fromsehgraphs it is evident that
the depth of the line core changes in a wide range not onlyerBiRs, but also in the
granulation, intergranular regions etc.

In granulation the variation ek D5 is notably higher than that @k DZ,,. In these
regions the depression of CH changes fr(uianH)mch = 0.297, at the peaks of the
brightest granules, up taADf;;) . = — 0.376 with a mean value g\ D&;;) = 0.019
which is, as expected, around zero. The analogous magrifodéCN were found as
0.432,-0.413 and-0.017, respectively. A small differencedaDZ,, andA DS, at some
points along the slit produces huge values, positive andtheg in theADEZ/ADE,,
dependence (Fig. 3.19 top - right). With decreasing grarnaotansity the CH and, less
prominent, the CN line-core depression has a tendency tease from negative values
to 0 and then to increase further with increasitjg.

In areas corresponding to BPs and facular brighteningsithati®n is opposite, i.e.
(ADEy) —~=—0.091,(ADE,), . = —0.502,(ADE,)=-0.306,andADgy) =
—0.275,(ADgy), . = — 0.643,(ADEy) = — 0.466. Taking into consideration this
relatively small change of depression with continuum istlgnwe explain it by a lower
temperature fluctuation within the BPs as compared to thogeanulation, intergranular
lanes etc.

In the right panel (Fig. 3.19 top) the correspondih@’,, and ADE,; show a very
good correlation in the whole presented intensity rangenefBPs. Here the red line
represents a least-square fit to the data points. In addinahe same graph the least-
square fit toADE  (orig)/ADE,, (orig) is presented as the blue line, where index 'orig’
means depression of the spectral line without deblendimgection. As expected, the
difference between red and blue fits increases with inangd3P intensity.

From this result we conclude that for BPs the temperature@atewns near-y = 1 are
comparable to those at; = 1 (since its gradient is small). However, the CN molecule,
which is more sensitive to the temperature perturbatianspepared to CH (Berdyugina
et al. 2003), has a slightly higher amplitudesD than that for the CH molecule. The
ratio of line-core depression in CN and CH has a minimum obXl0d the maximum
equals to 3.96, but has a rather flat dependence fignwith a mean value of 1.52. Even
at peaks of brightest BP intensity the CN line weaken 1.2@simore than the CH lines.

3.4 Spectroscopy of small-scale magnetic features near
the limb

3.4.1 Main properties

Unfortunately poor statistics does not allow us to providietailed spectroscopic investi-
gation of the center-to-limb variation of small-scale megmphenomena. It is importan,

however, to study the specific and individual character efdhserved active regions, es-
pecially near the solar limb. In this section we will desertbhe main properties of two

active regions : NOAAQ752 ai=0.65 and a small plage at0.56.

Two exceptional samples of reduced spectroscopic datanebtérom observations
in these two active regions are presented in Figs. 3.20, 3.22 and 3.23, respectively.
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Figure 3.20: Spectroscopic data observed in the activemaddDAA0752 at=0.65 on
14 April 2005 at 15:28:52 (UT) : a) Reference image; b) B{shit image; c) integrated
and continuum intensity contrasts(12,) - black ,C (12 ) - red d) line-core intensity
contrastsC' (IZy) - black, C (1Z,)) - red C (IE,,) - blueg e) BPI; f) velocitiesVZ, -
gglck,VéBH -red V2, - blug g) line width of Fe I line.
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Figure 3.21: Spectroscopic data observed in the activemadDAA0752 at=0.65 on
14 April 2005 at 15:28:52 (UT) : a) Reference image; b) A{slw image; c) intensity
contrasty ;) - black, (12, - red

In general, the brightness properties of the faculae arealese to those observed at the
disc center. However, in this case we see much more of thewhvappear as prominent
features. Hence we do not provide a detailed analysis oViohaial features, but rather
restrict ourselves to a study of their main properties.

The integrated intensity”?, shows in many pixels along the slit higher contrast as
compared to that of ? .. As the rule, these pixels correspond to faculae. Only irtqui
Sun areas, like at positions 281 arcsec in Fig. 3.20 and in non-magnetic features, e.qg.
granules, the continuum contrast dominates. We have nbtice the selection criteria
by BPI>0.2 is not satisfied for some faint faculae and the threshibRBP$>0.13, which
we have used for all data at0.65 and ap=0.56, looks more useful for their automated
selection. One of the reasons for this is that many dark ntagsteuctures, micropores
for example, appear bright near the limb (see discussiohap€r 4). Thus the horizontal
dashed line in Fig. 3.20 - e) and in Fig. 3.22 - e) designatseghheshold.

The velocity distribution reveals an interesting fact. lig B.20, i.e. at;=0.65,
velocity amplitudes are reduced, if one compares them \hitise¢ obtained at the disc
center, and do not exceed upflowsf,, < —850m/s, V&, < —830m/s, VE, <
—870 m/s and downflows ofV %, > 750 m/s, V%, > 600m/s, V£, > 660 m/s.

At even bigger heliocentric anglé ~ 56°, in Fig 3.22, the measured velocities are
higher than aj: =0.65 and similar to those observed at the disc center. Thagnin
tude reache¥ %, ~—2030m/s, V2, ~—1880m/s, V£, ~—1900m/s in the upflows
andV%, ~1550m/s, VZ, ~2090m/s, V.Z, ~1660m/s in the downflows, which were
found mostly in the brightest faculae. Obvously horizoatadl vertical gas motions con-
tribute to this effect.
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Figure 3.22: Spectroscopic data observed in an activemedio=0.56 on 14 April 2005
at 15:49:05 (UT) : a) Reference image; b) B-slit jaw imagejnt¢grated and contin-
uum intensity contrast§' (12,) - black ,C (1%, - red d) line-core intensity contrasts
C (18y) - black,C (1£,)) - red C (IZ,,) - blue e) BPI; f) velocitiesV %, - black, V%, -
r7e0d, VB . - blue g) line width of Fe | line.
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Figure 3.23: Spectroscopic data observed in an activemedio=0.56 on 14 April 2005
at 15:49:05 (UT) : a) Reference image; b) A-slit jaw imagantgnsity contrastﬁ[;;‘w) -
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On the one hand strong peaks of velocity profiles observedsesaral faculae (for
example at 19.2 arcsec in Fig. 3.22) could be a manifestafishock waves in the upper
photosphere, which were found in numerical simulations blaiski et al. (1996). On
the other hand, if we consider the velocity distributionta# granulation in Fig. 3.24 and
in Fig. 3.25, it could be an evidence of supersonic, partléhe surface plasma motions
pointed by Nesis et al. (1992) which appear more prominent-a0.56 than aj. =0.65
and in these particular active regions.

In Fig. 3.22 at 19.1 arcsec the CH line-core velocity showgaificant excess over
V2, by —=540m/s and ove/Z ; by —430m/s. This location corresponds to a tiny bright
dot very close nearby to the black dot in the intergranulaelaSuch an isolated speck,
embedded in the intergranular lane, is something speclathadoes not conform to a
definition of faculae. The maxima &{%,; and ofVVZ, in that position are shifted by 0.16
to the right with respect to the maximum downflow Wigf;, which could be a sign to
rightward inclination of the flow.

The brightest facula in the same figure at 18.65 arcsec ieaeary clearly decreased
downflow velocitiesV /%, and V%, demonstrating again an 'embedded in the downflow’
bright structure. However, the CH velocity only slightlyogis at that point. Also as in
the case of the disc center faculae, almost everywhere #éhenglit the contrasts aff;
and of IZ_,, are very close to each other, wher€gd5),) is always higher at the facular
regions and lower in the granulation.

3.4.2 Intensity contrast

In Figs. 3.26 and 3.27, analogically to Fig. 3.16, the distiion of the line-core and
integrated intensities versus continuum, normalized ¢ontlean value are presented. At
these disc positions three types of brightness, i.e. BRaugtion and "transition region”
features, are distributed closely to each other. The CNdore intensity distribution of
granules and non-magnetic intergranular lanes looksnedlito the X-axis. Such qual-
itative differences from results obtained @at=0.97 find a possible explanation in the
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Figure 3.26: Normalized line-co&?, - a), 'quasi’ CN band-head?, - b), CH line-core
15, - ¢) andIZ), - d) intensities versus normalized continuum brightngs measured
in plage atu=0.65. Red black andgreenpoints denote structures suchBBs, where
BPI>0.13 granulation, where BRI0.13, and’transition region”, where BR{0.13 &
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Eddington-Barbier relation:
I(p) = Sx(ma = p) (3.10)

It says that the scale of optical depth shifts downwards when looking at increasing
heliocentric anglé. In the upper photosphere, the temperature gradients teulidtter
due to the effect of reversed granulation. Thus temperateveations near.,,;=1 and
Ton=1 of the quiet granulation drop down when approaching tter sionb.
Corresponding rms contrasts of line-core, integrated aodl Icontinuum intensities
are presented in Table 3.11. Comparing these results vasietbbtained at the disc center
we conclude that the rms contrast of active areas and of uietregions in continuum
increases near the limb. Contrary to this, the rms contnasiolecular bands, as expected
(Hirzberger & Wiehr 2005), increases slower than that inicorum. However, ati=0.56
the rms values measured in the quiet Sun are considerablesittean the correspond-
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Figure 3.27: Normalized line-co&?, - a), 'quasi’ CN band-head?, - b), CH line-core
15, - ¢) andIZ), - d) intensities versus normalized continuum brightngs measured
in plage atu=0.56. Red black andgreenpoints denote structures such BBs, where
BPI>0.13 granulation, where BRI0.13, and’transition region”, where BR{0.13 &
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ing measurements at=0.65 and even gi=0.97. One of the possible reasons for this
observable fact could be the lack of sufficient large quite fgions in our observations
at 4=0.56 andu=0.65 in statistical sense and too few slit positions cawgean extremely
limited area of the solar surface. The variable spatiallug®m during the observations
also has an effect.

3.4.3 Bright point index

From Figs. 3.28 and 3.29 we see a very similar dependentgof FWHM, C(15y),
C(IB,) andC(I2,) on the BPI as those obtained at the disc center. However, e m
difference between limb and disc center positions showsdh&nuum contrast'(72 )
distribution, where the granulation fraction has in gehar@duced contrast with a mini-
mum of —0.3 at BPI=-0.07 (see Fig. 3.28). Contrary to the disc center cas€'{tig,;)
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Figure 3.28: Velocity/”,, - a), FWHM - b), 'quasi’ continuum intensity contrast? , -

c), CN line-core intensity contraét?,, - d), CH line-core intensity contraét?,; - e) and
"quasi” CN band-head intensity contrasf, versus BPI observed at0.65. A blue line
is the average dependendyed black andgreenpoints denote structures suchiBs,
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Target rm¢1Z ) rms(1d,,) mms(IB,) rms(17,) mms(ZBy)  ms(IE,) ms(IE.))
\=387.844 \=387.829 M\=387.777

Quiet Sun
at 4=0.65 0.119 0.083 0.110 0.079 0.188 0.138 0.091
Active area
at 4=0.65 0.119 0.102 0.167 0.106 0.372 0.201 0.141
Quiet Sun
at;=0.56 0.072 0.060 0.073 0.061 0.134 0.089 0.083
Active area
at=0.56 0.108 0.093 0.172 0.099 0.410 0.203 0.145

Table 3.11: RMS contrasts of 'quasi’ continuum intensitiés, and I, .; integrated

cont?

brightness/Z, and I,; line-core intensitied5,,, 15,; and IZ,; observed af:=0.65, in

m

active region NOAA0752,=0.56 and nearby quiet Sun areas respectively.

andC(I1Z,;) dependencies on the BPI are more linear when observingme&ntb. This
causes a flattening of the ratia(15,)/C(15,) in the middle and bottom panels in Fig.
3.17 for faculae and is more concentrated for granules.

Note that due to the lowered BPI threshold to separate fadhka"transition region”
spans a shorter range of BPI near the limb. Velocities=0.65 and;=0.56 positions
reveal a more flat dependence and reach/0 already at a BPI=0.11 and BPI=-0.13,
respectively. The FWHM at =0.65 is almost constant over majority of structures with a
small decrease near low BPI bwa&. In the u=0.56 case we have detected even a small
increase of the line broadening below BPI&.1. It is interesting to note that the BPI at
1=0.65 andu=0.56 varies in the same range as at the disc center with d shifilto
high values. This suggests that at given height in the ppb&re turbulent motions have
comparable amplitude at these disc positions. Accordingido 3.13 we expect black
data points to show the highest FWHM to represent interdaautanes.

3.4.4 Line depression

In this section we provide an analysis of the relative lioeecdepressions of deblended
CH (A =387.829nm) and CN ¢ =387.844nm) lines, the Fe | line from B-spectra and
additionally of the CH line from A-spectra measured in twaiacregions located at
1 =0.65 and ai, =0.56. Results represent average values over 10 imagequssiti
each active region.

Mean line depressions in faculae are listed in Table 3.12fadnlae atu=0.65 the
depression of the CN line core (8\DE) / (ADE,) =1.32 and(ADE,) / (ADZ,,)
=1.61 times stronger than that of the CH and Fe | lines res@igt The same for the
11=0.56 case yieldSADE ) / (ADE,;) =1.46 and ADE ) / (ADE,,) =1.48. CN and
CH line-core depressions at=0.65 andu=0.56 are, as the rule, 1.16 and 1.17 times
smaller than those observed in the faculag=0.97.

Contrary to the disc center case, the ratio of CN, CH line elegions in faculae near
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Feature  (AD{y) (ADEy)  (ADEy) (ADE) Vén  Véu Vi FWHM

A =387.844 ) = 387.829 [m/s] [m/s] [m/s] [mA]
Faculae
atp=0.65 —0.340 —0.258 -0.211 -0.201 98 160 173 62
Faculae
atu=0.56 —0.349 —0.238 —-0.222 —0.236 172 278 286 64

Table 3.12: Mean change in line-core depression of CN, CH,lires from B-spectra
and CH line from A-spectra for faculae showing BRL.13 with respect to those observed
in the quiet Sun; flow velocities computed for the given linad the FWHM for Fe | line
observed in two active regions located:a0.65 and:=0.56.

Feature (ADgH)maz (ADgH) min (ADgN) max (ADgN)mzn
A\=387.829 A=387.829 A\=387.844 A\=387.844

Granulation

aty =0.65 0.270 -0.418 0.366 -0.441
Faculae

aty =0.65 —0.06 —0.442 —0.236 —-0.563
Granulation

aty =0.56 0.343 -0.582 0.383 —0.537
Faculae

aty =0.56 0.040 —0.586 —0.129 -0.635

Table 3.13: Change of the line-core depression of CN, CHtsgldimes, corrected for the
blending effect, observed in two active regions located=1.65 and.=0.56. Two types
of structures are presented: granulation with B3 and faculae with B210.13.

the limb tend to increase, as seen from the right panels in&ip, with an increase of
the integrated intensity.

