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Abstract

Sunspots, the dark blemishes on the solar surface have hdelywstudied for the past
400 years. Sunspots are the most readily identi able matafeon of magnetic eld
concentrations on the solar surface. Interaction of thesmonmagnetic eld with the
plasma makes them one of the most interesting objects fearels in solar physics.

This thesis presents a study of the photospheric and uppemadspheric velocity
and magnetic eld structure of sunspots by analyzing sjpeptiarimetric observations.
These observations comprise drent spectral lines obtained with two ground based tele-
scopes and a space borne telescope.

The lower brightness of sunspots on the solar surface isaltietpresence of strong
magnetic elds (up to 4 kG in the umbra), which makes the au@ihg convection ine -
cient. Convection is the main heat transport mechanism igtiet Sun. The Penumbra,
the annular part around the umbra has a brightness of ab&tub7fhat in the quiet Sun.
At the same time it has an average magnetic eld strengthaifiraat 1.5 kG. The bright-
ness of penumbrae has been an enigma for solar physicisasidog time. Theoretical
models like the gappy penumbra model and the convectiveradlel as well as magneto-
hydrodynamic (MHD) simulations suggest that the heat fvartsn penumbrae is based
on the presence of overturning convection. Direct obsemwat evidence for the presence
of convective ows in penumbral laments was missing so farChaptei3 we present ob-
servations of a penumbra in thei6380 A spectral line formed in the deep photosphere.
These high spatial resolution observatiorf8 &).are obtained with the Swedish 1-m Solar
Telescope (SST). Doppler map clearly shows the presenevefa dark down ow lanes
at the edges of the penumbral laments which surround thghibrip ows at the center
of the laments, supporting overturning convection as a haatism of heat transport in
penumbrae.

Chapter4 analyses the vertical gradient of the magnetic eld strangtsunspots in
the photosphere. This study includes twoetient sets of observations: (1) Observations
with the Solar Optical Telescope (SOT) onboard the Hinodellga. (2) Observations
with the Tenerife Infrared Polarimeter-2 (TIP-2) mounteédhe German Vacuum Tower
Telescope (VTT). The spatially coupled inversions (usimg $PINOR code) of the Zee-
man sensitive Fe6301.5A and F&6302.5 A spectral lines observed with the SOT show
local patches in the penumbra where the magnetic eld dseewaith optical depth. Such
detection of local magnetic “canopies” have not been regbdarlier in the literature.
These patches coincide with the bright inner parts of pemamlaments and indicates
that the stronger elds from the dark spines expand and coeeoverlie the weaker and
more horizontal elds. The radial pro le of the vertical gigent obtained with azimuthal
averages shows that in the inner penumbra the magnetic estdedises with depth in the
lower photosphere whereas in the outer penumbra it has thesdp trend. This result
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Abstract

is consistent with low spatial resolution®). spectro-polarimetric observations obtained
with VTT/TIP-2. These particular observations include the photesp!sii 10827.1 A
and Cai 10833.4 A spectral lines. These observational results@rgared with MHD
simulations of a sunspot. These comparisons show that ttreaking magnetic eld
strength with optical depth can be attributed to highly agated iso-optical depth sur-
faces.

The 3D structure of a sunspot's magnetic eld is studied in |@@be5 by comparing
the measurements of photospheric and the upper chromasphagnetic eld. Here
the photospheric magnetic eld is obtained by inversionirigghe SPINOR code) of the
Sii10827.1A and Ca10833.4 A spectral lines together, whereas inversion ofHé
triplet at 10830 A using the HelLfxcode provided the upper chromospheric magnetic
eld. These observations were recorded with VTTIP-2. The umbral magnetic eld
strength in the upper chromosphere is found to be lower byc®ifd .4-1.6 compared
to the photosphere. The vertical gradient of the magnelit strength between the pho-
tosphere and the upper chromosphere is in a range betwe&@km5 and 1.0 G km!
in the umbra. The dierence of the magnetic eld strength between both atmospher
layers steadily decreases from the sunspot center to tlee batndary of the sunspot.
The magnetic canopy at the upper chromospheric heightsimgiffust outside the visible
boundary of the sunspot. The most striking result foundasttine magnetic eld vector is
less inclined in the upper chromosphere compared to theppbére. A higher magnetic
eld strength is observed in a light-bridge in the upper ehosphere compared to that in
the photosphere.

12



1 Sunspots: Introduction

The Sun is a magnetic star. The solar magnetic eld is thotgbe generated through a
dynamo process, an interaction betweeredential rotation and turbulence just below the
convection zone of the Sun (see, e.g., reviewdmarbonneau 2005 Toroidal magnetic
ux generated by the dynamo action rises from the base of trvection zone to the
surface of the Sun through buoyancy.

The magnetic eld appears in a wide range of spatial scal@s avi erent magnitudes
in the photosphere, the visible surface of the Sun. Regiorslvdnced surface magnetic
elds are called active regions, usually display a bipolanguration. The largest fea-
tures, both in terms of size and the magnetic eld strength,sanspots. Magnetic eld
structures on the solar surface also appear on the scaleafisasrthe di raction limit of
the present generation's telescopes. The smallest mageletistructures are also known
as the magnetic elements. Outside active regions, i.eeigufet Sun, magnetic elements
appear with enhanced density in network which are basitdaiypoundaries of large scale
convective cells. These large scale convective cells ef20z40 Mm are known as super-
granules. The magnetic eld which appears in between thenmtag network is known
as the internetwork magnetic eld. For reviews on smalllsslar magnetic elds see,
Solanki(1993 andde Wijn et al.(2009.

The magnetic eld of the Sun varies with time in a cyclic manmeth a periodic-
ity approximately of 11 years. This is clearly evident in teenporal variation of daily
numbers of the sunspots visible on the solar surface (sed H)g The magnetic polarity
reverses after 11 years so that the full magnetic cycle of the Sun has a meaodpef
22 years. The dynamo is not only widely accepted as the rastector the generation of
the magnetic eld but also for the solar cycle.

Active regions are relevant for all energetic phenomendersun, like ares or coro-
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Figure 1.1: Solar cycle: monthly averaged sunspot numberdsn 1750 to 2012 (Credit:
http//www.ngdc.noaa.gov).
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1 Sunspots: Introduction

nal mass ejections (CMEs). Being a major constituent of acdgens, sunspots plays
an important role for the understanding all these actiwiged the underlying physical
processes of magneto-convection.

The present chapter introduces observational facts abospsts on a global as well
as on spatially small scales. The large scale structurerspsis is summarized in Sec-
tion 1.1, Sectionl.2deals with the ne structure of sunspots. Remaining parthisf¢hap-
ter (Sectionsl.3 and 1.4) summarize the current theoretical understating of a satissp
structures.

1.1 Sunspots: Global structure

Sunspots are generally identi ed as dark features on tharSuirface, i.e. in the photo-
sphere. Sunspots have a central dark part called umbra vgrsanrounded by a relatively
brighter part, the penumbra (see FigR). When a dark spot (naked umbra) appears with-
out penumbra then it is called pore. Sunspots appear in a raitge of sizes and can
have a maximum size of60000 km (diameter), the smallest sunspots have a diameter
of around 3500 km Eray and Loughhead 19%4 Sunspots appear darker than the sur-
rounding quiet photosphere because they harbor strongetiagalds which suppress
convection, the main energy transport mechanism belowdlae surface.

1.1.1 Magnetic eld

Hale (1908ab) discovered that sunspots are magnetic foot-prints on oler surface.
Like the temperature the magnetic eld is also not uniforrdigtributed across the body
of sunspot. Generally, the strongest magnetic eld beldiogke geometric center of a
sunspot (see Fid..3). The maximum strength of the magnetic eld of sunspotsasin a
range between 2000 and 4000 G, depending on the size of tepaiuje.g.Ringnes and
Jensen 196Brants and Zwaan 198Ropp and Rabin 199Zollados et al. 199450lanki
1997. The azimuthally averaged eld strength in a sunspot deses steadily from the
sunspot's center to its periphery. The intensity, and tloeeealso the temperature, shows
a clear jump at the umbra-penumbra boundary, when theirudhaily averaged radial
pro les are produced. The relation between the continuutansity (also temperature)
and the magnetic eld strength has been amply studied. Wwslerelatively smooth vari-
ation of the magnetic eld compared to the temperatifepp and Rabin 1992Martinez
Pillet and Vazquez 1993olanki et al. 1993Balthasar and Schmidt 1998tanch eld
et al. 1997 Leka 1997 Mathew et al. 20032004).

The radial dependency of the magnetic eld strength (see E#) has been studied
extensively, most recently byites et al.(1990, Solanki et al.(1992, McPherson et al.
(1992, Kopp and Rabin(1992, Hewagama et a(1993, Balthasar and Schmi@iL993,
Skumanich et al(1994), Keppens and Martinez Pill¢1996, Westendorp Plaza et al.
(20010, Mathew et al(2003 andBorrero and Ichimot@2011). These studies show that
at the sunspot's visible boundary in the photosphere thenetag eld strength amounts to
700-1000 G on average. Near the umbra-penumbra boundanyafeetic eld strength
is found to be 1400-2000 GLites et al. 19901991, Schmidt et al. 1992Balthasar and
Schmidt 1993 Skumanich et al. 199&Keppens and Martinez Pillet 199Blathew et al.
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1.1 Sunspots: Global structure
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Figure 1.2: Sunspot's morphology: This image of a sunspattaen with the Swedish 1-
m Solar Telescope (SST). Derent parts like umbra, penumbra, light-bridge and umbral
dots can be identi ed. For better visibility of the umbraltd@ part of the umbra is shown
in lower leftof the image (image courtesy of M. van Noort).

2003 Westendorp Plaza et al. 2001b

The magnetic eld at the center of a sunspot is mostly vekijoarmal to the solar
surface) where the magnetic eld strength is also strongBs¢ magnetic eld becomes
steadily more inclined towards the sunspot's boundary ansl close to horizontal at
the sunspot's outer boundary, i.e. making an angle of 70¢8Ghe surface normal (see
Figs.1.3and1.4). The magnetic eld strength and the inclination angle aed worrelated
in sunspots.

Our current knowledge of the vertical structure and gradiéthe sunspot's magnetic
eld is less studied when compared to its spatial structutdapter4 contains a study
of vertical gradients of the magnetic eld in the photospbéayer. A comparison of the
sunspot's magnetic eld between its photospheric and uppesmospheric layers is done
in Chapters.
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1 Sunspots: Introduction
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Figure 1.3: Maps of a sunspot's vector magnetic eld and-ifesight (LOS) velocity:
(a) Magnetic eld strengthB, (b) inclination of the magnetic eld vector,, (c) azimuth
angle of the magnetic eld vector,and (d) LOS velocityy,,s of a sunspot observed with
the Solar Optical Telescopdguneta et al. 2008n board the Hinode satellité&¢sugi
et al. 2007. All the physical parameters are shown at optical depth at 630 nm. The
parameters are retrieved through a coupled inversion tgeerusing the SPINOR code
(see Chapte?). Inner and outer contours in all the panels represent tHaaspenumbra
boundary and the outer boundary of the sunspot. The arroarelgd) indicates the disk
center direction (inversion results courtesy of G. Narayan

1.1.2 Evershed ow

Evershed in 1909 found a systematic wavelength shift in npdrotospheric absorption
lines in penumbrae. He found that limb-side penumbrae skeolshifts of spectral lines

16



1.1 Sunspots: Global structure

Figure 1.4: Averaged radial properties of 19 sunspots asetiin of normalized radial
distancer from the sunspot center. (a) Continuum intensity, (b) thremmonents of
magnetic eld strength, verticalg,), radial B;) and azimuthal B ), (c) inclination of
the magnetic eld vector and (d) the magnetic lling fact@dapted fromKeppens and
Martinez Pillet 199%.

while disk center side penumbrae show blueshifts. Everghedpreted this shifts of
spectral line as outward mass ow in sunspot penumbrae. bteialestigated sunspots
at di erentlocations on the solar disk (center-to-limb vari@tiand found that the shift is
maximum when sunspots are observed close to solar limb. kidwated that these ows
are parallel to the solar surface. The blue- and redshiffeeimumbrae are known since
then as Evershed ect. The Evershed @ct in a sunspot observed with the Solar Optical
Telescope (SOT) on board the Hinode satellite (for detdatsuaHinode, see Chaptér
Section2.7.3 is shown in Figl1.3(d).

The Evershed ow has a higher magnitude in the outer penumdmmgpared to that in
the inner penumbra. Already before the 1970s it was knownsieectral lines in penum-
brae are not only shifted but also asymmetft. John 1913Servajean 1961Holmes
1961 1963 Maltby 1964 Schroter 196h These line asymmetries can be caused by
unresolved ne structures as well as due to a height depexedehthe Evershed ow.
The Evershed ow is height dependent and stronger in degyers$ of the photosphere
(St. John 1913Maltby 1964 Rouppe van der Voort 2003chlichenmaier et al. 2004

Some authors reported a sharp decrease of the Evershed awtlyxat the outer
boundary of sunspot8¢ekke and Maltby 1963Niehr et al. 1986Wiehr and Stellmacher
1989 Wiehr and Degenhardt 199Zitle et al. 19921993 Wiehr 1996 Hirzberger and

17



1 Sunspots: Introduction

Kneer 200}, whereas there is convincing evidence in favor of the erise of the Ev-
ershed ow beyond the visible boundary of sunsp@bdeley 1972Kuveler and Wiehr
1985 Dialetis et al. 1985Alissandrakis et al. 198®ere et al. 1990Bdrner and Kneer
1992 Rimmele 199419953. Solanki et al.(1994 showed that very small mass ux
compared to the Evershed ow continues to ow radially outdideyond the penumbra
boundary above the magnetic canopy (a detailed discusbiout $he magnetic canopy
is presented in Chaptedsand5) and later supported by the observationfkefzaei et al.
(20096.

