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Summary

Solar surface magnetism manifests itself in a variety afcdtires with sizes often com-
parable to or even below the spatial resolution capaltslitfemodern telescopes (but see
Lagg et al. 2010). Nevertheless, sub-resolution inforomatibout the intrinsic atmo-
spheric structure can be obtained via indirect technigBe®e the small scale structures
have magnetic origin, the usage of high spectral resoligmttropolarimetry allows us
to measure the emerging polarization and spectral sigemafrthe magnetic components
of the solar atmosphere. The observed polarization sigirabe analyzed with special
methods to extract the physical parameters of the atmospher

The main aim of this work is to investigate the temperaturacstire of the small
scale magnetic elements and to expand our knowledge ateopihyisics of the unresolved
magnetic features of the deep photosphere. We would likestcat previously presented,
spatial resolution independent technique of using Stdkéise ratios as a temperature
diagnostic tool (Solanki and Brigljei1992). We also aim to extend previous results
with better statistics, and compare the results §edent methods (inversions, numerical
simulations).

Simultaneous observations of Stokesnd StokesV/| spectra of Fd 5379.6 A,
C15380.3 A, Till 5381.0 A and Fe 5383.4 A were performed at the Istituto Ricerche
Solari Locarno (IRSOL) with the Zurich Imaging PolarimeliefZIMPOL Il, Gandorfer
et al. 2004); this data set constitutes the basis of our aizalyVe analyzed ratios of the
observed Stokeg amplitudes following the technique introduced by Solamid 8riglje-
vi€ (1992). Then, we inverted the measured profiles using SRIN&okes-Profile-
INversion-O-Routines, Frutiger et al. 2000) to obtain ta@perature stratification along
the line-of-sight. The resulting Stok& amplitude values of the synthetic profiles are
then compared to the measured ones. This allowed us to aomite temperature struc-
ture of the magnetic elements down to deep photosphericdaythout sdfering from
limited spatial resolution. Afterwards, we computed sytihobservables of the spectral
lines using snapshots computed by the MURaM code (MRBersity of Chicago Ra-
diative MHD, Végler 2003, Vogler and Schiissler 2003, Vogleal. 2005). The obtained
results are then compared with the results of the inversions

This is an exploratory work using this amplitude ratio teiglue in combination with
inversions as well as numerical simulations to demonstreenalytic potential of the
proposed method. The most important results are:

o The decrease in ratio of the StoRésmplitude of O 5380.3 A relative to the other
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Summary

lines with increasing Stokeg amplitude, i.e., increasing magnetic flux within the
spatial resolution element, shows that the magnetic featinr regions with little
magnetic flux are on average hotter and brighter than in negiath higher flux.
This confirms and extends the results of Solanki and Brigj€¥992) to a larger
number of data points, at higher spatial resolution.

Using inversion technique we quantified these qualitatgeiits obtained from the
observations. Even with rather simple approximations éitiversions, we man-
aged to represent our observations and obtain results eomeptary to those from
the pure line ratio technique. From the inversion resutis temperature stratifica-
tion of the observed atmospheres are obtained. Magneticilwations in regions
with less magnetic flux are on average hotter and brighterttiase in regions with
higher flux. A factor of 2 diference in magnetic flux density implies a temperature
difference of 250 K at the continuum forming layers.

We compared the results obtained from magnetohydrodyn@ihi@®) simulations
with the results obtained from the observations and fromirifaersions. A good
agreement between the observations, inversions and MHDIations was found
in the Stoked/ amplitude ratios.

Relations of temperature with amplitude ratios and tentpegaratios with am-
plitude ratios are investigated. Linear relations are €bboth in the relations of
temperature with amplitude ratios obtained from the iroe liand from the the ti-
tanium line. Power law relations are found for the tempeeatatios and amplitude
ratios in both spectral lines.

Decreasing Stoke¥ amplitude asymmetries are observed with increasing Stokes
V amplitudes, where there is no trend observed between ayesaretries and the
amplitudes.

Red-shifted, decreasing zero-crossing velocities witheasing amplitudes are ob-
served in each spectral line, which indicates the motioe®bstructed by the mag-
netic field strength.

No relation is found between the Stokésasymmetries and zero-crossing veloci-
ties.



1 Introduction

In this chapter brief information about the Sun (Sect. Isélar photosphere (Sect. 1.1.1)
and the small-scale magnetic features of the photosphe.($5.1.2) are introduced.
Later on the outline of the thesis is drawn (Sect. 1.2).

1.1 The Sun

The Sun is a normal star on the main sequence with no peciggarilt is common, in
size, in color, in &ective temperature with average mass and luminosity. Cdsgra
to the other stars is presented in the Hertzsprung-Ruds$dR)(diagram (see Fig. 1.1).
Yet, the Sun is the central star of our solar system and amggproximately 98% of the
total mass of the solar system. It is the only star, where weobserve the surface with
high spatial resolution. The Sun is a unique natural lalooyaor astrophysics. We can
use it in a variety of aspects to expand our knowledge ab@uphlysics of stars. Here
we can develop observational instruments, techniques hysiqal methods, which can
be applied to understand other stars. These astrophysigat® make the Sun a very
special star for us.

1.1.1 Solar photosphere

The solar photosphere is the deepest atmospheric layee &tth, around 500 km thick,
with temperature decreasing from about 6000K at its baséadotad000K at the tem-
perature minimum. The photosphere radiates most of theygnehich is generated in
the solar interior by nuclear fusion, in the visible rangé.sithe layer, for which we
possess the most sensitive diagnostics of temperatuagityeland magnetic field. This
is largely due to the richness of the visible solar spectraohthe relative simplicity of
line-formation physics in this layer.

This layer represents the visible solar surface, and tberdfas been studied since
the observations of sunspots with naked eye, first mention€tiinese Chronicles. With
the invention of the telescope by Galileo Galilei, Christ&zheiner, Johannes Fabricius,
and Thomas Harriot, regular observations of sunspots wareed. Those regular obser-
vations resulted in new discoveries, like the solar rotgttbe solar dierential rotation
(Scheiner’'s Rosa Ursina, published in 1630, contains eciel¢hat the sunspot passage
took a little longer at higher solar latitude than near theatqgr, although the interpreta-
tion in terms of adifferential rotationof the Sun came only much later), the solar cycle
(Schwabe 1844), etc.
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Hertzsprung-Russell Diagram
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Figure 1.1: H-R Diagramffom Australia Telescope Outreach and Education)

Many photospheric structures at all scales have a magnagic,owhich can be ob-
served by finding Zeemarttect induced splitting and polarization in spectral lineke T
magnetic nature of sunspots was discovered by George Hilely (Hale 1908). Mag-

netic field strengths are 10062000 G in the small-scale magnetic structures (Stenflo

1973) and 1000 66000 G in sunspots (Zwaan 1968, Livingston etal. 2006). \With
improvement of the observational techniques, previouslgdn magnetic structures be-
came possible to study. The small scale magnetic strucfexgsained in Section 1.1.2)
were first observed by Sheeley (1967) at the Kitt Peak NaltiBokar Observatory. Af-
terwards, Stenflo (1973) measured magnetic field strengihthe order of kG in the
photospheric network and in quiet regions. In the mean tirodem instruments were
built and new techniques were developed for the analysi®laf ®bservations, but the
small-scale magnetic structures still remained partlyesaived.

Nevertheless, information on the intrinsic atmospheniacstire of even unresolved
magnetic features can be obtained by an appropriate chbaiagnostics of spectropo-
larimetric data. Such indirect techniques were pioneeredtenflo (1973), with the

StokesV line ratio between FE5250.2 A and 5247.1 A (see Solanki (1993) for an overview

of Stokes-based diagnostic techniques) spectral line® ddantity that is of consider-
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1.1 The Sun

able interest, not only for our understanding of magnetituees, but also to improve
estimates of their contribution to solar irradiance vaoias (e.g. Unruh etal. 1999), is
the thermal structure of the photosphere. This has beercdddtom spectral (Chapman
1977, Walton 1987) and spectropolarimetric data (SolaBRb] Keller etal. 1990, Zayer
etal. 1990, Briand and Solanki 1995, Bellot Rubio etal. 2006 general, these stud-
ies used spectral lines of Fand Fdl that are not very sensitive to the temperature in
the deep photosphere near the important continuum forraiyey. It was pointed out by
Solanki and Brigljeve (1992) that weak lines of Qprovide an ideal extension to the deep
layers of magnetic features (cf. Livingston etal. 1977t&k987, Holweger and Muller
1974). One shortcoming of the work of Solanki and Briglfe¢1992) is that it was re-
stricted to two regions, so that is not clear how general @selts of that study were.
Another is that Solanki and Briglje&i(1992) did not employ an inversion technique to
extract information from the line profiles, but simply vatithe temperature structure in
an ad hoc manner.

With the present study we not only remove those shortcomimgisalso extend that
study in other ways. Thus we analyze data from a far larger@urf solar surface loca-
tions than just the 2 studied by Solanki and Briglie¢1992). In addition, we also com-
pare our data with synthetic profiles obtained from statéiefart numerical simulations.
Here we use spectropolarimetric observations in the ppbtaic lines G 5380.3 A, Fe
5379.6 A, Till 5381.0 A, and Fe5383.4 A. This set of lines covers the atmospheric layers
from the deep to the mid-photosphere. The weadki®= with a high-excitation potential
is well suited to improve the determination of the tempemnear the continuum form-
ing layers of the magnetic elements.

1.1.2 Small-scale magnetic features of the solar photospiee

Outside active regions containing sunspots, the photeogptragnetic field is concen-
trated in pores, micropores and in plage regions. The ssealk magnetic features are
formed mostly in the intra-network and inter-granular n&hey can also be found in
the intra-network of the quiet sun regions (Lites 2002) vt less number density. The
resolved small-scale structures are mostly named acaptditheir appearance as rib-
bons, flowers, etc. but the common denominator of all thestifes is their theoretical
description as flux tubes. The concept of flux-tubes was #tieatly explained by Spruit
(1976, 1979).

The basic explanation of each magnetic feature is an isbtaggnetic flux tube. 90%
or more of the network magnetic field is in form of magnetic flubes with a field
strength of the order of kG (Howard and Stenflo 1972, Frazmer &tenflo 1972) and
typically a diameter of 100 km. They penetrate the surfa@enoughly vertical direction
with rapid expansion with height. Fig. 1.2 describes the metgstatic fluxtube where the
magnetic pressure causes a reduction of the gas presside ths tube to balance the
outside gas pressure at all heights. The expansion of tfeeviith height is due to the
exponential drop4 of the outside pressure. The lower gas pressure leads tdial par
evacuation of the flux-tube atmosphere, which leads to aedspd iso-surface of the
continuum optical depth in its inside. The relatively trpaent flux-tube interior allows
us to see deeper layers, leading to the Wilson depressiodOdéra for pores of 1000 km
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1 Introduction

flux tube
boundary

T.=1
7 Wilson depression
hot wall

Figure 1.2: Schematic representation of a fluxt(rhedified from Steiner 2007)

diameter and 100-200 km for facular points (Spruit 1976)Fi 1.2, the wavy arrows
represent sideways radiation by the walls which are hdttan the internal gas at certain
heights due to a deficit in convective energy flux inside the-fube (vertical arrows).
The first explanation of the "hot-wall'fiect is presented by Spruit (1976). The hot walls
excessively radiate into the flux tube (Spruit 1976), whighses the flux-tube atmosphere
to be heated through radiative influx By ~ 300 K with respect to the surroundings at
equal geometrical height (Steiner and Stenflo 1990). Thedatal models of flux-tube
atmospheres were introduced by Solanki and Stenflo (198%nk (1986), Solanki and
Brigljevi€ (1992). They provide the stratification of the physicalgpaeters of the flux-
tube atmosphere derived from spectral line profiles, eafigdiom the Stoked profiles

of Fel lines.

These small scale magnetic structures play an importaatinobur understanding
of solar magnetic fields and in the total brightness vanetiof the Sun, which have
been found to correlate with the solar activity cycle (Willsand Hudson 1991). The
total irradiance is on average 0.1% higher during activisgkimum where there are more
sunspots on the solar disk (Frohlich 2000). The dark sussymsttribute to the darkening
of the Sun, while small scale structures contribute to thghitening (Solanki and Unruh
1998). Over 90% of the net magnetic flux is concentrated inlisito& tubes (Howard
and Stenflo 1972, Frazier and Stenflo 1972). Even though tladl soale kG structures
occupy only a small fraction of the solar surface, they piteva significant part of the
magnetic energy (Dominguez Cerdefia etal. 2006). The scal# snagnetic elements
probably dfect the behavior of the global magnetic fields by their infaeenn the solar
dynamo (Schiissler 1983, Schiissler 1992).

Additionally, solar magnetic elements have a significafitence on the bright struc-
tures and dynamical processes of the chromosphere andadtarain and Ulmschneider
1996). Indeed, they are the most likely channels for trarispmpthe energy required to
heat these layers (Spruit and Roberts 1983, Ulmschneidefasielak 2003).

12



1.2 Outline of the thesis

1.2 Outline of the thesis

This thesis mainly elaborates and uses a technique, whigs gnformation about the
temperature structure of the small scale magnetic featurdspendently of the spatial
resolution. The outline of the thesis is as follows:

e The underlying data set consists of simultaneously recb&tekesl and Stokes
V/I profiles of C15380.3A, Fe5379.6 A, Till 5381.0A and Fe5383.4A lines
from an active region; it was obtained with ZIMPOL Il at IRSOtThese lines are
carefully selected to cover not only mid-photospheric Bab aleep photospheric
layers. The observations and data reduction steps areimaglim Chapter 3.

e The data are analyzed usingfdrent techniques: Techniques based on Stokes pa-
rameters. The investigated Stokes parameters are Stbksymmetries, Stokes
V ratios, velocities calculated from Stokesnd Stoked/, relation between zero
crossing wavelength and Stokésasymmetries. Inversions are performed to obtain
physical parameters of the atmosphere. The details of bethads and the results
are presented in Chapter 4.

e Some snapshots resulting from realistic MHD simulatioriswdated with the MU-
RaM code (MPgJniversity of Chicago Radiative MHD, VVogler 2003, Voglercan
Schissler 2003, Vogler etal. 2005) are investigated. Wepcoead synthetic ob-
servables of the spectral lines. Stokééine ratios are investigated. The analysis
of the synthetic data, and the comparison of the results thi¢ghobservations and
inversions are presented in Chapter 5.

13






2 Introduction to spectropolarimetry

Spectropolarimetry is a very powerful technique, whiclow us to obtain information
about magnetic structures of the sun. Therefore this tgcleniepresents the only way
to retrieve information about the spatially unresolved n&tig structures of the solar at-
mosphere. The basic principles of spectropolarimetry gpéaéned in this chapter intro-
ducing the Zeemanfkect, polarized light, the Stokes parameters and the radisinsfer
equation for polarized light.

Light can be polarized by reflection, refraction, dichrojsuattering, and magnetic
fields. In this thesis, we concentrate on the light polarizgthe existence of a magnetic
field. We can get information about magnetism from Zeemaittisigl of spectral lines,
and the observation of the Zeeman pattern of spectral lsésne with spectropolarime-

try.