3.4.5 Strong velocity shifts seen in upper photosphere

We have detected a remarkable behavior of the strong atomegfe | at 387.912m and

at 387.96&im in the active region gt=0.56. The corresponding 'Red’ image, B-slit jaw
image and fragment of the B-spectra, containing these,ladesg the slit are presented
in Fig. 3.30. At, for example, 3.2 arcsec, which correspdods very faint facula, these
spectral lines have a strong red-shift of the line-core. bt $ame time all other lines
presented in B-spectra show only a very small red shift in fit@ce. Because of the
circumstance that the Fe I lines at 387.9i2 and 387.968m are strongly blended by
many atomic and some CN lines, the measurement of their [@opplfts is complicated.
Nevertheless, using cross-correlations we have estintagse shifts as flows of about
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Figure 3.30: High resolution 'Red’ image, B-slit jaw imagedasection of B-spectrum
near 387.91m observed in the active region at0.56 on 14 April 2005 at 14:49:19
(um).
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3 High resolution spectroscopy of the solar photosphere

1800m/s. Usually, the above mentioned atomic lines show lower \it&scthan standard
CN, CH or Fe I lines by a factor of 1.7 possibly because theyfammed high in the
atmosphere (see Appendix B). However, at this locatigh=620m/s, V%,=980m/s
and V2 ,=830m/s. Thus we can conclude that near the limb in the high photasphe
strong plasma flows exist. If we assume that the flow folloves field lines and that
they are more or less vertical, then the true velocity is 18083200m/s. Since the
magnetic features are likely to be spatially unresolvesl ihactually a lower limit to the
true velocity. On the other hand, the true inclination of thagnetic field vector at this
location is not known, so that further interpretation offsuelocities is speculative.

3.5 Continuum intensity

An important factor in intensity contrast calculations inlecular bands is the local con-
tinuum intensity. In order to provide a quantitatively peeccomparison of the brightness
distribution observed in any particular spectral line othe whole molecular band one
should know how the continuum intensities at that wavelesgtlate to each other. Here
we compare the measurements of local 'quasi’ contindéifim (at \” ,=388.18nm) and

cont™
12 . (at)? ,=436.20nm) in all observed active regions. An aggregate of negative fa
tors, like spatial displacement of the images on a slit in liserved spectra, probably
their still different spatial resolution and uncertaintythe determination of the 'true’ lo-
cal continuum in the B-spectra reduces the value of the ga#né results of the present
analysis in a hardly controlled way.

Scatter plots off 2 versusi . for three heliocentric angles are presented in Fig.
3.31. The red and black colors designate the BPs and otherdearespectively. The de-
pendence is almost linear. However, a small separationt@hsity group corresponding
to the BPs is seen. This small split is evidence of higherinaotn intensity of the BPs
at\Z =388.18nm than that abZ =436.202nm. The quotient of rms contrasts 6f, ,

cont

and4 , amounts to 1.07 gt=0.97, 1.17 a=0.65 and 1.16 gt=0.56. Evidently the

continuum at\Z . shows higher amplitude than af . and increases the difference of
the total contrast of the BPs observed in CN band-head andh@. bfowever, this result

cannot be assumed to be statistically significant and obBens covering more active

regions at differenj, should be done. In particular, this result depends stroaglyhe

relative spatial resolution and scattered light in botlcsd channels.

3.6 Spectroscopy of large-scale magnetic phenomena

3.6.1 Pore

Pores, by definition, are small, mainly of size of severahgtes and their appearance is
similar to sunspots which have no penumbra.

In Figs. 3.32 and 3.33 spectroscopic observables of a p&zeaafsec size ai=0.97
are presented. This pore is surrounded by facular-likettras and by a disturbed gran-
ulation pattern. This appearance of strongly disturbededion indicates large amount
of magnetic flux in that region. The magnetic field influencgdrbdynamic evolution
and causes fuzzy or so-called "abnormal” granulation (D&rifirker 1973, Ramsey et
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Figure 3.31: Scatter plot of normalized continuum inteasitat 388.18nm and
436.202nm of active regions at=0.97 (left),x~=0.65 (middle) and.=0.56 (right). Red
and black colors mark BPs and other features, respectiVhbylines represent a linear fit
to the data points.

al. 1977, Koschinsky et al. 2001). Granulation is clearlytymbated in regions where
magnetic flux is emerging (Brants & Steenbeck 1985). Therashbf/?, is in the pore
interior 1.25 times higher than that 6f .. At the same time the BPI at the edges of the
pore reaches up to 0.33 and decreases down to 0.13 towacasits. Also, the contrast

of I8 is higher than that of§,;. Such a situation is comparable to the case of the dark
magnetic concentrations or micropores discussed in $e8t2.

In order to inspect changes in the absorption of spectraklinvhich could be an
indirect proxy to thermal conditions there, we plot B- angpectra in Fig. 3.34 which
were averaged over structures of different types and naethto a continuum value of
unity. Black, green, blue and red colors signify mean speatithe quiet Sun, brightest
granules, intergranular dark lanes and the pore inteespectively. In contrast with BP
spectroscopy (see Fig. 3.8) we find that line depths of not ordlecular, but also of
atomic lines presented in Fig. 3.34 change in a wide rangen Btrong atomic lines at
387.968nm and 387.912xm show an evidently variable line depression, although this
variation is smaller than of molecular lines.

Feature (ADEy) (ADEy) (ADZ.) (ADZ.,)
A=387.829 \=387.844 )\=387.777 X=387.912

Granules 0.193 0.202 0.174 0.021
Intergranular lanes —0.160 —0.156 —0.184 —0.009
Pore —0.301 —0.411 —0.282 —0.031
BPs —0.306 —0.466 —0.289 —0.020

Table 3.14: Change relative to the quiet Sun of the line-deygression of CN, CH and
Fe | spectral lines, corrected for the blending and Fe | lin@=887.912nm without
deblending correction, observed in an active region=.97.

In Table 3.14 mean line-core depressions of deblended CNCéhithes and Fe | line
at \=387.844nm, A=387.82%m and\=387.777nm respectively are listed. In addition,
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Figure 3.32: Spectroscopic data observed in the activemedDAA0753 at=0.97 on
14 April 2005 at 14:56:19 (UT) : a) Reference image; b) B{shit image; c) integrated
and continuum intensity contrasts(12,) - black ,C (12 ) - red d) line-core intensity
contrastsC' (IZy) - black, C (1Z,)) - red C (IE,,) - blueg e) BPI; f) velocitiesVZ, -
gléelck,VéBH -red V2, - blug g) line width of Fe I line.
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Figure 3.33: Spectroscopic data observed in the activemeddDAA0753 at=0.97 on

14 April 2005 at 14:56:19 (UT) : a) Reference image; b) A{slw image; c) intensity
contrasty ;) - black, (12, - red

the measurements for the strong Fe | lineaB887.912nm are also given, although this
line was not cleaned from blending effects because of theoabwifficulty. As expected,
BPs (compare with Fig. 3.8) have the faintest molecular gdtgm. However, the pore
also reveals a very feeble absorption by diatomic moleculée CN line is 1.13 times
and CH line only 1.02 times deeper in the pore compared with. BR the same time
very deep Fe | line at 387.94#n is 1.6 times less deep in the pore as in BPs. Taking
the line-core intensity as a proxy for the temperature wekmte that the temperature of
upper photospheric layers, where atomic Iel,—ss7 912 IS formed should be higher in
the pore than that in BPs. Neaty=1 BPs are on average slightly hotter than the pore
and nearroy=1 their temperatures are almost equal. We conclude théteirpore, as
an extreme case of evacuated magnetic flux tube, the terapegtadient in a vertical
direction should be lower as in the BP betweep; )_ss7.912=1 andr-y=1 if we assume
that both types of features are completely spatially resbIvThis is problematic since
the BPs, probably, are incompletely resolved. The poreyrim, tis affected by scattered
light. A similar analysis concerning intergranular laneads to a statement that in these
formations gas is colder than in a BP’s flux tube at mid phdtesig heights. Granules
have even stronger absorption in all lines than intergeamelgions, which is a clear man-
ifestation of reversed granulation’ phenomena, causethby steeper vertical thermal
gradient.

The velocity inside the pore is non-zero and is around 306. It drops down to
200m/s at the borders. This is in contradiction with observaticgorted by Sankara-
subramanian and Rimmele (2003), Tritschler et al. (200&gkdrger (2003). Even if
we assume that the velocity inside the pore is zero we havdatetted any evidence of
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Figure 3.34: Example of A- and B-spectra of the pore in actegion NOAAO753 at
1=0.97 on 14 April 2005 at 14:53:14 (UT). Black, red, blue amden lines represent
spectra of the quiet Sun, pore, intergranular dark lane XI&1d top of the granules re-
spectively.
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3.6 Spectroscopy of large-scale magnetic phenomena

a strong and narrow downflow around it, which was observedhémnt However, needle-
like structures, reported by Sankarasubramanian and Rien(2603), around the pore
were detected where a head of the needle shows an upflow (s#®mpd.67 arcsec in
Fig. 3.32 f) for example).

3.6.2 Sunspot

In Fig. 3.35 and Fig. 3.36 reduced spectral data obtained Beand A-spectra respec-
tively of an active region NOAAQ750, containing a sunspbserved on 14 April 2005 at
15:08:25 (UT) at=0.79 are shown. In the 'Red’ image an umbra and a well deeelop
penumbra of the sunspot are seen. The umbra in Fig. 3.35eglssa number of umbral
dots, indicating its complex thermal structure. Even A- &aslit jaw images show the
brightest of them. In plots of the intensity contrast alohg $lit, ¢) and d) in Fig. 3.35
and c) in Fig. 3.36), at 8.9 arcsec the most prominent umlatakdseen. In general their
spectroscopic properties are close to those of penumbmaidints, i.e. strong decrease
of BPI by 0.25 and a very faint downflow of 180/s with respect to the umbral veloc-
ities. It is remarkable that the sunspot interior, penunaird quiet Sun area to the left
show almost everywhere higher intensity contrast in contin/? ., 1! thanthatin/?,
andl#,, respectively. This fact suggests that the temperaturdigraat —2<log(r)<0

in a sunspot’s atmosphere could be similar to that in thetdsum. Unfortunately the
signal-to-noise ratio in the recorded spectroscopic dataa low within the umbra which
makes it impossible to produce a detailed quantitativeyaislbof its brightness distri-
bution. The area to the right of the spot{3 arcsec in Fig. 3.35) possesses almost no
visible penumbral filaments but rather "abnormal granaldtlike that seen near the pore.
In the presented figure the solar limb direction is to the tog facular brightenings on
the centerward side of the granules are clearly seen. Theastof/Z, has larger values
with respect to those of? , not only in faculae, but also in a dark regions between the
rest of granules (1.3 arcsec and 2.55 arcsec positions irBR3§). Also the BPI reaches
almost 0.4 in those locations. The edge of the umbra at 6d@ar@s seen from a) and b)
images corresponds to a steep slope of the contrast profieseas the BPI is still higher
than 0.35 and decreases down to 0.2 only at 6.6 arcsec alergjjtth.e. well inside the
umbra. This means that the thermal structure of the atmosptear the steep "wall” of
the umbra is similar to the pore’s atmosphere, discusseeédtidh 3.6.1. In support of
this statement the contrast Bf, is still higher near the left border of the umbra than that
of I3 .. In the umbra, penumbra and quiet Sun areas where:BBie contrast of 2, is

cont*

always below the contrast d¢f’ ,.

3.6.3 Velocity reference

Since we have not measured an absolute velocity standararenanited to relative ve-
locity measurements. From the mass conservation it follxasthe mean speed of the
quiet Sun granulation motions must be zero. When obserti@golar surface from the
Earth many factors play a role in the velocity determinatida mention some of them,
systematic blue shift of around 26800m /s, gravitational red shift (Dravins 1999, Lites
et al. 1989), solar oscillations, Earth’s rotation, sotaation and thus different disc posi-
tion of observed feature etc. In the framework of the presesgarch we content ourselfes
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Figure 3.35: Spectroscopic data observed in the activemedDAAO0750 at=0.79 on
14 April 2005 at 15:08:25 (UT) : a) Reference image; b) B{shit image; c) integrated
and continuum intensity contrasts(1%,) - black,C (1% ,,) - red d) line-core intensity
contrastsC (IZy) - black, C (1Z,,) - red C (IE,,) - blue e) BPI; f) velocitiesVZ, -
gléelck,VC% -red V2, - blug g) line width of Fe I line.
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Figure 3.36: Spectroscopic data observed in the activemedDAA0750 at=0.79 on
14 April 2005 at 15:08:25 (UT) : a) Reference image; b) A{slw image; c) intensity
contrasty ;) - black, (12, - red

to investigating velocity changes along the slit of the sfggraph, where its mean value
was set to On/s for each spectral line. Under this assumption velocity raesments
for two different image positions on the slit cannot be coredaguantitatively, since the
O-reference is not exactly the same even if the slit in botkitimms covers only a quiet
Sun area at the same However, it is possible to estimate the order of these devia

if we use observations of the sunspot. The sunspot congiseshambra and dark umbra.
The latter is commonly believed to be at rest except for oty effects (Mathew et al.
2003), (Schmidt & Balthasar 1994). In the particular examgitown in Fig. 3.35 the
slit covers at the same time umbra and quiet Sun. This en&bledibrate velocities of
the granular fraction and estimate its typical offset. Tdtaltobservations cover a quiet
Sun area of %13 arcset and different parts of the umbra simultaneously, whichveslo
velocity measurements with good statistical significance.

It must be noticed that the results of error estimationsrilesd in Section 3.2.3 relate
to the case of relative high intensities like granules, ltirigatures and intergranular lanes.
In case of a very dark solar features like umbra of the susgpetS/N ratio is so low that
the accuracy of velocity measurements degrades dramgtigalto 250m /s and even
more. As a consequence no quantitative investigation ofrahflow velocities at high
spatial resolution is possible.

The velocity averaged over the whole umbra was comparedtivthmean velocity
measurements in the quiet Sun for three spectral lines.