Strong down ows in the outer and middle penumbra togethen wirong up ows in
the inner penumbra have established that most of the Ewi@rshewhich is initiated
in the inner penumbra ows back to below the solar surfacehm middle and outer
penumbra $chlichenmaier and Schmidt 2Q00estendorp Plaza et al. 20QIhritschler
et al. 2004 Sanchez Almeida et al. 200ichimoto et al. 2007aranz and Schlichenmaier
2009 Tiwari et al. 2013avan Noort et al. 20183 Westendorp Plaza et g1997 and
Tiwari et al. (20133 found higher mass ux associated with down ows as compaied
that associated with up owsTiwari et al.(20133 attributed this observed asymmetry to
the highly corrugated optical surfaces in the penumbra.

1.2 Sunspots: Fine structures

Modern day high spatial resolution observations of sursspateal a high level of ne
structure, both in umbrae and penumbrae (see Higsand 1.3). Knowledge of ne
spatial details of magnetic and velocity eld structure sgmew insight and make us
to gather this observational facts which can help to improue understanding about
building blocks, formation and the stability of sunspotshisTsection recounts mostly
static observational facts about umbral and penumbral tnectures. Progress about
theoretical interpretation of these structures is acamiint Sectiond..3and1.4.

1.2.1 Umbral dots

Before 1970s bright granular structures in umbrae of stPe3#0 were observed (e.g., by
Chevalier 19144, 1916 Bray and Loughhead 1958oughhead and Bray 19%0How-
ever, Thiessen(1950 had observed much ner bright structure of siZ8@n the umbra.
Danielson(1964 named these observed small-scale bright structures iarttiga, um-
bral dots.

High resolution observations with the Swedish 1-meter ISo&descope (SST) re-
vealed that the average diameter of umbral dots ranges betiub and 230 kmSobotka
et al. 1997, Sobotka and Hanslmeier 2008iethmdiller et al. 2008Hamedivafa 2008
Detailed studies b$obotka et al(1997ab) andRiethmdller et al(2008 showed that the
lifetimes of umbral dots follows an exponential distrilmuti

Already from the early 1970s to the 1990s many observatiepsrted that umbral
dots exhibit weaker magnetic eld compared to surroundingpta Kneer 1973 Buur-
man 1973 Adjabshirzadeh and Koutchmy 1983ahlke and Wiehr 199®Bchmidt et al.
1994 Tritschler and Schmidt 1997 However, a few observations reported that there is
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1.2 Sunspots: Fine structures

no di erence in eld strength of umbral dots and surrounding umifevaan et al. 1985
Lites et al. 19891991]).

Kneer (1973 andPahlke and Wieh(1990 detected up ows in umbral dots in the
range of 1-3km ¢, while other authors found only very weak up ows (50-300 s
(Rimmele 1997Hartkorn and Rimmele 200%o0cas-Navarro et al. 20pdr no ow at all
(Zwaan et al. 19855chmidt et al. 1994AWiehr 1994.

3D magnetohydrodynamic (MHD) simulations of umbral dotsSwhissler and Vo-
gler (2006 showed that umbral dots are vertical columns of magnetvaxtion in the
umbra where hot plasma rises up to the surface by pushingetiagald to the sides
and then radiate surplus energy before owing down at theesdyd the umbral-dot. Dark
lanes in umbral dots are the intrinsic property of the sitadaumbral dots$chussler
and Vogler 200bwhich has also been found in observationsBharti et al.(2007) and
Rimmele(2008.

Studies bySocas-Navarro et a(2004 and Riethmdller et al(2008 2013 show a
weakening of the eld strength and an enhancement of tentyperand up ows in um-
bral dots.Riethmiller et al(2013 systematically found down ow lanes which surround
up ows at the center of umbral dots, supporting the MHD siatigin of Schissler and
Vogler (2009.

It is important to mention here that umbral dots are clasbes peripheral (close to
the umbral boundary) and central umbral dots. They exhibignce in dynamics and
physical properties. Details can be found in the review obmaindots in the Ph.D. thesis
of Riethmuller(2013.

1.2.2 Light-bridges

Light-bridges are bright elongated structures which divide umbra into two or more
parts (see Figl.2). Light-bridges appear with derent width and ne structure. Light-
bridges with granular-like sub-structure are known astpbpheric' light-bridges, whereas
some light-bridges look-like intrusions of penumbral lamts into the umbrae and are
classi ed as 'penumbral’ light-bridges. Narrow light-dges exhibit similarities with um-
bral dots in many aspect8eckers and Schrot€d 969, Abdussamatoy1971h), Lites
et al.(199Q 1991, Ruedi et al (1995 andLeka (1997 reported reduced magnetic eld
strengths in light-bridges at the photospheric level. Aresgtigation of 15 light-bridges by
Leka (1997 showed that the magnetic eld strength is reduced in raffi@®90-1500 G. A
eld free intrusion in a light-bridge was observed hites et al.(1991) andLeka (1997).
The magnetic eld is found to be more inclined in light-brigiy compared to the sur-
rounding umbra Beckers and Schréter 196Bites et al. 1991 Wiehr and Degenhardt
1993 Riedi et al. 1995 eka 1997 Katsukawa et al. 20Qdurcak et al. 2005%

Similar to umbral dots, a central dark lane is also found m ‘frenumbral’ light-
bridges Berger and Berdyugina 200Bites et al. 2004Bharti et al. 2007Giordano et al.
2008 Sobotka and Puschmann 2068uppe van der Voort et al. 201 &Guggesting that
magneto-convection takes place in light-bridges.

Rimmele(1997 found the rst direct evidence of the magneto-convectiorailight-
bridge by detecting down ows at its edges. A study of horiadbmotions of ne structure
in a light-bridge byHirzberger et al(2002 supports the presence of convective cells.
More recently cooler down ows in light bridges have beenatved by many researchers
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1 Sunspots: Introduction

Figure 1.5: Bright penumbral laments with central dark coobserved at a spatial reso-
lution of 09 with the SST (adapted frorRouppe van der Voort et al. 2004

(Giordano et al. 2008&Rouppe van der Voort et al. 201L0

Jurcak and Sobotké007) found that the magnetic eld is more inclined and exhibits
an enhanced strength in the upper photosphere above tlbtigge, forming a canopy-
like structure. Their observations also suggest that a-lbgidge is a nearly eld free
intrusion into the umbra and the surrounding umbral eld&xgs and lls the area above
the light-bridge.

A connection between light-bridges and chromospheriviggtias been pointed out
by many authorsAsai et al. 2001Bharti et al. 2007Louis et al. 2008Shimizu 201).
Berger and Berdyugin&2003, Katsukawa(2007 found coronal brightenings above a
light-bridge andLiu (2012 observed coronal jets associated with light-bridges.

Ruedi et al (1995 compared the vertical magnetic eld strength of the phplesic
and the upper chromospheric layers of a light-bridge anddahat the light-bridge in
photosphere has a reduced LOS magnetic eld strength cadgarthe umbra, whereas
in the upper chromosphere it is similar in the light-bridgel & the umbra. In extension
to the study oRUedi et al(1995, in Chaptel5 we analyze full Stokes vectors to compare
magnetic structures of a light-bridge in its photosphenid apper chromospheric layers.

1.2.3 Penumbra

Sunspot penumbrae are also structured in all physical sfe intensity, plasma ow
and magnetic eld. The current section summarizes the ptigseof penumbral ne
structure.

1.2.3.1 Intensity structure

At high spatial resolution observations better théh d lamentary structure in penum-
brae can be seen very clearly. Dark and bright laments aentated in the radial direc-
tion (see Fig.l.2). The width of bright laments has been studied previousyyrbany
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researchers and it was found to be in range 0% (Danielson 1961aMuller 1973
Toenjes and Woehl 198Denker 1998 Sobotka et al. 1999 At the same time many
authors found that spatial intensity power spectra showk péthe spatial frequency of
the resolution limit Harvey and Breckinridge 1973&tachnik et al. 1983Denker et al.
1995 Sanchez Almeida 1998Siitterlin (2001 performed a power spectrum study with
data recorded at the Dutch Open Telescope (DRXitten et al. 1997 and showed that
the laments are well resolved and have a preferred width®860Scharmer et a(2002)
found that the width is even narrower, and lies in the range®®0-0"25 (150-180 km).
Contrary toSutterlin (2001) and in support ofScharmer et al(2002, Rouppe van der
Voort et al.(2004) did not nd peaks in power spectra in observation of spagablution
02 (80km). This allows for presence of structure even narttihe highest spatial
resolution currently available.

At high spatial resolution one can see that every bright dgutnis sub-structured. With
the SSTScharmer et ak2002 discovered dark cores within bright penumbral laments
(also see Figl.5. These dark cores are predominantly visible in lamentsohhare
close to the umbra-penumbra boundaBellot Rubio et al.(2005 andLanghans et al.
(2007 found a typical width of dark cores of®.

Almost all bright laments consist of a brighter coma-likeiecture. These structure
move radially inward and are known as penumbral graifigier 1973 1976 Toenjes and
Woehl 1982 Shine et al. 198 AWang and Zirin 1992Sobotka et al. 1999enker 1998
Sobotka et al. 199%0botka and Sutterlin 20D1 Inward moving coma-like structures
of lament's are also called lament's heads, while the enaiptowards periphery of the
sunspot is known as the tail of the lament. Since the plasmoa in penumbrae (the
Evershed ow) is always in outward direction the questios@s, what an inward motion
of penumbral grains represents. This problem is still nbsfeactory solved.

Recent study byiwari et al.(20133 see also (see alsBharti et al. 201Pshowed that
penumbral laments have a brighter head, and intensitydsfedecreases towards the tail.
Tiwari et al. (20133 also showed an enhancement in intensity at the tail of latae

1.2.3.2 Magnetic eld

To understand the origin and the physics behind the intepsitterns in penumbrae it is
important to understand the structure of the magnetic @ldtst e ort in this direction
was made byBeckers and Schrot€l969. They found that the magnetic eld is more
inclined and stronger in darker laments compared to théright laments. Evidence of
uctuations in the magnetic eld inclination is strengtheahin the early 19904 {tes et al.
199Q Kalman 1991 Degenhardt and Wiehr 199%chmidt et al. 1992Title et al. 1992
1993. These authors found uctuation of 10-40° on arcsec andagbec scale. This
uctuation of the magnetic eld inclination in penumbrae ksiown as uted magnetic
eld (for reviews seeKeller et al. 1992Skumanich et al. 1994o0lanki 2003. Studies of
the correlation between inclination and brightness shawtrowersial results. The results
of Schmidt et al.(1992, Hofmann et al.(1994), Rimmele (1995h, Wiehr (2000 and
Westendorp Plaza et 4dR001P suggest that darker laments are more horizontales
et al. (1993, Title et al. (1993 and Stanch eld et al.(1997 did not nd a signi cant
correlation in the outer penumbrhites et al.(1993 observed that intense eld which is
more vertical than surrounding and they named these eldpaes.
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Figure 1.6: Wrapping of the background magnetic eld aroumshymbral laments:
Height strati cation of the LOS velocity (a), magnetic ektrength (b), inclination angle
(c) and azimuth angle (d). The Optical heigh} §trati cation is shown along a slit per-
pendicular to the radial direction in the penumbra. Theimation and the azimuth angles
are shown in a local frame of reference. 0° inclination cgponds to vertical direction.
Arrows in all the panels show the direction of the magnetild gectors (adapted from
Borrero et al. 2008

The magnetic eld strength also uctuates in azimuthal diren. It has been es-
tablished through many authorBeckers and Schrot€l 969, Harvey and Hal(1977),
Abdussamatoy1976 andWiehr (2000 found that darker laments have a strong mag-
netic eld, whereasWiehr and Stellmachg1989 andWestendorp Plaza et g20013
propose stronger elds in brighter lamentddofmann et al(1994) also obtained simi-
lar results, but only in the inner penumbra while in the oygenumbra they found the
opposite. On the other hand there are also studies which sbhouctuation in the mag-
netic eld strength Mattig and Mehltretter 196&tellmacher and Wiehr 198lLites et al.
199Q Schmidt et al. 1997Title et al. 1993Rimmele 1995h Title et al.(1993 see uctu-
ations in the LOS magnetograms but they interpret them asiatons only in inclination.
Results from most of these studies areeted by low spatial resolution, incomplete in-
formation of the full Stokes vector and the method of reiigumagnetic parameters.

The results offiwari et al. (20133 seem to settle the controversies regarding correla-
tion between the magnetic eld and the brightness. They hbthat the magnetic eld
structure in the bright laments signi cantly changes frahe head to tail. They found
that at the bright head of the laments magnetic eld vectars close to vertical, similar
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to that in the dark background, hence ruling out any kind ofedation there. In the mid-
dle part of the penumbral laments the magnetic eld becorheszontal compared to
background where the eld is relatively vertical and strenput the lament brightness
is comparable with the background. At the tail of lamente thhagnetic eld submerges
to the solar surface.

The vertical extension of penumbral ne structure has alserbstudied by a few
authors.Borrero et al (2008 andTiwari et al. (20133 found that background magnetic
eld forms spines that expands in the upper photosphere allos bright penumbral
laments. Such a geometry was rst proposed Bglanki and Montavor§1993. An
example of the vertical extension of penumbral ne struetfrom the study byBorrero
et al.(2008 is shown in Fig.1.6.

1.2.3.3 Fine structures of the Evershed ow

Like the brightness and the magnetic eld, the Evershed ewalso structured on ne
scales. To understand the origin and the driving force oEershed ow it is important
to know its ne structure and its relation to the brightnesd ¢he magnetic eld structure.