2.1 Zeeman ffect

In 1896 Pieter Zeeman discovered that in the presence ofdlgeetic field, spectral lines
split into polarized components. Zeeman splitting of sédines in sunspots was first
reported by Hale (1908) and this splitting provides infotimaabout the magnetic fields
on the Sun.

In the case of a weak field, we apply the approximation of ReSaanders or LS
coupling approximation introduced by Russell and Saund&25);L, S, J andM are the
guantum numbers which define the state of an atom. Hegéves total orbital angular
momentum of the electrons, the total spin angular momentum ankdthe total angular
momentum|C -S| < J < |[L+SJ|) and M is the magnetic quantum numbed(< M < J).
For a giverL andS, there are (R + 1) x (2S + 1) possible states and the state of an atom
is written as*S*1L ;.

In the absence of a magnetic field, all M states are degexenatéhe case of a weak
magnetic field (changes in energy are small as compared entrgy dfference between
different levels), the increment of energy is given by,

_ ehB
- 47rmecg

M, (2.2)
wheree is the electron chargen, is the electron masg, is the speed of lighth is the
Planck constanB is the magnetic field strengtf.is the Landé factoV is the magnetic
quantum number, anf is the energy of the state. The Landé factor is defined as,
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2 Introduction to spectropolarimetry

3 S(S+1)-L(L+1)
- 2.2
27T 20+ 22)
whereS is the total spin angular momentuiin,is the total orbital angular momentum,
andJ is the total angular momentum.

The Zeeman displacement of the spectral line from its oaighositiony is

g=

eB12
4rmc? g,
whereg* is the g factor for the transitiomgwerMiower — GupperMuppe-
Allowed (electric dipole) transitions are those with = 0, +1, AS = 0,AJ = 0,+1
andAM = 0, £1. The result is the Zeeman splitting. It consisboAndz components.

Al = (2.3)

e AM = 0 — 7 component (linearly polarized)
e AM = +1 — oy (Circularly polarized)

e AM = —1 — o eq (circularly polarized)

Longitudinal Zeeman effect: When the magnetic field is parallel to the line of
sight. The observer is just able to see theomponents, which are circularly polarized
(Fig. 2.1).

Longitudinal Zeeman effect \ /— Stokes |

- 0-b/ ‘ Gr
\W B— Stokes V
S Gr

1&)+A7\.m 7\;1 7\.()+A7\.

=

Figure 2.1: Schematic representation of the longitudiredidan &ect in absorptionoy
represents the circularly polarized blue component of aabZeeman triplet, while-,
represents the circularly polarized red component.
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2.2 Polarized light and Stokes parameters

Transverse Zeeman ffect: When the magnetic field is perpendicular to the line of
sight, the observer can see both theomponent and the components in absorption
(Fig. 2.2).

Transverse Zeeman effect Stokes |

Sh

| -

|
| Stokes Q
|

==0

\
T |Or
|
\
\
|
|

|
M+Akg, b Ao+Adg,

Figure 2.2: Schematic representation of the transversmdeestect. = represents lin-
early polarized lightg, represents the circularly polarized blue component of anabr
Zeeman triplet, whiler, represents the circularly polarized red component.

Since we aim to observe small scale magnetic structures @itk center on the Sun,
in this thesis we concentrate on the longitudinal Zeenftete Because at the disk center
magnetic structures are assumed, to first order, to be akaticl therefore the magnetic
field is parallel to the line-of-sight.

2.2 Polarized light and Stokes parameters

Polarized light was discovered with double refraction bgdenus Bartholinus in 1669.
Later on in 1690, Christian Huygens discovered polarizatiblight with the aid of two
calcite crystals arranged in series. In the following, onderstanding about polarized
light was broadened, and optical devices for the obsemvatigolarized light were de-
veloped.

Light can be described as a transverse wave with an eleaiiceagnetic field, oscil-
lating in planes perpendicular to each other and to the gratpen direction. The Stokes
parameters are a set of values that describe the polarizsttite of electromagnetic ra-
diation. The mathematical formulation of these parameteas developed by George
Gabriel Stokes in 1852. This representation has the adyariteat the parameters are
directly measurable, all have the same physical dimensghrmvs all the states of the
polarized light, and allow the radiative transfer equatmbe written in a straightforward
manner.

Stokes |1 Intensity

Stokes Q: Intensity diterence between vertical and horizontal linear polariratio
Stokes U: Intensity diference between linear polarizatiorn:a45°’

Stokes V:  Intensity diference between right and left handed circular polarization

17



2 Introduction to spectropolarimetry

In a plane perpendicular to the propagation direction, ifheftthe electric vectork)
moves along an ellipse, whose components, with respecetorthogonal axi©y and
Oy, are:

Eyx = Accospt — k2)
Ey = A cosgt — kz+ ¢)

whereA, and A, are the amplitudes is the phase dierence between the electric field
components.

From the transformation of these formulas Stokes parasieter be defined by:

I =A+A
Q= A - A
U = 2AAj cosg)
V = 2AA; sin(@)

This is valid for monochromatic light but natural light iswee perfectly monochromatic
and fully polarized. Therefore if we consider light as sygosition of wave packets,
Stokes parameters are defined as the averages of these whetspa

| =<AZ+ A2 >
Q=<A-A >
U =2 < A/A cosp) >
V =2 < AAsing) >

For totally polarized lighti? = Q%> + U% + V2 while | = 1 andQ = U =V = 0 for unpo-
larized light. Since the light is only partially polarizeddathe unpolarized component is
exist, degree of polarization is defined as:

2+ U242
pP= ’Q+|—z+

2.3 Radiative transfer equation for polarized light

Radiative transfer equation describes the transmissioheopolarized light through the
atmosphere, where the magnetic field exists, with takingactount the modification of
the polarization state of light by the magnetic field.

The solution of the radiative transfer equation in the pneseof a magnetic field
was introduced by Unno (1956) and extended by Rachkovskg2(1@amed as Unno-
Rachkovsky radiative transfer equations). Detailed mfation about the definition and
solution of RTE can be find in del Toro Iniesta (2003). Here firs define the system of
coordinates as shown in Fig. 2.3. The line of sight is oriérteng the z axis.

The radiative transfer equation (RTE) for polarized lighn de written as:

dl

Jo= K+l (2.4)

18



2.3 Radiative transfer equation for polarized light

y

Figure 2.3: Reference frame. The z-axis corresponds tarheof sight.y is the angle
betweerB and line-of-sight, wherg is azimuthal angle oB (from Solanki 1993)

wherel is the Stokes vectol £(1,Q,U,V)], s is height in the atmospheré, is the total
absorption matrix,
K = k1 + ko , (2.5)

andj is the total emission vector:
J = kcSc€o + koSL7E - (2.6)

Here1 is the unit 4x 4 matrix,e = (1,0,0,0)", «. is continuum absorption céicient,
ko is the line center opacity. is the source function arl_is line source function. With
LTE assumption the source function is equal to the Plancktion at local temperature
i.e. Sc = By(Te) and S depends only on the total populations of the upper and lower
levels of the transition. Therefore, under the LTE assuomp8. = S,.

The line absorption matrix (propagation matrixjs

m o nQ Nnu IV
mQ M PV —Pu 2.7)

= NMu —pv 1 PQ ’
v Pu —PQ M
where

1 . 1

mo= Shipsinty + S0+ 1:)(1+ cos')] (2.8)
1 1 .

g = 30— 5 +nlsinycos (2.9)
1 1 . .

n = E[np_ E(Ub‘*”?r)] sin’y sin 2y (2.10)
1

w = Sl —mnlcosy (2.11)
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2 Introduction to spectropolarimetry

and
1 1 5
pa = Flop= 5o+ polsintycos (2.12)
1 1 . .
pu = 5= 5loo+polsin’ysinzy (2.13)
1
pv = E[Pb—Pr]COSV (2.14)

Here p represents the unshiftet,represents the blue shifted andepresents the red
shifted components. Anglesandy represent the direction of the magnetic field with
respect to line-of-sight (Fig. 2.3). Forftérent polarization states of the radiation field,
n.ouyv define the absorbing properties of the atmosphere, whilg, describe the cou-
pling of the Stokes parameters due to anomalous disper§iext® The Zeeman splitting
manifests itself in the strengths and shifts of the, andp,,, (Magneto-optical féects)
values.

The general absorption profilgg and anomalous dispersion profijgsare:

Nk = ﬂoZSMkH(a,V+VMk+VD) (215)
M

k=110 ) SuF2F (@ v+ W+ Vo), (2.16)
M

wherek = p,b,r, Sy¥ is the Zeeman strengthy is line-to-continuum absorption coef-
ficient ratio,H is Voigt function,F is Faraday function for a given abundar&eand at

a given distance from the line center, with taken into account the wavelength shifts
due to macroscopic velocity in the direction of line-oftsigp and shifts due to Zeeman
splitting vi*.
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3 Spectropolarimetry of the solar
photosphere

In this chapter, the spectropolarimetric observation£{(Sel) and the associated data
reduction (Sect. 3.2) steps are presented. First, spettrapetric observations of the
selected spectral lines are explained in detail with am¢hiction about the ZIMPOL I
instrument (Sect. 3.1.1) at IRSOL. At the end, detailed dedaction (both polarimetric
(Sect. 3.2.2) and CCD (Sect. 3.2.1)) steps are presented.

3.1 Instrumentation and observations

Simultaneous observations of StokeStokesQ/| and Stoke¥/| spectra of G 5380.3 A,
Fel 5379.6 A, Till 5381.0A and Fe5383.4 A were performed at the Istituto Ricerche
Solari Locarno (IRSOL, Table.3.1) on Juné@ 2007 at around 15:00 UT with the 45cm
diameter (£25 m) Gregory Coudé Telescope. The Zurich Imaging PolagmE{ZIM-
POL I, Gandorfer etal. 2004) was used in combination with @zerny-Turner spectro-
graph, which has a grating of 360 lin@sm (=10 m). In order to avoid spectral overlap
from other orders, a 1m Littrow predisperser is used in fafrihe spectrograph. A focal
reducer is used to match the angular resolution to the pampéing on the detector. The
spectrograph order was "0n the observational setup. Technical information aboat th
observations is presented in Table 3.2. A sketch of theunsntation and the polariza-
tion analysis system are presented in Fig. 3.1 and in Figr&spectively.

Table 3.1: IRSOL
Parameter Value
Latitude 46 10’40".6N
Longitude 8 47'22"9E
Elevation 506 m
Local Time GMT+1"
[x]Greenwich Mean Time

Polarized spectra were obtained with an exposure time of @it 20 integrations at
5 different positions, marked in Fig. 3:3within active region (NOAA 10958) near solar
disk center £ = cos@) = 0.95, whered denotes the heliocentric angle) avoiding both,

1 (magnetogram from the Michelson Doppler Imager (MDI) on$wéar and Heliospheric Observatory
(SOHO), Scherrer etal. 1995)
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3 Spectropolarimetry of the solar photosphere

Table 3.2: Observations

Parameter Value
Reduction Optics  3:2
Spectrograph Order 10

Slit Width 50 micrometer
Slit Angle  12°.642
Spectral Sampling  6.324A /px
Spatial Scale 1"/px
Polarimetric Sensitivity B x 102 of the continuum intensity

[*]Angle between slit orientation and heliographic E-W.
[t]Under observing conditions.

Table 3.3: Observed spectral lines
Element Ao Transition Xex  Xon 100(@f)  OQer
Gy, (ev) (ev)
Fel 5379.574 b'G,-7Z'H] 3.69 7.87 -1.480 1.096
CiI 5380.323 s'P9-p'P; 7.68 11.26 -1.616 1.0
Till 5381.015 b’D3, - Z2F?, 1.80 13.58 -2.080 0.922

5/2
Fel 5383.369 ZSGg—e5H5 431 7.87 0.48 1.123

sunspot and pores. Typical noise levels aBx110-3 of the intensity, the spatial scale is
1".3/px, the spectral sampling is &8 /px, and the slit covers 182" on the solar disk.

Characteristics of the observed spectral lines are predantTable 3.3. Herego
denotes the central wavelengthy is the excitation potentiaion the ionization potential
of the relevant ion, log(f) is the logarithmic, statistically weighted oscillatoresigth,
ger IS the Landé factor. Atomic data are taken from NF§Ralchenko etal. 2008). Since
the Carbon line has a high excitation potential we know thgit/es access to continuum
forming layers (see Sect. 4.3.1). Therefore, this set oftsplines probes not only the
mid-photosphere but also the deep photosphere.

Only simultaneously recorded Stokksind Stoked//1 signals are analyzed and an
example of an observed spectrum is presented in Fig. 3.4spéetral lines used for the
analysis are indicated by arrows. The reason not to use S@Kemeasurements is that
the flux tubes are oriented predominantly vertically to tindesce (Schussler 1986); when
we observe near the disk center the magnetic field is closartdlel to the line of sight.

Polarimetric calibrations are necessary to obtdiciencies for both, linear and circu-
lar polarizations. For these reasons, during the obsensthe polarimetric calibrations
are done every half an hour, additionally dark current andif#d images are taken for
the CCD reduction, with the same conditions as the obsenati

100 flat field images are taken with smearing the solar diskecemage by moving
the telescope pointing during exposure, avoiding sunspofsores and averaged. 10
dark images are taken with the shutter, which is integrat&althe calibration box, and
averaged. Both, flat field and dark current images, have tme sxposure time as the
observations.

2National Institute of Standards and Technology
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3.1 Instrumentation and observations
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Figure 3.1: Instrumentation

In order to determine the polarimetrifieiency of the instrument, polarimetric cal-
ibrations are done in front of the polarimetric analysisteys with a combination of a
linear polarizer and a quarter-wave retardation plate (il8ger et al. 2004, Gisler 2005).
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3 Spectropolarimetry of the solar photosphere
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Figure 3.3: SOH@VDI magnetogram of the observed active region NOAA 1095&r€o
dinates (0,0) indicate the center of the solar disk. Blao&direpresent the slit positions.

3.1.1 ZIMPOLII

ZIMPOLII is a unique instrument with fast modulatjolemodulation for full Stokes
recordings. The polarization of the incoming light is mated in the kHz range by a
photoelastic modulator (PEM) and subsequently convertarlan intensity modulation
by a Glan linear polarizer acting as analyzer. ZIMPOL || CG@lésigned such that three
of every four pixel rows are masked, which means they arellmhinated at any time.
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3.2 Data reduction
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Figure 3.4: 2-D spectrum of Stokégl . (top panel) and Stokeg/l. (bottom panel). The
lines used for the analysis are marked at the top of the spactr

Each illuminated pixel accumulates signal during a giveutation state and the charge
package is then vertically shifted to the masked pixel syorbusly to the modulation,
without reading the chip (Fig. 3.5). If the modulation pattés selected appropriately,
the 4 Stokes parameters can be recorded simultaneouslysitiyle CCD (Stenflo etal.
1992). Additionally, the ZIMPOL demodulation principlesitne advantage that the frac-
tional polarization images are absolutely free from gabigar flat field éfects (Povel
1995, Gandorfer and Povel 1997).