The results are presented in Table 3.15. We obtain a relatjad estimation of
the O-level in our Doppler measurements. Locally, the \&lfethe differences in LOS
velosity may change due to solar oscillations which we didtake here into account.
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umbra qs umbra qs umbra qs
VCH - VCH VCN - VCN VFeI - VFeI

[m/s] [m/s] [m/s]

75 97 133

Table 3.15: Umbral LOS velocities differences to the quieh $elocity observed at
1=0.79 in active region NOAAO750 on 14 April 2005 between 56 (UT) and
15:11:07 (UT).
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4 Radiative MHD Simulations

4.1 MHD model

Realistic solar magneto-convection simulations aim ateaggnting the radiative and mag-
netohydrodynamical processes in the solar photospheria émel uppermost layers of the
convection zone, so that the results can be compared withltbervations. Here, results
of ab-initio three-dimensional simulations of non-gregiedive magneto-convection in
the solar surface layers carried out with the MURaM code Haen analysed. The
MURaM (MPS/University of Chicago Radiative MHD) code hagbealeveloped by the
magneto-hydrodynamic (MHD) simulation groups at the MdaxEk-Institut fur Son-
nensystemforschung in Katlenburg-Lindau by Vogler A.elghag S., Schissler M. and
at the University of Chicago by Cattaneo T., Emonet Th., kifid (Vogler & Schussler
2003, Vogler et al. 2003, Vogler 2003, Vogler et al. 200Bhe MURaM code solves
the time-dependent MHD equations for a compressible anthfdarionized plasma in-
cluding a non-grey Local Thermodynamic Equilibrium (LT Bprative transfer based on
multigroup frequency binning. The computational box of #malysed runs corresponds
to a small part of a unipolar plage region on the Sun, extendi#00km in the vertical
direction (roughly covering the range between &30below to 600km above the visible
solar surface) and 600Q6n in both horizontal directions, with grid spacing of ks and
21 km, respectively. Such a model box corresponds to an area 8&8.28 arcseton
the Sun. In the simulation runs that we consider in the ptesgastigation, the box is
penetrated by a fixed amount of vertical magnetic flux cowedmg to an average ver-
tical magnetic field strength (flux density) of %0 (5 mT), 200G (20 mT) and 400G
(40 mT). In addition a 0G model representing a pure hydrodynamical (HD) case was
used. This HD model was assigned to the quiet solar photosphethe MURaM code
the entropy density of the fluid in the computational box wassen to be uniform across
the upflow regions at the lower boundary and independent ghetic field. The entropy
of inflowing material was calibrated such that the radiagnergy flux of the nonmag-
netic run on average equals the solar valige = 6.3 10'° erg cm2s~'. We have used
snapshots taken after a statistically stationary statbefsitmulated radiative magneto-
convection had developed. The produced array of<ZBBx 100 mesh pixels consists of
the following physical quantities for each pixel:

- Temperaturd’ [K]

- Pressure? [g cm ! s72]

- Horizontal velocity components,, V,, [cm/s]
- Vertical velocity component, [cm /s]

- Internal energy per unit volumeig cm—3]
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Figure 4.1: Snapshot of the MHD model with 400mean vertical magnetic field. Top
left - longitudinal component of the magnetic fidRlat the level ofr;gs,,,,=1, positive and
negative values are represented by blue and red colorgatasgy. Top right - vertical
component of the velocity vectdr also at the levetygs,..,=1, red color corresponds to
downflows and blue to upflows. Bottom left - mass density@t,,,,=1. Bottom right - the
temperature distribution atos,,,,,=1 which is similar to the relative continuum brightness
atA =705nm.

- Horizontal magnetic field components, B, [G]
- Vertical magnetic field componeit, [G]

In Fig. 4.1 a roughly horizontal slice of the MHD model withetd00G averaged
magnetic field uncovers the two-dimensional distributiérihe vertical component of
magnetic field, flow velocity, mass density and temperatutbeheight corresponding
to an optical depth=1, computed for the continuum &t=705nm. This wavelength has
been chosen, since high-resolution observations areasél@anvith which the simulations
are compared in Section 4.6.1. As seen from this figure thempayt of magnetic flux is
concentrated in the intergranular downflow regions whigimfa network pattern. There
the field strengthB reaches values up to 2570 The magnetic pressuf#?/8x| in such
small-scale concentrations, known as evacuated magnetituthes, reduces the internal
gas pressuré’,,; since the total pressure should be in balance with the sodings
(Spruit 1976, Deinzer et al. 1984, Knolker et al. 1991, Mog Schissler 2003). As
a result the density in the flux tubes is significantly reducEkis leads to the inflow of
excess radiation through the walls of these structures;twimeat up and become bright.
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For the narrower magnetic structures this also produceataigehroughout their interior.
This leads to the formation of photospheric bright points.

4.2 Radiative transfer and line synthesis

In this section we briefly describe the procedure of numésgotution of the radiative
transport in the model. A forward spectral synthesis of ttak&s parameters of atomic
transitions will be discussed.

Let us denote the Stokes vector As= (S, Sg, Su, SV)T with S; denoting total
intensity andSy, - circularly polarized component. Following the formutatiof Rees et
al. (1989) the radiative transfer equation for the Stokesoras as follows:

dI
— = _KI+j, (4.1)
dz
whereK is the total absorption matrix,
K = k.1 + ky® (4.2)
andj is the total emission vector,
J = keSeeg + koS Pey. (4.3)

Here1l is the unit 44 matrix,ey = (1,0, 0, O)T, andx andS, are the opacity and source
function in the unpolarized continuum. Assuming gas at Lifte, source function was
settoS. = B, (T.), i.e. the Planck function at the local electron temperafijreThe
line center opacity, (for zero damping, zero magnetic field and corrected for stted
emission) and the line source functiéh depend only on the total populations of the
upper and lower levels of the transition. In the LTE regifle= S.. In Fig. 4.2 the
xyz coordinate frame in which the Stokes parameters are dergtiwn. The-axis is
toward the observer. The line absorption matpixs:

¢or ¢q Su v

| 99 or oy —0p
*“low o o e | @4

v oy —og 91

where
¢r = sdpsin’y + 1 (¢ + ) (1 + cos?v)

0 =3 Pp 3 (Gbr + ¢p)] sin® y cos 2,
bv =3¢ — 3+ ¢b) sin 7 cos 2y,
/ Pv = 5 (¢r — ) cos 7, (4.5)
bq = [% (o, + qbb)] sin? 7y cos 2,
by =% [0 — 5 (&, + ¢)] sin y cos 2y,
</>/v =1 (o, + &) cos.

Generalized absorption and anomalous dispersion profgegemoted by, ;, andgbp b
respectively. For a normal triplet, the indiges andr refer, respectively, to the unshifted

7w component and theue— andred—shiftedo components of the line profile.
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Figure 4.2: Reference frame in which the Stokes vedtand magnetic vectoB are
defined.

For anomalous splitting we denote the numbers of Zeeman apnems of each type
with N, ; ., governed by the selection rules,

+1=0,
AM =M, — M, = 0=np, (4.6)
—1=r,

where M, and M, are the magnetic quantum numbers of the Zeeman levels inpier u
and lower states of the line transition, i.e. withh. eigenvalues of the-component of
the total angular momentum. Each le¥¢u,l) with quantum numbersy, Ly, Ji, Ii.€.

describing spin, orbital angular momentum and the totalkrgnomentum of the atom,

and Landé factor:
3 Sk(Sk+1) = L (Ly+1)

== 4.7
=5 2 (Jo + 1) (4.7)
splits into2.J, + 1 Zeeman subleveld/, = —J;, ..., +J,. The Zeeman wavelength shift
of the:; component is:
e\’ |B
A)‘i]’ = 4 . | 2| (glMl - guMu>z ) (48)
TMeC J

wheree, m, ¢ have their usual meaningsy is the wavelength of the unsplit ling, =
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p,b,randiyy, = 1,..., Ny The strength of the componentis S;,, and

Ny
ZSZ']' = 17 .] =D, b7,r' (49)

ij=1

The generalized profiles (see Rees et al. (1989Jpr j = p, b, r in turn are:

Ny
b; = Z Si, H(a,v — v, + Vios), (4.10)
ij=1
and
N;
¢; =2 Z SZ'].F(CL, v — 'Uij -+ 'Ulos), (411)

whereH (a,v) andF'(a, v) are the Voigt and Faraday-Voigt functions respectively:

H( )_E/wid (4.12)
“Y =% _Oo(v—y)2+a2y '
and ,
Y A Ol
F(a,v) = 5 /_OO ORI azdy. (4.13)

Here the parameters are expressed in units of the Dopplén widy, i.e.:
a =T\ /4mcANp, (4.14)
wherel is the line damping parameter,
v=(A—Xg)/ANp, (4.15)
A is the wavelength in the line,
v, = AN, /AXp, (4.16)
and the Doppler shift induced by a macroscopic velocity fig)gl..
Vlos = A0 |Vrmac| cOS7/cANp, (4.17)

with v denoting here the angle betweep,.. and the LOS.

The STOPRO (STOkes PROfiles) code developed by C. Frutigér, S®lanki and
S. Berdyugina (Solanki 1987, Solanki et al. 1992, Frutigeale 2000 & Berdyugina
et al. 2003), which solves the Stokes vector radiative panigRT) equation 4.1 in a
given atmospheric model, was used to compute normalizdéSymarameters | and V for
atomic and molecular lines in LTE as well as the absoluteiooom intensity. The input
guantities used by the STOPRO code are as follows:

- Continuum optical deptlog 7
- Height z [cm]
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4 Radiative MHD Simulations

- Temperaturd’ [K]

- Gas pressuré [g cm ™! s72]

- Electron pressur®, [g cm ! s72]

- Continuum absorption coefficient[g~!]
- Mass density [g cm 3]

- Magnetic field strengthB| [G]

- Micro-turbulence velocitydm - s7]

- LOS velocity fem - s7]

- v (angle betweeB and LOS) [deg]

- x (azimuthal angle oB) [deg]

With the aim to obtain the quantities, which are not providgdhe MURaM code,
the MODCON subroutine was used. This code computes theatoirzequilibrium for
a given chemical composition, electron presstrecontinuum optical depth, and con-
tinuum absorption coefficient,.

Parameters of atomic and molecular transitions requirethasput for the STOPRO
routine are listed in Tables 4.1 and 4.2. Radiative transfemputations were carried out
along rays passing through each surface pixel of the mogealrately and collected for
further analysis with the LINE code, developed by Shelya(?2804).

The validity of the described MHD models, together with &®kadiative transfer
computations to reproduce and explain many observableréesain the solar photosphere
at disc center was shown by Shelyag et al. (2004), Shelyag0®4{. In the present
study, we extend this work to investigations of the cenbelirhb variation of continuum
intensity and Stokes profiles and to computations of CN nubégdines.

4.3 Center-to-limb variation

The position of any feature on the visible solar disc can mattterized in terms of its
= cos(0) value, where is the heliocentric angle of the feature varying frofnad the
disc center till 90 at the limb. With the aim to study the center-to-limb vaoat{CLV) of
emitted radiation, i.e. the radiation coming from differeisc positions, resulting from
the MHD simulations we need to compute the atmospheric biwsaalong rays inclined
by the desired between the LOS and the normal of the visible solar surfac¥ (tane).

The geometry of the radiative transfer computations isitted schematically in
Fig. 4.3. The grid of the MHD model corresponds to the whitesdo Fig. 4.3. Red lines
represent the emerging rays that are inclined byhe grid step along the LOS was fixed
to Az=14km to keep the accuracy of subsequent RT calculations roupgblgame as in
the u=1 case. Thus the red points correspond to an inclined atmeospbox. The new
Z'-axis of the model is parallel to the LOS. Some physical patans of the model were
linearly interpolated in a horizontal direction betweernghéoring points of the source.
Since the density, pressure” and internal energy drop exponentially with height a
logarithmic interpolation in a vertical direction was aigol. The original MHD model
has periodic boundary conditions in the horizontal diattiresulting in a repetition of
the pattern with a period of 288 pixels. Therefore those vayeh reach the edge of the
model were shifted back by 288 pixels horizontally. Conseqly the obtained box, used
as an input for STOPRO, appears as an array ok288x 100/ mesh points.
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4.3 Center-to-limb variation

N Variable Description Dimension
1 NLINES Number of lines [-]
2 WLREF Reference wavelength (line center) [A]
WL1 wavelength grid
3 WL2 A\i = WLREF — WL1 + WL2=WLL [A]
NWL i=1,..., NWL
4 NATOM Atomic number, e.g. Fe=26 [-]
lonization state. 1-neutral, 2=+,
S ION ION > 3is not allowed [
logy,(g.f). where
6 | ALOGGF g - statistical weight of the lover level []

andf - oscillator strength
Elemental abundance on a log scale,

7| ABUND on whichA (H) = 12.0 ]

8 EPOT Energy of the lowel level [eV]

9 IPOT1 First ionization potentiak — X * [eV]

10 IPOT2 Second ionization potentidl ¥ — X eV

11 RMASS Atomic mass [amu]
Empirical damping enhancement factor,

12| DMPEMP see Simmons & Blackwell (1982) ]

=0: g, andg, are calculated from L,J,S
=1: g, andg, are taken from input (see 18)
Configuration/term description

13| LANDEC {

14 CFGL of the lower level (from Kurucz CD-ROM) ]
15 QSZLJF ! Standard term description of ]
Jl the lower levePSi 11,
l
Configuration/term description
16 CFGU of the upper level (from Kurucz CD-ROM) ]
17 252+ ! Standard term description of (]
J“ the upper levet=+1L,
18 GL Landé factor of the lower leve} []
(used if LANDEC=1, see 13)
19 GU Landé factor of the upper leve), [-]

(used if LANDEC=1, see 13)

Table 4.1: The description of atomic data, required by STOPR

In Fig. 4.4 an example of cuts along the LOS of the temperattegeshown, once for
a vertical viewing angle (corresponding to disc center) amck for an inclined viewing
angle (corresponding to a location close to the limb).
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N Variable Description Dimension
1 NLINES Number of line blends [-]
2 WLREF Reference wavelength (line center) [A]
WL1 wavelength grid
3 WL2 \; = WLREF — WL1 + iWk=WLL [A]
NWL i=1,..., NWL
Notation in the form of an integer comprising
4 | NMOLEC the numbers of the atoms in the molecula, [-]
e.g. 601=CH and 607=CN
5 ﬁggmg; abundances of the atoms comprising the molecule  [-]
6 | BRANCH branch name="R’;P’;Q’ [-]
7 U, IL upper and lower multiplet sublevels = 1,2,3,... [-]
8 JL lower rotational number =0,1,2,3,... or 0.5,1.5,2.5,... [-]
9 VU, VL upper and lower vibrational levels = 0,1,2,3,... [-]
10 FVV band oscillator strengths [-]

& A
)
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Table 4.2: The description of molecular data record, reguiry STOPRO.
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Figure 4.3: Skewing of the MHD model for a certain= cos(#) value
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4.4 Results of radiative simulations at low resolution
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Figure 4.4. Example of a vertical cut of the temperaturerafteerpolation to the LOS
grid for 4=1.0 and;=0.35

4.4 Results of radiative simulations at low resolution

In Fig. 4.5 a sample of computed intensity maps in the contimat A\ =676.8nm
for snapshots with different amount of magnetic flux and #&edént . are presented.
The brightness of each image, assigned to a certain modslnaranalized to the mean
intensity at disc center. In the following section we wilsduss the brightness properties
of simulated images depending éhand .

4.4.1 Limb darkening

A first direct piece of evidence for the existence of a temipeeagradient in the solar
atmosphere is the limb darkening effect. At disc centre the &pears brighter as com-
pared to its intensity near the limb (see Fig. 4.5). In the Gese one looks deeper into
the photosphere where the gas is hotter while when obsengagthe limb we sample
shallower depths. We have calculated the continuum irtielasi\ =676.8nm for a
0 G model, assumed to represent the quiet Sun, and for the othaelsin the range of
0.2< u <1.0 with a 0.1 step im.