Early studies indicated that the Evershed ow is locateddrkdlaments Beckers and
Schroter 1969Title et al. 1993 Shine et al. 1994Hofmann et al. 1994Rimmele 1995b
Stanch eld et al. 199/Rouppe van der Voort 200Zritschler et al. 2004Langhans et al.
2005. In contrast, other authors found that there is no relaietween the Evershed
ow channels and brightness variationd/iehr and Stellmacher 198Qites et al. 1990
Schlichenmaier and Schmidt 2Qirzberger and Kneer 2001Recent high resolution
observations seem to be converging towards a picture whimhsthat the Evershed ow
Is concentrated to bright laments in the inner penumbratarghrk laments in the outer
penumbra $chlichenmaier et al. 200%lirzberger et al. 2003Bellot Rubio et al. 2006
Ichimoto et al. 2007aJurcék et al. 2007

The Evershed ow is found to be concentrated in regions ofkeeanagnetic eld
(Degenhardt and Wiehr 1998chmidt et al. 1992Title et al. 1993 Rimmele 1995b
Westendorp Plaza et al. 20QBorrero et al. 2005lchimoto et al. 2007 Bellot Rubio
et al.(2004 andBorrero et al(2005 concluded from their observations that the velocity
vector is parallel to the local magnetic eld vector.

1.2.3.4 Net circular polarization

The net circular polarization (NCP) is another tool whichegivnsight to understanding
sunspot penumbrae and their vertical structure. The NRP jpeetisal line is de ned as
the integral of the Stokeg pro le over the entire line, NCB V( )d ,i.e. itisa measure
of the asymmetry of the areas of the blue and red lobes of S¥kwo les. It is found
that on the limb-side of penumbrae the sign of NCP is the santleeasign of the blue
lobe of the Stoked/ pro le in the umbra. The sign of NCP in the disk center-sidels t
penumbrae is found to be opposite to that on the limb-side.pEmumbra of a sunspot at
disk center has the same sign of NCP as that of the limb-sidenplera. These properties
of the NCP are already known from low spatial resolution obeteons byllling et al.
(19744ab), Henson and Kemfil984 andMakita and Ohki(1986).

The NCP in the infrared FeL.56 m line shows a dierent spatial distribution than in
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Figure 1.7: Maps of net circular polarization (NCP) of surtispa) NCP map in
Fei1.56 m line and (b) NCP map in Fe6301.5A line. In both panels arrows mark
the line of symmetry (adapted fromliller et al. 2002.

spectral lines in the visible range, e.g. il801.5 A. The spatial distribution of the NCP in
the Fei 1.56 m and Fa 6301.5 A lines are shown in panels (a) and (b) of Big. Maps
of the NCP in Fei 6301.5A show a symmetric distribution along the line of syetm
(the line joining the sunspot center and the solar disk cgndereas it is asymmetric in
the Fei 1.56 m line.

High resolution observations revealed that the maps of NE® stiow a lamentary
structure Tritschler et al. 200); althoughTritschler et al.(2007) did not nd any cor-
relation between the lamentary structure of the NCP and therghed ow channels.
Ichimoto et al.(2008h studied the NCP from the Hinode S{IP observations. They
found that the NCP in lamentary structure at the limb-sidaymbra has the same sign
as the blue-lobe of Stokasin the umbra. These lamentary structures in maps of NCP
coincide with the Evershed ow channels. Observationgacbimoto et al.(2008H re-
vealed the same sign of the NCP in the disk-ward Evershed elsas in the limb-ward
penumbra, but opposite sign of NCP between the Evershed @amiobls.

1.3 Umbra: Theoretical models

The relative darkness and the rich ne structure of sunspotstitute a challenging and
enigmatic problem for theoretical models. In addition, dgaamical time-scale (the time
of magneto-acoustic wave to propagation across a sunspa)y about one hour, while
the sunspot's lifetime is up to several weeks. Thereforelting-term stability of sunspots
IS an open question. In contrast to that, the ne structures, umbral dots, penumbral
laments, penumbral grains, etc., have signi cantly fastgnamics compared to life time
of sunspots, in the range of minutes to a few hours. The stmagnetic eld of sunspots
suppresses overturning convection which is the main mestmaof heat transport to the
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Figure 1.8: Panel (a) depicts a sketch of subsurface steicfumonolithic model and
panel (b) that of cluster model of sunspot (adapted frohomas and Weiss 1992

solar surface. Therefore sunspots are cooler comparece tsutiiounding photosphere
and appear darkeB{ermann 194} Jahn(1992 presented an alternative scenario, based
on a monolithic ux tube (e.gCowling 1957 sketch is shown in FidL.8a) which expands
from the deeper layers towards the surface of the Sun to talte strati ed gas pressure
of eld free surrounding. In this scenario the magnetic dlsrms a funnel-like shape
where the diameter of the monolithic ux tube is smaller ¢siger B) in sub-surface
layers compared to the surface. In a situation where thissystem is thermally isolated
from its surrounding, any form of possible energy transfrorn the deeper layers to the
surface will cause a reduced heat ux at the surface and thascomes cooler, because
of the increased cross section of the ux tube.

Sunspot umbrae have temperatures around 4000 KDaazer (1965 showed that
the heat transport through conduction and radiation is motgnt to maintain this tem-
perature. Thus, convection is not completely inhibitedhea sunspot umbraeDeinzer
(1965 andJahn(1989 used the concept of mixing length theory with a depth depend
mixing length to show the convective heat transport in satssprhese models were based
on a model oHoyle (1949, where umbra, penumbra and the quiet Sun are assumed to
be thermally isolated against each other. The boundarydsstywenumbra and the quiet
Sun is known as magnetopause.

Parker (1975 and Piddington (1979 showed that the monolithic structure of the
sunspot is unstable to the uting or interchange instapiliEluting instability arises at
curved interface (due to expansion with height of the sutsptagnetic eld in strati ed
gas pressure) between the sunspot and eld free surroundng curved interface should
be unstable to small displacemeRarker(1979ab,c) suggested that the fragmentation of
a single, large ux tube into many thin ux tubes beneath theface can act as a process
of stabilizing the ux tube through minimizing the energy. $eally, the magnetic cur-
vature force (responsible for the uting instability) wesais through fragmentation into
thinner ux tubes.Meyer et al(1977) proposed that the buoyancy stabilizes the sunspot's
monolithic structure (when the total ux of a sunspot is larghan 16° Mx) to the uting
instability close to the surface because the magnetopaase large inclination angle
with respect to the vertical. A similar picture was presdnbg Schiissler(1984 and
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Buente et al(1993. A fragmented large ux tube is known also under drent names
like jelly sh model, cluster model and spaghetti model ire tliterature Parker 1979¢
Spruit 1981 Choudhuri 1992 A sketch of the cluster model is shown in Figg(b).

The cluster model naturally explains the observation of taintbots through the pres-
ence of convection in eld free areas between the thin uxésbUmbral dots are, how-
ever, also explained by magneto-convective processes imt¢imolithic modelJahn 1992
Schussler and Vagler 20D6Rempel and Schlichenmai€011) pointed out some ques-
tions in the cluster model, which still remain to be answerethat process keeps the
magnetic and the non-magnetic part of the cluster modethege How does the cluster
model explain the monotonic decrease of the magnetic elengfth from the sunspot's
center to the periphery?

As the direct observation of the sub-photospheric streciginot possible, it is di-
cult to settle the debate about the exact structure of stmapoheir deeper layers. Lo-
cal helioseismology is a promising candidate to improve unaterstanding of the sub-
photospheric structure of sunspots. So far, helioseismrsion techniques are not able
to derive this structure with sucient con dence Gizon et al. 2009Moradi et al. 201D

1.4 Penumbra: Models and simulations

The heat ux in sunspot penumbrae amounts to approximatedy @f the heat ux in the
quiet Sun, while the average magnetic eld strength is &itjh, being 1500 G. Many
heat transport mechanisms have been proposed, e.g., hetalmmg ux tubes, convec-
tive rolls in radially aligned horizontal ux tubes, conwsmn in eld free gaps, or inter-
changing convection of thin ux tubes. Along with the hearisport in penumbrae, there
are other observational facts like the Evershed ow, thenkntary structure of the bright-
ness, the magnetic eld and the plasma ow, and the relaticthese physical parameters
to each other, which all pose challenges for the explanaisamy theoretical models. The
spatial distribution of the NCP is one of those challengestenretical models. This
section summarizes derent theoretical models and MHD simulations.

1.4.1 The uncombed model

Auer and Heasley1978, Sanchez Almeida and Litgd992 andLandol and Landi
Degl'Innocenti(1996 indicated that the gradient wfs with respect to the optical depth
alone cannot produce the amount of NCP observed and theygedploat only a gradient
of B along with the gradient ofi,s can explain the observed NCP.

Sanchez Almeida and Litd8992 pointed out that the NCP requires a steep vertical
gradient of the inclination of the magnetic led vector (arml 45° 1) and also ofvis
(around 1.5km s"). Solanki and Schmidt1993 showed that a steep gradient of inclina-
tion leads to a mechanical instability in the sunspot.

Solanki and Montavo1993 proposed an uncombed model of the sunspot magnetic
eld which successfully explains the observed NCP and algaraly exhibits the pres-
ence of azimuthal variations of the magnetic eld strengltie inclination and the Ever-
shed ows. In the uncombed model horizontal ux tubes, cargythe Evershed ows,
are embedded in a more vertical background eld. A sketchhef incombed model

26
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WA

Figure 1.9: Uncombed penumbra: A sketch of the horizontaymatic ux tube embed-
ded in a relatively less inclined background magnetic eddgpted fromSolanki 2003.

is presented in Figl.9. According to this model the LOS of an observer penetrates a
three-fold layered atmosphere where the background miageé&t is wrapped around
the horizontal ux tube (see Figl.9). Two sudden changes of the inclination of the
magnetic eld, rst from the more vertical to the horizontahd second from the hori-
zontal to the more vertical, are responsible for the obseNEP. The uncombed model
also successfully explains the center-to-limb variatibthe NCP, i.e. when the sunspot
is observed at dierent heliocentric anglesSélanki and Montavon 1993artinez Pil-
let 200Q Borrero 2007. A three-dimensional model developed 8ghlichenmaier and
Schmidt(2000, Miller et al. (2002 andMdiller et al. (2006 showed that a variation in
the azimuth direction of the eld vector, , has a signi cant in uence on the NCP. They
explained the asymmetry of the NCP with respect to line-ofispetry of the sunspot
when observed in the F4.56 m lines by a variation of the azimuthal angle. Borrero
and Solanki2010 included the eect of the overturning convection (i.e. a lateral ow,
see Sectiori.4.5 and concluded that this ow does not result in a signi canteet on
the NCP.

The main features of the uncombed model, namely more verélthspreading to
cover the interlaced horizontal eld bundles, has been supp by many observational
studied Martinez Pillet 20002001, Schlichenmaier and Collados 2QQ0@dller et al.
2002 Mathew et al. 20038Bellot Rubio et al. 20032004 Borrero et al. 20042005 2006
Jurcak and Sobotka 200Borrero et al. 2008Beck 201). One feature of the model,
however, namely that the horizontal eld is in the form of wxbes is being debated with
increasing evidences suggesting that it is in need of i@visi

1.4.2 Siphon ows

Meyer and SchmidtL968ab) explained the Evershed ow by the siphon ow mechanism.
Sophisticated theoretical studies concerning the siplmmwere done by many authors
(Thomas 1988Degenhardt 199IThomas and Montesinos 199 he siphon ow model
assumes an -shaped magnetic loop which has one foot point in the penarabd an
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Figure 1.10: Temporal evolution of a moving magnetic ux ¢uim a MHD simulation
by Schlichenmaier et a[1998ab): Panel (a) shows a thin ux tube lying at time0s.
Panel (b) shows the rising buoyant ux tubetafl200 s, which is radiatively heated from
the quiet Sun through the magnetopause. Panel (c) repsabenthorizontal ux tube at
t=5400s. The abscissa represents the radial direction ipetiriBhe ordinate denotes the
geometrical heightz=0 corresponds to the solar surface (adapted fiéamlichenmaier
et al. 19983
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other one outside of the sunspot. If the outer foot point hasr@nger eld strength
compared to the inner foot point then due to the requiremeptessure equilibrium to
the ambient gas a higher gas pressure results in the inngpdad. This will lead to an
outward ow in the penumbra. Magnetic elements with highexgmetic eld strength in
the quiet Sun compared to penumbral eld strengths are ples#irough the process of
the convective collapséarker 1978Spruit 1979.

Thomas and Montesing4990 showed that such a loop in equilibrium should have a
much smaller length compared to the width of the penumbnasiog the Evershed ow
to take place in smaller loops with their inner foot pointdted at di erent radial dis-
tances in the penumbrdél Toro Iniesta et al. 20011t is well established that magnetic
eld strength decreases with radial distance from the sanspnter. In this situation
the siphon ow should be directed inwardsschlichenmaief2002 2003 proposed a
serpentine ux tube which has its one foot point outside gohs This serpentine ux
tube repeatedly dives below the penumbral surface and eppaek above it again. This
model also suggests down ow channels within the penumbrahvhas been supported
by observationsWestendorp Plaza et al. 19%chlichenmaier and Schmidt 20@kellot
Rubio et al. 2003Franz and Schlichenmaier 2009

1.4.3 Moving magnetic ux tubes

Jahn and SchmidiLl994) proposed that the heat transport in penumbrae is drivehdoy t
interchanging convection of ux tubes. Their sunspot mod®isists of three dierently
strati ed atmospheres for umbra, penumbra and the quiet Ba@ umbra and penumbra
as well as the penumbra and the quiet Sun are separated leytcsineets. The latter is
known as the magnetopause. As described earlier in Settpthe umbra is thermally
isolated from the penumbra in this model, whereas the haasport between the quiet
Sun and the penumbra, through the inclined magnetopau8evied. Jahn and Schmidt
(19949 suggested that ux tubes lying at the magnetopause arestiestd rise to the
penumbra, before returning back to sub-surface aftertiaditheir energy. Interchanging
convection transport energy that leaked through the magaete to the solar surface
within the penumbra.