3.2 Data reduction

The observed spectra are subjectfieets introduced by the instrumentation and by the
Earth’s atmosphere. Therefore, for each observationyipwd#ric calibrations, dark cur-
rent, and flat field observations are performed to calib@téfese &ects. In this section
not only the basic polarimetric calibration and CCD redurtis explained, but also stray-
light, instrumental polarization and, an estimation of¢being &ects are discussed. The
wavelength calibration and noise level determination aggagned, and calculations of
both spatial and spectral sampling are presented.

The data reduction is done with theteractive Data Languag@DL) program. IR-
SOL has its own ZIMPOLII IDL library for the polarimetric dakation and numerous
useful tools to treat the data (Gisler 2005). Further cakbohs are done with self written
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3 Spectropolarimetry of the solar photosphere
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Figure 3.5: Principle of the demodulation scheme. Uppet: pa@ross section of the
microlens array in a plane perpendicular to the pixel rolws (art will be removed from
the image). The vertical scale is compressed. 4p is typié@llim (p is pixel size), d is on
the order of 1 mm. Right part: Intensity modulation for StekeandV. The modulation
period is 2Qu s (corresponding to 50 kHz). Central part: Position of thargh packages
during the four sampling period%his figure is taken from Gandorfer and Povel (1997)

IDL procedures.

3.2.1 CCD images

In Fig. 3.6 we see an example raw spectra of Stdk@sp panel) and Stokeg/| (bot-
tom panel). In the intensity image we see dark patches, badspand inhomogeneous
illuminated image. All CCD images need to be calibrated faspdark signal and gain
table (flat field). Bias denotes here the zero level of theagnadad-out chain, while dark
current is caused by phonon-generated electrons. Flaidigie pattern of the individual
photosensitivity of the CCD pixels.

In the calibration both, bias and dark current constituee"ttark frame". While the
bias is common to all pixels, thermally induced charges adividual to every pixel;
the dark frame is therefore subtracted pixel by pixel from theasurement frames. An
example of flat-field and dark frame is presented on the togpbaitdm panels of Fig. 3.7
respectively.

CCD image corrections contain also the removal of "hot gikxeZIMPOL Il reduction
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3.2 Data reduction
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Figure 3.6: Raw spectra of Stokkétop panel) and Stokeg/| (bottom panel).

routines have the option for a33px median filter, and this option is used to remove hot
pixels.
The normal CCD reduction procedure is:

Observed Data Dark Frame Image

Reduced Data Flat Field— Dark Frame Image *

(3.2)
Reduced image is presented in Fig. 3.8.

The ZIMPOL Il reduction routines deal with dark current @mtions. Therefore, we
only had to deal with flat-fielding of the observations.

The fractional polarization values obtained with ZIMPOlalle free from flat field
effects. Therefore there is no need for flat-fielding of the prddion measurements.
However, it is not true for Stokdsimages. Therefore Stokésmages have to be divided
by flat-field images.

The extraction of the flat-field was done with a flat fieldinggedure, following Za-
kharov (2006). This routine deals with extraction of the flatd image, the spectral
transmission curve, and the wavelength calibration.

To be able to use this reduction routine, the observed speatige is extracted from
the Fourier Transform Spectrometer (FTS) atlas (Braulteckel 1987). Wave numbers
are converted to wavelengths, and the linear dispersiaresabf the first and the last
spectral line of the observed spectrum are calculated dicmpto the formula for the
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3 Spectropolarimetry of the solar photosphere
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Figure 3.7: Flat-field (top panel) and dark frame (bottomgbpimages.

linear dispersion:

dx dg
ﬁ —_ Sa ) (3.2)
wherefs is the focal length andg/dA is the angular dispersion given by
g m
dl~ acos’ (3.3)

whereg is the blaze anglenis the spectrograph order, aads the grating constant in of
grooves per mm. With this, the linear dispersion in the gpéptane is defined as:

dx_ g m

dl - Sdil” “acoss (3.4)

The linear dispersion at the position of K§379.5 A) line is 5.0782 mi and
5.0870 mnjA at the Fd (5383.4 A).

The reduction procedure can be summarized as:

1. Compressing the flat field image in the spatial directioor&ate a 1-dimensional
reference spectrum.

2. Obtaining the gain table of the CCD.
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3.2 Data reduction
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Figure 3.8: Fully reduced, flat-fielded spectra of Stok#s (top panel) and Stokeé/|.
(bottom panel).

3. Determining the spectral transmission curve.

4. Wavelength calibration.

The flat field image is compressed in the spatial directionrifeoto obtain a refer-
ence 1-dimensional spectrum. The spectra of all posititorgehe slit were co-aligned
to the reference by cross-correlation and divided by it taibthe CCD gain table. To
linearize the linear dispersion, the observed data have liezarly interpolated between
calculated values of linear dispersion (5.0782 fArand 5.0870 mmA) on the whole ob-
served spectral region and the spectra were destretchediaggly. The prefilter curve is
calculated by dividing the 1-dimensional reference spectoy the FTS intensity at these
wavelengths and then second degree polynomially intetgmblan the whole observed
spectral domain.

A comparison of our mean flat-field profile with the FTS spettrwhich is assumed
to be free of spectrally scattered light, enables us to eséithe scattered light in the data:

observed__ |FTS
17 =1, ®drsoL + Iscater, (3.5)

where|¢bseredis the observed intensityf™® is the intensity from the FTS atladirsoL
is the instrumental profile, an..er is the spectral scattered light. Her@' 'denotes
convolution.
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3 Spectropolarimetry of the solar photosphere

Mean flat field: black, FTS: red

1.0

Iic (%)
o o
?...%

T T

©
i
T

©

[N
h
T

°
o

5380 5381 5383 5384

5382
wavelength(A)

Figure 3.9: Wavelength calibration fit. The reference speatis presented in black,
while the FTS spectrum is presented in red.

3% of stray-light is calculated, and the instrument prola iGaussian with a FWHM
of 63 mA.

By varying the FTS spectral smearing by convolving with a €#an function and
varying lscatter the optimum combination of these quantities was found, wisicowed
the best coincidence with the observed 1-dimensionaleaéer spectrum. From the cor-
relation of the FTS and the mean observed spectrum the wegtalscale is produced.
Therefore the spectral sampling determined 6.3mé& Wavelength calibration is done
with the FTS atlas because it is corrected for the Earth&tian, Earth’s orbital motion,
and the solar rotation. We thus get rid of all the correctidusng the wavelength cali-
bration without extra calculation (Fig. 3.9). To compute #pectral transmission curve,
continuum parts of the mean profile are selected. The filterecis calculated by divid-
ing the 1-D reference spectrum by the FTS intensity at theselengths and polynomial
interpolation on the whole observed spectral range.

3.2.2 Polarization calibration

The dficiencies for linear and circular polarization were calibcaby inserting a combi-
nation of a Glan linear polarizer and an achromatic quanrtare plate into the light beam
before the polarization analysis system. The details aheypolarimetric calibration can
be found in Gandorfer etal. (2004), Gisler (2005).

3.2.3 Instrumental polarization

The polarization of the continuum should be zero at diskere#ny non-zero polariza-
tion signal arises from the telescope itself. The méieat of the instrumental polarization
can be seen in the Stok¥gl signal as an fiset, which id — V cross-talk. This value is
typically 0.7% for our observations.

Vobs =V + KX lobs (3.6)

wherel s is the observed intensity/y,s is the observed Stokeé signal,V is the real
StokesV signal andk is the dfset value (fraction of intensity).
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3.2 Data reduction

In our observation Stokels Q, V signals are recorded simultaneously. The Stokes
V/I signal is dected via Stoke®)/| to V/I crosstalk. Crosstalk calibration déeients
are obtained from IRSOL (R. Ramelli, private communicatiandQ — V crosstalk is
corrected according to:

\Y V
(—) Y0179 2. 3.7)
| Jcorrected | |

Crosstalk calibration measurements were done with a patarisheet installed in
front of the telescope at IRSOL. Measurements are done wiHf8rent wavelengths
(4861, 5876 and 6563 A) with the Sun affdrent declinations. We fitted the results with
a polynomial of 3' degree. The corrections are done with thefidents of 5876 A
which is calculated for the same date (declination) of theeolmtions.

3.2.4 Spectrally scattered light

Spectrally scattered-lightfi@cts the polarization amplitudes. Théeet of spectrally
scattered-light can be modeled and determined by Stbkesfiles recorded at the so-
lar disk center with corresponding FTS spectra explained 8gct. 3.2.1. Scattered light
contributes not only to intensity but also to the fractiopalarization signal. Therefore a
spectrally scattered-light correction should be done Hotitensity and to the fractional
polarization signal. The way of scattered light removalxplained in detail in Bianda
(2003). Here, only the basic steps are explained.

What we observe is:

lops=1 +sXl¢, (3.8)

wherel,ps is the observed intensity,is intensity,|. is continuum intensity, and is the
scattered-light.
The corrected intensity can be calculated from

o <ol >

Here (/1c)cor denotes the correctddl., and (/l¢)obsiS the observed/|..
For Stokes//1 similarly holds:

Vv Vobs Iobs
— = -k|———. 3.10
( | )corr ( Iobs ) |0b5— S|C,0bs/(l + S) ( )

Here {/1)corr denotes the correctéd/|, and ¥//1)qps is the observed/I. The cor-
rectedV/| signals are then converted inil . signals in order to be used in the inversion
code (see Sect. 4.4).

3.2.5 Spatial scale

In order to determine the spatial scale, observations ane @dile recording slit-jaw
camera images. Observations without solar tracking aréestavhen the west limb of
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3 Spectropolarimetry of the solar photosphere

the Sun was visible on one and finished when the solar imaghedahe other end of
the slit. With this method, we were able to relate the slit-jmages to the ZIMPOL I
images and determine their spatial scale.

From the motion of the solar image along the slit, the sligheis determined at the
slit-jaw camera. The slit-jaw images were related with th&EZOL Il images and then
the spatial scale (arc-second per pixel) on the ZIMPOL Il eamis calculated to 1"/Bx.

3.2.6 Noise level

Noise level is calculated with the averaged standard dewiatf the continuum parts of
the Stoked//I. signal. For determination, standard deviation of 4 parthécontinuum

of StokesV/I. signal is calculated from the data set, and an average vathe standard

deviations are assumed to be the noise level®k110- of the intensity.

3.2.7 Seeing

In order to determine thefliective smearing due to seeing in the observations, Stokes
| images are used. In the spectral lines along the slit, theeafithe smallest resolved
structure is measured. From these calculations, the seelng is adopted to be 3".

32



4 Analysis of observed data

The analysis of the observed data can be divided into two maits: The statistical
analysis of the observed region from the Stokes profileschaseechniques (Sect. 4.1)
and inversions of the Stokes profiles (Sect. 4.4). In théssizl part, Stoke¥ asymme-
tries (Sect. 4.1.1), Stokaératios (Sect. 4.1.2), and velocities (Sect. 4.1.3) catedl&om
both Stoked and Stoked/ are investigated. Binned observed profiles are introduced i
Sect. 4.2. Contribution and response functions of the obslepectral lines are presented
in Sect. 4.3 for further use.

The usage of the Stok&ératios as a temperature diagnostic tool is the main purpose
of this thesis study. To make use of this technique, we ssle€t5380.323 A as proposed
by Solanki and Briglje\é (1992), 2 iron lines (FE5379.574 A, F&5383.369A, and a
Ti 1 5380.015A line in the 5 A neighborhood of the @ine.

The CI line shows weak Stokeg/l. signals (8% to 10% at the spatial locations
selected for analysis) as compared to the other choserrapawts (Fe 5379.574 A and
Till StokesV/I. signals are 5% — 5.5%, and Feé5383.369 A signals are 2% 6% at
the same spatial locations). Since [the is formed in the deep observable layer of the
photosphere, it is a key ingredient of our study (see SekR4or more details). The
weak signals in Crequire determining the Stok&41. amplitudes with great accuracy.
To reduce the noise in the StokeéA . signal, a 3 pixel spectral smoothing is applied to all
StokesV/I. data. This corresponds roughly to the slit width, so that aeat significantly
degrade the profiles in the process. Furthermore, we usgdiade spectra, in which the
StokesV/|l. amplitudes in all spectral lines are larger than three tithesoise level. This
provides us with a data set of 102 individual spectra. Foh geiofile, the amplitudes of
the blue and the red lobe of the Stok&d. are determined, and the areas of the blue and
red lobes are calculated to study Stokeamplitude and area asymmetries (Sect. 4.1.1).
Later on, the amplitude and area ratios betwedierdint lines are constructed and used
as a temperature diagnostic tool (Sect.4.1.2). Velocdlssined from both, Stokels
line cores (Sect. 4.1.3.1), and Stokégero crossing wavelengths (Sect. 4.1.3.2) are mea-
sured, and the relations between zero crossing velocitiésaymmetries are presented
in Sect. 4.1.3.3.

To further improve the signal to noise ratio, the data set éasled into 5 classes,
depending on the Stokassignal strength of the carbon line. Each class is then binned
to a single profile (Sect. 4.2). We analyzed StoWgls amplitude and area ratios of the 5
binned profiles by inverting them using SPINOR (Stokes-Rrdlversion-O-Routines,
Frutiger etal. 2000) to obtain the temperature stratiticatilong the line-of-sight (Sect.
4.4). The resulting Stoke¥ amplitude and area ratio values of the synthetic profiles
are then compared to the measured ones. This allowed us $trecinthe temperature
structure of the small-scale magnetic elements down to peefspheric layers, despite
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4 Analysis of observed data

Table 4.1: Spectral lines
Element Ao Transition Xex  Xon log@f) e o Qcol Oert
Gy (eV) (ev)
"Fel 5379574 b'GZ-7ZHY? 369 7.87 -1.13 7.45 363.0 0.249 1.096
Cl 5380.323 PV-1Pp; 7.68 11.26 -1.52 839 1237.0 0.229 1.0

Till 5381.015 ©b?Dgjp — zng/2 1.80 1358 -1.80 4.90 272.0 0.314 0.922

‘Fel  5383.369 ZGJ-eHs 431 7.87 0.64 745 836.0 0.278 1.123
[t]Hereafter named as He
[t]Hereafter named as He

the low spatial resolution. Already existing model atmaag!s are tested by synthesizing
the spectral lines of interest, amplitude and area ratisanstructed and compared with
the observations (Sect. 4.4.3).

Characteristics of the observed spectral lines are predentTable4.1. Herel,
denotes the central wavelength in the quiet SuR,is the excitation potentialion the
ionization potential of the relevant ion, Iag) is the logarithmic, statistically weighted
oscillator strengthges is the dfective Landé factor of the line, and is the elemen-
tal abundance on a log scale on whigltH) = 12.0. Solar chemical abundances are
adopted from Grevesse etal. (2007), and atomic data ara ted@ NIST! (Ralchenko
etal. 2008); logg f) values were determined by the inversion of the mean flat fiedd
file (see Sect. 4.4). Width cross-section for collisionadatening ¢) and corresponding
velocity parametersy,) were provided by P. S. Barklerprijvate communication

4.1 Stokes V profiles based techniques

In this section Stoke¥ line asymmetries (Sect. 4.1.1), line ratios (Sect. 4. a2}, veloc-
ities calculated from Stokds(Sect. 4.1.3.1) and Stok&s(Sect. 4.1.3.2) as a function of
amplitude sums are presented for the statistical analjtie@bserved region. Addition-
ally, asymmetries and zero-crossing velocity relatioresiavestigated (Sect. 4.1.3.3).