Neckel & Labs (1994) reported measurements of the limb denkeeffect in the
continuum in a wide spectral range observed at the Natiavlal ®bservatory/Kitt Peak,
utilizing the McMath Solar Telescope with high accuracy.eYderived coefficients of
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Figure 4.5: 2-D continuum maps at=676.8nm computed for 0G, 50 G, 200G and
400G models at (from left to right)=1.0; 0.8; 0.4 and 0.2. For each model, the brightness
of each image was normalized to that at disc center. Thetedfabe limb darkening is

evident.
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4.4 Results of radiative simulations at low resolution

fifth-order polynomial fit by the r.m.s. method to observeddidarkening profiles:

I ()
I(p=1)

Here Ay, ..., A5 are wavelength-dependent coefficients. The 5-th ordempohyals were
chosen, because this type of function had provided the bpstsentation in the former
reductions by Pierce & Slaughter (1977) and Pierce et al7{L9 ater the same authors
argued, however, that these 'purely mathematical’ fits atethre functions with the op-
timum physical reliability (Kourganoff 1949), small ersoin the coefficients may cause
huge, unrealistic fluctuations in the correspondirgependence of the source function.
Therefore, in order to obtain a per se reasonabldistribution of the source function,
they provided 'physically realistic’ fits to their data andsgribed limb darkening of in-
tensity by the following function:

Lv(p) B n
hn=1) — mW=atl ‘Cl)ﬂ+;cj¢j (1) - (4.19)

A description of the deviation functions; and the determination of correct wavelength-
dependent coefficients can be found in Neckel (1996). Although the question which
of two functions,L3 or Ly, is 'more reliable’ was left open, they preferrég.

In Fig. 4.6 CLVs of simulated mean intensity for 4 differenapshots of each MHD
model with average field strength of) 50G, 200G and 400G are presented. The inten-
sity of each model was normalized to the average intensitigaifmodel aj. =1. In the
same plot polynomial approximatioy, L; andL, linearly interpolated to. =676.8nm
from the data provided by Neckel (1996) far=669.400nm and A =700.875nm are
also shown. Our simulations conform with the well known fidett the continuum inten-
sity CLV displays various slopes, depending on the amountagnetic flux (e.g. Frazier
1971, Topka et al. 1997, Ortiz et al. 2002). The most 'brigitthosphere in this presen-
tation corresponds to the 4@0case and is 1.1 times brighter;at0.2 as compared with
the 'darkest’ model. For ~0.6 the 50G model has a very good coincidence with obser-
vations, whereas the 2@ model is 1.5% brighter and the HD model is 0.7% darker than
observations. With decreasingthe observed CLV lies systematically above the(®0
case, lying closer to the 260 model atu, =0.2. From the work of Khomenko (2005) &
Trujillo Bueno et al. (2004) we expect the best correspondevith the 505 (or an even
weaker field) model. There are different possible reasonth&dependence.

=Ps(p) = Ao+ Ay -+ Ay plP + A P + Ay P+ As - p° (4.18)

e The quiet Sun contains more magnetic flux at higher layens siggested by the
models.

e The thermal structure of the models is slightly differerdnfr the real Sun. At
1 =0.2 the 50G model is 2% too dark, implying a too low temperature neafl
by around 120K.

e Neckel & Labs (1994) included some plage in their measurésnemhis would
have the largest effect at smalland make their measured curve too bright there.

In Table 4.3 the coefficients of the 5-th order polynomialragpmation based on the
least-squares minimization method of the continuum intgdgpendence on are listed.
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Figure 4.6: Limb darkening in continuum &t=676.8nm computed for @, 50G, 200G

and 400G models and corresponding 5-th order polynomial estimafipand polynomi-
als L3, L4 linearly interpolated to\ =676.8nm from coefficients abh =669.400nm and
A =700.875nm provided by Neckel & Labs (1994), Neckel (1996).

Model AO Aq Ay Ag Ay A5
0G 033843 1.20224 -1.04388 0.60276 0.04617 -0.14566
50G 0.34148 1.26031 -1.25274 0.92726 -0.21474 -0.06152
200G 0.35373 1.31571 -1.42500 1.07999 -0.25095 -0.07341
400G 0.38868 1.32212 -1.56988 1.29463 -0.39893 -0.03654
NeckelSPs ) 35437 134721 -1.96545 2.58538 -1.86123 0.53972
A =676.8 nm

Table 4.3: Coefficients of 5-th order polynomial fit to simtelh CLVs for 0G, 50 G,
200G and 400G models at\ =676.8nm and those derived by Neckel & Labs (1994) for
the same wavelength.

Additionally, for reference, the coefficients estimatedNsckel & Labs (1994) are also
given.

Our simulations showed that Neckel's continuum limb dankg@at\ =676.8nm can
be roughly represented by an average of those computed fand200G models. Since
the 200G model could represent the network and weak plage, this dutesppear totally
impossible, although we expect a lower filling factor foistthan 50%.
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4.4 Results of radiative simulations at low resolution

4.4.2 CLV of intensity constrast

In the previous section it was shown that the limb darkenitfigceis different for the
various models.

In Fig. 4.7 individually normalized continuum images cortgulfor various models
and at different heliocentric angles are presented. Theefsaghich possess stronger
magnetic flux concentrations are brighter near the limb thadels with less magnetic
field. This suggests, that small-scale concentrations ghatic flux influence the thermal
structure of the atmosphere in such a way that atomotter parts become visible (see
also Section 4.6.1).

In Fig. 4.8 the CLVs of continuum intensity deviations frohetquiet Sun, i.e. G
model, for 11 different snapshots are presented. Eachsityesissigned to a certajm
is the average over 1, 2, 4 and 4 snapshots of HDG5@00 G and 400G models,
respectively and is related to the non-magnetic case as\sll

Calpr) = IA(MI)‘A_O(ﬁjO(M>

However, the correctness of such a comparison is limitechbybtightness distribu-
tion over the granulation in individual snapshots, which fdactuate significantly from
one snapshot to another. Nevertheless this analysis shtwetcll magnetic models de-
liver less radiation at the disc center than the HD ones. TXa&#model is significantly
darker at the disc center, meaning that the magnetic fluxlmgsdhat it causes formation
of larger and darker flux concentrations. The extreme calsssah flux concentrations
appear as micropores (Vogler 2003), which are easy to gderat.8) arcsec or (6,7) arc-
sec positions in Fig. 4.7 bottom-left. Therefore this mdetomes as bright as the HD
one only af=0.63 whereas 50 and 200G models have a brightness crosstalk20.82
and;=0.92 respectively. At <0.41 the 4005 snapshot displays the largest contrast and
would contribute appreciably to the total solar irradigneben such magnetic features
were located near the limb.

As shown in Fig. 4.9 the RMS contrasts, computed as

(4.20)

Crms - (Z (IZ - <I>)2> /N7 (421)

=0

of sythesized continuum images depend on;thrend magnetic field. At the disc center
0 G, 50 G and 400G images have similar rms contrast, due to high amount of iiyn
gradients at the intergranular dark lanes and 'dark’ fluxetubirhe 20@= image shows a
high number of photospheric bright points, which slighdguces the total rms contrast by
filling in the dark intergranular lanes. Since thecale shifts upwards when approaching
the limb and due to the effect of reversed temperature inuearand intergranular lanes
in the upper photospheric layers the observed continuurgernf@ the 0G case becomes
smoothed and consequently its rms contrast is decreasexhtically. However, even at
1 =0.2 the normal granulation pattern is still visible. The maragnetic flux penetrates
the MHD box the shallower is the corresponding CLV of the rrosttast. The increase
of rms due to the appearance of high contrast faculae cospétie the decreasing rms
contrast of non-magnetic features. In the 4D0ase the rms contrast even increases with
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Figure 4.7: 2-D continuum maps at=676.8nm computed for 0G, 50 G, 200G and
400 G models atu=1.0; 0.8; 0.4 and 0.2. Each image (i.e. each model at gagvas
normalized to its mean separately. The appearance of fadatamagnetically active

shapshots is evident.
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Figure 4.8: Contrast of continuum intensity relative toegi8un versug value calculated
for 0 G, 50G, 200G and 400G models.

i due to the high number of facular brightenings visible néarltimb and drops only
below;=0.3

In the next section some important aspects of existing extestrial solar observa-
tions will be touched in order to provide an adequate corspariwith results of our
simulations.

4.5 MDI observations

The most appropriate observations of the Sun in order testigete its irradiance over the
whole disc over a long period of time are measurements madeehylichelson Doppler
Imager (MDI). The MDI instrument is a magnetograph insthibe board of the SOHO
spacecraft devoted to investigate the structure and dysamhsurface magnetic field and
velocity in the Sun (Scherrer et al. 1995). This instrumenkes it possible to obtain
full disc images of the Sun on a 1024024 pixels CCD camera, which corresponds to a
2x 2 arcsee pixel size. Two tunable Michelson interferometers allow M®record very
narrow-band filtergrams centered at five wavelength postioear the Ni | absorption
line at 676.8nm, equally spaced by 7mA. In Fig. 4.10 the transmission profiles of
the five filters labeled a$,, Fi, F», F3 and I, as well as the Ni | line profile, taken
from the FTS atlas (Brault & Neckel 1987), are presentidcorresponds to the nearby
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Figure 4.9: RMS contrast dependence onithelue calculated for Gx, 50G, 200G and
400G models.

continuum,F; and F, are centered on the wings aid and F; are centered about the
core of the center-of-disc Ni | line. From the filtergrams, Ma@btains the following
observables: continuum intensity, line depth, longitatliimagnetic field, LOS velocity
and limb position. However, due to limitations in the telémeate to SOHO not all these
parameters are available for a given data set. MDI derivesamate of the LOS velocity
from a ratio of differences of filtergramfs, through£y:

a:%, i.f numerator > 0 (4.22)
a = %, if numerator <0 :
4—12

wherel, ..., I, are intensities detected through thg ..., F filters.

With the help of a 15-bit lookup table (see Fig. 12 in Scheeteal. (1995)), con-
structed from their simulations, MDI calculates the LOS Plap velocity. They expect
the range ofy to be limited to4-2 which corresponds to a velocity range#64000m/s.

The continuum intensity was computed using all five filtengsan order to cancel
systematic errors introduced by Doppler shifts caused lgysatar velocity:

Ic =2 ]O + Idepth/2 + Lwera (423)

where L, = \/2 (L - ) + (I, — 14)2] is the line depth and,,., is the average
overI,_4. Thus the resultant. is believed to be free from Doppler crosstalk at the 0.2%
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Figure 4.10: Filter profiles for théy, £, F3, F3 and F} filters used in observations with
MDI.

level. The longitudinal magnetogram is constructed by meag the Doppler shift sepa-
rately in right and left circularly polarized light, whick equivalent to a measurement of
the Zeeman splitting via some sort of center-of-gravity et

V;"ight - %eft
2.84
whereV,.;, andV,,,,, are measured velocities in circularly left and right paad light
respectively.B is roughly proportional to the LOS component of the magrfeid aver-
aged over the resolution element.
The main advantages of these measurements as comparedoutidgrased obser-
vations are:

B = , [G], (4.24)

- seeing effects due to the Earth’s turbulent atmosphera\eréed,

- the 20-min averaged MDI magnetograms have a reasonablgdcse level,

- the characteristics of the instrument and obtained désaase well known and stable,

- magnetograms and continuum intensity images are obtaewdarly by the same
instrument with exactly the same spatial resolution.

In the framework of the present investigation, analysiseffull disc magnetograms
and continuum intensity images obtained by MDI at differeist positions carried out
by Ortiz et al. (2002) are of special interest. They meastliedVDI continuum con-
trast of photospheric bright features as a function of leelric angle and magnetogram
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signal. The main disadvantage of such a study is the quiteguatial resolution of MDI
observables in its full disc mode.

4.5.1 Radiative simulations

In order to be able to compare the results of the CLV companatusing 3-D MHD
models, presented in Section 4.4.2, with observations, eeel to reproduce MDI mea-
surements taking into account the technical aspects oirtsmtiment. For the MDI mea-
surements the Ni | spectral line was used to measure the made&l. In order to be
consistent we also compute this line for each snapshotatue for which the continuum
intensity is determined.

Wavelength [nm]  Transition E, [eV] E;[eV]  ger X [eV] log(gf)
676.7768 *P° - 'S 3.6576 1.8262 1.426 1.826 -2.170

Table 4.4: Atomic transition parameters for the Ni | lined$ar the radiative diagnostics.

The main properties of the corresponding transition arergivn Table 4.4 (Bruls
1993). The polarized radiative transfer equations for the ke through the MHD
models with averaged magnetic field in the range of 0-@0fbr a heliocentric angle
from 1=1.0 to =0.2, with a grid-step of 0.1 were solved by means of the MODICO
and STOPRO routines. To improve the statistics, 1,2,4 angagpshots of @5, 50 G,
200 G and 400G models, which correspond to different moments of time oflt¢D
model evolution, respectively, were taken. The time step araund 5 min which is a
reasonable interval to obtain relatively independent Zabfigurations of the granulation
and other features. Additionally far £1 each snapshot was analysed from four mutually
perpendicular directions in its X-Y plane, which allows twlude in our investigation
geometrical inhomogeneities of magnetic features andéharake it even more statisti-
cally weighted. Thus our analysis comprised 44 differemtpshots in total covering an
area of 54.%54.9 arcsetat disc center of the Sun. The products of RT computations
were continuum intensity, at \ =676.8nm and Stokes profiles; and.Sy for the Ni |
spectral line. These quantities were smeared down to #t&edtcseé spatial resolution
of MDI. To compute MDI-like Doppler shifts and MDI-like comuum, simulated spectra
were multiplied with the MDI filter profiles (see Fig. 4.10)h& resultant filtergram&;™;
were used to produce MDI-like observables. The LOS compioofethe magnetic field
B was calculated using formula 4.24 :

BZ: AN — V(Oé[SI—FSVn—V(Oé[S[—Sv])’ (425)
4.67-10-13. Geff - A2 2.84
whereg. s is the effective Landé factor of the transition, defined as
1 1
Gers = 5 (94 9a) + 7 (0= 9u) (N (S + 1) = Ju (Ju + 1)) (4.26)

Here they,, g;, J, andJ; are the Landé factors and total angular momenta of the upper
and lower states of the transition, respectively.
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o fg,\c,mhA9(‘)68170036.‘ﬁts
Figure 4.11: Stray light during a mer- osp
cury transit across the solar disc ob: |
served with MDI in 2003. The dots rep-; |
resent the observed continuum intensity ..
which is non-zero at Mercury disc cen- |
ter. This plot has been kindly provided **[
by S. Mathew (private communication) o.! ‘ ‘ ‘ ‘
0 20 é“?(e\s 60 80

The observed signal of the longitudinal magnetic field drd@sn to 0G at the limb,
even though the local magnetic field is non-zero. This is aequence of the property
of magnetograms to be sensitive only to the line-of-sigitgonent of the magnetic field
whereas the magnetic vect@® of facular fields is roughly perpendicular to the solar
surface. Thus, to compensate for this we have considefednstead of.