Schlichenmaier et al1998ab) carried out MHD simulations of a single, 1D ux
tube (thin ux tube) in the strati ed penumbral backgrounair@sphere borrowed from
the model ofJahn and Schmidt1l994. The ux tube is radiatively heated at the mag-
netopause, expanding and rising due to buoyancy. Sinceathative heating is more
e cient at the surface and just below the surface, the ux tudxesr rst at the outer edge
of the penumbra (see Figl.10b)). In the sub-photospheric layers the super-adialditica
strati ed atmosphere leads to a convectively unstable aphere. Therefore, the rise of
the ux tube is accelerated and at the end ux tube reache$¢ocbnvectively stable
penumbral surface. At the surface the ux tube gains a neviliequm where the buoy-
ancy force (acting downwards) balances the magnetic preggadient (acting upward)
of the surrounding. To maintain the pressure equilibriurgradient in the gas pressure
develops within the ux tube with a higher pressure at the fomint (innermost part of the
ux tube at the surface) compared to that in the outer pamoebral outer boundary) of
the uxtube. This gradient of the gas pressure drives a lootal out ow within the ux
tube. An up ow at the foot point of the ux tube is maintaineg the super-adiabatically
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Figure 1.11: Sketch of the convective roll model. The magnetd geometry and ow
structure is shown in the vertical cut perpendicular to peloral laments. Penumbral
laments are shown byvhite semi circular areas, where circulanssesshow eld di-
rection which is pointing through thpaper. Arrows in penumbral lament show the
direction of the convective ow. Vertical arrows igray areas represent the direction of
the background magnetic eld in the penumbra (adapted fiakharov et al. 2003

strati ed background atmosphere and the pressure gragighe horizontal part of the
tube is maintained by the radiative cooling.

The inward migration of the foot point of the ux tube is aniimisic property of this
simulation, which is controlled by three forces: the cunvatforce due to the bending of
the tube at the foot point, the centrifugal force due to the ia the curved tube and the
buoyancy force. All these forces act perpendicular to the tWhen the sub-photospheric
part of the tube becomes vertical, the buoyancy force besoragligible and when the
ow speed in the tube reaches the Alfvén velocity then thetgiigal force equals to the
curvature force and the inward migration of the foot poinjpst

The moving magnetic ux tube model is consistent with mangetvational facts of
penumbrae. Bright heads of the laments followed by darkstaile explained by the hot
up ow at the foot point of the tube which radiatively coolswdo. The out ow in the
horizontal part of the ux tube due to the gradient in the gasspure can explain the
Evershed ow. As mentioned above the inward migration of thetube is in agreement
with inward moving penumbral grains. This model naturallg@mpasses the uncombed
model, and hence, also explains the observed NCP.

Instead of the interchange convection of ux tubes, a cardtion of the hot up ow
in the uxtube is proposed to explain the heat transport exgenumbraSchlichenmaier
and Solank(2003 showed that the hot up ow cannot provide scient heat ux for the
entire length of the penumbra. They proposed that these lmavwnels should bend back
to the surface within the body of the penumbra, which canipgeognough space for more
up ow channels.
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Figure 1.12: Geometry of the gappy penumbra mogielxes represent cuts perpendicular
to the penumbral laments aridaxes represent the geometrical height. Panels (a), (b) and
(c) depict outer, middle and inner penumbra, respectivedarly vertical lines in all the
panels show the direction of the penumbral magnetic eldolhs separated by the eld-
free gaps in deeper geometrical laydsfie arrows represents the plasma ow due to the
overturning convection in the eld free gaps (adapted fr&oharmer and Spruit 20D6
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Figure 1.13: Penumbral ne structure from the 3D MHD simidatby Rempel et al.
(2009Dh: (a) The intensity, (b) the radial magnetic eld strendit), the vertical magnetic
eld strength, (d) the inclination of the magnetic vecta) the radial velocity and (f) the
vertical velocity. All parameters are shown atl. Redcolor in panel (e) corresponds
to radial out ow andblack contours encircle the areas where the out ow speed is higher
than 10 km st. In panel (fired and blue color indicates up ow and down ow, respectively
and the areas where the down ow speed exceeds to 5kars shown bylackcontours
(adopted fromRempel 201}

1.4.4 Convective roll

Danielson(1961h proposed a convective roll mechanism to explain the bnigég of
penumbrae. In his model a bright penumbral lament is forrogdwo convective rolls
with opposite direction of rotation. These rolls have a clign perpendicular to the
penumbral laments.Danielson(1961h only considered the horizontal magnetic eld
in penumbra when he proposed the convective roll model.

To explain observationgakharov et al(2008 suggested a magnetic eld con gura-
tion (Fig. 1.11) which is basically the uncombed model with the convectolésrin the
radially aligned weak horizontal magnetic ux tubes. At ttenter of the bright laments
two convective rolls bring up hot plasma (up ow) which theadratively cools down and
ows back to the surface (down ow) at the edges of the lament

1.4.5 Gappy penumbra

Spruit and ScharmgR006 andScharmer and Spruj2006 proposed a model in which
the bright penumbral laments are radially elongated etdd gaps. In these gaps over-
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Figure 1.14: Height strati cation of penumbral ne structufrom the 3D MHD simula-
tions by Rempel et al(2009h: x-axes correspond to the direction perpendicular to the
penumbral laments and-axes correspond to the geometrical heidtdwer andupper
curves in all panels show=1 and =0.01 levels respectively. Panels represent various
physical parameters as follows: (a) the radial magnetid sfrength, (b) the vertical
magnetic eld strength, (c) the inclination of the magneétd vector (0°corresponds to
vertical direction with same polarity as the umbral magnetid), (d) the radial velocity,

(e) the vertical velocity and (f) energy conversion by theizantal Lorentz force along
laments. Positive values in the panel (d) show radial omiand positive values in the
panel (e) indicate up ows (adopted froiRempel 201}

turning convection takes place and brings a sient amount of the heat to the penumbral
surface. These elongated convective cells are separatagbtential magnetic eld. A
sketch of the gappy penumbra model is shown in Ei§2 The gappy penumbra model
predicts up ows along the axis of the bright penumbral lant®and lanes of dark down-
ows at the edges of the penumbral laments. The eld free gapthe inner penumbra
are narrower compared to the outer penumbra due to the nuesgast equilibrium and
the ux conservation. The stronger and more vertical maigremponent of the inner
penumbra squeezes the eld free gaps, so that the magnédi¢doems a cusp-like shape
where the magnetic eld lines are lying horizontal above #ld free gapes. In the outer
penumbra the eld free gaps have at tops because the magredti strength is weaker
compared to the inner penumbra. In the gappy penumbra muoeleddgnetic component
in the inner penumbra produces a Wilson depression on thex of200-300 km, so the
eld free gaps appear as elevated structures. This explagmebserved dark cored bright
laments (Spruit and Scharmer 2008charmer and Spruit 20RaScharmer et a[20080
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interpreted the Evershed ow as the horizontal componeaet {in radial direction) of the
overturning convection in the eld free gaps, this intetateon is based on 3D MHD sim-
ulation of a penumbra bideinemann et al(2007). Although, these simulation do not
show real' eld free gaps.

First direct observational evidence of cool down ows nextibt up ows and hence
of convective motions in penumbral laments is presentedCimapter3 of this thesis
and byJoshi et al(2011). Similar results were also found charmer et al(2011),
Scharmer and Henriqu€2012), Scharmer et al2012 andTiwari et al.(20133. These
observations are consistent with both the convective ralthe gappy penumbra model,
because both models predict similar velocity structureesurface. Note that down ows
in the penumbra have been seen earlieFbgnz and Schlichenmai€2009, but these
down ows are concentrated at the outer boundary of the pdmam

1.4.6 3D MHD simulations of sunspot

Heinemann et a(2007) performed the rstrealistic radiate MHD simulations ofunspot

in a slab geometry, i.e in a rectangular part of a sunspotidrsimulation oHeinemann
et al.(2007) the penumbral laments and also the overall extent of theupebra are very
short compared to observations. Penumbral laments indinmilation show some agree-
ment with observational facts, like dark cores, inclinedgmegtic eld in the laments
compared to dark background and inward (towards umbra)agatmon of penumbral
grains.

Rempel et al(2009h simulated a bigger sunspot (diameter of 20 Mm) in slab geom-
etry. Compared tdéleinemann et al2007) (diameter of 4 Mm) the lamentary structure
IS more prominent.

Rempel et al(20099 simulated a full (round) sunspot (see F20in Chapter4)
and a more detailed analysis is presentedR@mpel(201]). Similar to Rempel et al.
(2009D, this simulation produced a lamentary penumbra as wellmbral dots, both as
magneto-convective phenomenon.

The horizontal structure of physical properties of a smait pf the penumbra from
the simulation oRempel et al(20093 is shown in Fig.1.13 A vertical cross section of
a penumbral lament formed in this simulation is shown in Figl4 In this simulation
the bright laments have radially aligned horizontal matineelds which show an en-
hancement around=1. At the central axes of the bright lament an up ow occursialn
Is surrounded by lanes of down ows showing the overturniogwection in the lateral
direction. The simulations also show a strong radial outi@siching up to 14km$in
the bright laments. In these simulations many penumbrapgrties are consistent with
the observations: the penumbral brightness, the Everstvdthe azimuthal uctuation
in the magnetic eld strength and in the inclination. The EBhed ow in this simula-
tion is magnetized (in agreements with observations, 8ganki et al. 1994Borrero
et al. 2005 Ichimoto et al. 2008pBorrero and Solanki 203@vhich is more in line with

ux-tube models, while, the brightness of penumbra lamgrdaused by the overturning
convection, shows similarities with the gappy penumbraehotihe simulations suggest
a picture in which penumbral laments are strongly elongatenvective cells, in agree-

1Schiissler and VogldR006 presented the rst realistic radiative MHD simulationseofimbra.
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ment with the ow geometry proposed Bywari et al.(20133.
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2 Spectro-polarimetry

In this chapter we introduce important methods and teclesgised to extract parameters
of physical signi cance of the solar atmosphere from theeotstional data which are
presented in the following chapters. This chapter dessnidg/sical processes like the
Zeeman eect and the Paschen-Backext. These processes play an important role in
polarizing the electromagnetic radiation emitted from sloéar atmosphere in the pres-
ence of a magnetic eld. The second part of the chapter deiflistine Radiative Transfer
Equation (RTE) and its formal solution. We follow the apgraé del Toro Iniestg§2003
andLandi Degl'Innocenti and Landol(2004). To retrieve atmospheric parameters, state-
of-the-art inversion techniques are used in the followihgpters, which are brie y ex-
plained in this chapter. Telescopes and instruments usetitton spectro-polarimetric
observations which are analyzed in the thesis are mentioribe last part of the present
chapter.

2.1 Stokes parameters
The Stokes parameters are a quantitative representatgoaddirized quasi-monochromatic

electromagnetic plane wave. The electric eld compongmespendicular to the direction
of propagation, of such a wave can be written as follows:

hax(t) e X“)_I e2t2=, (2.1)
., |
a) e e? 127, (2.2)

Ex(t)
Ey(t)

whereE, andE, represent electric eld components orthogonal to eachrothgand'
denote phases of the respective componeatsanda, denote the amplitudesz is the
direction of the wave propagation ands the mean frequency of the wave.

The Stokes parameters are de ned as follows:

| = heli +hedi; (2.3)
Q = i hali; (2.4)
Uu = 2maycos ()i, (2.5)
vV = 2maysin (b)i; (2.6)

where is the phase dierence between the two orthogonal electric eld componerds
'x 'yandhidenotes a time average. Stokesorresponds to the total intensity. Stokes
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Q andU quantify the linearly polarized fraction of an electromatiao wave and Stokes
V stands for circular polarization.
The Stokes parameters exhibit the following relation.

12 Q*+U?+ V2 (2.7)

When the light is fully polarized then equality holds and whieis partially polarized
then the square of the Stokkes always greater than the sum of squares of the remaining
Stokes parameters.

2.2 Zeeman eect

The Zeeman eect is the most widely used diagnostic tool to measure magmedds on
the solar surface. This section describes the Zeemaate

The Hamiltonian of an electroh ¢ in an atom consists of two parts, one is the electro-
static interactionH ¢, which includes the Coulomb force of the nucleus and the sagail
force of the electron cloud. Another interaction which rwlsé considered is the coupling
of the spin angular momentur8, of the electron with the orbital angular momentum,
to constitute the total angular momentudn, The Hamiltonian of the spin-orbit coupling
is denoted here b | s. So, the Hamiltonian of an electron can be written as foltows

Ho=Hc+Hs; (2.8)

In the presence of an external magnetic eld another terns &oldhe Hamiltonian of
the electron, which represents the interaction betweemxternal magnetic eld and the
magnetic moment of the electron. Now the Hamiltonian can biem as,

H=Hc+H_ s+ Hg; (29)

where,H g denotes the interaction between the magnetic moment ofi¢ber@n and the
external magnetic eld which, formulates as below:

Hg = B; (2.10)
= oL+ S); (2.11)

— eh .
I (2.12)

Here,e and m, denote the electron charge and the mass of the electralenotes the
Planck constant andthe speed of electromagnetic wavegis the Bohr-magneton. New
energy levels can be derived by perturbation analysis. elaer three dierent scenarios:
whenH s H g, i.e. the external magnetic eld is weak and energy assediatith
the LS coupling is dominates. This regime is known as the ZeemameegWhen the
external magnetic eld is strong and henét,s H g, electron encounters the Paschen-
Back regime. There is also an intermediate regime whigke H 5.