4.1.1 Stokes V amplitude and area asymmetries

In an atmosphere without velocity gradients along the bfisight (LOS), Stoke€) and
U are symmetric with respect to the line center and Stdkés antisymmetric (Landi
Degl'lnnocenti and Landi Degl’lnnocenti 1981). Howevey@snetric Stoked/ profiles
were observed by Stenflo etal. (1984) in faculae and the mktnear the disk center.
The breakdown of this symmetry in the presence of velociadgmts has been studied
extensively for Stoke¥ (Auer and Heasley 1978, Sanchez Almeida etal. 1988, Solanki
and Pahlke 1988, Grossmann-Doerth etal. 1989, Solanki, Bx®t Rubio etal. 2000,
Lopez Ariste 2002). The results of these studies showedtibaisymmetry of the shape
of the Stokes/ blue and red lobes can be produced by vertical, horizontakraporal
velocity gradients (more details in Solanki 1993).

We observed an active region plage (avoiding sunspots ard)poearly at solar disk
center with low spatial resolution (Sect. 3.1). We aim toehatatistics of the Stokeg
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4.1 Stokes V profiles based techniques

amplitude and area asymmetries in this region, investiaierelation with the observed
zero crossing velocities and compare our results with pres/studies. Relations between
asymmetry and the zero-crossing velocities will be dised$s Sect. 4.1.3.3 after defining
the velocities obtained from both, Stokeand Stoked//I in Sect. 4.1.3.

A typical StokesV profile is presented in Fig.4.1. This figure demonstratesléfie
nition of the following parameters used in this study:

Stokes V'

Wavelength A

Figure 4.1: Schematic representation of a Stokesofile showing amplitude of blueg)

and red &) and areas of blueAg) and red A;) lobes and zero crossing wavelengih)(
(modified fronKeller etal. 1990).

Sum of Stoke®/ amplitudesiay| + |a]

Absolute amplitude asymmetriay| — |&|

Relative Stoke¥ amplitude asymmetry:

3] — lar]
= X 4.1
@] + la] (4-1)
e Sum of Stoked/ areas]Ay| + |A|
e Absolute area asymmetriA,| — |A|
e Relative Stoke¥ area asymmetry:
|As| = 1A
= 4.2
[As| + [A] (42)
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4 Analysis of observed data

wherelay| is the absolute amplitude of the blue wingy| is the area of the blue wing,
while |a;| and|A,| are the same quantities for the red wing of the Stokesofile. Here-
after we will omit the/||” sign to present amplitudes and areas.

Areas of blue and red lobes of the Stokésignal are calculated as:

Ay
A = f V()da
Ap

e

A f V(2)da (4.3)
A

where., is the zero crossing wavelength, is the wavelength at the beginning Af, A,

is the wavelength at the end Af andV() is the Stoke¥ signal at a given wavelength.

Noise in the Stoke¥ signal has strongfiect on amplitudes. To reduce the influence
of the noise on the determination of the amplitudes, the dhaethe red amplitudes of the
StokesV/|, of the individual observations are determined using‘@2der polynomial fit
to the 5 pixels neighboring the tops of the Stokdsbes. Stoke¥ areas are lesdfected
by noise than the amplitudes but this quantity is strondilgced by blendsa, and A,
were chosen to lie far in the wings, so that noise could bealadmut in the Stoke¥
continuum. Thus, areas of the lobes could be determined avoaately.

In Fig. 4.2 and in Fig. 4.3 we present both, amplitude and asganmetries for all
102 measured Stokes profiles as a function of amplitude séithe spectral lines. These
amplitude sums can be used as a proxy for magnetic fillingn@ith etal. 1999). To
investigate the trends in the relations of the amplitude amé asymmetries with the
strength of the Stoke¥ signal, we performed a linear fit (solid lines in Fig.4.2 and
in Fig.4.3) to the individual observations (stars in Fi@ 4nd in Fig.4.3). Standard
deviations ¢) of the amplitude and areas are calculated andelvels are presented with
dashed lines in both Fig. 4.2 and Fig. 4.3 to see whethernaiifits are reliable or not.

In Fig. 4.2, amplitude asymmetries of the observed spelitres are presented as a
function of their Stoked/ signal sums. Amplitude asymmetries always have positive
values in titanium and both of the iron lines, meaning that ltlue lobes of Stoke¥
have larger amplitudes than the amplitudes of the red loloéan®i and Stenflo (1984,
1985) were the first ones to repag > a on network and plage regions at the disk
center for Fe and Fel lines. The asymmetries in the carbon line shows both, pesiti
and negative amplitude asymmetries. This can be becauseetle signal in carbon
causes the amplitude asymmetries to be more scatteredahtrefother lines, since it is
more dificult to determine the amplitudes of this line very accusatBlt on average the
amplitude asymmetry of the carbon line remains positivegas from the linear fit.

If we compare amplitude asymmetries obtained froffedent spectral lines, we can
interpret the amplitude asymmetry variation with heigloig the magnetic structure. We
see more asymmetric profiles on the higher part of the magsietictures and decreasing
asymmetries with decreasing height (See Fig. 4.2). Thelgsafhow larger asymmetries
for the spectral lines formed in higher layers (e

Fig. 4.2 shows that the amplitude asymmetries for the oleskespectral lines except
the carbon line, decrease with increasing Stoksggnal. This allows us to conclude that
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Figure 4.2: Amplitude asymmetries in ketop left), CI (top right), Till (bottom left)
and Fd: (bottom right). The solid line is a linear fit to the data psirend dashed lines
indicate the & levels of the linear fit.

the asymmetries weaken with increasing magnetic fillings i$in good agreement with
the model of Solanki (1989). This relation has also beenrteddy Zayer etal. (1990),
Fleck (1991), Grossmann-Doerth etal. (1996), Martindefit al. (1997), Sigwarth et al.
(1999), and many other authors. The most prominent asyrgrokémge is seen in Fe
while there is almost no trend in thel@ine possibly due to scatter. keand Till have
a similar Stoked/ signal, with similar asymmetries, therefore the trendsvarg similar,
too.

Errors on the determination of amplitudes of the indivicuagervations are calculated
from the standard deviations of the StoRéssignal in the continuum and propagated
for the sum, substraction and division processes. Thesaorthe amplitude sums are
0.18% and 3% for the amplitude asymmetries except for thén@, for which the error
in amplitude asymmetry is 15%.

In Fig. 4.3, area asymmetries of the observed spectral éirepresented as a function
of their amplitude sums. In all observed lines we see botlitipesand negative area
asymmetries with almost zero value on average, which mémishe areas calculated
from blue and red lobes are equal on average. This can be dire tolends, which
affect the line wings, in other words the areas. Additionatlyall observed lines there
is no evidence for a relation of the area asymmetries withrmagg filling. This is a
confirmation of the results of Zayer etal. (1990), MartindiePetal. (1997). In their
studies they also concluded that the Stokesea asymmetries are almost independent of
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Figure 4.3: Area asymmetries in kétop left), CI (top right), Till (bottom left) and Fé&
(bottom right). The solid line is the linear fit to the datamsiand dashed lines are the
1o level of the linear fit.

magnetic filling factor.

The typical errors are 0.5% for the area asymmetries excepghé Cl line. In this
line the error on area asymmetry is 13%. The errors in theasgmmetries are smaller
than the errors on the amplitude asymmetries since theratteg over many wavelength
bins makes them lessfacted by the noise.

4.1.2 Amplitude and area ratios

The idea of using two spectral lines withfi¢irent magnetic or temperature sensitivi-
ties, and comparing their ratios, has started with the teciencalled magnetic line ra-
tios, which was introduced by Howard and Stenflo (1972) anisee by Stenflo (1973).
Stenflo (1975) made use of line ratios as a temperature dséigriool. The concept of
forming the Stoked/ amplitude ratios of dferent spectral lines, which havefidirent
temperature sensitivities, for the investigation of thaperature structures of flux tubes
was explained by Landi Degl'Innocenti and Landolfi (19823 itheoretical context. Later
on, this method was used by many authors e.g. Solanki andl&s(@884, 1985, 1986),
Solanki etal. (1987), Stenflo etal. (1987), Zayer etal. Q)9Reller etal. (1990). Stenflo
etal. (1987) studied the Stokdsratios of two Feé lines and introduced the term called
"thermal line ratios". In their study, they concluded ttre thermal line ratios can be used
as a diagnostic tool for the determination of the tempeeastiucture of the flux tubes.
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4.1 Stokes V profiles based techniques

In the study of Keller etal. (1990) Stok&sarea ratios of Feto Fell are also used to
determine the temperatures. Their conclusion was thatttileSV area ratios of Feto
Fell lines provide excellent diagnostic for the temperaturatsication of magnetic flux
tubes.

In our study, instead of using Stok¥sratios of Fd to Fell lines, the ratios of C
to Till and to Fel lines were used. The reason is that Solanki and Brigljé1892) in-
troduced a spatial-resolution independent technique taimithe continuum contrast of
small scale magnetic features relative to the quiet Surhdin study they pointed out that
the weak lines of C provide an ideal extension to the deep layers and they usg@ St
V amplitude ratios of Cto Fell lines as a temperature diagnostic tool. Here we use the
amplitude and area ratios ofiGo two Fel lines and G to Till line as a temperature
diagnostic tool, not to construct temperatures of the stres. This choice of the spectral
lines is done because of the observation of the carbon lidétsis A neighborhood. For
this reason, no Reline could be selected for observations. This Stokdisie ratio tech-
nique has the advantage of being independent on the unknagnetic filling factor, i.e.
the fraction of the magnetized area within the resoluti@maint, and it is notféected by
the atmosphere outside of the magnetic structure. Sidkes ratio technique constitutes
the main analysis technique of this thesis work.

The advantage of using this set of lines (see Sect. 3.1)ti¢htbia Stoked and Stokes
V/1 signals could be observed simultaneously. They form @mint heights in photo-
sphere (see Sect. 4.3.1), in other words, they provide he@mterage on the temperature
and on its gradient. Even though this is a disadvantage éusage of the Stokaéline
ratio technique, their opposite response to temperateee $&ct. 4.3.2) shows that they
still can be use as a temperature diagnostic tool. The ratiGs$ to the other lines provide
a good temperature indicator for photosphere. Definitidasnplitude and area ratios are
given in the following.

e Amplitude ratios:

_ (a0l + lar)c,
(2wl + lacl)y
where|ay| is the absolute amplitude of the blue lobe datlis the absolute amplitude of

the red lobe of the Stoké#/ | signal, the indew stands for the spectral lines keTill
and Fd..

(4.4)

a

e Arearatios:

(A A,
AT A IADY

where|Ay| is the area of the blue lobe afAl| is the area of the red lobe of the Stok&s.
signal, the indew stands for the spectral lines keTi Il and Fe..

(4.5)

In order to improve the visibility of the relation betweenplitude and area ratios, a
power law fit is applied to the individual observations, whare presented by solid lines
in Fig. 4.4 and Fig. 4.5. Power law fits are calculated by:
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4 Analysis of observed data

r=a+bv?”, (4.6)

where, r is the amplitude or area rat\ds the Stoked/ amplitude or area and abare
free parameters in the fitting process.

In Fig. 4.4 and in Fig. 4.5 amplitude and area ratios are pteserespectively. Both
StokesV/I. amplitude and area ratios decrease with increasing Stokasmpitude of
the spectral line (i.e. with stronger Stokéd . signal). Like in Fig. 4.2, and in Fig.4.3
the x-axis can be interpreted as magnetic filling factor. ¥iaxis is a measure for the
temperature or its gradient. Fig. 4.4 shows that the magsétiictures in regions with
less magnetic flux are on average hotter and brighter thasethoregions with higher
flux.

We investigate amplitude and area ratios with inversions®ab MHD simulations in
Chapter 4.4 and Chapter 5.1 respectively. Given that thén€ strengthens with increas-
ing temperature (Livingston etal. 1977, Elste 1987, Holereand Muller 1974, Solanki
and Brigljevic 1992) while the other 3 lines weaken (i.e. théiamplitudes drop or re-
main roughly the same). Further analysis shows that a deeieahe plotted line ratios
implies a decrease in temperature (see Sect. 4.4.2). Tygicas in amplitude ratios are
3.5% while it is 0.2% in areas.

4.1.3 \Velocities

Stokesl signal is dfected by both magnetic structures and their non-magnetiowsud-
ings (Solanki 1990). Therefore, for spatially unresolvéuictures, Stoke$ contains
information about velocities of both, magnetic and non-nwig regions. In contrast,
the velocities measured from the Stokésre the velocities, only within the magnetic
features. With making use of both StoKeand Stoked//1 signals, we can extract infor-
mation about the velocities of the magnetic structures gedwes and their non-magnetic
environment.

In this section we present some statistics of the velocitieasured from Stokes
(Sect.4.1.3.1) and Stok&&| (Sect. 4.1.3.2) signals; relations of the Stokeasymme-
tries with the velocities observed at Stokésignal are investigated (Sect. 4.1.3.3). Due
to the absence of the absolute wavelength reference, forsgectral line the mean wave-
length value of the Stokelsline core is assumed to be the reference wavelength for the
velocity calculations after correcting for granular blsigfts given in Table 4.2 with the
references. There were no available convective blue-ghitte for Till line but since
the features of this line is very similar to kdine and their formation heights are almost
the same, we assumed the same convective blue-shifts foobtte lines. Another rea-
son for this assumption is that Brandt and Solanki (199@Jistuthis Till line together
with many other iron lines which includes kdine too. Therefore, we believe that this
assumption of similar convective blue-shifts are reliable

4.1.3.1 Velocities measured from Stokes |

Wiggles in the Stokebkspectrum presented in Fig. 3.8 are indicators of the upwamls
ing (shifts to more blue wavelengths) and downwards movahifts to more red wave-
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Table 4.2: Convective blue-shifts of the observed spelitras

Element Ao Velocity reference
&) (m/s)
Fel 5379.574  -307 Langangen etal. (2007)
Ci 5380.323  -864 Langangen etal. (2007)
Til 5381.015 -307 assumed to be the same adife
Fel 5383.369  -152 Dravins etal. (1981)

lengths) material in the observed region. To investigagsé¢hvelocities, line cores of
the Stoked signals are determined with &“2rder polynomial fit to the bottom of the
profiles and corresponding wavelength positions are meddar each observed spectral
line.