The MDI instrument possesses a certain amount of stray, Mghich has been esti-
mated by Mathew et al. (in preparation). They analysed thecivg transit across the
solar disc recorded by MDI in 2003 and produced a plot preseimt Fig. 4.11. From
this graph we obtain that MDI measures intensities with &d@®% contribution from
scattered light. This quantity affects mainly the contimiatensity measurements which
reduces the calculated contrasts. Mathew has estimatedtielution function which is
needed to fit the amount of stray light in MDI observationsisThnction is the sum of
four components, three Gaussians and one Lorentzian:

1—&1-&2-&3

F(r) = are” 707 qpem (/020 4 e (/0 4 2102

, (4.27)

whereay, a; andaz are the weight for the Gaussian functiobs,b, andb; are the widths
of the Gaussians ard is the width of the Lorentzian. We have used the functign)
with the weight and width parameters obtained by Mathewgctvigive the best fit to their
observations, to convolve with the simulated MDI-like dootim intensityl 57975 . e.
[MDI-like — [STOPRO @ f(r),

Following Ortiz et al. (2002) the continuum contrast of theulae in each resolution
element was defined as:

Ic(xv y) — <]qs(,u)>
Ctoc = YA , (4.28)
! (I (1))
where(1%°(n)) is an averaged quiet Sun continuum intensity for a giverobethitric
angle.

4.5.2 Results of simulations and comparison with MDI obserations

In this section we study the simulated faculae and netwonkrast dependence gnand
the corresponding magnetic field signal. A comparison of pated data with observa-
tions will be presented.
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Figure 4.12: Computed center-to-limb variation of MDIdilcontinuum contrast from
MHD simulation. The stars are binned values based on dag¢a ta&m the MHD models
with average vertical fields of 0;, 50 G, 200G and 400G at the solar surface. The
B/ values have been obtained from the longitudinal MDI-likegmetogram signal as
described in the text.
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We present two plots in analogy to research by Ortiz et al0220Fig. 4.12 displays
the computationally produced MDI-like continuum contré@sgt. of the faculae as a func-
tion of the computed MDI-like magnetogram signal divided/byi.e. B/u. The B/u
values have been binned into eight intervals from the tloledievel of 0G to 600G, al-
though these intervals of magnetic field do not contain amkeaumber of data points. In
Fig. 4.12 each data point represents an ave€agebinned over all computed contrasts
for a givenu and B/ range. Data points from different models enter into a givamg,
since theB/u assigned to a certain data point is obtained from the magregtb signal
consistently computed for each grid point as described ati@e4.5.2. A least-squares
quadratic fit to the data points is depicted in Fig. 4.12 askalid lines.

The various panels in Fig.4.12 reveal significantly differ€LV behavior of the con-
trast. At the disc center and in its immediate vicinity snigj),. is produced by regions
with low magnetic flux (e.g. quiet areas), whereas approackie limb the contrast
of active region faculae (large magnetic flux) dominatestwdek features (see top-left
panel in Fig.4.12) show low contrast, which increases froenrhinimum value-0.005
at the disc center up to 0 near the limb, whereas a very ste®¥po€the contrast was
detected at high magnetic signals (480< B/u <500G and [500G < B/u <600G).
Intermediate cases reveal the progressive increase obttieast towards the limb and an
increasingly pronounced CLV. The stronger B¢y the lower theC',. at the disc cen-
ter, which for B/ >200 G appears negative. This general behaviour of the computed
curves is in good qualitative agreement with the obsermataf Ortiz et al. (2002) and
with results presented in Section 4.4.2. However one reaéekfeature of the obtained
CLV curves is their property of steadily increasing towatfus limb from magnetogram
signals of B/ >120 G. Thus the position.,,., characterizing the peaks of the con-
trast corresponds to 0.46 and 0.2 for the first #Q intervals and lies at. <0.2 for
the others. This fact is partly in discordance with the obagonal results of Ortiz et al.
(2002), where the.,,,.. was measured in a range from 1. to 0.2 in all concerned interva
B/u <500G. Possibly the 40@: models which mainly contribute to the CLV in the last
three bins are hotter than the real photosphere. It may &ltbdi a better treatment of
the stray light is needed to improve the correspondenceth®ngossibility is that there
could be a possible error in the continuum intensity deteation in MDI observations
made near the limb at low latitudes. Due to the rotation ofSbe the observed Ni | line
gets an additional Doppler shift such that the filigrdoes not lie in the nearby contin-
uum but at the wing of the line. Consequently Eq. 4.23 giveglocontinuum intensity
than expected. This effect becomes important near the lindwalatitudes wherev,.;
is big. Numerical simulations of this effect to estimate tnder of the error of contin-
uum intensity determitation should be carried out. Anohessible explanation for the
discrepancy with the observations lies in the rather lichgeatistics of the simulations
compared with the observations. The visible surface of tbdehdecreases proportion-
ally to . and hence near the limb the number of simulated points quvrelng to the
MDI pixel size of 2«2 arcsetis extremely small.

In Fig. 4.13 the contrast as a function Bf/ i, for 9 disc positions from:=1.0 to
1=0.2 is presented. The centres of frbins in a similar plot made by Ortiz et al. (2002)
roughly correspond to oyt grid. Again, the second order polynomial fit was used to
visualize the character of the computed dependencés/an In Fig. 4.13 all data points
corresponding to 5@, 200 G and 400G models are designated with the green, red
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Figure 4.13: Computed center-to-limb variation of contimucontrast using 0:, 50 G,
200 G and 400G MHD models depending on the longitudinal "quasi” MDI magoet
field strength.
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and black colors, respectively. We have not binned 40 dail@tpavith neighbouring
B/u values together, as was done by observers, since we hawr points. We also
wanted to show the true scatter. Nevertheless, a certancroveding of the data points
in our plots is present. This figure shows that initially, foK0.6, the contrast increases
with B/u before decreasing again. The range of computed magnetagjicarals was
widened up to 120@s, since many areas deliver signals stronger than@0This may
have to do with the lack of proper scattered light treatmarthe computations. The
decreasing of the contrast continues with increasijg also for B/n >800G where
many of the data points correspond to micropores and darket@agstructures. This
circumstance agrees with the prediction by Ortiz et al. 20Mote, however, that the
observed data sets include the even stronger magnetic éietgbntrations, i.e. pores and
sunspots, which were excluded in the analysis of Ortiz e(2002). Near the disc center,
l.e. at 1.0< p <0.7, the initial increase is not detected, so that the centtacreases
with magnetic field for allB/; values. In contrast, gt <0.6 the initial increase is
clearly visible and thé3 /. value at which the contrast has its maximud/ ), .. shifts
towards highei3 /1 with decreasing:. Points with largeB/;. show negative contrast at
1=1.0 while at the limb almost all computed contrasts aretp@si

The range of the simulated magnetogram signals stretcleeslemyond the 120G
level near the disc center. Gradually with decreasg tife detected range @/, con-
verges down to 740: at ,=0.2. We expect, that at even smallevalues the maximum
of measured longitudinal magnetic field strength will cong decreasing. On the one
hand this happens due to the descrease of St6kesear the limb since the Ni I line
is then formed higher in the atmosphere where the magnetiadllower. On the other
hand, as proposed by Van Ballegooijen (1985) and shown bgn8oét al. (1998) in
their CLV simulations of the plane-parallel models of a fluké¢, observed at an angle
of the axis of an isolated thin flux tube, the amplitudeSef should be much lower than
in the plane-parallel case. Highly inlined rays, i.e. at lewpass through flux tubes and
the intermediate non-magnetic gas where the polarizedkignis greatly reduced due
to absorption (Audic 1991).

p 10 09 08 07 06 05 04 03 02
P (Crae) 9001 0.007 0013 0.018 0022 0.035 0050 0.070 0.092
simulated
PZon(iSJ;aC) 0081 0012 0019 0.029 0038 0045 0046 0047 -
B/i(Praa) g 9 11 12 235 393 476 466 507
simulated
B/iPnaz)  gg 144 189 250 332 392 419 594 -
Ortiz's

Table 4.5: Dependence of maximum of the 2-nd order polynbiihta the simulated data
POINtS P34 (C'roc) @A B/ Pryaz) ON .

Values of the contrast's,. synthesized for the MHD models appear again higher
than observed by Ortiz et al. (2002). The maximum of the estit 2;"**(C,.) and
corresponding3/ u( P,.q..) for variousy obtained from our simulations and from Ortiz’s
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observations are summarized in table 4.5.

4.6 High resolution structure of the solar surface near
the limb

In this section the morphology of observed high-resoluiioages of the photosphere
away from the disc center will be studied. The results of mggolution simulations will
be presented and analysed. The relation between the manveldssmall-scale features
with their analogues in the simulated images will be proglided their physical origin
will be discussed.

4.6.1 High resolution observations

In Fig. 4.14 an exceptionally sharp MFBD reconstructed ienafj an active region
NOAA587 observed with the SST on 8 April 2004 at 14:01:57 (W€pr;.=0.35 us-
ing an interference filter centered at 70bnd and with a FWHM of 0.7m is presented
(filter profile is presented in Appendix A). The exposure tiwes set to 10 ms and the
recordings were made using a KODAK Megaplus 1.6 CCD cameraBMrestoration
was implemented on 8 single frames recorded within a 10 s itmeeval and corrected
for the flat field and dark frame (for the details of image pesteg see Chapter 2). The
image covers an area of 5%388 arcset and has a spatial resolution of 0.2 arcsec what
corresponds to 14km on the solar surface. The considered spectral region ca#ai
many absorption lines of the TiO molecule. Due to their gteatperature sensitivity the
spectral lines become appreciable only in the coolest péditise photosphere, namely
in sunspot umrae (Berdyugina and Solanki 2002). Therefoossibly apart from the
darkest features assigned to pores, Fig. 4.14 represenfautie continuum brightness
distribution at the stated wavelength. The limb directinorig. 4.14 is marked by the
white arrow and white contour lines mark areas selectednferfarther analysis. Even
with such a small field of view varies from 0.384 to 0.314, with =0.35 at the center
of the image. This gradient is enough to notice a slight limlkdning of the quiet Sun
areas when going from the lower right to the upper left on thage. The topology of
the observed area shows photospheric phenomena of diftarales, e.g. faculae, granu-
lation, pores, and reveals the complexity of their struettrhigh spatial resolution. The
solar surface at suglhmakes the impression of a three-dimensional appearantees i
tain 'sculptured’ granules were illuminated by a big lamgnfrthe centerward direction.
This property of the solar granulation observed near thé livas also reported by Lites
et al. (2004) on the basis of high spatial resolution obsema. A close examination of
the image reveals a very different manifestation of thegftenensional effect which is
stronger near the pores, i.e. in active regions, than faidelit, i.e. in quiet areas. This
suggests that the magnetic field plays a key role in this effedeed the detailed analysis
of the 3-D granular pattern in active regions leads to thiefohg summary of its main
properties:

e The centerward part of the granules has brightness enhamtgme faculae.

e Often faculae appear to extend over about 0.5 arcsec.
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Figure 4.14: Active region NOAA587 observed with the SST oA®il 2004 at 14:01
(UT) at 4=0.35 at 705.7 m covering the red band of TiO absorption spectra. Over the
whole observed area this wavelength band corresponds teeacpaotinuum, except pos-
sibly in the darkest features assigned to big pores. Theemas reconstructed with
MFBD using 8 single frames. White contours designate suigsaused in further analy-
sis.
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e The intensity is decreasing gradually from centerwardntbilvard sides of gran-
ules, which contain a facula.

e The facular elements are often preceded by a narrow, daekjlesn centerward of
them.

e Facular chains form a cell-like pattern, elongated perjmenarly the disc center
radius-vector.

e Quiet Sun granulation and intergranular lanes have lowensity contrast as com-
pared to the disc center case.

¢ Relatively small granules are partly or almost completalyered by the facular
brightenings (e.g. the (30,24) (35,32) region in Fig. 4.14).

e The pores have a sharp edge on the centerward side and gigitel granulation
area accompanied by a very bright faculae on the limbwasl sid

4.6.2 Simulated faculae

In this section, in analogue to the research of Keller et £2004), the results of con-
tinuum RT computations for different MHD models 'observatithe same heliocentric
angle as the observations illustrated in Fig. 4.14 will kespnted and compared with the
latter. We have used MHD models resulting from the MURaM qodsented in Section
4.1. However, in the present study we used those MHD modeishwiere computed
assuming that not the entropy, but the internal energy pémamss for the inflowing gas

€o be constant. The parametgris used to control the net vertical energy flux through the
computational domain and to make sure that the time-avdnaaae of the radiation flux
density leaving the box is equal to the solar valug= 6.34 - 10'° erg s~ tem 2.

In Fig. 4.15 (left panels) the synthesized, by means of th@eFRO code, normalized
continuum intensity maps at =705.7nm and ;=0.35 resulting from the MHD models
with 10 G, 200G and 400G averaged magnetic field are shown. In the same figure (right
panels) small sub-frames of an observed active region aaime heliocentric angle (see
areas marked with white contours in Fig. 4.14) are plottdasE sub-images were chosen
to show different amounts of faculae and different appeagar 3-D granulation pattern.
The numerical results match the appearance of the highutesoobservations and re-
produce qualitatively all features seen in the observatiblowever the spatial resolution
of the simulations, i.e. 0.029 arcsec or 288 on the Sun, does not conform to that of
the observed data. This partly explains the noticable idiffee between the brightness
scales of the two types of images. The magnetic field is kn@aretvastly involved in
the formation of the faculae, as intensity boost in comparisith the surrounding gran-
ules. This also finds confirmations if one examines non-miagaed magnetic simulated
cases. The effect of three-dimensional granulation wasaatearly evident, but still
present, in the 10: computations than in the 2@® and 400G cases. The successive in-
tensity increase in the three presented simulated imagasised by faculae which agrees
with the observed ones and with the results of the low-regslunvestigation in Section
4.4. Later a similar numerical modeling was carried out e@band by Carlsson et al.
(2004) which revealed similar results.
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Figure 4.15: Left panels: simultaed continuum images at776m of models with aver-
age magnetic field of 1Q: (top-left), 200G (middle-left) and 40Q5 (bottom-left). Right
panels: sub-frames of observed plage and quiet Sun@B85 and 705.Am with increas-
ing amount of plage from top to bottom. The spatial resolugbsimulated and observed
images is not exactly the same.