As mentioned above, in the presence of a weak magnetic eddetlect ofHg on
the unperturbed Hamiltonia] o, can be analyzed by applying perturbation theory. If
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2.2 Zeeman eect

H.s H g, the correction to the degenerated enefgy(which basically are the eigen-
values ofH ), of an energy level with the total angular momentulngcan be derived by

diagonalizingH g on the basis of the degenerate eigenvectdd gf The eigenvectors of

H o can be written in the formJMi. The diagonal terms dfi g turn out to be,

ehB

hIM j Hej IMi = Mg e

; (2.13)

whereM is a projection of the total angular momentuinio the direction of the external
magnetic eld,B, andg is the Landé factor in the Russel-Saunderk®rcoupling which
can be written as:

( 3 + S(S+1)L(L+1) if J ’ 0

g= 2 23(3+1) (2.14)

otherwise.

The external magnetic eld removes the degeneracy of anyiatevel corresponding
to a given value of the total angular momentuimand splits the energy states intd+2
equally spaced energy levels with possible valueBletJ,..,0,.+J. The splitting of the
energy levels is proportional t® andg.

The formation of spectral lines are consequences of ata@ansitions between two
levels, say, between lower leveéland upper level), with energies, andE,, respectively.
A transition from the lower to the upper level leads to an gbison line and the emission
lines are formed due to transition from the upper level tddkeer level. Conservation of
angular momentum allows transition only whed = J = J,=0, 1. As described above,
in presence of an external magnetic eld the energy of anynatdevel also depends
on M and and the atomic levels are split into sub-levels. Atormaagition is also pos-
sible between two energy levels with broken degeneracy. s€hextion rule for electric-
dipole transitions allows transitions only whet = M,= M, =0, 1. Transitions with

M = 1 are called -components and those witiV =0 are called -components. The
wavelength of the -components is similar to that which is originated form transition
between the degenerate energy levels, while te®mponents are shifted toward the red
( r) and the blue side (,) of spectrum with respect to thecomponent. The shift of the

-components with respect to wavelength of theomponent, o, can be estimated as
follows:

_egB .
=7 mec(MIgI Mygu): (2.15)

When a transition occurs betwedF0! J,=1 or vice versa or when both energy
levels have the same Landé factprthen the simplest case occurs and the spectral line
splits only into three componentsy, , ). This simplest case is known as normal
Zeeman eect. Transitions other then described above lead to the aloois Zeeman
e ect and have multiple- and -components (see Fig@.1). In the case of anomalous
Zeeman splitting, an eective Landé factorg. , is de ned in analogy ofy for a Zeeman
triplet. ge has the form:

6 = 50+8)+ 2@ GG+ G+ D) 216)
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2 Spectro-polarimetry

Figure 2.1: Possible transitions between the Zeeman spétd of two energy levels with
J=2 andJ,=3. J denotes the total angular momentum. The lower and uppeggteels
are denoted by subscripandu, respectively.

2.2.1 Polarization and strength of the Zeeman components

The polarization of the Zeeman components depending omtjle Aetween line-of-sight
and the magnetic eld vector is summarized below.

40

" Transverse Zeeman ect When the angle between the observer's line-of-sight and
the magnetic eld vector, , is equal to 90° then the-components (M = 0) are
linearly polarized in the direction of the magnetic eld vecand the -components
( M = 1) are linearly polarized perpendicular to the directiorthed magnetic

eld vector.

" Longitudinal Zeeman ect When the observer's line-of-sight is parallel to the
magnetic eld vector (=0° or =180°) then both -components are circularly po-
larized and the -components are not visible. Wher0° for an emission line then
the -components, corresponding taV ==1, are left circularly polarized and the

-components, corresponding toVl =+1, are right circularly polarized. For an



2.3 Paschen-Back ect

Table 2.1: Unnormalized strength; (M,90°), of the Zeeman components.

M! M 1 M!T M M!T M+1

(M= 1) (M=0) (M=+1)
J! J+1 3 M+D@ M+2) 4+J+1¢ M? (J+M+1)J+M+2)
J1r o A+M@J M+1) 4M2 @ MJI+M+1)
J!1 J 1 (+MA+M 1) 42 M?) G M@ M 1)

emission line when=180°, or =0° for an absorption linethe polarization of the
-components is reversed.

Let theS;(M; ) be unnormalized strength of the Zeeman components, wiesved
at an angle, , with respect to the magnetic eld vector and under the aggtion that
all Zeeman sub-levels are equally populated. Here p; b; r, corresponding to the
Zeeman components, , and ,. Andi; =1, ..., N, where N is the total number
of corresponding - and -components. Unnormalized streng83(M,90°) is shown in
Table2.1

Normalized strengthsg, (M; ), of the Zeeman components, can be written as follow:

) 1
§ = Sijg‘ Sijé . (217)

2.3 Paschen-Back eect

The Paschen-Back ect takes place when the external magnetic eld is strongigho
that the splitting of the energy levels is comparable to tasation between two degen-
erate energy state, i.e., the strong external magneticdeldinates over theS coupling
and bothL andS are independently precessing around the external elccton. In case

of the Zeeman eect the correction to the energy levels can be analyzed hyrpetion
theory, but in case of the Paschen-Baclket perturbation theory cannot be applied. The
correction to the energy levels can be estimated by diaganglthe total Hamiltonian,
H, on the basis of the eigenvectortdg. The elements of such a matrix have the form:

hIMjHgjJMY% = (hIMj (L + 2S)§ JMY%: (2.18)

The eigenvector and eigenvalues of H can only be found thirowgnerical methods.
Detailed calculations are shown hgndi Degl'Innocenti and Landol(2004).

2.4 Radiative Transfer Equation

The Radiative Transfer Equation (RTE) in its general (vgdtunm describes how a beam
of light is transfered through a medium in the presence of gnetic eld which in-

1The Zeeman eect for an absorption line is known as the reverse Zeemauote
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uences the state of polarization of the radiation. This ggah RTE was rst derived
by Unno (1956 using classical electrodynamics and laRachkovsky(1962 included
magneto-optical eects. If it is assumed that the radiation is propagating idirection,
normal to the solar surface, then the RTE can be expressed as,

d@ _ ¢ .
4, K@ sl (2.19)

where,| is the Stokes vector=[1,Q,U,V], emerging from the solar atmosphefis the
source function which, in Local Thermodynamical Equilibm (LTE), has the form of a
Planck functionB(T(2)), at the local temperaturd,, at heightz. If the radiation eld
is unpolarized then the source function has the f&niB(T(2));0;0;0]. Herek is the
propagation matrix, also known as the absorption matrixe pifopagation matrix can be
decomposed into two parts, where one part takes care of titenaam and the other one
for the spectral line. Novk can be written as

k = ke(1+ o ) (2.20)
_ Kiin .
0 = (2.21)

wherek. represents the continuum absorption ceegent andk;, is the line absorption
coe cient. The ratio of these two is de ned as line to continuurs@ption coe cient,

o- _ includes the normalized absorption and the dispersionlesol is the 4 4 identity
matrix.

After rede ning the propagationAmatrb& = 1+ o ,the RTE can be written in
continuum optical depth scald, . = =k dz, as following:

T2L=k00o SO 222

In vectorial form the RTE would be

d
T (2.23)

o - < C

The elements of the propagation matrix can be written as
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) 1
.= 1+E°'psm2 +§I'b+'r 1+cod (2.24)
1 .
o = EO b5 et S cos 2; (2.25)
|
1 o .
U = EO ' §'b+'r Si sin2; (2.26)
v = Eo'r ' b COS | (2.27)
1 .
@ = 0 p 5 bt o Si’ cos2; (2.28)
!
1 . .
U= 0 p 5 bt ¢ SiPosing; (2.29)
v = 50 b+ r COS; (2.30)

where represents the inclination of the magnetic eld vector wigispect to observer's
line-of-sight and is the azimuth angle. The absorption and anomalous digpepso les
under the classical Lorentz electron theory and consigahrrmal motions (including
Doppler broadening and collisions) of the medium, can b&tevrias:

X
] sH@& + o+ ) (2.31)
ij=1
X
i 2 sF@& + p+ i) (2.32)

ij=1

in Eqn.2.242.30with j = p; b; r, corresponding to the Zeeman components,, and
r. The Voigt functionH, and the Faraday functiof, at a given damping (in units of
Doppler width), are shown below

Ha 9 = 2 1 mdy, (2.33)
Fia 9 = (7 ye’ (2.34)

2 4 (0 P
The shift in each component of the Zeeman pattern is causdaidye ects: (1)
The Zeeman splitting causes a shift in the absorption andipersion pro les of each

component by, ;= j. ; Is given in Eqns2.152.16 (2) The Doppler eect which
produce equal shifts of aII components of the Zeeman patleento a net macroscopic
velocity along the vertical axisp:

b= 22 (2.35)
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The Doppler width, p, and the Dampingg, can be written as

2KT =

b = EO ot me (2.36)
2

a= - (2.37)

where, can be decomposed into broadening due to the radiativeridedf the energy

level and the collisional line broadening. The Doppler Wwigt calculated from tempera-
ture, T, and microturbulence .. K is the Boltzmann constant amd is the rest mass of
the atom.

2.5 Solution to the RTE

Let us consider the transformation of the Stokes vector fom@ optical depth, ., to
another optical depth,?, in a situation that no emission process takes place between

the two points. This transformation of the Stokes vector manlealt with the evolution
operatorO( ; 9), as follow:

1 ()=0(c I (D (2.38)

where the index indicates the solution of the homogeneous equation agedcvaith
the non-homogeneous dirential equation Eqr2.22 The Evolution operator obeys the
following conditions.

6( oo = 1 (2.39)
O(e = O(a 0T % (2.40)

cr c/h

Integration of Eqn2.220over two optical depth pointsg and 1, which are the bottom

and top of the atmosphere under consideration, gives
Z
1(1)=0( 1 0)I( o) O( 15 k( )S( o)d: (2.41)
0

Any photon emitted aty does not reach to; in an optically thick atmosphere, i.e.
when the observer is located at=0 and the bottom of the atmosphere is deep enough
(o! 1 ) then

lim O(0; o)I( o) =0 (2.42)
o!
A formal solution of the RTE can be obtained using Eg40and 2.41
z 1
10)= O0; k( )S( o)d: (2.43)

0
The evolution operator cannot be obtained analyticallyafgeneral atmosphere and
has to be determined by numerical methods.
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Using the properties of the evolution operator, aetential equation can be derived
as follow:

do( ¢ 9
d.
Here the evolution operator is an exponential of a matrix,

=k( 9O o) (2.44)

A Rc‘
O0; )=e o K4 (2.45)

this exponential is only a formal way of expressing an inenseries, because of an impor-
tant property of the matrix algebra: matrices do not comnutgeneral.

2.5.1 Milne-Eddington approximation

In the Milne-Eddington approximation the propagation xa constant with respect to
the atmospheric heighk( ) = ko, and the source function varies linearly with optical
depth,S( o) =[S+ S 0, 0, 0]. HereSy andS; are constant. In the Milne-Eddington
approximation, we can integrate Edh44

A~ Rc ~
O; J)=e o Kd: (2.46)
Using Egn.2.46and the assumption that the source function varies linewitty optical
depth, Egn2.43can be rewritten:
Z A
1(0) = e ko k(S + S )d: (2.47)
0

The explicit form of the Stokes vector can be obtained byitallly solving this equa-
tion:

[(0) = Sp+ —] |2+ (2?+ 6\2/], (2.48)
QO = 2o+ (vu uw* oRL (2.49)
UO = {24+ (qv v+ uR; (2.50)
VO = 2yt (4o out WRL (2.51)
where,
S GO T T P2 252
R= oot uut vy (2.53)

This solution is known as the Unno-Rachkowsky solution oRM& (Unno 1956 Rachkovsky
1962 1967).
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2.6 Inversion of the Stokes pro les

The study of the magnetic and velocity eld structure of asuot in the photosphere and
the upper chromosphere in a later part of the thesis is caotg by analyzing dierent
spectral lines such as $10827.1 A, Ca 10832.4 A and the He triplet at 10830 A. To
obtain physical parameters of the solar atmosphere wesdaorit inversions of spectro-
polarimetric observations of these spectral lines. Théchdea of the inversion is the
synthesis of Stokes pro les by solving the RTE with an idigaess of relevant physical
parameters of the atmosphere under consideration. Thassplieric parameters are free
parameters in the inversion. The resulting synthetic $tgke les are then compared
with the observed Stokes pro les. The initial guess paramseare iteratively changed by
means of a 2 minimization algorithm, until the the best t of the syntieStokes pro les
to the observed Stokes pro les is obtained. We used twedint inversion codes in the
thesis: HeLIX and SPINOR.

2.6.1 HeLlx"

The study presented in Chaptgrabout the upper chromospheric magnetic eld of a
sunspot is carried out by analyzing the Hériplet at 10830 A (for details of the He |
triplet see Chapte®). HeLIx" (Helium Line Information Extractor) developed hygg

et al. (2004 2009. HeLIx" solves the RTE analytically under the Milne-Eddington ap-
proximation. Because the Hdriplet forms only in the upper chromosphere and there is
no contribution from the photosphere and because it is gostically thin, the Milne-
Eddington approximation is a justi able approach as longvasare only interested in the
magnetic and velocity elds and not in the temperature $tmecof the atmosphere, or
exact height of formation. The components of the iHgplet are sensitive to both the
Zeeman eect and the Paschen-Backext. The HeLIX inversion code considers the
Zeeman splitting in the incomplete Paschen-Back regimdtsSimd relative strengths of
the Zeeman components of the He | triplet in the incompleseRan-Back regime are es-
timated using an approximation by means of polynomials apgeed bySocas-Navarro

et al.(2005.

In the HeLIX inversion code it is assumed that the Zeeman components sptctral

line have the form of Voigt functions. Initially, an arbitsamodel atmosphere is assumed
which consists of 8 free parameters. These parameters @amadnetic eld strength,
B, the inclination of the magnetic eld vector, the azimuth angle of the magnetic eld
vector, , the LOS velocityyes, the Doppler width, p, the damping constard, the gra-
dient of the source functiorg;, and the opacity ratio between line-center and continuum,

o- The source function at=0 is excluded from free parameters because the intensity
of the unpolarized signal, outside the line must be equal to the observed continuum
intensityls: Sg+ S; = ..