The velocities from Stokelsare calculated as:

v = /llobE_ /llobsc (47)

/1I obs

whereq, o5 iS the observed wavelength in StoHesﬂ obs IS the reference wavelength, ¢ is
the speed of light.
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Figure 4.6: Up and down flows observed inlk-&op left), CI (top right), Till (bottom
left) and Fd: (bottom right). The line shows the linear fit to the data peiatd dashed
lines are the & level of the linear fit.
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4 Analysis of observed data

In Fig. 4.6 measured velocities from StoKes each spectral line are presented vs.
amplitude sums of their Stokés signals. To investigate the relation between the ve-
locities and the Stoke¥ strength, linear fits are performed to the data set, which are
presented with solid lines in Fig. 4.6 and the [evels are presented with dashed lines.
In all the spectral lines, we see velocities varying apprately betweer 100 nys. No
clear trend is observed with increasing StoWesignal in the lines except the carbon line.
In the carbon line, we see more red shifted profiles with iasireg magnetic filling. But
this trend doesn’t seem to be real if we look at the data bulk.

4.1.3.2 Stokes V zero crossing velocities

Zero crossing wavelength of the Stokésprofiles can be used as a diagnostic tool to
investigate velocities, since these shifts are mainly edinry the gas motions in the mag-
netic element. Zero crossing velocities are defined as:

/lv: /TlobsC

W =
/ll obs

(4.8)
whereJ, is the zero crossing wavelength in Stok&sﬂ obs IS the reference wavelength, c
is the speed of light.

Since zero-crossing wavelengths are easffgcted by noise, we determined zero
crossing wavelengths in the Stokéssignal with applying a linear fit between Stokes
V measurements in the close neighborhood of the expectedmessing point.

In Fig. 4.7, measured zero crossing velocities are prederste Stokes/ amplitude
sums of the spectral lines. Solid lines represent lineanvitsle the dashed lines repre-
sent b levels. Decreasing zero crossing velocities with increaStokesv signal are
observed in each spectral line, which indicates the motwoasbstructed by the magnetic
field strength. We see significantlyfiirent velocities for dferent spectral lines, which
allows us to construct the velocities along the magneticcsiires. This is a consequence
of the fact that the spectral lines are formed #fedlent heights in the atmosphere. In all
spectral lines we see red-shifted Stokepgrofiles, which indicates that the structures we
observed are located in the inter-granular lanes, where e down-flows. This result
is consistent with the results of Martinez Pillet etal. (ZpBigwarth etal. (1999). In the
magnetic structures we see velocities decreasing witthhé&igm Cl to Fel. . Since the
Cl line is formed in the deep atmosphere, i.e. in the hotteorediigher velocities can be
observed. Velocities observed in thellTiine is very similar to the ones observed in the
Fels line, which are lower than the ones we measured in thér@. In the Fd: line we
see the lowest velocities as compared to the other lineB,imgteasing Stokeg signal.

4.1.3.3 Relations between Stokés asymmetries and zero crossing velocities

Velocity gradients are known to produce Stokeasymmetries. Therefore in this subsec-
tion we investigate the relations of the zero crossing veéscwith amplitude and with
area asymmetries.

Relations between zero crossing and amplitude asymmameqwesented in Fig. 4.8.
Solid lines represent the linear fits, while the dashed lnepsesent thed levels. No
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Figure 4.7: Zero crossing velocities observed inHop left), CI (top right), Till (bot-
tom left) and Fe: (bottom right). The line shows the linear fit to the data pianhd
dashed lines are therllevel of the linear fit.

correlation betweena and zero crossing velocities are observed in thi,Fee Cl and
the Till lines. Since the trend observed in thelHme is not clear without the linear fit,
this trend is not reliable. Our results are consistent withresults of Balasubramaniam
etal. (1997).

Relations between zero crossing and area asymmetriesesenped in Fig. 4.9. Solid
lines represent the linear fits, while the dashed lines sgmtethe @ levels. We observe
clearly red-shifted and asymmetric profiles but no cleaatieh between zero crossing
velocities and area asymmetries inllTand the Fé line. We see decreasing velocities
with increasing area asymmetries inlk&ne, while the observed trend is the opposite
in carbon line. Since the scatter of the data points are hHuegettrends are not reliable.
Therefore more statistics are needed to decide these trends
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Figure 4.8: Zero crossing velocities observed insKeop left), Ci (top right), Till (bot-
tom left) and Fe: (bottom right) as a function of amplitude asymmetries. Tihe shows
the linear fit to the data points.

4.2 Binned observed profiles

To increase the signal-to-noise ratio, we divided our datargo 5 classes according to
the Stokes//l. amplitude sum of the Cprofiles. The bins have been chosen such that
the signals are homogeneously distributed in all classs Table 4.3). The average of
the profiles are computed after reversing the sign of Stokefthe negative polarity pro-
files to avoid cancelationfiects. These 5 average profiles were labeled as weak, mid1,
mid2, mid3 and strong (Table 4.3). Stoké4. signals of these profiles are presented in
Fig.4.10. The Stokes V amplitude varies roughly by a facfa? between the weakest
and the strongest averaged profile. Without this averagiisgatio is slightly larger than

3. This binning reduced the typical noise level in the preftte2x 10 of the continuum
intensity.
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Figure 4.9: Zero crossing velocities observed in.FE| (top right), Till (bottom left)
and Fd: (bottom right) as a function of area asymmetries. The lirmatthe linear fit to
the data points.

Table 4.3: Binned data sets
Data Amplitude sum of the C # of averaged profiles

weak < 0.0100 20
midl 0.0100-0.0117 20
mid2 0.0117-0.0126 20
mid3 0.0126-0.0145 20
strong > 0.0145 22

4.3 Response and contribution functions

Contribution (Sect. 4.3.1) and response (Sect. 4.3.2)iume of the spectral lines are im-
portant to understand the formation height of the lines erifodel atmosphere and to
obtain diagnostic capabilities of the lines in intensitylan polarized light. Therefore,

contribution and response functions are introduced aralitzlons are briefly explained
in this section according to Frutiger (2000). More detal®@ these functions can
be found in Landi Degl'lInnocenti and Landi Degl'Innocertdb{7), Grossmann-Doerth
etal. (1988), Ruiz Cobo and del Toro Iniesta (1994), del Toresta (2003). Calculation

of both, response and contribution functions of the spklitres are done with STOPRO

routines (Solanki 1987, modified by Jo Bruls) as explaineérirtiger (2000).
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Figure 4.10: Binned Stokés profiles for various strengths of the amplitude sum of C

In this section, we first introduce the formal solution of Riitbrder to calculate contri-
bution and response functions in order to define contribuio3.1) and response (4.3.2)
functions. The formal solution of Eq. 2.4 (Landi Degl’Inremti and Landi Degl’'Innocenti
1985) relating the Stokes vectors at positis@nds’ along the line-of-sight is:

1(s) = O(s so)l (o) + fSO(S 8)i(s)ds , (4.9)

whereQO(s, §) is the Stokes-attenuation operatox 4 matrix satisfying,

20(s) = K(90(5.%) 10(s 9 = 1. (4.10)

4.3.1 Contribution functions and the formation heights of he spec-
tral lines

Contribution functions (CFs) inform us how theffédrent atmospheric layers contribute
to the observed spectrum. Spectral lines are not formedeaheight in the atmosphere.
Therefore, it is a common mistake to talk about the formatieights of the spectral lines
as if they are formed at one height in the atmosphere. Bugiityethe contribution to the
formation of the line cores are from the higher atmosphesiets, while the contribution
to the formation of the line wings are from deeper layers efdtmosphere. Therefore,
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one cannot speak about the formation height of the spegimir a specific wavelength
along the spectral line. With introducing optical depth guch thadr = —«(1 + n,)ds
and a discrete depth grid( k = 1, 2, ..., N) the emergent vector (Eq. 4.10) can be written
as:

N
I(r1) = chd7k~ (4.12)
=)

HereC, is the contribution vecta€, =O(1,k)jx, wherejy is the source vector at depth

Contribution functions presented in Fig.4.11 are caladatith existing HSRASP
atmospheric model (explained in Sect. 4.4). CFs of the spduoies are presented from
line core (solid line) to the wings with 0.03 A steps along times. Solid lines show
which atmospheric layers contribute to the formation oflthe cores. Dotted, dashed,
dashed-dotted and dashed-dotted-dotted lines are dyrslaowing the contribution of
the atmospheric layers starting with 0.03 A steps away fdrenline core to the wings.
Steps in wavelength from the lines cores are representée iegends in Fig. 4.11. From
Fig.4.11, we can see that the line cores are formed in mudfeh@tmosphere than the
line wings i.e. contribution to the line cores are comingnirbigher layers of the at-
mosphere except thelGine. All the contribution to form C line comes from deeper
atmospheric layers.

As clearly seen from the top right panel of Fig. 4.11,i€formed at the bottom layers
of the model atmosphere. kdine and Till lines cover similar heights in the atmosphere,
while Fel: line covers a much higher range. Especially, the contidloutd the line core
of this line comes from very high in the atmosphere.

Line core formation heights of the spectral lines are assutmée the heights corre-
sponding to maxima of the solid lines. These heights areepted in Table 4.4.

Table 4.4: Line core formation heights of the spectral liftesa HSRASP atmosphere

Spectral Line (A) line core [log] line core [z(km)]

Fel 5379.574 -1.08 153
Cl 5380.323 0.02 0
Till 5381.015 -0.78 108
Fel 5383.369 -2.68 379

4.3.2 Response functions and temperature sensitivities thfe spectral
lines

To characterize the diagnostic capabilities of thedent spectral lines for retrieving
physical parameters like temperature, magnetic field gtheor velocity, we need to know
the response of the Stokes signal of the spectral line tol pmlirbations of the physical
parameters of the model atmosphere. Perturbations aredefn

ol = f “Ri(D)sfdr (4.12)
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Figure 4.11: Contribution functions of Stokésof the interested spectral lines for
HSRASP atmosphere. Solid lines are the response functighgiline core, while other

lines represent CFs away from the line core. Dotted is 0.08ashed 0.06 A, dash-dot
0.09 A and dash-dot-dot 0.12 A from the line core.

wheresl is the modification orl (Stokes vector) because of the perturbationg the
physical parameteRy is the response function for the paramettes f is the perturbation

to the physical parameter amds the optical depth. Response functions (RFs) are defined
as:

aj(r) ot
Ri(7) = O(0, T)( é(f ) _ g(f )|(T)) (4.13)
Similar to Eq. 4.11, for a discrete grid modification on | cawritten as,
N
81(r1) = ) Re(r)sfdry, (4.14)
k=1
whereR, = O(1, K)ry, andrk:<aé(:k“) - 0';(;(*) I (Tk)).

In this study, the physical parameter of interest is the &netpire. In Fig. 4.12 we
present the RFs of Stokés(left panel) and Stoke¥ (right panel) to perturbations of
50K in temperature with respect to the HSRASP atmospheieaviteight independent
magnetic field strength of 1500 G. RFs of the spectral linepagsented from line core
(solid line) to the wings in wavelength steps of 0.03 A(coiebgends in Fig. 4.12).
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4.3 Response and contribution functions

Note that the Stokeb RFs are positive at log < —0.5 for all the lines except the
CI line. This diference in sign reflects fiierences in temperature sensitivity. Whereas
Fels strongly weakens in the core with increasing temperatarg¢l positive RFs), He
weakens mainly in wings & flanks (note the weak RF in the lineefand Til displays
little weakening (indicated by the fact that the integraéiothe RF is close to zero). In
contrast, @ displays a strengthening. It is thidi@irence in behavior which makes ratios
of the ClI line to the other measured lines interesting temperatagndistics.

RFs are helpful to determine the positions and number of éeatpre nodes needed
for spectral line inversion (see Sect. 4.4) and to fix the uppendary of the atmosphere
for the radiative transfer computations. Figure 4.12 shtives the observed lines do
not respond to temperature perturbations atrleg -5. We therefore use this value as
the upper boundary for the solution of the radiative transtgiation. Additionally, the
placement of the temperature nodes is important, since we foar diferent spectral
lines which are formed at fierent heights of the atmosphere. The response at40g3
and-4 is low for all lines. As a result, test inversions that alline temperature to vary at
these nodes gave widely varying, unreliable results. Thereve keep the atmospheric
parameters of those nodes fixed in order to reduce the nurfifierecparameters in the
inversions described in the next section, as well as to exehtieir stability.

In Fig.4.12 we see that in Stokésthe perturbations in temperature have highest
response at the line cores, while there is almost no respor&ekesV. This is because
the line core positions are lying close to the zero crosswigtpn StokesV signals. For
V, the highest response is at around 0.03 A further from tredire position which is
almost the maximum of the Stok&ssignals. For F& and Till lines there is negligible
response to temperature perturbations above log-3, while it is logr = -2 for Cl line
and logr = -5 for the Fd: line.
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Figure 4.12: Response functions of Stokgganel on the left) and Stoké&s (panel on
the right) of the analyzed spectral lines to perturbationgmperature in an HSRASP
atmosphere with a constant magnetic field ef1800 G. Solid lines are the response
functions in the line core, while other lines represent RiFgyafrom the line core. Dotted
is 0.03 A, dashed 0.06 A, dash-dot 0.09 A and dash-dot-d@t®ftom the line core.
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4.4 Inversions

4.4 Inversions

The idea behind the inversions is to solve the radiativestearequation (RTE, Eq. 2.4)
in order to calculate Stokes parameters starting from thialiguess atmosphere with
modifying this atmosphere iteratively, until the best fittbé synthetic spectrum to the
observed one is obtained. This is done by minimizingghmerit function by non-linear

least-squares fitting (Levenberg-Marquardt method, Reeak 1992). In each iteration
step, the spectra and all derivatives are calculated wittows. model parameters. The
most convenient way to compute derivatives is by computiRg 8ince small changes in
physical quantities havefect on the synthetic profiles and thi$exts can be seen by the
RFs.

To obtain atmospheric stratifications of temperature fromdbserved line profiles,
we use the inversion code SPINOR to solve the RTE. This coderporates the STO-
PRO routines, which compute synthetic Stokes profiles ofowmeore spectral lines upon
input of their atomic data and one or more atmospheric modadsal thermodynamic
equilibrium (LTE) conditions are assumed and the Unno-Ragéky radiative transfer
equations (Unno 1956, Rachkovsky 1962) are solved usingdnmitian algorithm (Bel-
lot Rubio etal. 1998). The synthetic profiles are normalitethe quiet Sun continuum
intensity, which is computed using the HSRASP model (Chapi®y9). This model is
an extended version of the HSRA model (Gingerich etal. 1@fthosphere to greater
depth by adding convection zone model of Spruit (1974). Addally, this atmosphere
was modified by Solanki (1989) in its chromospheric layelsaarallel to the Holweger
and Miiller (1974) model in order to avoid spurious emissiores in the stronger spec-
tral lines due to the assumption of LTE. The temperatur¢ifitation of both HSRA and
HSRASP are presented in Fig. 4.13. HSRASP is used becausesatess in reproduc-
ing line profiles in the quiet Sun. From the initial atmospgsethe synthetic profiles are
iteratively fitted to the mean data sets using responseiimecand Levenberg-Marquardt
algorithm by minimizing the merit functiop? (Ruiz Cobo and del Toro Iniesta 1992,
Frutiger etal. 2000). The code is described in greater ldegdtrutiger etal. (2000) and
Frutiger (2000).