4.6.3 Origin of faculae and narrow, dark lanes

Here we restrict ourselves to a qualitative investigatibthe configuration of the phys-
ical parameters in the photosphere which lead to the appeaua the phenomena dis-
cussed in Section 4.6.1. As the prototype of a facula let nsider a structure situated at
(2.4,1.75) arcsec in Fig. 4.15 bottom-left (the 4D@odel). The corresponding limbward
vertical cuts through the facular atmosphere are showngn &i16 left. The top panel
gives the profile of continuum intensity along the cut, ndinea to the mean intensity
for the whole computed MHD box. Vertical slices of variouygical quantities, i.e. tem-
perature T (330614000,K), LOS component of magnetic field strendth (0—3500,G)
and mass density variationg (2-10~" - g - cm* from their mean, for the 40G model
are shown in the other panels, respectively. The total emgpntinuum intensity, at a
frequencyv, at the solar surface is defined as:

1 o v
L0, p) = o /0 S, (1) - e wdmy, (4.29)
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wherer is the optical depthy is the heliocentric angle an§l, is the source function,
which in LTE is equal to the Planck function,
2hv3 1
S, = B, (T(r,) = W (4.30)

2 ehw/kT _ 71’

whereh = 6.6262-1072" erg - s is Planck’s constants, = 2.9979-10% cm - s~ ! is the speed
of light andk = 1.3807 - 10716 erg - K=! is Boltzmann’s constant. The expression with
the integral of Eq. 4.29 is called the contribution functibas a maximum dbg(7)=0
and gradually drops with optical depth. We have calculatedcbntribution function for
each ray for a corresponding temperature profile in the model

The dashed lines in Fig. 4.16 illustrate the range of heigliitsre the contribution
function of continuum/,. over optical depth reaches 10% and 90% of its full value. This
means 80% of the total continuum intensity for a certain Wenvgth arise in the indicated
region. The continuum intensity profile has an expansiomesponding to the facular
brightening with peak brightness at 1.79 arcsec. The oparcihe magnetic flux concen-
tration is strongly reduced owing to its low density, caubgdhe presence of magnetic
pressure, and low temperature (at a given geometric lemdljleus provides a clear sight
straight through the flux tube onto the upper part of the 'halt'af the adjacent granule.
The spatial extension of the facular brightening is deteadj on the centerward side,
by the point at which the continuum formation range beconwsidated by the cool
gas in front and within the flux concentration, and, on theblivard side, by the point at
which the boundary of the flux concentration no longer liggaeeht to the hot granule.
As cooler gas above the top of the granule contributes madenaore to the formation
of the continuum intensity, the stronger the decrease obtlghtness in the limbward
direction. The excess brightness of the faculae comes frimmdayer (corresponding
to a thickness of about 3km), which is embedded in the steep density gradient at the
interface between the magnetic and the non-magnetic atreosp

The right panels in Fig. 4.16 represent a vertical cut of th@ @ model through
a very prominent dark lane located at 2.0 arcsec positiochvpiecedes a facula to its
right. This cut differs from the one shown in the left paneighat there every major
intergranular lane was occupied by a magnetic flux conceoitrahere there is only a
single facula, with two downflow lanes immediately on itsadvard side, which merge to
form a very broad intergranular lane on the discward side@fdcula. As one approaches
the flux concentration from the centerward side, the brigéséndrops sharply when the
line of sight no longer crosses the 'top’ of the adjacent glanso that the range of
continuum formation becomes dominated by the cool and deasmflowing material
between the granule and the flux concentration. Somewhat hmalbward, lines of sight
traverse the flux concentration with lower density, so thatdontinuum formation range
shifts downward towards the bottom of limbward wall of thexfikoncentration. The
exact location of the intensity minimum varies between ¢ht@g boundaries where the
temperature is lower than the average temperature staditiicat equal optical depth,
explaining the brightness deficit. The continuum intensitthe dark lanes comes from
an extended range along the line of sight, which can be as Es@4&km in the vertical
direction.

Three factors are crucial for the appearance of faculaestibpe of the granule limb-
wards of the flux concentration, the size of the magnetic fluxcentration and the field
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Figure 4.16: Example of a vertical cut of the 4G0OMHD model at;=0.35 crossing a
narrow dark lane on the limbward side of a granule. Dotteddibracket the heights
where~ 80% of continuum intensity are formed.
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strength centerwards of the facula.

If the flux concentration is too thin, e.g. in Fig. 4.17 rigbt, it is bright but the
field strength is too small, e.g. in Fig. 4.17 left, the opac@duction it produces is
not sufficient along the line of sight to have the continuutemsity be formed almost
exclusively in the hot granule. In Fig. 4.18 at location lr€sac the magnetic field is as
big as in Fig. 4.16 left, but the neighboring granule is notl Weveloped and thus the
thermal conditions near=1 prevent the formation of a facula.

Not only small-scale magnetic flux concentrations which @s® associated with
bright points at, =1 produce faculae at small In Figs. 4.18 and 4.19 vertical cuts,
at © =1 (left panels) and. =0.35 (rigth panels), through a complex magnetic cluster
exhibiting the properties of a micropore in the 4G0nodel and through a small pore in
the MHD model by Cameron et al. (2004) respectively are shodswe discussed in
preceding sections both these types of structures appdardhan the quiet Sun near
the disc center. This is in agreement with intensity profitethe left panels of Figs. 4.18
and 4.19. However gi=0.35 both structures produce facular brightenings whictihe
case of the pore extend even over several granules owing tadiradial size of the pore.
This explains why the 400: model is the brightest at the limb and the darkest at the
disc center. The property of pores to display several facatatheir limbward side finds
support in observations (see Fig. 4.14).

We can conclude that we basically understand the cause fd¢bkar brightening as
well as of the narrow, dark lanes. Despite the excellentiuae agreement between
simulations and observations, there remain quantitatiseggeements such as the peak
brightness of faculae, which is substantially larger inghreulations as compared to the
observations. It also appears that there are more very $mghtenings in the obser-
vations as compared to the simulations. However the comtmintensity of simulater
faculae is slightly higher than that of observed ones. Thisrénces are nor surprising
due to the limited spatial resolution under which the obstons were recorded. This
includes the effect of scattered light which greatly redute contrast.

The explanation of facular brightenings given here is lgrgensistent with the "hot
wall” model of Spruit (1976). Fig. 4.20 schematically showsertical cut through a
typical magnetic flux tube. The dotted lines enclose theoregihere the dominant part
(80%) of the continuum radiation is formed. The brightnesisamcement of the facula
mainly originates from a thin layer near the limbward inded between the magnetic
flux concentration and the hot, non-magnetic granule. Ttensity of the dark lane is
formed in the relatively cool regions above the centerwaahgle and inside the flux
concentration. The lines of sight for the facular brightgnand for the dark, narrow
lane are indicated with correspondingly shaded grey arlage that the magnetic flux
concentration is usually observed on the centerward sidleeofacula. This agrees with
high-resolution spectropolarimetric observations by @&u& Kneer (2004).

Quialitatively similar features, e.g. dark lane followedagore extended brightening
on its limbward side, are already apparent in 2-D modelsr{bPaiet al. 1984a, Knolker
& Schussler 1988, Knolker et al. 1991, Steiner 2005).
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Figure 4.17: Example of a vertical cut of the GOMHD model at=0.35 crossing a very
weak (left) and thin (right) flux tube which do not cause thexfation of strong faculae.
The dashed lines bracket the heights whel&% of the continuum intensity are formed.
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Figure 4.18: Example of a vertical cut of the 4GOMHD model at the disc center (left)
and at;=0.35 (right) crossing a broad dark magnetic concentragamicropore, which
appears dark at the centre of the disc, but bright near the lirhe dashed lines bracket

the heights where: 80% of the continuum intensity are formed.
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Figure 4.19: Example of a vertical cut of the 4GOMHD model at the disc center (left)
and atu=0.35 (right) crossing a broad dark magnetic concentratiqnore, which appears
dark at the centre of the disc, but bright at its limbward sidar the limb. The dashed
lines bracket the heights where80% of the continuum intensity are formed.
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Conclusions and outlook

In this PhD thesis the structure and intensity propertiesnadll-scale magnetic features
on the Sun were studied by means of high spatial resolutiserehtions and numerical
simulations. For this purpose observations with the 1-mdssteSolar Telescope (SST,
La Palma) of active regions, plages and quiet Sun areas solae photosphere at differ-
ent disc positions were carried out.

The first observational campaign was aimed at imaging obiens in three narrow spec-
tral bands, the blue continuum (4364h), the G band (430..m) and the violet CN
band-head (387.8m), simultaneously. The unprecedented high spatial resolof bet-
ter than 0.18 arcsec, which corresponds to k80on the Sun, of the solar images in
all three spectral bands was achieved by means of the JauseHbiverse Speckle image
reconstruction method (see Sect. 2.1). Our investigafidtmeantensity contrast of photo-
spheric bright points (BP - a class of small-scale brighttrres, which show enhanced
contrast in the G band as compared to that in the continuutheimbtained filtergrams
of active regions at disc centre showed that:

e On average over all bright points in the 2743 arcsec? filtergram triplet the con-
trast of the BP intensity relative to intensity of the quienSs 1.4 times higher in
the blue CN band-head than that in the G band and it is 3.4 timgger in the blue
CN band-head than that in the blue continuum. Analogicatiythe G band the
contrast of bright points is on average 2.4 times higher thane blue continuum.
This is in a reasonable agreement with the theoretical gtieds by Kiselman et
al. (2001) and Berdyugina et al. (2003). However, this isharp disagreement
with the simulations by Uitenbroek & Tritschler (2006 sultend.). The possible
reasons for this are discussed in Sect. 2.4.

e The ratio of the bright points contrast in the blue CN bandeh® that in the G band
decreases with increasing continuum intensity of the brgiints. The minimum
value of this ratio is 1.25 for the brightest BPs.

The high spatial resolution of the obtained filtergrams a¢@ecomplex structuring of
bright points. In particular, structures such as as "hotstand "floors” of the magnetic
flux tubes, ribbons etc. are clearly seen. A further detadedlysis of the intensity
properties of such structures would be of particular irggreince it provides indirect
information of the thermal structuring of small-scale cemtcations of magnetic flux in
the photosphere. In the present PhD work, however, we didtuoty them separately.
The significantly higher contrast seen in the violet CN baedd compared with the G-
band makes it a promising wavelength band for solar highluésa studies, although
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there are factors making contemporary high-resolutiomiggebased solar observations
in this wavelength more complex than in the G band:

e fewer photons are provided by the Sun,
e there is more scattered light,

¢ the spatial resolution is worse because of the strongeeindlel of the atmospheric
aberrations (seeing).

The goal of the second observational campaign at the SSTonastdin highly spatially
and spectroscopically resolved spectra of small-scaléogpberic features, e.g. BPs and
faculae. We have observed spectra of several solar actjie@eat different disc positions
in the range of 387.588388.473nm with a resolving power of about 130000 and a
spatial resolution of about 0.25 arcsec. This spectral lbamdrs absorption spectral lines
of both CH and CN molecules and many atomic lines as well. @habled us to provide
a quantitative comparison of their behavior, i.e. absorptDoppler shift and line width,
in the different photospheric features. Our analysis odmigid data yielded that:

e On average, over all BPs in the observed>x334 arcsec? area at the disc centre,
the change of the line-core depression in BPs relativelja¢oquiet Sun of a CN
spectral line § =387.844nm vacuum) is 1.28 stronger than that of a CH spectral
line (A =387.829nm vacuum). In faculae gt =0.65 and aj; =0.56 these values
are 1.32 and 1.46, respectively.

e At the disc centre the CN line-core intensity for the samespelines has higher
BP contrast than the contrast in the CH line-core by a fadtdr.® and the ratio
of these contrasts is decreasing with increasing continatensity. The minimum
value of this ratio is 1.5 for the brightest BPs. This trendimilar to that obtained
from filtergram observations although here we have analyzédidual spectral
lines rather than the whole band and the CH line correspandsdther, i.e. the
B-X, electronic system than CH lines from the G band.

We suppose that one of the cause of enhanced contrast of Birskitue CN band-head
as compared to that in the G band is a higher temperaturedigépsif CN molecules and
thus their more efficient dissociation in flux tubes than éhoECH molecules. However
we can not exclude the influence of other factors to this tesul

A detailed synthesis of the spectra at these wavelengthg @sD MHD simulations
and a direct comparison with observed data would be of cersiide interest. In particu-
lar, an inversion of observed CH and CN spectral lines isrddsi

The third observational campaign was aimed at high resoluthaging observations of
faculae near the limb. We have observed with the SST a plagerr@eary =0.35 in
the red continuum at 705nin. The Multiframe Blind Deconvolution method allowed us
to reach the diffraction limit of the telescope of 0.2 arcé€bt5 km on the Sun) for this
wavelength. An observed plage region showed many facuigntenings of a very com-
plex structure. The granulation at some places gives thesissppn of a three-dimensional
strucrute (see Sect. 4.6.1).
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In order to undestand the physics of such a structuring we hsade continuum ra-
diative transfer computations in realistic 3-D MHD modealsthe same disc positions as
in the observations. The analysis of our simulations redeatany qualitative similar-
ities to the observed faculae and granulation pattern (see 2.6.2). We can explain
many observational features, e.g. faculae, narrow dadslanthe discward side of some
granules, with a "hot wall” model of the magnetic flux tube.

The last part of this work consisted of radiative simulasiohfaculae in several snapshots
of 3-D MHD models with a different amount of the mean magng¢id. We have found
that the models with @ mean magnetic field appear brightepat1.0 and darker near
the limb than the models with a non-zero magnetic field. Caipgahe synthesized limb
darkening in continuum at =676.8nm with observations of Neckel (1996) at the same
continuum wavelength we found that the GOmodels yield the best coincidence to his
observational results (see Sect. 4.4.1).

The comparison of the center-to-limb variation (CLV) of tantinuum intensity, de-
pending on a computed magnetogam signal, in different nsadelfound a good agree-
ment with observations made by Ortiz et al. (2002) with MDI lmrard the SOHO
spacecraft (see Sect. 4.5.2). However, our synthesizedaspnalues are slightly higher
than the observed ones. The results of our simulationsatekahat the CLV of the con-
tinuum contrast of magnetic features changes with theirnatggram signal. Stronger
magnetogram signals correspond to wide flux tubes, whickapgark at the disc centre,
but bright near the limb. Weak magnetogram signals usualigespond to narrow flux
tubes and appear bright at the disc centre and near the limipiéal CLV of the con-
tinuum contrast of faculae increases towards the limb iegdie maximum value at a
certainyu,,., and then decreases again. The valug,f. decreases with an increase of
the magnetogram signal.

The results of this investigation are useful in modelinghe variations of the total
solar irradiance.
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A Filter profiles

In Figs. A.1, A2, A3 and A.4 the transmission profiles of tlee CN band-head,
G band, blue continuum and TiO narrow-band interferencersilused in our imaging
(Chapter 2) and spectroscopic (Chapter 3) observationshangn.

The main characteristics of these filters are presentedile Fa

CN band—head
60 - ‘ ‘ ‘ ‘;

50 E

304 E

Transmission, [%]

386 387 388 389 390
Wavelength, [nm]

Figure A.1: Transmission profile of the CN band-head interiee filter.
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Figure A.2: Transmission profile of the G-band interferefiter.