The evaluation of the tness of the synthetic Stokes pro teshe observed Stokes
pro les is based on a minimization of the goodness function
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X

I'_I(Iobs Isyn)2
=0 'C |

A ! Q 2
+ _(Qobs stn)

=0 Q

Ny y ,
+ _(Uobs Usyn)
i=0

DU

+ J(Vobs Vsyn)z;
=0 V

(2.54)

where N denotes the number of wavelength positions in thergBons. The subscript
'obs' and 'syn’ represents observed and synthesized Stoplekes and! is a wavelength
dependent weighting function which can be setadlently for each of the Stokes parame-
ters. The represent strengths of the signals:

o= 1j;

' | (2.55)

QUV T J(Q; U5 V)obs]
i:O

To nd the global minimum of the , the HeLIX inversion code uses the genetic al-
gorithm PIKAIA (Charbonneau 1995To ensure a realistic value of the free parameters
every parameter is bounded by a range and the PIKAIA alguritids the global mini-
mum within the set range, independently of the initial valget for the parameters.

2.6.2 SPINOR

The Stokes-Pro les-INversion-O-Routines (SPINORutiger et al. 19992000 inver-
sion code is capable of obtaining the strati ed atmospheitd vespect to the optical
depth, , by tting the observed Stokes pro les. The SPINOR code isdzhon STRO-
PRO routines developed 8olanki(1987 which synthesizes the Stokes pro les under
LTE assumption. To obtain the continuum absorption coents, the SPINOR code uses
the MULTI 2.2 opacity packagedarlsson 198p6which considers the contribution from,
H, He, H, He , H}, H, and other minor donor species. The Rayleigh and the Thompson
scattering are considered in the code.

Broadening of the spectral lines due to collision with ndutigdrogen is included by
using the ABO theoryAnstee and O'Mara 199®8arklem and O'Mara 199 Barklem
et al. 1998. To t the synthetic stokes pro les to the observed one, 8fINOR code
uses the Levenberg-Marquandt algoritHPness et al. 198@vith a 2 merit function. The
Levenberg-Marquart algorithm is much faster then gendgiorahms. The disadvantage
of this minimization algorithm is that it only nds local mima and so the results depend

47



2 Spectro-polarimetry

on the initial guess values provided for the free parametetise model atmosphere. To
overcome this an iterative approach has been applied toteesion code: results from
the rst run of the code are smoothed over a certain spatiaiao which is then con-
sidered as the new guess atmosphere, assuming that thephtr®ss smooth in nature.
This is repeated until the global goodness of the t is achtevThis procedure avoids
outliers at individual spatial pixels where the code migiwtdnreached a local minimum.

2.7 Instrumentation

In this Section we brie y describe telescopes and instrusiased for spectro-polarimetric
observations presented in the following chapters.

2.7.1 SST and CRISP

The Swedish 1-m Solar Telescope (SS&harmer et al. 2003s located on the island of
La Palma (Spain) at an altitude of about 2400 m above the seh [Ehe primary turret
system has a single high quality lens which at the same timesas vacuum window.
The secondary optical system is a so-called Schupmanmsystduding a eld mirror
and a 24 cm corrector comprising a lens and a mirror. Thieayss to compensates for
the chromatic aberrations of the 1-m singlet leBsHarmer and Blomberg 19990 cor-
rect wavefront distortions caused by atmospheric seeiredaptive optics (AO) system
Is used at the SST. The AO system senses the shape and distafrthe wavefront us-
ing a Shack-Hartmann type sensor and the distortions areated through a deformable
mirror and a tip-tilt mirror.

To study the small scale velocity structure in a sunspot pdmma (presented in Chap-
ter 3) we used the Crisp Imaging Spectro-Polarimeter (CREarmer et al. 2008a
mounted at the SST. CRISP is a combination of an imaging sysigm]arimeter and
detectors. The imaging system is based on a dual Fabry-Reyaile Iter system in a
telecentric mount which operates in the range between 5dB6&Anm. It has a high-
resolution high-re ectivity etalon which is followed by aw-resolution low-re ectivity
etalon. The polarimeter is built of two Liquid Crystal VariatRetarders (LCVRS). The
retardance of the LCVRs can be varied by applyingedent voltages, thus modulating
the incoming light beam by using an appropriate modulat@dreme. Using a polarizing
beam splitter as an analyzer, two perpendicularly poldrigght beams which are lin-
ear combinations of Stokes parameters are recorded on twbkiixel Sarno Charge
Coupled Devices (CCD). A third CCD is used to recored broad-baagé&® through the
order-sorting pre- Iter. All the CCDs are synchronized byngsian external chopper in
order to allow post-facto image restoration.

2.7.2 VTT and TIP-2

The German Vacuum Tower Telescope (VTT) is situated at tlamdsof Tenerife. It
consists of a coelostat system which directs the sunligbtthre telescope. The coelostat
mirrors provide non-rotating solar images. The primaryrarihas a diameter of 70cm
and a focal length of 46 m. The VTT is also equipped with an A€tay. The wavefront
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sensor of the AO is also a Shack-Hartmann type with 36 subapsr The deformable
mirror has 35 acuators. In addition to the deformable miartip-tilt mirror corrects the
image-jitter.
The data presented in Chaptdrand 5 have been obtained with the Echelle spectro-
graph combined with the Tenerife Infrared Polarimeter-fP¢Z, Collados et al. 2007
TIP-2 consists of a pair of Ferroelectric Liquid Crystals (&) which are followed
by a polarizing beam splitter. TIP-2 is operational in thecpal range between 1.0 and
2.3 m and it has a typical spectral sampling of 11.6 mA per pixelG800 A. The slit
length of the spectrograph is ®0To record the spectrum a 1kk-pixel HgCdTe hybrid
detector is used.

2.7.3 Hinode SOTSP

The study presented in Chaptgiis also based on observations from the Solar Optical
Telescope (SOT[suneta et al. 20Q&uematsu et al. 200B8himoto et al. 2008g5himizu

et al. 2008 on board the Hinode satellit&k¢sugi et al. 200y which was launched in
September 2006. SOT consists of a narrow-band ItergraphlNand a broad-band
Itergraph (BFI), and a Spectro-Polarimeter (SP). The SR{pnsing a Littrow-Echelle
spectrograph) records the full Stokes vector of thel 6801.5 and 6302.5 spectral line
pair at 112 wavelength positions. The SOP has a spectral resolution of 30 m A with a
noise level of 10 I, for all four Stokes parameters at an exposure time of 4.8 sljter
position. The length of the slit of the spectrograph is®®6@ the solar disk.

49






3 Penumbrae: Convective Structure in
the Deep Photospheré

We study the velocity structure of penumbral laments in tieep photosphere to obtain
direct evidence for the convective nature of sunspot pemaentA sunspot was observed
at high spatial resolution with the Swedish 1-meter SoldeS@pe in the deep photo-
spheric Ci 5380 A absorption line. The Multi-Object Multi-Frame BlindeBonvolution
(MOMFBD) method is used for image restoration and straylighttered out. We re-
port here the observations of clear redshifts in the5380 A line at multiple locations
in sunspot penumbral laments. For example, the bright hefadaments show large
concentrated blueshift and are surrounded by darker, ifeztsinegions, suggestive of
overturning convection. Elongated down ow lanes are atgmated beside bright penum-
bral brils. Our results provide the strongest evidencefgethe presence of overturning
convection in penumbral laments and highlight the needliserve the deepest layers of
the penumbra in order to uncover the energy transport psesdaking place there.

3.1 Introduction

In recent years, indirect evidence for the presence of atiorein sunspot penumbral
laments has been growing (e.gScharmer 2009 E.g., the twisting motion of penum-
bral laments is taken as a signature of overturning coneecflchimoto et al. 2007p
Zakharov et al. 200&pruit et al. 2010Bharti et al. 201D Using high resolution spectro-
polarimetric observationsZakharov et al(2008 estimated that such motions can pro-
vide su cient heat to the surface layers of the penumbra to explairelatively high
brightness. The correlation of the apparent velocity oftthisting motion with the lo-
cal brightness of the laments obtained Bharti et al.(2010, supports convection as
a major source of heat transport in sunspot penumbral lame@verturning convec-
tion in penumbral laments is a natural and important featur 3D MHD simulations of
sunspotsRempel et al. 2009b, Rempel 201} In particularRempel et al(2009h found

up ows along the central axes and down ows at the edges oflttreents (see Figsl.13
andl.14of Chapterl). Direct observational evidence for this scenario is, haweso far
missing, although the twisting laments provide indirecipport. The simulations indi-
cate that the convective structures and motions are restric the subsurface and surface
layers. Since most spectral lines used for diagnostic mapsample mid-photospheric
heights, this may explain why it has not been possible toiolimect evidence of over-

? This chapter is published istrophysical Journal Lettey§34, L18 (2011).
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turning convection in penumbral laments (see, efgranz and Schlichenmaier 2009
Bellot Rubio et al. 201D

In this study we probe the deep layers of the photospheraitls®f such down ows
by analyzing high resolution observations in the3380.3 A line obtained at the Swedish
1-meter Solar Telescope. In the quiet Sun, the5380.3 A line has a mean formation
height of around 40 km above the continuum optical depth 1 at 500 nm $tuerenburg
and Holweger 1990making it ideal for this purpose.

3.2 SSTCRISP observations and data reduction

We observed a decaying sunspot with a one-sided penumbxctva eegion NOAA 11019
(cf. Fig.3.2) with the Swedish 1-meter Solar Telescope (SST) on 2 Jui¥®,. Zhe center
of the eld of view (FOV) was located at = 0:84 (heliocentric angle 32.7°). During

the observations the seeing conditions were good to exteléth only few interruptions
by poorer seeing.

Using the CRISP imaging spectro-polarimeter we carried ouseoutive spectral
scans of the photosphericiG380.3 A, Fe 5250.2 A and the chromospheric G8542 A
spectral lines. Here we analyze only thé £380.3 A liné. We recorded the €5380 A
line at 8 wavelength positions, o= [=300,=120,=80,=40, 0, 40, 80, 120] mA (see
Fig.3.1). Scanning the line in all four Stokes parameters requidesifor the Ci 5380.3 A
line. The cadence of these observations, including theF250.2 A and Cdi 8542 A
scans (not considered in the present study) is 29s.

3.2.1 Image reconstruction

To achieve near diraction limited spatial resolution f14), images were reconstructed us-
ing the Multi-Object Multi-Frame Blind Deconvolution (MOMBD) method yan Noort

et al. 2005 Lofdahl 2009. MOMFBD restores images &cted by seeing induced im-
age blurring and distortions. These are the residual dister after the adaptive optics
system. MOMFBD combines multiple realization (short expesmages) of multiple
objects which have a known wavefront relation with each otte the case of CRISP,
images from each camera is considered as an individualtpljbich are restored jointly.

To reduced false signals in the estimation of derived qtiattie Doppler velocity)
near-perfect alignment is achieved betweenredent objects by using a pinholes calibra-
tion process. The pinholes serve as an object which is the $anall the wavelength
positions and all the polarization states and, thus, cansked to ensure alignment of
di erent objects in sub-pixel accuracy.

Images observed in the G380 A and Fa 5250 A lines were aligned with sub-pixel
accuracy by cross-correlating the corresponding contmimages.

1The Fei5250.2 A line is used only to identify "quiet Sun" locatiomghere the polarization signal in
this line is below a given threshold.
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Figure 3.1: Normalized intensity pro ld=l., of a penumbral pixel, herlg denotes con-
tinuum intensity. Asterisksshow the eight wavelength positions, = [=300,=120,
=80, =40, 0, 40, 80, 120l mA, sampling the G380 A line. Asteriskscolored inblue
show wavelength positions used to estimate the Dopplecites by tting a Gaussian
function. Thesolid line shows tted Gaussian.

3.2.2 Doppler velocity

We determined Doppler velocities by tting a Gaussian fumatto the Ci line (see
Fig. 3.1). Due to the low Landé factog{ = 1, Solanki and Brigljevic 199Rand large
thermal width of the line, this is an acceptable approach @ava sunspot. The good qual-
ity of the Gaussian t throughout the penumbra suggeststtiatine is unblended there,
unlike in the umbra. Another reason for expecting that the |Is unblended (or at the
most rather weakly blended) in the penumbra is that the lirength increases strongly
with temperature, a nearly unique property off thes among photospheric spectral lines.
The resulting velocity maps show variations of the meantdbisn velocities across
the FOV caused by the absolute wavelength positions vargangss the FOV due to
cavity errors of the etalons of CRISP. These wavelength stiiissmeared out in a con-
tinuously changing manner due to varying seeing conditidhe applied calibration data
(at elds), which are well de ned in pixel space, are no loeagconnected to pixel space
of the science data after restoratiddcfinerr et al. 2000 Therefore, the cavity errors
cannot be fully removed with the at elds. The absolute wiarmggth shifts caused by the
cavity errors are wavelength dependent and the residualscairrection for at- eld cav-
ity shifts are much higher in the 5380 A band than in the 6300d 8560 A bands, used
in previous studies carried out with CRISP (see, &gharmer et al. 2008&ouppe van
der Voort et al. 20100rtiz et al. 201). Since the residual wavelength shifts across the
FQOV are expected to be large-scale, however, they do noouila study of penumbral
ne structure. In order to determine a con dence level of tiesulting absolute velocity
reference point of the Doppler velocities we selected 18tdslin sub elds of & 6%size
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Figure 3.2: Continuum image at 5380 A of the decaying sunsjibtaypenumbra mainly
on one side. Black contours outline regions where the alesolttular polarization aver-
aged over the two line wings (40 mA from average line center) of the F8250 A line
is greater than 4 %. Colored boxe$96 6°y show the di erent quiet Sun elds used to
calculate the velocity reference value. The thick whitdargle marks the portion of the
image shown in Fig3.6in detail. The arrow points to disk-center.

throughout the FOV, indicated by the colored squares in &@. The relative quietness
of the selected sub elds was assured by a threshold value)(df %pectrally averaged
absolute circular polarizatidrin the line wings ( 40 mA from average line center) of
the Fei5250.2 A line. We calculated mean Doppler velocities of thies880 A line by
spatially averaging the line pro les in each sub eld and eafed this procedure for all
the observed sequences, i.e., over 20 min. The results fisnprtocedure are shown in
Fig. 3.3 The velocity in each sub eld uctuates randomly, but doed exhibit a system-
atic variation with time. In order to get a mean quiet Sun g#joreference, we tted a
Gaussian to the velocity distribution and obtained a meduevaf 480 ms?! and a full

2A full polarimetric model of the SST in the observed specteaige was not available at the time of
publication of this study byoshi et al(2011). Therefore, a complete correction for instrumental citadis
was not performed. Displayed polarimetric information &&@nconsidered only as a rough estimate of the
magnetic eld structure in the FOV.
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Figure 3.3: Mean velocities obtained from average line [@® of the sub elds shown
in Fig. 3.2 (abscissa) vs. time of observation relative to the time ef tit recording
(ordinate). Colors correspond to the sub elds bounded byszgiof with the same colors
in Fig. 3.2 The velocity distribution and a Gaussian t are represefig solid lines.

width at half maximum (FWHM) of 580m $ for the Ci5380A line, i.e., the residual
uncertainty (1 ) in the absolute Doppler velocities i248 ms!. After applying this
procedure, the mean values of the obtained velocity mapsaditeated for a convective
blueshift of 922 ms? for the Ci5380.3 A line @le La Cruz Rodriguez et al. 201 For
the further analysis we selected the scan of the5880.3 A line made under the best
seeing conditions.