Since we don't have high spatial resolution, we see both etigstructures and non-
magnetic environment in our pixels. Therefore, to repreti@mobservations properly, a
1-D, plane parallel, two component model is used for thersioas of the binned pro-
files. The first component was chosen to represent the magtatbsphere, the second
component was chosen to represent the non-magnetic emertn

We adopt the HSRASP (Spruit 1974, Chapman 1979) atmosphedel for both, the
quiet Sun and the non-magnetic surroundings of the mageleticents. At the relatively
low resolution of our data (2.6" at best; i.e. granules arerasolved) this dual role
should be acceptable.

In order to obtain the logff) values of the employed lines (generally the most un-
certain atomic parameter for an analysis such as this), genrtine profile produced by
the flat fields is inverted using the HSRASP atmosphere. Tdeegarameters of this in-
version are: macroturbulent,(,) and microturbulent velocityvg,c). The line-of-sight
velocity (vos) of the mean flat field profiles was set to zero. No satisfadibty the mean
flat field profile could be obtained with NIST lagf) values. Assuming that the adopted
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Figure 4.13: Comparison of HSRA (solid line) and HSRASP tghbtine) model atmo-
spheres.

abundances are correct, we determinedddyjyalues of the 4 selected spectral lines from
the inversions (see Table4.1).

The final best fit to the average quiet Sun (i.e. flat-field) pgsfare displayed in
Fig. 4.14. The fits to the Reand CI are very satisfactory. The fits to the other two lines
are also very good, but of somewhat lower quality. In the adste Till 5381.015A
line this is probably due to various weak atomic linesI(dii I, Fell) in its wings, which
were neglected in our analysis but exist in the Vienna (VAL&)d KurucZ data bases.
For the subsequent analysis the i values retrieved from this inversion of the mean
flat field profile are employed unchanged. The quiet Sun or-frele component in the
subsequent inversions is described by the HSRASP and imasisio havey,s = 0. Vimac
andvp. are allowed to vary.

An analysis of the RFs (Sect. 4.3.2) and a series of testsiomes showed that temper-
ature nodes of log = 0 (continuum), -0.5 and -1.0 are the optimum choice for thest
presented here (i.e. the temperatures at these valueggfoiale free parameters). It is
important to keep the number of free parameters in the irvessas low as possible in
order not to crowd thg?-hypersurface with local minima.

For the magnetic component, we used an atmosphere with Setatope nodes (2
fixed and 3 free, as explained in Sect. 4.3.2). The paramfetetfse magnetic atmosphere
are:Vjys (at logr = 0), velocity gradient (linear in 10g), Vimic, Vmae Magnetic field strength
B (at logr = 0), magnetic field strength gradient (linear in lYgand the magnetic filling

2Vienna Atomic Line Data-Base: htjvald.astro.univie.ac.atald/phpvald.php
SKurucz’s atomic spectral line database: hitpww.cfa.harvard.edlampampdatgurucz23sekur.html
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Figure 4.14: Stokeb/|. of the mean flat field profile and its best fit. Upper panel: thick
dots (blue) represent the synthetic, the red solid linesesggmt the mean observed line
profiles. Diferences between synthetic and observed profiles are pedsarthe lower
panel.

factor @ determining the mixing ratio with the non-magnetic atmasghderived from
the inversion of the mean flat-field profile. The gradientsin and B are introduced
to reproduce the asymmetries in the Sto¥egrofiles (Solanki and Stenflo 1984, 1985).
The magnetic field was assumed to be vertical to the solaaceirtorresponding to an
angle of 17.5 in the line-of-sight frame. In order to have good-fits to somall Stokes/
signals, 10 times more weights are applied to Stakésthan Stokes/I. signals.

To compute the Zeeman pattern atomic data are needed asiamanghe inversions.
An example of the input file to SPINOR is presented in Tab. 4The results of the
inversions are presented in Sect. 4.4.1.

4.4.1 Inversion results

Combination of all 4 spectral lines allows us to retrieve penature with the highest ac-
curacy. The analysis of the RFs (see Fig.4.12) and row of s&siwed that we need to
take into account all 4 spectral lines in order to obtain &abé temperature stratifica-
tion from the inversions independently of the initial camtis. Attempts to invert the
spectra using only the F&379.6 A €15380.3 A and Til 5381.0 A lines did not lead to
a unique temperature stratification. Adding the 5883.4 A line to inversions improved
the determination of the temperature structure signifigaBly inverting Stoked /1. and
StokesV/I, of all 4 spectral lines simultaneously, a unique solutiontfee temperature
stratification could be found for a given set of line profilegthin the limits of the model
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4 Analysis of observed data

Table 4.5: Description of atomic data required by STOPRQines.

N | Variable Description Unit

1 | NLINES Number of lines [-]

2 | WLREF Reference wavelength (line center) [A]
WL1 WL-Grid :

3 WL2 } A = WLREF- WL1 + Wizl [A]
NWL i=1,...,NWL

4 | NATOM Atomic number, i.e. Fe26 [

5 ION lonization state, Zneutral, 2+, ION > 3 not allowed [-]

6 | ALOGGF l0g,(gf) [

7 | ABUND | Elemental abundance on a log scale on which A#2.0| [-]

8 EPOT Energy of lower level [eV]

9 IPOT1 1st lonization potentiak — X* [eV]

10 IPOT2 2nd lonization potentiak* — X** [eV]

11| RMASS Atomic mass [amu]

12 | DMPEMP Empirical damping enhancement factor [-]

=0: gu and gl calculated from L,J,S

13| LANDEC { =1: gland gu provided as input (see below) [

14 CFGL Configuratioriterm description of lower level [-]
2SL+1

15| LL } Standard term description of lower levélLL [
JL

16 CFGU Configuratiortterm description of upper level [-]
2SU+1

17| LU } Standard term description of lower levéi**LU ;, [
JU

18 GL Landé factors (only used if LANDEEL, see above) [-]

19 GU Landé factors (only used if LANDEEL, see above) [-]

(as explained in Sect. 4.4).

The Stoked /I, and Stoked/I. profiles of the 4 analyzed lines resulting from binned
profiles, which are introduced in Sect. 4.2, are presentédgn4.15 with solid red lines
on the top parts of the plots along with the best fit synthetidiles (blue dotted lines).
The fits reproduce the observed profiles reasonably welgpbfor the Fe5379.6 A line
and for the wings of the Ti line. The problem with Til, noticed already when fitting
the quiet Sun profiles, is due to blends in the line wings (st.8.4). The somewhat
poor fit to the flanks of Fe(5379.6 A) line is the due to the assumption of opg for all
lines.

Amplitude and area ratios are calculated from synthetifilpsoto compare with the
results obtained from observations. Since our binned data bxtremely low noise and
the synthetic profiles are noise-free, it was precise entogake the minimum and the
maximum values in the Stok&4|. signal to determine the amplitudes. Comparisons of
synthetic data with the observations and with the binned deg presented in Fig.4.16
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Figure 4.15: Binned profiles and best-fit synthetic profiesveak, mid1, mid2, mid3

and strong data from top panel to the bottom panel. StolKggleft panel) and Stokes
V/l. (right panel) of the data from weak (top panel) to strong tdrot panel). Solid

lines represent the mean observed profile, dotted linegsept the synthetic profiles.
Differences between synthetic and observed profiély i) andA(V/I.)) are presented
in the lower part of each plot.
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4 Analysis of observed data

and in Fig.4.17. In Fig.4.16, amplitude ratios of synthgtiofiles (triangles) are pre-
sented with binned profiles (squares) and observationss)stAs seen in Fig. 4.16 am-
plitude ratios calculated from the synthetic data are igeng well the observations
since the power law fit obtained from the individual obsepret are also representative
for the inversions. This is not surprising after presentimg obtained best fit profiles in
Fig.4.15. In Fig.4.17 area ratios of synthetic profiles aesented with binned profiles
and observations. Since the inversions were kept simple feiv free parameters, we
were not very successful to create the Stokdsbes of the strong iron line (Rg. There-
fore, even though the area ratios of thafand Till lines show good agreement with the
observations, area ratios are excluded from further aisalys

Values of the free parameters except temperatures retbgngee inversions are pre-
sented in Table 4.6. Henéed is the reduceg?, i.e. value of the merit function character-
izing the quality of the fit. Lower values imply a better fit. &histed values of obtained
atmospheric parameters are given atdeg0. Positive values 0Byaq and Vg indicate
increasing values with optical (and geometrical) deptte Falues on Table 4.6 are given
with the standard error estimates (Press etal. 1992).

Table 4.6: Parameters derived from the inversions

Data @ B* Bgrad V|;5 Vgrad Viic Vimac X rzed
©) (Gllogr)  (knys)  (kms'/logr)  (kmy/s) (kmy's)
Weak 0.10 1495230 123+92 246+030 162+033 140+0.06 146+0.05 2.94
Midl 0.12 1491+ 198 132+78 250+0.25 156+026 137+0.03 135+0.04 3.38
Mid2 0.14 1531+ 204 117+80 243+0.25 168+0.28 135+0.05 113+0.17 3.43
Mid3 0.14 1674:215 118+88 248+0.25 200+0.33 122+0.05 102+021 4.39
Strong 0.18 168% 188 156+76 224+022 181+028 122+004 104+0.05 4.31
[*](atlogT = 0)

It is interesting to note that the magnetic field strengtmeases only by 12.5% from
weak to strong profiles. This means that the matfiedence between weak and strong
profiles manifests itself in the magnetic filling factarwhich changes by roughly a factor
of 2, which is also roughly the range in StoRésamplitudes of the binned profiles. The
relatively limited range of filling factors sampled by thed@ta is due to the weakness
of the 5380.3 A Stoke¥ profile and signal to noise value, which makes it &idlilt
diagnostic to apply to the magnetic regions in the quietetspaf the Sun, at least when
observed with a relatively small telescope. Additiondlyth,vinic andvm,care decreasing
with increasing Stoke¥ signal i.e. temperatures. Other parametggs &nd vy do
not show a clear dependence on the strength o¥jthesignal. The values in Table 4.6
indicate thatv,s becomes zero somewhat abovetog —1. The model maintaing,s at
zero at all heights above that level. There is obviously sornss-talk betweea and B
(e.g. from Mid 2 to Mid 3 does not increase, but B does). This is not surprising becaus
of the fact that all the lines considered here have Landéifaetround unity. Given that,
it is actually surprising that B is obtained at the quotecuiaacy &200G). The potential
cross-talk between B artl;,q (Similarly betweerv,s andvy.g) is held in check by the fact
that the values of the gradients are constrained by the S¥lkeesymmetry. Stratification
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Figure 4.16: Stoke¥ amplitude ratios. The ratios ofIQo Fels, Till and to the Fé are
presented on the top, middle and bottom panel respecti#rs present the amplitude
ratios of individual observed Stok&%l, profiles, triangles represent the amplitude ratios
of synthetic profiles and squares represent the amplituitesraf the binned observed
profiles. The solid lines are the power law fits to the indibobservations (stars).
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Figure 4.17: Stoke¥ area ratios. The ratios of ICto Fels, Till and to the Fé& are
presented on the top, middle and bottom panel respecti@dys present the area ratios
of individual observed Stokeg/ | profiles, triangles represent the area ratios of synthetic
profiles and squares represent the area ratios of the birbsesshed profiles. Solid lines
represent the power law fits to the individual observations.
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of B andys are presented in Fig. 4.18.
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Figure 4.18: Magnetic field strength (top panel) and linesight velocity {0s) Stratifica-
tions of the atmospheres in the magnetic component.

4.4.2 Temperature structure derived from inversions

The temperature stratification for the magnetized atmasphemponent obtained from
the inversion of the 5 binned profiles is presented in Tableafhd in the top panel of
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4 Analysis of observed data

Fig.4.19. The values in Table 4.7 are given with the standenal estimates (Press etal.
1992). The temperature at leag= 0 deduced from Stokeg profiles drops from over
6800K to under 6600 K from the weak Stokéssignal to the strong one. These tem-
peratures imply continuum intensity contrast values a058& the magnetic elements
of 0.07 and 0.05, respectively, which are significantly éarthan the granulation con-
trast determined as the standard deviation of quiet Sunirtamh intensity along the
slit (=0.0125 for our data). A similar trend of decreasing tempeeatith increasing/
amplitude can also be observed attog —0.5 and—1.0. The convergence of the tem-
perature stratifications to a single value attog —3 is due to the prescription of a single
value for all inversions at that level. This is driven maiblythe Fe 5383.4 A line, which
requires a low temperature in the upper photosphere, i éod®aintain its depth also
in the magnetic features. For the profiles representing gskvbin (small filling factor)
in Fig.4.15, all lines look similar to the flat-field profiles Fig.4.14). We believe that
this low temperature of the magnetic features in the uppetgdphere is not real, but is
rather an artifact of modeling the 5383.4 A line in LTE, aliigh its core is expected to
form in NLTE and its source function to be largely decoupleshf temperature (Bruls
and Solanki 1993). Figure 4.16 shows the Stokesnplitude ratios (Eq. 4.4) of the in-
dividual observed profiles, as well as thealues obtained from binned profilesdf the
binned profiles logically lie amidst the individual measuents). Ratios of the synthetic
profiles are overplotted. Power law fits, applied to the iidiial observations, are repre-
sented by solid lines in Fig. 4.16. The good agreement seEigid4.16 is a confirmation
that the best-fit synthetic profiles reproduce the Stadkesnplitudes with significant ac-
curacy. Note that these line ratios were not employed totcanshe inversions. Given
the 10% relative accuracy of the fits to tkleprofiles (see Fig. 4.15), this agreement is
rather encouraging.

The Stoked//1. amplitude ratios decrease with increasing Stokesnplitude of the
spectral line (i.e. with stronger Stok®¥4$l. signal). Given that the Cline strengthens
with increasing temperature (Livingston etal. 1977, E887, Holweger and Muiller
1974, Solanki and Brigljei1992, cf. Sect. 4.3.2) while the other 3 lines tend to weaken
(i.e. theirV amplitudes drop or remain roughly the same, see Fig. 4. & ceease in the
plotted Stoked/ line ratios implies a decrease in temperature in the lowgrkof the
magnetic elements with increasigamplitude (in agreement with the results of Solanki
and Brigljevic 1992).

The retrieved temperature stratification of the atmosphferehe binned data are pre-
sented in Fig. 4.19 with the reference atmosphere HSRA$M&nel) and with NET S86,
PLA S86, PLA SB92 atmospheres (bottom) which will be expditater on in Sect. 4.4.3.

Top panel of Fig. 4.19, shows how much the temperaturefitetton of our magnetic
atmosphere diers from the HSRASP atmosphere. The higher temperatutdisation
obtained from the magnetic structures show us that the ebdenagnetic structures are
hotter with less steep temperature gradient than their@mvient. We also see that the
magnetic structures with weak signal are formed in the Bb#emosphere, which means
that the smaller structures with little Stokésignals are formed in the hotter regions than
the structures with stronger Stokéssignals.