Blue continuum
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Figure A.3: Transmission profile of the blue continuum ifgeznce filter.
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A Filter profiles
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Figure A.4: Transmission profile of the TiO interferenceefilt

Name Central wavelength FWHM  Peak transmission
TiO 705.68nm 0.71nm 45.37%
Blue continuum 436.39m 1.15nm 36.37%
G band 430.5G:m 1.08nm 46.71%
CN band-head 387.918n 0.74nm 60.54%

Table A.1: Technical data for the filters.
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B Contribution functions

The range of heights over which a spectral line is sensiayahysical parameters of the
atmosphere is an important quantity that needs to be knovemwhking the spectral line
to probe the solar photosphere. In order to quantify thetdept line formation usually
two different approaches are used, a contribution fundgi@fi) and a response function
(RF). The CF represents a depth-dependent function shatangelative contribution

of different layers to the formation of the line. The line degsion CF for all Stokes
componentd, @@, U andV/, assuming that there is no polarization in continuum can be
written as:

[ CFy(re)dre =1 — %,
0

T 0
OfC’FQ (1e) dr. = _?CEO;’

(B.1)

beFU (7e) d1. = —Z((g)),

[ CFy (1.)dr. = —@
0

wherel. is the continuum intensity and is the continuum optical depth. The RF illus-
trates the influence on the line profile of perturbations invamgatmospheric parameter
at different depths and is used for empirical diagnosticatofospheric parameters. An
exhaustive description of Stokes CF and RF computationdedound in Grossmann-
Doerth et al. (1988) and Solanki & Bruls (1994).

In Fig B.1 we present CFs of the Stokes-I line depressionettnes of molecular and
atomic lines computed for the radiative equilibrium modetasphere by Kurucz (1993)
with T,y =5750 K, which represents the solar photosphere. The cotigavere
carried out with the STOPRO code. From these calculationshiain that the maximum
of line-core formation for CN akt =388.00%9m, CH at\A =387.71%m (A — X system),
CH at\ =436.272nm (B — X system), Fe | ah =387.667nm and the strong Fe | line at
A =387.80181m are located at depths, i.bag(73s7), equal to—1.412,—0.929,—1.169,
—1.528 and—5.592, respectively. This corresponds to relative heighthe model of
152km, 88km, 120km, 167km and 654km aboverss; .., =1. Here we have used the
same spectral lines as employed in analysis in Chapter 3.

In Fig. B.2 we present CFs computed in the same Kurucz modeldeeral wave-
length positions of the Fe | line (line-core at=387.667nm). From this plot we obtain
that the position of CF maximum varies depending on the vesagth, i.e. different part
of the line profile are formed at different heights in the aspivere.
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B Contribution functions

Contﬂbuﬂom Fungﬂons

0.5

0.4+
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CF (7)
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Figure B.1: Contribution functions for CN at = 388.009nm (black), CH at\ =
387.719nm (red), CH atA = 436.272nm (green), Fe | ab = 387.667nm (blue) and
Fe | atA = 387.8018um (yellow) dependence of optical depibg(7) computed for the

continuum at\ =387nm.

Figure B.2: Contribution functions of Fe | (387.66i) at different wavelength positions.

132



Bibliography

Akimov, L. A., Belkina, I. L., Dyatel, N. P., & Marchenko, G. P985, Soviet Astron., 31,
64

Atroshchenko, I. N., Gadun, A. S. 1994, A&A, 291, 635
Audic, S. 1991, Sol. Phys., 135, 275
Auffret, H., Muller, R. 1991, A&A, 246, 264

Van Ballegooijen, A. A. 1985, in Measurements of Solar Vetlagnetic Fields, ed. M.J.,
Hagyard, NASA Conf. Publ. 2374, p. 322

Beckers, J. M., Schroter, E. H. 1968, Sol. Phys., 4, 142
Beckers, J. M. 1976, Sacramento Peak Observatory, AFGI7G-R8131
Bellot Rubio, L. R., Ruiz Cobo, B., & Collados, M. 1998, Apd& 805

Bercik, D. J., NordlundA., Stein, R. F. 2003, In: Proceedings of SOHO 12 / GONG+
2002. Local and global helioseismology: the present anaréut27 October - 1 No-
vember 2002, Big Bear Lake, CA, USA. Edited by H. Sawaya-lsé&0ESA SP-517,
Noordwijk, Netherlands: ESA Publications Division, ISBR-9092-827-1, 2003, p.
201 - 206

Berdyugina, S. V., & Solanki, S. K. 2002, A&A, 385, 701
Berdyugina, S. V., Solanki, S. K., & Frutiger, C. 2003, A&Al1Z, 513

Berger, T. E., Schrijver, C. J., Shine, R. A., Tarbell, T. Dite, A. M., Scharmer, G.
1995, ApJ., 454, 531

Berger, T. E., & Title, A. M. 1996, ApJ, 463, 365
Berger, T. E., Title, A. M. 2001, ApJ, 553, 449
Berger, T. E., Lofdahl, M. G., Title, A.M., & Shine , R. S. 189ApJ, 495, 973

Berger, T. E., Lofdahl, M. G., Bercik, D. J. 2002, Americastonomical Society, 200th
AAS Meeting, No. 91.01; Bulletin of the American AstronomicSociety, vol. 34,
p.953

133



Bibliography

Berger, T. E., Rouppe van der Voort, Lofdahl, M. G., Cangdd., Fossum, A., Hansteen,
V. H., Marthinussen, E., Title, A., & Scharmer, G. 2004, A&4#¥28, 613

Brants, J. J., Steenbeck, J. C. M. 1985, Sol. Phys., 96, 229

Brault J. W., Neckel H., 1987, Spectral Atlas of Solar AbselDisk-averaged and Disk-
center Intensities from 3290 to 12510

Briand, C., Solanki, S. K. 1995, A&A, 299, 596

Bruls, J. H. M. J. 1993, Solar Physics, 269, 509

Bruls, J. H. M. J., Solanki, S. K. 1993, A&A, 273, 293
Bunte, M., Solanki, S. K., Steiner, O. 1993, A&A, 268, 736

Cameron, R., Vogler, A., Shelyag, S., Schussler, M. 200# Solar-B Mission and
the Forefront of Solar Physics, ASP Conference Series,328, Proceedings of the
Fifth Solar-B Science Meeting held 12-14 November, 2003apbngi, Tokyo, Japan.
Edited by T. Sakurai and T. Sekii. San Francisco: Astronaifociety of the Pacific,
p.57

Cannon, C. J. 1970, ApJ, 161, 255

Carlsson, M., Stein, Robert F., Nordlundl,; Scharmer, G. B. 2004, Multi-Wavelength
Investigations of Solar Activity, IAU Symposium, No 223, il by Alexander V.
Stepanov and Elena E. Benevolenskaya and Alexander G. KkbewCambridge, UK:
Cambridge University Press, 233

Cattaneo, F. 1999, ApJ, 515, 39

Chapman, G. A. 1970, Sol. Phys., 13, 78

De Boer, C. R. 1993, PhD thesis, University of Gottingen;rtany

De Pontieu, B. 2002, ApJ, 569, 474

Deinzer, W., Hensler, G., Schussler, M., Weisshaar, E418&A, 139, 426
Deinzer, W., Hensler, G., Schussler, M., Weisshaar, E4188&8A, 139, 435
Dominguez Cerdefia, I., Sanchez Almeida, J., Kneer, B32R&A, 407, 741
Dominguez Cerdefia, |., Sanchez Almeida, J., Kneer, 6 28pJ, 636, 496

Dravins, D. 1999, Precise Stellar Radial Velocities, ASHi€mence Series 185, |AU
Colloquium 170. Eds. J. B. Hearnshaw and C. D. Scarfe., 268

Dunn, R. B., Zirker, J. B. 1973, Sol. Phys., 14, 89
Eker, Z. 2003, Sol. Phys., 212, 277
Emonet, T., Cattaneo, F. 2001, ApJ, 560,197

134



Bibliography

Fligge, M., Solanki, S. K. 2000, A&A, 21, 275

Fontenla, J., White, O. R., Fox, P. A., Avrett, E. H., KuruBz L. 1999, ApJ, 518, 480
Frazier, Edward N. 1971, Sol. Phys., 21, 42

Fraunhofer, J. 1817, Denkschriften der Miinch. Akad. desséfschaften, 5, 193
Frohlich, C. 2002, Adv. Space Res., 29, 1409

Frutiger, C., Solanki, S. K., Fligge, M. & Bruls, J.H.M.J.@Q A&A, 358, 1109
Gadun, A. S., Hanslimeier, A. 2000, Kinematika i Fizika Netyd Tel, 16, 130
Gadun, A. S., Solanki, S. K., Johannesson, A. 1999, A&A, 3808

Gonsalves, R. A. 1982, Optical Engineering, 21, 829

Gooodman, M. K. 2004, A&A, 416, 1159

Grossmann-Dorth, U., Larsson, B. & Solanki, S. K. 1988, A&RA4, 266

Grossmann-Dorth, U., Knolker, M., Schiissler, M., Whesr, E. 1989, in Solar and Stel-
lar Granulation, ed. R. J. Rutten & G.Severino, Vol. 263, 481

Hale, G. E. 1908, ApJ., 28, 315

Hasan, S. S., Kalkofen, W., Steiner, O. 1999, in Solar Psd¢ion, ed. K. N. Nagendra &
J. O. Stenflo, Astrophysics and space science library, ¥8|.8. 409

Hirzberger, J. 2003, A&A, 405, 331
Hirzberger, J., Wiehr, E. 2005, A&A, 438, 1059

Holweger, H., Kneer, F. 1989, Solar and Stellar GranulatRmoceedings of the 3rd In-
ternational Workshop of the Astronomical Observatory op@iimonte (OAC 3) and
the NATO Advanced Research Workshop on Solar and Stellaraton, June 21-25,
held at Capri, Italy., Dordrecht: Kluwer, 1989, edited bybRd J. Rutten and Giuseppe
Severino. NATO Advanced Science Institutes (ASI) Seriesdyme 263, p.173

Hu, Y. Q., Habbal, S. R., Chen, Y., Li, X. 2003, J. Geophys..RE38, 1377
Hirayama, T. 1978, PASJ., 30, 337

Janssen, K., Cauzzi, G. in press., A&A

Jorgensen, U. G., Larsson, M., lwamae, A., Yu, B. 1996, A&R5 304

Kahaner, D., Molker, C., & Nash, S. 1989, Numerical Methodd Software, Prentice
Hall

Keller, C. U. 1992, Natur., 359, 307

135



Bibliography

Keller, C. U., Stenflo, J. O., Solanki, S. K., Tarbell, T. D.,18le, A. M. 1990, A&A,
236, 250

Keller, C. U., von der Luhe, O. 1992, A&A, 261, 321
Keller, C. U., Schussler, M., Vogler, A., Zakharov, V. 20@\pJ, 607, 59

Kiselman, D., Rutten, R. J., & Plez, B., 2001, ASP Conf. 322i@0, Recent Insights into
the Physics of the Sun and Heliosphere, ed. P. Brekke, BkBlekB. Gurman, 287

Khomenko, E. V., Martinez Gonzalez, M. J., Collados, Mgglér, A., Solanki, S. K.,
Ruiz Cobo,B., & Beck, C. 2005, A&A, 436, 27

Knolker, M., Schissler, M. 1988, A&A, 202,275
Knolker, M., Schissler, M., & Weisshaar, E. 1988, A&A, 1237

Knolker, M., Grossmann-Doerth, U., Schissler, M., Wedss, E. 1991, Advances in
Space Research, 11, 285

Koschinsky, M., Kneer, F., Hitzberger, J. 2001, A&A, 365858

Kourganoff, V. 1949, C.R. Acad. Sci. Paris 228, 2011 (Caunst. Astrophys. Paris A,
No. 46)

Krivova, N. A., Solanki, S. K., Fligge, M., & Unruh, Y. C. 2003&A, 399, 1
Kurucz, R.L. 1993, Vizier On-line Data Catalog, VI/39

Leka, K. D., Steiner, O. 2001, ApJ, 552, 354

Leenaarts, J., & Wedemeyer-Bohm, S. 2005, A&A, 431, 687

Langhans, K., Schmidt, W., Rimmele, T., & Sigwarth, M. 20B§PC, 236, 439
Langhans, K., Schmidt, W., & Tritschler, A. 2002, A&A, 39489

Langhans, K., Schmidt, W., & Rimmele, T. 2004, A&A, 423, 1148157

Lean, J. L., Cook, J., Marquette, W., & Johannesson, A. 1888, 492, 390

Lee, L., Vasudevan, G., Smith, E.H. 2003, in Proc. of the SRRESpace Telescopes and
Instruments, ed. John C. Mather, 4850, 441

Lofdahl, M. G., Scharmer, G. B. 1994, A&A, 107, 243
Lofdahl, M. G., Berger, T. E., Shine, R. S., & Title, A. M. 189ApJ, 495, 965
Lofdahl, M. G., Berger, T. E., Seldin, J. H. 2001, A&A, 377,28

Lofdahl, M. G. 2002, 'Multi-frame blind deconvolution witlinear equality constraints’,
in Proc SPIE, Vol. 4792, pp. 146-155, Image Reconstructiomfincomplete Data Il,
ed: P. J. Bones, M. A. Fiddy, and R.P. Millane.