3.2.3 Straylight Correction

Ground-based observations are stronglgeted by straylight so that, e.g., contrasts
are signi cantly lower than in data recorded above the Esrdtmosphere (see, e.g.,
Danilovic et al. 2008 Hirzberger et al. 2010 We also expect the velocity to be re-

3Instead of the misleading term “straylight” one should usdse light” or “parasitic light” since this
e ect is rather produced by high-order aberrations of thecapsiystem (atmosphere and telescope). The
actual straylight contribution is mostly negligible
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duced through straylight. The amount of straylight and thepg of the corresponding
straylight point spread function is strongly dependentrengeeing conditions and on the
instrument design. The straylight point spread functiarstee approximated from tting
observations of the solar limb (aureolas, see, &ghotka et al. 1993or from tting

the pro les of planetary limbs during transits (see, eRpnet et al. 1995Mathew et al.
2009 Wedemeyer-Bohm and Rouppe van der Voort 20@ince we do not have these
auxiliary data, we applied a rough estimation, assumingttie biggest amount of the
straylight stems from regions within@around the respective positions (approximately
the tenfold of the spatial resolution of the data), i.e., wpraximated the straylight point
spread function with a Gaussian a6%width. For deconvolving the images we used the
Wiener lter given inSobotka et al(1993 and applied a slight modi cation, so that it has
the shape

1 MTRK+1
c MTF(k)2+ 1=c’

where MTF is the modulation transfer function (the modultithe Fourier transform of
the point spread functionk is the spatial wavenumber ards a free parameter which
de nes the straylight contribution that has to be deconedIV(k) for di erent choices
of c are plotted in Fig3.4. The advantage of the present form of the Iter compared to
the one used iBobotka et al(1993 is that it converges to unity for larde i.e., it does
not a ect the small-scale structures of the images.

In the present study the value of parameatdras been chosen equal to 2.0, so that

F(K) = (3.1)

the resulting quiet Sun rms image contrast for the continpomt (at = o 300mA)
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Figure 3.4: Applied lIter to deconvolve straylight. The &bturves denote Iter shapes
for c = 1:::10 (see Eq. (1)). The dotted curve representsNtieF, i.e., the Fourier
transform of a Gaussian ofé°width.
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Figure 3.5: Panels (a) and (b) display a quiet Sun continuap near the G5380.0 A
line and the corresponding Doppler map before straylighionel, respectively. Panel (c)
and (d) are continuum map and Doppler map after straylighokal while histograms of
Doppler velocity before (red) and after (black) strayligemoval are plotted in panel (e).
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of the best scan increases from 8.5% in the original image10% in the deconvolved
image, which is closer to, but still somewhat smaller thaa ¢bntrast obtained from
data at a similar wavelength that are much less contamiratestraylight (continuum
at 5250.4 A in IMaXSunrise observations, séartinez Pillet et al. 2011 We nally
used this conservative choice, although we also tested stifag/light functions, including
broad Gaussians with widths up to®@6The results of using stronger straylight removal
(largerc) or broader Gaussians, remained similar, but providedhggodown ows and,
for largerc, also higher contrast. Stronger straylight removal alsbttebigger scatter
in the velocities and somewhat more distorted line pro hjch was another reason to
keep to the conservative value of straylight.

We selected a P8 13% eld in the quiet Sun to compare velocities before and after
straylight removal. Results are shown in F&5. The redshift in inter-granular lanes
increases disproportionately through straylight remdsak panels (b), (c) and (d) of
Fig.3.5. Down ows are particularly aected by straylight because they are narrower and
are present in darker features. The fact that the down owsaie weaker than up ows
also after our standard straylight removal con rms that \@genbeen conservative in the
removed amount of straylight.

3.3 Results

Panels (a) and (c) of Fig.6 show a portion of the observed penumbra as seen in the
continuum intensity (at = o 300 mA), before and after straylight removal, respectively
The corresponding maps of Doppler velocity are plotted metg(b) and (d). Obviously
both blue- and redshifts are present in the penumbra, ircpkat after straylight removal.
A striking feature in Fig.3.6(b) is the localized patches of strong blueshift, up to 3.3
km's 1, coinciding with the bright heads of penumbral laments.e$k bright heads are
surrounded by lanes of gas nearly at rest or slightly retishifin panel (b) signi cant
redshifts are visible only at two locations, once at the side lament reaching into the
umbra (atx = 6°°andy = 1°) and once, rather weakly around the bright and strongly
blueshifted head of a lament (at= 6:5°°andy = 4:5%.

A number of new redshifted patches are found in the Doppler afiter straylight re-
moval (panel d), appearing dominantly at locations presipgeemingly at rest in panel
(b). We have grayed out areas where intensity is belowfd(6erel® denotes averaged
quiet Sun continuum intensity), becausevalues of the Gaussian ts to the line pro les
are high in these areas since the line is very weak there asilgppblended (as suggested
by the fact that we obtain mainly strong blueshifts in the tentontrary to all previous
studies based on other spectral lines). Redshifts (largdse2.0 kms!) show a ten-
dency to be located in dark regions, as can be judged by cansidthe white contours
in panel (c). These contours outline the redshift of pangl Redshifts are now found
clearly around the head of multiple laments (e.g.,xat 2°°andy = 3°°and around
the laments protruding into the umbra). Narrow redshifte@as are also found in the
middle and outer penumbra beside and between bright lament

Clearly, in the lower photosphere redshifts are present atyrda erent locations in
the penumbra. We expect that only a part of redshifted featactually present in the
penumbra has been detected.
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Figure 3.6: (a) Continuum intensity map in the penumbralaegif the observed sunspot
obtained from the A5380A line. The displayed region is marked by the thick white
rectangle in Fig3.2 (b) the corresponding Doppler velocity, (c) continuumeirgity
map after straylight removal, (d) Doppler velocity afteagtight removal. Gray color en-
circled by black contours in panels (b) and (d) represergsangnere continuum intensity
is less than ®17°. White contours in panel (c) outline penumbral down ows ahdws
that these are located in darker parts of the penumbra. Tom above panel (a) indicates
the direction toward solar disk center.
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3.4 Discussion

We have provided the rst direct measurements of down owacting 2.0 kms' in
the body of a penumbra. The studied sunspot, located=at0:84, had only a partial
penumbra, on the disk-center side of the spot, so that altdeeshed laments partially
point to disk center. Hence the Evershed ow contributesweshift, so that redshifts
in Fig. 3.6(d) must be caused by down ows (or in ow, which appears rathglikely,
however).

The Ci5380A line reveals a highly structured velocity patterrnthwarge variations
in velocity around the head of laments. Typical blueshift3km s ! found in the bright
head of the laments, surrounded by gas displaying redgafter straylight removal) or
no shift. We interpret them as strong localized up ows of lgas in the head of the
laments following Rimmele and Marind2006, but cannot rule out that they are due
to Evershed ow. A fraction of this gas starts moving along txis of the laments
and forming the Evershed owScharmer et al. 2008a The rest of the gas moves to
the sides of the laments and ows downward. Further down®ware found alongside
bright laments in the middle and outer part of this penumiBach down ows have been
predicted by models of penumbral convection (eRgmpel et al. 2009, Scharmer and
Spruit 2006. Earlier observational studies have provided only indievidence for such
down ows (Ichimoto et al. 2007pZakharov et al. 2008harti et al. 2010Spruit et al.
2010.

The velocity at the heads of the laments reaches values B3&m s?, interpreted
here as up ows, agrees with earlier observational res&isitnele 1995bRimmele and
Marino 2006 Hirzberger and Kneer 20QHirzberger et al. 2005 Such up ows are also
consistent with the moving ux tube model presented3shlichenmaier et a[19983,
which predicts an up ow of 4km ¢ at the footpoints of the penumbral laments, but
equally with the interpretation odcharmer et al(20083 that the Evershed ow is a
horizontal ow component of overturning convection. In et years, convection has
become an important candidate to explain the heat transppenumbrae. Based on the
observed 1 km s up ow at the axis of the lament in the upper layers of the pbsphere,
Zakharov et al(2008 estimated the heat transport by convection in the penutobbe
su cient for maintaining the brightness of the penumbra. Thewsp up to 3.3kms!
in the bright heads of penumbral laments with down ows aétttament sides, found in
the present study, and the coincidence of the strongestwwgwith bright laments and
down ows with dark laments strongly support that the herisport in the penumbra is
accomplished by convection.

In the outer sections of penumbral laments (i.e. furthemfrthe umbra) we found
maximum blueshifts of up to 3.0km’ If we assume that this blueshift is due to the
Evershed eect, its projection in the direction of disk center and patai the solar
surface gives 8.5 km § of radial out ow. This upper limit agrees well with resultsofm
the simulation byRempel(2011) which shows Evershed ow speeds above 8 kinreear

=1.

The true strength of the penumbral down ows are expectedettalger than found
here for the following reasons. For the same reasons we eapeonber of the locations
still seemingly at rest, in reality be lled with down owingas:

1. Incomplete removal of straylight. We have been ratheseprative when removing
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straylight, since the assumed granular contrast of 13% alenthan values found
by Mathew et al (2009 at 5550 A from Hinode anMartinez Pillet et al(2011) at
5250 A from SUNRISE.

2. Ablueshiftimposed by the LOS-component of the Eversloed The major axis of
most of the laments makes an angle 065 with the line joining the sunspot and
the disk center. Thus, we expect radial out ow due to Evedshesct to contribute
asVios = Vesin cos55 = 0:35v¢ (wherevg represents the Evershed velocity) to
the LOS velocity. The Evershed ow probably hides a signntamount of the
redshift due to down owing gas (cBharti et al. 2011

3. The geometry of the laments. As proposedXgkharov et al(2008 the penum-
bral = 1 surface is strongly corrugated (see Hid.1of Chapterl), so that we see
the disk center side of the laments more clearly than theep#ide (see their Fig.
4). Hence, in our sunspot we might expect the down ows to bitebeisible on
the diskward side of a lament where they may be partly cogdrg the lament
lying in front of them. This interpretation is supported b ffact that the strongest
down ows are found on the diskward side of a lament extergdinto the umbra,
where no other lament can block the view of its edge.

In summary, we report the observations of down ows at thessdyf bright penumbral
laments in the deep photospheric layers. Such down owsegected for overturning
convection in the penumbra.

Comments on “Stray-light correction in 2D spectroscopy”, by Schlichen-
maier and Franz

RecentlySchlichenmaier and Fran2013 hereinafter SM) studied the ect of stray-
light correction on down ows in a sunspot penumbrae using inode SOTSP data.
Based on this study SM claim that down ows detectedJoghi et al(2011), and so in

the present chapter, from S&IRISP observations are results of overcompensation of
straylight. The straylight correction bjoshi et al(2011) was very conservative in that
regard and actually considerably undercompensated tagigtit. Below we give some
arguments in favor of this statement.

1. Even after straylight compensation the average LOS itglocthe quiet sun in our
data set is negative, being 780 mh fcompared with 910 m § before we started
making the correction). The velocity estimated from avechguiet Sun pro les
is almost the same with and without the straylight correcapplied. In the case
of complete straylight removal, one would expect an averagecity of roughly
around zero (mass conservation would require zero, if theasd heights of forma-
tion were the same in both up- and down ows). A residual bhike®f 780 ms?
Is much larger than the blueshifts in Hinode SOF data (SM). Also, the der-
ence between the average quiet Sun blueshift before andsatiglight removal of
130 ms?! corresponds to a rather mild change (see Tables 2 and 3 of Bid}e
numbers speak strongly for the fact that we have not ovenastd the straylight.
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. Another fact is that Hinode has a factor d@ lower maximum spatial resolution

than the SST, so that even if straylight is compensated pojtas unlikely to see
down ows in SOT/SP observations of the same strength, if these are contahtra
in narrow channels.

. The Hinode straylight is not as low as claimed by SM. ThenPSpread Function

(PSF, including primary aperture, obscuration, spider &Rddefocus) calculated
by Danilovic et al.(2008 results in 80% contamination of signal in each pixel
from neighboring pixels (FWHM of the central peak of the PSF @%2). They
also need an additional 4.7% straylight to bring down the cmstrast of quiet
Sun MHD simulations (14.4%) to the quiet Sun rms contrasénlesl with Hinode
(7.0%).