To compare the temperatures retrieved from the inversiathstire quantities defined
in Sect. 4.1.2, we need to identify the height of maximumoese of the individual spec-
tral lines to temperature. Therefore RFs to perturbatioriemperature are calculated at
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Figure 4.19: Temperature stratification of the atmosphierisee magnetic and the field-
free (quiet Sun) components. The temperature stratificatibthe atmospheres providing
best fits to the 5 binned Stokes profiles of the analyzed dataes@resented in the upper
panel. Temperature stratification of 3 empirical flux-tubedels in the literature are
presented in the lower panel. The solid curve displays tmgégature stratification of the
quiet Sun (HSRASP) and is identical in both frames.

63



4 Analysis of observed data

Table 4.7: Temperatures obtained from the inversion of Gdaiprofiles. HSRASP tem-
peratures are given as a reference.

Temperature (K)
Mean Data log =0 logr=-05 logr=-1 logr = -3* logr = —-4*

Weak 6826+ 132 6434+ 82 5969+ 45 4500 4500
Mid1 6746+ 114 6383+ 73 5926+ 40 4500 4500
Mid2 6575+ 108 6239+ 69 5814+ 14 4500 4500
Mid3 6657+ 110 6266+ 65 5782+ 34 4500 4500
Strong 658093 6206+ 56 5752+ 29 4500 4500
HSRASP 6390 5650 5160 4380 4175
x fixed

the position of maximum Stokég amplitudes, using the atmospheres returned from the
inversions. The center of gravity (COG, Semel 1970, ReesSamdel 1979) of these RFs
are determined according to,

; (4.15)

where z is the height in km. In Fig. 4.20, calculated RFs ahthgimum Stoke¥ signal
of the spectral lines in the atmospheres obtained from wedlstiong data are presented
with the COG location for each spectral line. Obtained CO@peraturesTcocy are
presented versus amplitude sums of the spectral lines id it).. TheTcossat the max-
imum of Stoked//I signal decrease with increasing signal from weak to thengtdata.
We see maximum change in temperature with Stdkesgnal in the carbon line, while
the least change is seen in thelAme. Surprisingly the temperature change in thd Ti
line is as strong as in the carbon line. Therefore, the litie &f these two lines cannot
represent the temperatures, but the ratios iafa@he two iron lines will be sensitive to the
temperatures. To see the relation between amplitude @tid$he temperature ratios, we
calculatedlcog ratios of carbon to the other lines. The relations are ptesén Fig. 4.22.
Here the gradients seen in the iron lines are increasingindtieasing amplitude ratios,
while there is no trend in the titanium line. The relationsi®en temperature ratios and
amplitude ratios are the consequence of our fixed temperandes.

The relation between amplitude ratios and temperatureprasented witilcogs Of
the carbon line in the left panel of Fig. 4.23 and with Thegs of the lines at the right
panel of Fig. 4.23. The linear relation between these twafies proves the concept of
using the amplitude ratios as a tool to determine the tenyeswithin the unresolved
flux tubes directly from the Stokeg profiles. Since the Cline is thermophile in this
set of lines, the temperature changes are seen better ilinthisAdditionally, we have
found that the Til line is temperature sensitive. Therefore, we see simitardiin the
middle panels of Fig.4.23. On the right panel of Fig. 4.23s itlear that the observed
temperature dierences on the lines are very low for thelFend Fd: lines. If we compare
Till and CI lines, in Till line we see loweilcogs than in the @ but the variation is as
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4.4 Inversions

high as seen in the carbon line. Therefore in this line we tdgge any relation between
temperature ratios and amplitude ratios. But in Fig. 4.16see decreasing amplitude
ratios with increasing magnetic filling in the titanium lindhe reason can be that the
titanium line ratios are indicating magnetic flux variaanstead of temperatures.
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Figure 4.20RF’s at maximum Stoke¥ signal of the spectral lines of weak data and of
strong dataRF¢’s are represented with lines coded to lower legend and C@&titmns
are represented as symbols coded to upper legend.
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Figure 4.21: Obtained temperatures of the binned profilesapEratures returned from
the inversions are presented as a function of Stokes V amplgums. Temperatures (at
logr = 0) of the binned profiles of Fe 1(5379.5A), C1(5380.3A), T{5B81.0A) and

Fel(5383.4A) are presented from top left to bottom rightgdamespectively.

Figures 4.22 and 4.23 shows that the Stokemmplitude ratios can be used to study
temperature ratios and temperatures of the unresolved etiagstructures in carefully
selected lines. A factor of 2 fierence in magnetic flux density implies a temperature
difference of 250K at the continuum forming layers (Table 4.7).
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Figure 4.22: Temperature ratios as a function of amplitadi®s. Temperature ratios of
Cl1 to Fels, to Till and to Fe: are presented from top panel to the bottom panel, respec-

tively.
68



4.4 Inversions

Fel(5379.574A) Fel(5379.574A)

6700 5700 :
A
6600 A r 56004 A g
A
= = A
6500 r 5500 g
O AL
JAN
6400 . . . . 5400. . . . .
0.20 0.22 0.24 0.26 0.28 0.30 0.20 0.22 0.24 0.26 0.28 0.30
(a;+a)Cli(a +a)Fel (a;+a)Cli(a +a)Fel
) Till(5381.02‘I.5A) ) ) TiII(5381.0;I.5A) )
6700 6200
A A
61004 A E
6600+ A
ke % 6000] E
= iy /A
6500+
5900 E
NA NA
6400. . . . . 5800. . . . .
0.20 0.21 0.22 0.23 0.24 0.25 0.20 0.21 0.22 0.23 0.24 0.25
(a+a)Cli(a,+a)Till (a,+a)Cli(a,+a)Till
Fel(5383.369A) Fel(5383.369A)
6700 . A ! ! . 5400 . A ! !
A
5350+ r
6600+ A A
'_3' %5300— A A F
A
6500+
A 52504 A r
A Jay
6400. T T T T T 5200 T T T T T
0.155 0.160 0.165 0.170 0.175 0.180 0.185 0.155 0.160 0.165 0.170 0.175 0.180 0.185
(a;+a)Cli(a +a)Fel (a;+a)Cli(a +a)Fel

Figure 4.23: Temperatures as a function of amplitude ratie& panel represenig.og of
Cl line as a function of amplitude ratio ofiGo Fels, to Till and to Fe: from top panel to
the bottom panel respectively. Right panel represggag of spectral lines as a function
of amplitude ratio of @ to Fels, to Till and to Fe: from top panel to the bottom panel
respectively.
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4 Analysis of observed data

4.4.3 Tests using existing atmospheric models

In this section we partly repeat the analysis of the previertion, but now using 3
existing atmospheric models, one describing flux tubes énnétwork (in the follow-
ing denoted NET S86, Solanki 1986), the corresponding plagetube model (denoted
PLA S86, Solanki 1986) and the revised plage flux-tube mdeleA(SB92, Solanki and
Brigljevic 1992). The temperature stratifications of these existingpspheres are pre-
sented in the lower panel of Fig. 4.19. The inversions fas damparison were set up in
a similar way as the inversions described in Sect. 4.4, wgtexception that the temper-
ature in the magnetic component is prescribed. The HSRA®Bam used as the non-
magnetic component atmosphere with Bg); Vimac andvpmic determined from the mean
flat-field profile. For the magnetic component we used the nsodET S86, PLA S86
and PLA SB92 to invert the mean data sets. We kept the temperatratification of
each of the atmospheres unchanged during the inversionothike parameters( Byag,
Vios(T = 1), Vgrad, Vimic andVimao Were left free as in the inversions presented in Sect. 4.4.
Profiles calculated with NET S86, PLA S86 and PLA SB92 are ewreedl in Fig, 4.24.
Obtained amplitude ratios are presented in Fig. 4.25.
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Figure 4.24: Synthetic profiles from forward calculatiorigvexisting atmospheric mod-
els. Top panel represents the Stokgk and bottom panel represents the Stokgk
signals.

Figure 4.25 compares the line ratios obtained from thesstiegi tabulated atmo-
spheres with the observations. According to the test igstile PLA S86 model atmo-
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4.4 Inversions

sphere in general represents the observations better ibasttier model atmospheres,
although it reproduces the ratios involvingIf6383.4 A) relatively poorly except for the
weakest binned profile. This result was expected since thpdeature stratification of
this model atmosphere is the closest one to the temperdtatiications obtained from
the inversions (compare Fig. 4.19 upper and lower panel#h the coolest temperature
stratification in the deep layers of the atmosphere, the PR#2Smodel comes closest
to reproducing the line ratios of the mid3 and the strong &éhprofiles. With its hot-
ter temperature stratification the NET S86 model atmospisemost closely consistent
with weak binned profiles, especially with regard to theamtnvolving the Til line, but
appears to be too hot even for these. This atmosphere wasadiygconstructed to re-
produce network, enhanced network data with a magneticdifiactor of~ 6%, which
suggests that at lower filling factors than considered Herertagnetic elements are hotter
still in their deep layers.
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5 Analysis of radiative MHD
snapshots

3-D magnetohydrodynamic (MHD) simulations with the neeegphysics (compress-
ibility, non-grey, LTE, radiative energy transport, patibnization) to treat the uppermost
part of the convection zone and the photosphere can be cabipavith the observations.
3-D MHD snapshots calculated by the MURaM code (Sect. 5el3tudied to validate and
calibrate the diagnostic as well as to test our inversiounlt®&sAlso, by comparing Stokes
V line ratios, as described in Sect.5.3.1, from the simutatigith the observations, the
thermal structure of the magnetic features in the simutatian be tested. Synthetic data
(Sect. 5.2) are calculated with the atmospheres providedédHD snapshots and then
degraded to our observational conditions (Sect. 5.3.1)plAude ratios of both degraded
and original resolution data are calculated and the terpper at the center of gravity
(Eqg. 4.15) heights of RFs at maximum StoRéssignals are extracted from the atmo-
spheres as explained as in Sect. 4.4.2. A comparison of shéisevith the observations
and the inversions is presented.

5.1 MURaM snhapshots

The MURaM (MP3University of Chicago Radiative MHD) code (Végler 2003); §lér
and Schiissler (2003); Vogler etal. (2005) solves the tieggeddent MHD equations for
a compressible and partially ionized plasma including goey LTE radiative transfer
based on multi-group frequency binning. Three of the comral boxes analyzed in
this thesis correspond to a small part of a unipolar plag®negn the Sun. The boxes
extend 1400 km in the vertical direction (roughly coverihg tange between 800 km be-
low to 600 km above the visible solar surface) and 6000 km th borizontal directions
corresponding to an area of 82828 arcse with a grid spacing of 14 km and 21 km,
respectively. The box is penetrated by a fixed amount of cartnagnetic flux corre-
sponding to an average vertical magnetic field strength (miég flux) of 50 G, 200 G
and 400 G respectively. A fourth simulation run represehésduiet Sun. This run is
a mixed polarity run, extending 1680 km in the vertical difee and 6000 km in both
horizontal directions, with a grid spacing of 14km and 21 kespectively. The mean
unsigned vertical field in this case was 9 G. For each 3D pmositi the simulation, the
quantities listed in Table. 5.1 can be extracted. Temperaty andB, at logr = 0 of the
studied data cubes are presented in Fig. 5.1.
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Figure 5.1: Temperatur®, andV, of the snapshots at lagy,ys = 0. From top to bottom
(| B])=9G,(B)=50G,(B)=200G, andB)=400G.
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5.2 Synthetic profiles

Table 5.1: Output quantities of the MURaM code

Parameter Abbreviation and Unit
Temperature T[K]
Pressure Plg/cms]
Horizontal velocity components Vy, Vy [cmy/s]
Vertical velocity component V, [cmys]
Internal energy per unit volume [efgm?]
Horizontal magnetic field components By, By [G]
Vertical magnetic field component B, [G]

Properties of the studied MHD snapshots are:

e (| B [)=9G (mixed polarity region with 57& 576 grid points at horizontal direc-
tions and 120 grid points in depth)

e (B)=50G (unipolar region with 28& 288 grid points in the horizontal directions
and 100 grid points in depth)

e (B)=200 G (unipolar region with 288 288 grid points in the horizontal directions
and 100 grid points in depth)

e (B)=400 G (unipolar region with 288 288 grid points in the horizontal directions
and 100 grid points in depth)

5.2 Synthetic profiles

In order to compare the results obtained from observatindsraversions with the MHD
snapshots, STOPRO routines were used to synthesize Stdkemnd Stoked//I. pro-
files of the spectral lines with the atmospheres calculatethé simulations. The nec-
essary input quantities used by the STOPRO code to synéngsikes profiles are pre-
sented in Table.5.2. In order to obtain physical quantitigsich are not provided by
the MURaM code (compare Table 5.1 and Table 5.2), the MODC&iahki 1987) sub-
routine was used. This code computes the ionization equifibfor a given chemical
composition, electron pressuRg, continuum absorption ciicient«, and determining
continuum optical depth,. It employs routines due to Gustafsson (1973). As an ex-
ample, the resulting continuum intensities at 5380 A difedient snapshots are presented
in Fig.5.2. Magnetograms are calculated from the maximuoke3tV signals of each
spectral line per snapshot and presented in Fig. 5.3. Firdiuanalysis, only snapshots
with (B) = 50,200,400 G are used, while th¢ B [)=9 G snapshot is only used for the
determination of the spatial filter, which is explained irc56.3.1.

Average Stokes and Stoke¥ profiles were calculated from tR&) = 50,200,400 G
snapshots in order to see if we will have similar Stokesignal as binned data (weak,
mid1, mid2, mid3, strong) from the observations. Theseayed profiles are presented in
Fig. 5.4. Comparing these profiles with the observed praiilésg. 4.10, one can already
see that th&€B)=200 G snapshot represents our observations best. The SioKdes
from the observations agree reasonably well with the psfiemputed from the MHD
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5 Analysis of radiative MHD snapshots

Table 5.2: Input quantities required by STOPRO routine.

Parameter Abbreviation and Unit
Continuum optical depth logr
Height z[cm]
Temperature T [K]
Gas pressure P [g/cmg]
Electron pressure Pe [g/cm<]
Continuum absorption cdiécient xk[g7™]
Mass density o [gr/cm?]
Magnetic field strength B[G]
Micro-turbulence velocity Vmic [CNV/s]
Line-of-sight velocity Vios [CM/S]
Angle betweerB and LOS v[deg]
Azimuthal angle oB x[deq]

cubes, except for the Stokes V profile of Ikre There, the observed Stokes V signal is
approximately 1.5% weaker than the synthesized signal.r@son for this discrepancy
is investigated by performing the following test: RFs to parature perturbations are
calculated with the atmospheres of each snapshot. The Rigdithat almost all pixels
of (B)=50G, many pixels ofB)=200G and some pixels dB)=400G snapshots do
not cover all the higher part of the photosphere, where théeshas significant response
(cf. Fig.4.12). This situation makes this iron line not abie for the analysis with the
MURaM snapshots. For this reason, this line is excluded onfurther analysis.