136



Bibliography

Lites, B. W., Nordlund,&., & Scharmer, G. B. 1989, in Solar and Stellar GranulatiRn,
J. Rutten & G.Severino, Dordrecht: Kluwer, 349

Lites, B. W., Scharmer, G. B., Berger, T. E., Title, A. M. 20&blar Physics, 221, 65

Mathew, S. K., Lagg, A., Solanki, S. K., Collados, M., Boogd. M., Berdyugina, S.,
Krupp, N., Woch, J., & Frutiger, C., 2003, A&A, 410, 695

Muller, R. 1975, Sol. Phys., 45, 105

Muller, R. 1983, Sol. Phys., 85, 113

Muller, R., & Keil, S. L. 1983, Sol. Phys., 87, 243

Muller, R., & Roudier, T. 1984, Sol. Phys., 94, 33

Muller, R., Hulot, J. C., & Roudier, T. 1984, Sol. Phys., 1992

Muller, R. 1994, in NATO ASI C, ed. R. J. Rutten & C. J. Scrijv8olar Surface Mag-
netism, Vol. 433, 73

Muller, R., Roudier, Th., Vigneau, J., Auffret, H. 1994, A&283, 282

Muller, R., Dollfus, A., Montagne, M., Moity, J., Vigneau, 2000, A&A, 359, 373
Neckel, H., Labs, D. 1994, Solar Physics, 153, 91

Neckel, H. 1996, Solar Physics, 167, 9

Nesis, A., Bogdan, T. J., Cattaneo, F., Hanslmeier, A., KeyeM., Malagoli, A. 1992,
ApJ, 399, 99

Nesis, A., Hanslmeier, A., Hammer, R., Komm, R., Mattig, Btaiger, J. 1993, A&A,
279,599

Nisenson, P., van Ballegooijen, A. A., de Wijn, A. G., Siltte P. 2003, ApJ, 587, 458
Noll, R.J. 1976, Optical Society of America, 66, 207

Nordlund,A1984, in Small-Scale Dynamical Processes in Quiet Stallarospheres, ed.
S. K. Keil (Sunspot, NM: Sacramento Peak Observatory), 181

Nordlund,A1986,in Small Scale Magnetic Flux Concentrations in thiaSBhotosphere,
ed. W. Deinzer, M. Knolker, and H.H. Voigt, 83

November, L. J., Simon, G. W. 1988, ApJ, 333, 427
Okuney, O. V., Kneer, F. 2004, A&A, 425, 321

Orlov, V. G., Voitsekhovich, V. V., & Cuevas, S. 2003, RetasMexicana de Astronomia
y Astrofisica, 33, 187

137



Bibliography

Ortiz, A., Solanki, S. K., Domingo, V., Fligge, M., and San@h B. 2002, A&A, 388,
1036

Paxman, R. G., Schulz, T. J., & Fienup, J. R. 1992, Opt. Socraa, 9, 1072

Paxman, R. G., Schulz, T. J., & Fienup, J. R. 1992, in Techiggest Series, Vol. 11,
Signal Recovery and Synthesis IV, Optical Society of Ameeris7

Paxman, R. G., Seldin, J. H., Lofdahl, M. G., Scharmer, GKeller, C. U. 1996, ApJ,
466, 1087

Puschmann, K. G., Wiehr, E. 2006, A&A, 445, 337
Pierce, A. K., Slaughter, C. D. 1977, Sol. Phys., 51, 25
Pierce, A. K., Slaughter, C. D., Weinberger, D. 1977, Soyb2, 179

Press, W. H., Flannery, Brian P., Teukolsky, S. A. 1986, Nuecaérecipes. The art of
scientific computing, (Cambridge: University Press)

Ramsey, H. E., Schoolman, S. A, Title, A. M. 1977, ApJ, 215, 4
Rees, D. E., Durrant, C. J., Murphy, G. A. 1989, ApJ, 339, 1093
Restaino, S. R. 1992, Appl. Opt., 31, 7442

Roddier, F. 1990, Optical Engineering, 29(10), 1174

Roddier, F, Roddier, C. 1991, Appl. Opt., 30, 1325

Rogerson, John B., Jr. 1961, ApJ, 134, 331

Ruiz Cobo, B., del Toro Iniesta, J. C. 1992, ApJ, 398, 375

Rutten, R. J. 1999, in Magnetic Fields and OscillationsBeé&chmeider, A. Hofmann &
J. Staude, 3rd Advances in Solar Physics Euroconferende, @@hf. Ser. 184, p. 181

Rutten, R. J., Kiselman, D., Rouppe van der Voort, L., & PRZ2001, ASP Conf. Series
236, Advanced Solar Polarimetry — Theory, Observation,laatfumentation, ed. M.
Sigwarth, p.445

Rutten, R. J., de Wijn, A. G., & Sutterlin, P. 2004, A&A, 41333
Rybak, J., Wohl, H., Kuc€era, A., Hanslmeier, A., & Stain®. 2004, A&A, 420, 1141

Sanchez Almeida, J. , Asensio Ramos, A., Trujillo BuenpCérnicharo, J. 2001, ApJ,
555, 978

Sanchez Almeida, J. 2003, in AIP Conf. Proc., Solar WindetD M. Velli, R. Bruno, &
F. Malara (Melville: AIP), Vol. 679, p. 293

Sanchez Almeida, J., Dominguez Cerdeia, |., Kneer, 8328pJ, 597, 177

138



Bibliography

Sanchez Almeida, J. 2004, in The Solar-B Mission and theffamt of Solar Physics,
ASP Conf. Ser., ed. T. Sakurai and T. Sekii, Vol. 325, p. 115

Sanchez Almeida, J., Marquez, |., Bonet, J. A., DomirgDerdefia, I., Muller, R. 2004,
ApJ, 609, 91

Sanchez Cuebes, M., Vzquez, M., Bonet, J. A., & Sobotka2002, ApJ, 570, 886
Sankarasubramanian, K., Rimmele, Thomas 2003, ApJ, 598, 68

Scharmer, G. B., Kiselman, D., Lofdahl, M. G., Rouppe van\d=ort, L. H. M. 2003,
ASP Conference Series 307, in Proc. Third Internationalkéloop on Solar Polariza-
tion, ed. J. Trujillo-Bueno and J.S. Almeida, Tenerife, @grislands, Spain

Scharmer, G. B., Dettori, P. M., Peter, M., Lofdahl, M. G. Shand, M. 2003, in Proc.
SPIE Vol. 4853, Innovative Telescopes and InstrumentdtioBolar Astrophysics, ed.
S. L. Keil & S. V. Avakyan, p.370

Schatten, K. H., Mayr, H. G., Omidvar, K., Maier, E. 1986, AR11, 460

Scherrer, P. H., Bogart, R. S., Bush, R. I., Hoeksema, J. dspkichev, A. G., Schou,
J., Rosenberg, W., Springer, L., Tarbell, T. D., Title, AgN8¥on, C. J., Zayer, |., MDI
Engineering Team 1995, Solar Phys., 162, 129-188

Schrijver, C. J. & Title, A. M. 2003, ApJ 597, 165
Schulz, T.J. 1993, Journal of the Optical Society of Ame&id,0, 1064
Schmidt, W., & Balthasar, H. 1994, A&A, 283, 241-246

Schrijver, C. J., Zwaan, C. Solar and Stellar Magnetic &gtiCambridge Unniv. Press,
Cambridge, UK

Schussler, M., Shelyag, S., Berdyugina, S., Vogler, Alagki, S. K. 2003, ApJ, 597,
173

Seldin, J. H., & Paxman, R. G. 1994, in Proc. SPIE, Vol. 230268-280, Image Recon-
struction and Restoration, ed: T. J. Schulz & D. L. Snyder

Sheeley, N. R. 1967, Sol. Phys., 1,171
Sheeley, N. R. 1971, Sol. Phys., 20, 19

Shelyag, S., Schussler, M., Solanki, S. K., Berdyugina/. S& Vogler, A. 2004, A&A,
427, 335

Shelyag, S. 2004, PhD thesis, University of Gottingen, iy, http://www.solar-
system-school.de/alumni/shelyag.pdf

Simmons, G. J.; Blackwell, D. E. 1982, A&A, 112, 209
Simon, G. W., Zirker, J. B. 1974, Sol. Phys., 35, 331

139



Bibliography

Solanki, S. K., Stenflo, J. 0. 1985, A&A, 148, 123
Solanki, S. K. 1986, A&A, 168, 311
Solanki, S. K. 1987, Ph.D. Thesis, ETH, Zurich

Solanki, S. K., 1987, The Photospheric Layers of Solar Maghidux Tubes, Ph.D. The-
sis, Zurih

Solanki, S. K., Steiner, O., Uitenbroek H. 1991, A&A, 250022
Solanki, S. K., Brigljevic, V. 1992, A&A, 262, 29

Solanki, S. K., Ruedi, I. & Livingston, W. 1992, A&A, 263, 21
Solanki, S. K. 1993, Space Science Review, 63, 1

Solanki, S. K., Bruls, J. H. M. J. 1994, A&A, 286, 269

Solanki, S. K., Ruedi, I., Bianda, M., Steffen, M. 1996, A&308, 623

Solanki, S. K., Steiner, O., Buente, M., Murphy, G., Plor&rR. O. 1998, A&A, 333,
721

Spruit, H. C. 1976, Solar Physics, 50, 269

Spruit, H. C. 1979, Solar Physics, 61, 363

Spruit, H. C., Zwaan, C. 19781, Solar Physics, 70, 207
Steffen, M., Ludwig, H.-G., Kriss, A. 1989, A&A, 213, 371
Stein, R. F., Nordlundd1989, ApJ, 342, 95

Stein, R. F., Nordlundd1998, ApJ, 499, 914

Stein, R. F., Nordlundd2002, in Magnetic Coupling of the Solar Atmosphere Eurecon
ference and IAU Colloquium 188, ed. H. Sawaya-Lacoste, EBAG5 (Noordwik,
Netherlands), 83

Steiner, O. 1990, in Solar Photosphere: Structure, Coioreahd Magnetic Fields, ed. J.
O. Stenflo, IAU-Symp. No. 138, Kluwer, Dordrecht, p. 181

Steiner, O., Grossmann-Doerth, U., Knolker, M., Schérsall. 1998, ApJ, 495, 468
Steiner, O., Hauschildt, P., & Bruls, J. 2001, A&A, 372, 13

Steiner, O., Hauschildt, P., & Bruls, J. 2003, Astron. Nac34, 398

Steiner, O. 2005, A&A, 430, 691

Stenflo, J. O. 1973, Sol. Phys., 32, 41

Stenflo, J. O. 1982, Sol. Phys., 80, 209

140



Bibliography

Stenflo, J. O. 1993, in Solar Magnetic Fields, ed. M. ScleiisgsMW. Schmidt (Cambridge
University Press), 301

Sutterlin, P., Wiehr, E., Stellmacher, G. 1999, Sol. Pn&9, 57
Tarbell, T. D., Title, A. M. 1977, Sol. Phys., 52, 13

Title, A. M., Berger, T. E. 1996, ApJ, 463, 797

Topka, K. P., Tarbell, T. D., Title 1992, ApJ, 396, 351

Topka, K. P., Tarbell, T. D., Title 1997, ApJ, 484, 479

Trujillo Bueno, J. 1990, in New Windows to the Universe, edS&nchez & M. Vazquez,
Cambridge University Press, 1, 119

Trujillo Bueno, J., Shchukina, N., Asensio Ramos, A. 2004dtud, 430, 326

Tritschler, A., Schmidt, W., Rimmele, T. 2002, In: Solar iadlity: from core to outer
frontiers. The 10th European Solar Physics Meeting, 9 - Jptedeber 2002, Prague,
Czech Republic. Ed. A. Wilson. ESA SP-506, Vol. 1. NoordwifkSA Publications
Division, ISBN 92-9092-816-6, 2002, p. 477 - 478

Tritschler, A. 2000, PhD thesis, Kiepenheuer-Institut$dnnenphysik, Germany
Trujillo Bueno, J., Shchukina, N., Asensio Ramos, A. 2004tud, 430, 326
Uitenbroek, H., Tritschler, A., Apj (submitted.)

van Ballegooijen, A. A., Nisenson, P., Noyes, R. W., Lofddh G., Stein, R. F., Nord-
lund, A., Krishnakumar, V. 1998, ApJ, 509, 435

Vogler, A., Schissler, M. 2003, Astron. Nachr., 324,399

Vogler, A., Shelyag, S., Schissler, M., Cattaneo, F., B®hor., & Linde, T. 2003, IAUS,
210, 157

Vogler, A. 2003, PhD thesis, University of Gottingen, @any, http://www.solar-system-
school.de/alumni/voegler.pdf

Vogler, A., Shelyag, S., Schussler, M., Cattaneo, F., B®hdl., & Linde, T. 2005, A&A,
429, 335

Walton, S. R., Preminger, D. G., & Chapman, G. A. 2003, Apd, 3988

Wang, H., Spirock, T., Goode, P. R., Lee, C., Zirin, H., Koscky, W. 1998, ApJ, 495,
957

Wang, H., Zirin, H. 1987, Sol. Phys., 110, 281

Weiss, N. O., Brownjohn, D. P., Matthews, P. C., & Proctor, R1.E. 1996, MNRAS,
283, 1153

141



Bibliography

Wenzler, T., Solanki, S. K., Fluri, D. M., Frutiger, C., Hjg, M., & Ortiz, A. 2002, in
Proceedings of the SOHO 11 Symposium on From Solar Min to Méaif a Solar
Cycle with SOHO, 11-15 March 2002, Davos, Switzerland, edWison, ESA SP-
508, Noordwijk, p. 231

Wiehr, E. 1978, A&A, 69, 279

Wiehr, E., Bovelet, B., & Hirzberger, J. 2004, A&A, 422, 63

Woo, R., Habbal, S. R. 1997, Geophys. Res. Lett., 24, 1159

Zayer, 1., Stenflo, J. O., Keller, C. U., Solanki, S. K. 199&/4 239, 356

142



Acknowledgements

The present PhD thesis has been written at the Max Plancikubestor Solar System
Research, Katlenburg-Lindau. | thank the directors of tigtitute for offering me the
possibility to study and work in the nice and creative envinent of the institute. Finan-
cial support of the Max Planck Society is gratefully acknesided.

Special thanks to my supervisors, Prof. S. K. Solanki andADiGandorfer, for offering

me the topic, which | have been working on, for their kind hatg discussions during
my PhD project and professional filtering out all crazy stfenideas visiting my head
sometimes. | thank my university supervisor, Prof. F. Kn&erthe possibility to defend
my thesis at the University of Gottingen, for the seminarghie University Observatory
and for helpful discussions. Many thanks to all of them foeanpainstaking revision of
the present thesis.

I would like to express my special gratitude to M. Lofdaht feaching me many nu-
merical tricks of contemporary phase diversity image retmetion algorhitms and for
providing his code. Many thanks to A. Tritschler for her dateand very helpful in-
troduction into the mathematical concepts of phase diessid for discussions of the
optical setup for my observations at the VTT. Many thankss&eful discussion concern-
ing phase diversity to J. Bonet, C. Keller and O. von der Liuhe

| deeply appreciate the help of S. Berdyugina, S. ShelyagdWiissler and S. Solanki in
numerical modeling. Many thanks to R. Cameron and A. Vofgieproviding me their
MHD models.

An important part of my PhD study were several observati@oahpaigns at the 1-m

Swedish Solar Telescope on La Palma, without which the rfodfiit of this thesis would

be impossible. My greatest respect and thanks goes to Grr8ehdhe director of the ob-

servatory, who permitted my observations with this amatgscope and to all technical
staff of the observatory, P. Detori and R. Kever. Many thatakghem for the tolerance
and for the constant willingness to help in any technicabfems.

In my PhD education | was participating in the seminars amegmoevents of the Inter-
national Max Planck Research School on Physical Processd® iSolar System and
Beyond, for which | would like to thank the coordinator of th&hool, Dr. D. Schmidt.

Thank God, my parents and my real friends without who | wouddan exist.

143






Lebenslauf

Name:

Geburtstag:

Geburtsort:

Eltern:

Staatsbirgerschaft:

Schulbildung:

Studium:

Vasily Zakharov
01.01.1978
Moskau, Russland

Nikolai Nikiforov
Sofia Nikiforova

russisch

9/1984-6/1995 Schule No 1249, Moskau

9/1995-1/2001  Physikstudium an der Physikatisch
Fakultat der Staats-Universitat Moskau,
Abteilung fur Optik und Spektroskopie

9/1998-6/1999  Bachelorarbeit: “Propagation of the lagdiation
in the bottom atmosphere of the Earth”

9/1999-11/2000 Diplomarbeit: “Plasma-chemical reactitin w
a controlled electronic component of plasma
on basis of non-self-sustained discharge”

1/2001-12/2002 Wissenschaftlicher Mitarbeiter des P.ébddev
Instituts fur Physik der russischen Akademie
der Wissenschaften, Moskau

1/2003-1/2006  Doktorarbeit am Max-Planck-Institut fur
Sonnensystemforschung, Katlenburg-Lindau.

145