For further comparison with the observations, we compugeatimplitude ratios for
the synthetic data. Since the synthetic data are free oénais can compute amplitudes
of the blue and the red lobe of the Stokésprofiles simply by taking the minimum
and maximum of the profile. Later on, amplitude ratios of carko the other lines are
calculated for the synthetic data of each snapshot, whietpegsented in Fig.5.5. The
scatter plots in Fig. 5.5 are dominated by the small Stdékasplitude signals. To avoid
quiet regions in the snapshots with low magnetic flux, théptbrelations are restricted to
regions withB > 1000 G. This threshold is also consistent with the resultainbd from
the inversions (see Table. 4.6), since we also had a thisimothe observed Stoké&s
signals (see Sect. 4). This selection also makes the detation of the trends easier. The
amplitude ratios with this selection are presented in E&y. bor the(B)=50 G snapshot
power law relation is reasonable between amplitude ratsamplitude sums, which
can be used as a proxy for the magnetic filling factor (see. 8dct). In the(B)=200 G
snapshot for the iron line we see decreasing amplitudesratith increasing magnetic
filling, where we see opposite trend in titanium line. In {B=400 G snapshot, there is
no relation seen in the iron line but linear trend is preseité titanium line.
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5.3 Temperatures derived from the simulations

I/<lc>

Figure 5.2: Continuum intensities st 5380 A for the snapski@)=9 G, (B)=50G,
(B)=200 G,(B)=400 G, from left to right respectively.

5.3 Temperatures derived from the simulations

We determined cogs (Sect. 4.4.2) and amplitude ratios (Sect. 4.1.2) of thetspdines
for each cube in order to retrieve the relations between itndel ratios with both, tem-
perature ratios and temperatures. These relations arenpeelsin Fig. 5.7. The left panel
of Fig. 5.7, shows that the plot is dominated by the featurigls low amplitude values,
corresponding to low magnetic field strength. At low magnétix regions, the scatter
is large since the structures are from quiet regions of tla@smots, which we exclude
in the analysis of the observations (See Sect. 4). For thgsieaf the observations we
selected the data with a Stok¥ssignal of carbon 3 times greater than the noise level.
This means that no quiet Sun data was included in our predaoa$ysis. Therefore it
is difficult to compare the relations between amplitude ratios &zatpre and amplitude
ratio temperature gradients from the whole snapshot witotiservations. Additionally,
the results obtained from the inversions indicate that tieeoved region has a magnetic
field strength of 15001700 G. Therefore, we exclude the pixels witk 1000G regions

at logr = 0 from the investigation of the relations since they are eptesentative of the
observations (Fig. 5.7, right panel). With this selectithe relation between amplitude
ratios with temperatures and temperature gradients becoroee clear.

The relation between temperatures and amplitude ratidgeafriiapshots are presented
in Fig. 5.8 in the regions witlB > 1000 G. In all snapshots, linear correlations are rea-
sonable between temperatures and amplitude ratios & Eel» and to Till.

In Fig. 5.9, temperature ratios are presented as a funcfiamplitude ratios in the
regions withB > 1000 G. Power law relations are reasonable for all snapsFoisthe
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5 Analysis of radiative MHD snapshots

Fel(5379.5A) CI(5380.3A) Till(5381.0A)

Figure 5.3: Magnetograms of the spectral lines at the smapsiB|)=9G (top
panel), (B)=50G (second row from the top)B)=200G (third row from the top),
(B)=400 G(bottom row).
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5 Analysis of radiative MHD snapshots

(B) = 400 G snapshot relation is more linear.

Amplitude ratios and temperature relations are present&ti 5.10 from the results
of 3 MHD snapshots for regions wits > 1000 G. Even though th@) = 400 G snapshot
dominates the relation with its many more magnetic featwidis B > 1000 G than the
other snapshots, plots from all 3 snapshots follow roudigysame relation. This supports
the usage of the amplitude ratios as a proxy for temperafigeeen in Fig. 5.10, a linear
relation is reasonable both between Mg s and the amplitude ratio of Cto Fels line
(top panel) and for titanium line (bottom panel). This canBirthe fact that the amplitude
ratios can be used as a temperature diagnostic tool. Vahiegned from inversions
of our binned observations are overplotted for illust@tpurposes, showing the much
broader dynamic range of the original simulations. The bw@diet of the inversion
results, represented by stars in Fig. 5.10 above the meaa pabbably just reflects their
2 orders of magnitude lower resolution than the simulatioRsis could well lead to a
small dfset in a séficiently inhomogeneous atmosphere, since the spectral tiesct
non-linearly to temperature changes. Additionally, isi@ns are not so accurate since a
simplistic model is used (Sect. 4.4), and this may causeptfgst too.

In Fig. 5.11, temperature ratios are presented as a funat@mplitude ratios from the
results of 3 original resolution MHD snapshots. Here asipresty explained > 1000 G
threshold is used. Here again we can say that even thougBthke400 G snapshot dom-
inates the relation with its many more magnetic featuresénrégions wittB > 1000 G
than the other snapshots, they agree with each other. Thposvier law relation between
the temperature ratios and the amplitude ratios. Here ag&imgood to emphasize the
importance of better statistics with more data points tcegattter comparison scheme of
the temperature ratios and amplitude ratios.

We should keep in mind that in both cases presented in Fig.&H in Fig.5.11
are obtained from the original resolution of the MHD snapshnot from the degraded
data. Therefore the synthetic data with original resotuttannot really represent the
observations. Since we cannot degrade the atmospheresnlthevay to compare the
simulation results with the observation is this.

82



5.3 Temperatures derived from the simulations

S00<B-10000m 1000<B<1500Ga

5000 1000<B<1500Gi [~ 5000 1500<B<2000Ga
1500<B<2000Gx B>2000Gm
4500 .
0.0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
(a;+a)Cl/(a,+a)Fel (a;+a)Cl/(a,+a)Fel
16 - - - 1.6
B<500Gm 1000<B<1500Ga
500<B<1000Gm 1500<B<2000Ga
1000<B<1500Gs B>2000Gm
1.4+ 1500<B<2000Gs [ 144 [
3 B>2000Gm 5
SN [ £ 1.2] [
g 3
= 8
r 1.04 r
0.8 . . ; 0.8 . . -
0.0 0.2 0.8 0.0 0.8

0.4 0.6 0.2 0.4 0.6
(ab+a')CIl(ab+ar)FeI (ab+a')CIl(a\j+ar)FeI

Figure 5.7: Temperatures (top panels) and temperatuasr@iottom panels) vs the am-
plitude ratios from the MHD snapshot 0B) = 200 G (plage region). Left panel repre-
sents the results from snapshot and the right panel refisedenresults in the regions
with B > 1000 G.

5.3.1 Degrading snapshots to the observational conditions

Since the MHD simulation boxes have high resolution and ateafiected by atmo-
spheric turbulence and other observational biases, wetogatfoduce all thosefeects
to the synthetic profiles, in order to allow a better commarisf the results with our ob-
servations. Therefore, we degraded the snapshots bothlgpand spectrally. Spatial
convolution was done with a 2-D Gaussian filter which has thleafidth half maximum
(FWHM) of the assumed seeing value of 3" (smallest observagh®tic element) and a
2-D Lorentzian filter with a width determined from comparisaf the standard deviation
of the continuum intensity afB|)=9 G simulations and the observations. This spatial con-
volution filter is presented in Fig. 5.12, together with tiieets of degrading and binning
to one of the continuum images in the lower panels of the figBpectral convolution was
done with a Gaussian filter with a FWHM of the spectral resotubf the observations
(Sect. 3.2.1). Finally, we binned the data to the pixel sizé® observations.

These degraded data are binned to one average profile. Theadeon of these
average Stoke¥ profiles with the ones obtained from the observations isgues in
Fig.5.13. From now on, those convolved and binned data ad fer analysis since
they are the most representative for the observations. Enese data, amplitude ratios
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Figure 5.8: Temperatures vs the amplitude ratios in theregivithB > 1000 G. The left
panel represents the results for the iron line, while thbtrmanel represents the results
for the titanium line. Top panel is the result from @& = 50 G snapshot, middle panel is
the result from thé€B) = 200 G snapshot, and bottom panel is the result #Bjm= 400 G
snapshot. Solid lines represent the linear fits.

(Sect. 4.1.2) are calculated for each MHD snapshot and tteegrasented together with
the results of observations and inversions in Fig. 5.14 ehier see that MHD snapshots
show the same trend as seen in Fig. 4.16, i.e. decreasingtagepiatios with increasing
magnetic filling.

We compare the results obtained from MHD simulations with tbsults obtained
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Figure 5.9: Temperatures vs the amplitude ratios in theoregwithB > 1000 G. Left
panel represents the results for the iron line, while rigirigd represents the results for
the titanium line. Top panel is the result from t#) = 50 G snapshot, middle panel is
the result from thé€B) = 200 G snapshot, and bottom panel is the result #Bjm= 400 G
snapshot. Solid lines represent the power law fits.

from the observations and from the inversions. In Fig. 5.84prnesent the amplitude ra-
tios of individual observations, binned data, and the déeplaB)=50, 200, 400 G MHD
snapshots for comparison. Here we see that the observégarssest to théB)=200 G
MURaM snapshot, which is typical of a weak plage region, &iaat with Fig. 3.3 and
the returned spatially averaged magnetic it returned by the inversions (Table 4.6),
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5 Analysis of radiative MHD snapshots

which ranges from 150 G to 305 G. Since we exclude the obsepietisun data from the
analysis, the results obtained fraB)=50 G snapshot lays significantly below the extrap-
olation to lower Stoke¥ amplitudes of both observation and inversion results @-ity).

The ratios obtained from the 400 G snapshot lie scatterashdra curve that appears to
be a reasonable extrapolation from the observed datauglthihe simulated ratios pos-
sibly tend to lie slightly £ 0.02) lower than the observed ones. The ratios from the 50 G
snapshot appear to lie significantly below the extrapatetitdlower Stoke& amplitudes

of the observations. New high/$ observations of quiet Sun regions are required to
investigate this discrepancy.
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Figure 5.10: Temperatures vs the amplitude ratios from ithelations in regions with
B > 1000 G at log- = 0 from 3 snapshots. Snapshots are coded with colors andatse st
represent the results from the inversions. Solid linesasgmt the linear fits.

87



5 Analysis of radiative MHD snapshots

1.53 : : ' 5

E <|B|>=50CGm

1.4 <|B|>=200Ga E

E <|B|>:4OOGI :
7133
=8
~ 123
=119 3
1.0 3
oo4 :
0.0 0.2 0.4 0.6 0.8

(ab+ar)CI/(ab+ar)FeI

1.45 1 1 1 E

E <éB|>:SOG- :

E <|B[>=200Gm [

1.3—: <|B|>=400Gm C
51.27
£ 5
S :
81.11 o
ol E :
1.0 3
0.9 | | | :
0.0 0.2 0.6 0.8

0.4
(ab+ar)CI/(ab+ar)TiII

Figure 5.11: Temperature ratios vs the amplitude ratios ftbe simulations in the re-
gions withB > 1000 G from 3 snapshots. Snapshots are coded with colordarstars
represent the results from the inversions. Solid linesasgmt the power law fits.

88
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Convolution Filter

1010 —

8:10°— —

6:10°— —

4:10°— —

0
AN[km]

Convolved <|B[>=9G Binned <|B|>=9G
6

Figure 5.12: Convolution filter (top panel) and an examplea degraded snapshot. Left
bottom panel represents the continuum intensity of the liren at the(|B)=9 G snap-
shot with original resolution, bottom middle panel représethe convolved continuum
intensity, while right bottom panel represents the binnaatiouum intensity.
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Conclusions

We present an exploratory study of Stokéamplitude ratios involving the C5380.3 A
line as a temperature diagnostic tool. We applied this tieciento simultaneously ob-
served Stoke$/l. and Stoked//I. spectra of an active region. With this analysis we are
able to constrain the temperature stratification aroundahé&nuum forming layers of the
photospheric magnetic flux concentrations. From the invessof the profiles binned to
increase the 8l ratio, we find that the temperature of the magnetic strestat the con-
tinuum forming layers lie between roughly 6800 K for weakk&t®V signals and 6600 K
for signals stronger by a factor of roughly 2. These tempeeatimply continuum in-
tensity contrast values at 5380 A in the magnetic elemer®s03f and 0.05, respectively,
which are significantly larger than the granulation coritdetermined as the standard
deviation of quiet Sun continuum intensity along the st0(0125 for our data). The
magnetic filling factor lies in the range 10-18% for thesefifes.

We extended the analysis by Solanki and Brigipgii992), who introduced the Stokes
V amplitude ratio involving @ StokesV profiles, by extending the technique with inver-
sions and testing it and calibrating it using numerical datians. We also applied it to a
larger number of data points than just the 2 FTS spectra deresd by them. Even with
rather simple approximations in the inversions, we man&geepresent our observations
reasonably well. This study indicates that this tempeeatliagnostic tool can be used
also in conjunction with spectral lines like Mithat are not very sensitive to the temper-
ature in the deep photosphere, although the temperatatéisation cannot be reliably
shown to be unique, since there may be some residual clédsetaveen temperature and
temperature gradient.

The decrease in ratio of the Stokéd . amplitude of G 5380.3 A relative to the other
lines with increasing Stokeg/l. amplitude, i.e., increasing magnetic flux within the spa-
tial resolution element (Fig. 4.16), confirms that the kG metig features in regions with
lower magnetic flux are on average hotter than in regionshigher flux. Hence they are
expected to appear brighter in images at continuum wavtieray in white light. This
confirms and extends the results of Solanki and Briglj¢¥892) to a much larger number
of data points, at somewhat higher spatial resolution.

For the first time, the amplitude ratios obtained from the Mbtiapshots are com-
pared with the results from observations and inversiondGgreement is found (Fig.
5.14). MHD simulations also provide an independent calibreof the amplitude ratios
in terms of temperature.

Bellot Rubio etal. (2000) studied a strong plage region adoa sunspot with Fe
6301.5 A and F&6302.5A lines with higher spatial resolution than our obatons.
Their results for the temperatures and velocities are amtd our results at the same
heights in the atmosphere. In their model the magnetic fie&hgth values are compa-
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rable to our strong case. However, the magnetic flux in thedehis significantly larger
than in our models. This is not surprising since they havehrhigher magnetic flux
(close to a sunspot) in their observed active region thaotieeve observed without any
sunspot or pore. Even though we had lower spatial resoltitiemtheir observations and
we used more simple inversions as compared to them, outsesalin a good agreement.

We compared the amplitude ratios obtained from our obsenatvith the amplitude
ratios resulting from synthetic spectra computed fromteégsmodel atmospheres. We
find that the PLA S86 atmosphere represents best our obeswaince it has a similar
temperature stratification as our resulting atmospheré® cboler PLA SB92 is repre-
sentative of our mid3 and strong data sets, while the hotEF 886 is likely to better
represent regions with lower amount of magnetic flux than aeetobserved. This is
not surprising given that it was developed to represent éteark at much lower filling
factor than the current data.

The work presented here makes us confident that the tempesatuthe deep pho-
tospheric layers of the unresolved magnetic structuresbeadeduced with reasonable
reliability via Stokesv amplitude ratios of the selected spectral lines.
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