. The work ofTiwari et al. (20133, con rms the above points. They corrected self-

consistently for the PSF of Hinode (no free parameters wéreed there, the PSF
follows strictly the one introduced byDanilovic et al. 2008 For details on the
inversion please cheakan Noort(2012; andvan Noort et al(2013. Tiwari et al.
(20133 found clear down ows at the sides of many penumbral langm@tithough
they used a totally dierent approach and a dirent data set than those used by
Joshi etal(2011). As pointed out above (point 2), these down ows are expote

to be as strong as those obtained from the SST with apprestatylight removal.

. We nd one of the statements by SM to be misleading to reader Section 5,

3 paragraph, they say:Jbshi et al(2011) compare the granular contrast of their
observation with IMaX measurementddrtinez Pillet et al. 201)1to estimate the
amount of stray light (  0.34, cf. Fig. 2) in their data”. This is correct, but
incomplete and hence misleading.

Basically, the rms contrast in our study, after straylightection, is 13.0% which
is lower then the IMaX contrast (14%-15%) and also lower ttirerms contrast
in MHD simulations (which agrees well with the IMaX data). érkfore, in our
study the IMaX rms contrast was only used as an upper limitap an the conser-
vative side, thus avoiding overcompensation (as pointédnodoshi et al(2011),
Section 2.1, 2nd paragraph).

Given the above, it is clear that the conclusions of SM do dd nd that they lead

the reader astray into thinking that the resultslo$hi et al(2011) are based on faulty
straylight removal.
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4 \Vertical Magnetic Field Gradient in
the Photospheric Layers of Sunspot

Spectro-polarimetric observations of sunspots are aadlyindependently observations
were obtained with the Hinode SC3P and with the Tenrife Infrared Polarimeter-2 (TIP-
2) mounted at the German Vacuum Tower Telescope (VTT). Wy agipte-of-the-art
inversions techniques to both data sets to retrieve the eti@geld and the correspond-
ing vertical gradient along with other atmospheric pararsein the solar photosphere.
In the sunspot penumbra we detected patches of negativealagtadients of the mag-
netic eld strength, i.e. the magnetic eld strength deesa with depth in the photo-
sphere. The negative gradient patches are arranged in-éikeéngtructure in the inner
and partly in the middle penumbra in both data sets. From @&SP observations we
found that the negative gradient patches are restrictedlyna the deep photospheric
layers and are concentrated near the edges of the penuntdmatnts. The appearance
of the negative gradient does not depend on the locationeo$utinspot on the solar disk
(for =0.84). MHD simulations also show negative gradients in timer penumbra in az-
imuthal averages. We interpret the negative vertical gratcbf the magnetic eld strength
in VTT/TIP-2 and SOTSP data as being partly caused by the highly corrugated $sm-
faces. Another reason is likely the cancellation of pokisignal due to the presence of
unresolved opposite polarity patches in the deeper laygregenumbra.

4.1 Introduction

The vertical gradient of the magnetic eld vector in sunsgplobtospheres has been studied
extensively (for reviews see, e §olanki 2003Borrero and Ichimoto 20)1 Depending
on the diagnostic tools, a wide range of values from 1.0 taG&ken * for the vertical
gradient of the magnetic eld strength in sunspot umbraeshHaeen foundBorrero and
Ichimoto 2011 Balthasar and Gémory 2008anchez Cuberes et al. 20@rozco Suarez
et al. 2005 Mathew et al. 2003Westendorp Plaza et al. 20Q1&ositive values indicate
an increase of the magnetic eld strength with geometriegitd. Studies which display
the vertical eld gradient as a function of the normalizedites of the sunspot also der
signi cantly. Westendorp Plaza et 420019, Borrero and Ichimot@2011) andOrozco
Suarez et a2009 interpret the observations to say that the sunspot maygeddi forms
canopy-like structures in the middle and outer penumbraecohtrast,Mathew et al.
(2003, Sanchez Cuberes et 2005, Balthasar and Gomo612008 merely conclude that
the magnetic eld increases with depth everywhere in thespah Tiwari et al. (20133
also do not nd evidence for such a canopy-like structurehmduter penumbra.
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Figure 4.1: (a) Normalized continuum intensityl ° map of the observed sunspot in AR
NOAA 11124 observed on 14 November, 2010, recorded with NTH-2. |, denotes
continuum intensity ande° denotes averaged quiet Sun continuum intensity.| £4§°
map of the same sunspot observed on 16 November, 2010. Aimdvesh maps indicate
the direction to disk center.

In the present chapter we study the radial dependence ofettieal gradient of the
magnetic eld strength of a sunspot observed on twoedent days by VTATIP-2 and
of another sunspot observed by Hinode $&H. To retrieve atmospheric parameters from
VTT/TIP-2 data we carry out inversions of Stokes pro les of thei$D827.1 A and
Ca i10833.4A spectral lines together. We also use prior spatiaupled inversions
of the Hinode SOMSP observations (i.e., the F6301.5A and Fd6302.5A lines) to
determine the vertical eld gradients. We compare the itsdubm the di erent data sets
with each other and with 3D MHD simulations of a sunspoiR®mpel et al(20093 to
understand the origin of the negative gradient of the magredtl in the penumbra.

4.2 VTT/TIP-2 observations and analysis

4.2.1 Observations

We observed a leading sunspot in the active region NOAA 1bh?¥4 and 16 November,
2010. Spectro-polarimetric observations were carriedabtite German Vacuum Tower
Telescope (VTT) with the Tenerife Infrared Polarimeter¥2R-2, Collados et al. 2007
The spectral domain of the observations ranges from 10825 £0835 A and the spec-
tral sampling corresponds to 10 mA per pixel. Therdction limit of VTT at 10830 A is
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Figure 4.2: Averaged quiet Sun spectrum obtained with MTH-2 on 14 November,
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Figure 4.3: Magnetic eld response functions (RFs) of thei$D827.1A (left) and
Ca i10833.4A (right) lines respectively, for StokésandV pro les (identi ed inside
the panel). The shown RFs are estimated for an umbral atmiesfrben a MHD simula-

tions byRempel et al(20093.
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Figure 4.4: Temperature strati cation of four atmospheresd to estimate response func-
tions to magnetic eld of the Si10827.1 A and Ca10833.4 A lines.Black, dark blue
andlight blue curves correspond to temperature pro les of an umbral,Hinmenumbral
and dark penumbral pixel from the MHD simulations Rgmpel et al(20093. Thered
curve corresponds to the HSRASP atmosph€tepman 1979

Table 4.1: Line parameters.

Line wavelength [A] log¢f) Abundance g
Sii 10827.1 0.210 7.549 1.5
Cai 10833.4 0.058 6.360* 15

Y Shi et al.(2008

Z Shchukina et al(2012

X We estimated this value of logf) for Ca i10833.4 A
line by tting the quiet Sun pro le observed with a Fourier
Transfrom Spectrometer (FTSliyingston and Wallace
1991, Wallace et al. 1998using the HSRASP atmosphere
(Chapman 1979

XX Grevesse and Sauvdl999

approximately 80, but due to moderate seeing conditions spatial resalafiour data
is estimated to be 190. Scans of the eld-of-view (FOV) for full Stokes vector nseae-
ments require 20 minutes. The step-size for scanning was set®6 @nd the pixel size
in the slit direction was @L6. In order to improve the signal-to-noise ratio we binnmaf f
pixels in the direction of dispersion and two pixels in slitettion. The heliocentric co-
ordinates of the centers of the observed FOVs were (12°NV10h 14 November, 2010
and (14°N, 32°W) 16 November, 2010.

Panels (a) and (b) of Figt.1 show the sunspot on 14 and 16 November, 2010, re-
spectively, as observed in the continuum intensity at 1#83Bhe sunspot shows a light-
bridge on 14 November, which disappeared after two days.efreal, the sunspot has
grown and matured in these two days, being more symmetrisiamgler on 16 Novem-
ber, 2010. Fig4.2displays the spectrum recorded on 14 November, 2010 afteaging
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() | , , (b)

1 1 !
25-Si 110827 A , 25-Co 1 10833 A . n
= Stokes | : = Stokes | :
X B 2, 2.0 B
T 1
o o
— - — 1’5 - -
X X
g - S, 1.0- -
o o
[T [
o x
DN n W 0.5 - R
0.0
2 -6 2
logT
(d) 1 1 ]
25 Si110827 A , 25-{Co 110833 A . n
- Stokes V : - Stokes V : .
o, B 2, 2.0 : L B
I I : :
o o
-~ - — 1.5 - -
X X
z L 210 !
o ©
W W
o [
W - W 0.5 =
0.0 T = —
2 -6 -4 -2 0 2
logT logT

Figure 4.5: Wavelength integrated magnetic eld responsetions (RFs) of the Si
10827.1A and C&d10833.4A lines. Panels (a) and (c) show RFs of StdkasdV

for Si i line. RFs of Stokes andV for the Cai line are displayed in Panels (b) and
(d). The presented RFs are estimated for an umbtatk), dark penumbraldark blué,
bright penumbrallight blue) pixel and for the HSRASP atmospheiRe@d. The three
dottedvertical lines indicate positions of lognodes used in SPINOR inversions (see
Section4.2.2.

over 225 quiet Sun pixels.

The collected data have been treated by applying the stér#da reduction steps.
The continuum level was corrected using an FTS specthivingston and Wallace 1991
Wallace et al. 1998

4.2.2 SPINOR inversion of the Si and Ca.i lines

To analyze the photospheric properties of the sunspot'swetag eld we apply inversion
of Stokes pro les of Si 10827.1 A and Ca10833.4 A lines to solve the radiative transfer
equations (RTEs) under the assumption of local thermodimequilibrium (LTE).
Although the Ca line is rather weak (see Fig.2), including it puts more constraints
on the free parameters in the inversions process and gives meliable atmospheres as
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Figure 4.6: Best t SPINOR inversions of sample Stokes pre thserved by VTTIP-
2: Dotted blackcurves represent observed Stokes pro les switH bluecurves represent
best ts. The position of Stokes pro les shown here is marksda red plus sign in

Fig. 4.1(b).

compared to inversions of the Bine alone. The line parameters of both lines are given
in Table4.1 Magnetic eld response functions (RFs) of StokesndV pro les for both
lines, estimated for an umbral atmosphere from a snapshbed3D MHD simulations
of Rempel et al(20093, are shown in Fig4.3. We also estimated the magnetic eld RFs
for a bright and a dark penumbral atmosphere, also taken thhenVIHD simulations of
Rempel et al(20093 along with the HSRASP atmosphefé{apman 1970 Temperature
strati cations of all four atmospheres used to estimate REsshown in Fig4.4. RFs
integrated over the entire line proles ( = 2.0A, but without neighboring lines) of
Stokesl andV are presented in Figl.5. It is evident from the RFs that the ddine
exhibits weaker response to the magnetic eld comparededsih line, mainly because
it is weaker line, and covers a slightly smaller range in logrhe RF of the Sii line
extends beyond log(sz0)==3.0, where g3 corresponds to the optical depth at 630'nm
Note that such a-integrated RF is only a very rough guide for the heights atcvitihe
magnetic eld is sampled.

! Reference wavelength for optical deptis chosen to be 630 nm throughout this chapter, to facilitate
comparison with Hinode STO$P observations.
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Figure 4.7: Scatter plots of the magnetic eld componenttaimied obtained from
SPINOR inversions without considering straylight vs. thegth considering strayligh.
The plotted data were obtained on 14 November, 2010 with/VTPF2. Panels (a), (b),
(c) and (d) showB, @=@bg , and ,respectively. Th&lueline in all panels represents
the linear regression. The correlation cagent,r, is shown at théower right corner of
each panel.

To retrieve atmospheric parameters in the photosphere&SREOR inversion code
(Frutiger et al. 19992000 has been used. The initial model atmosphere consists of a
magnetic eld strengthB, which varies linearly with log. Three nodes for the line-of-
sight (LOS) velocityy,.s, and the temperaturé&, have been used. The other atmospheric
parameters such as inclination of the magnetic eld retatovLOS, , azimuth direction,

, micro-turbulent velocityymic, have been forced to be constant with height. The three
nodes used are at log0.0,=0.7 and=2.3. An example of observed Stokes pro les and
best tted Stokes pro les through SPINOR inversions is ereed in Fig4.6. We have
not considered any straylight correction when computirgéhpro les.

4.2.2.1 In uence of straylight

To examine the eect of straylight on the retrieved magnetic eld vector amdtbe verti-
cal gradient ofB, we tted the same atmospheric model with a second atmospt@n-
ponent, representing the contribution of global strayligby global straylight we mean
that the straylight function does not vary spatially in theserved FOV. It is assumed to
originate from the quiet Sun. The straylight contributisrdenoted by a lling factor,

in following equation,
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Figure 4.8: Panels (a), (b) and (c) represent maps of thedmnpeT at log =0.0,

log ==0.7 and log ==2.3, respectively, as obtained by SPINOR inversions of the
sunspot observed on 14 November, 2010. Panels (d), (e) psddiv maps of line-of-
sight (LOS) velocityvs at the same log values. Inner and outer contours represent the
umbra-penumbra boundary and the outer boundary of the styymsppectivelyArrow in

the panel (d) indicates the direction to disk-center.

lo=(1 )im+ les; (4.1)

wherelg is the observed Stoképarameten,, represents Stokeéof the magnetic compo-
nent andgs is the Stokes parameter of the straylight componentis an additional free
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Figure 4.9: Same as Fig.8, but for observations recorded on 16 November, 2010.

parameter in the inversions. We are aware that this is a sed@pproach that neglects
that the straylight decreases with distance from the quiet&hd that in the penumbra,
polarized straylight, probably, is important as well. Taggproach is taken purely for test
purposes since the ts of synthesized Stokes pro les to theeoved Stokes pro les are
very good even without any consideration of straylight.

A comparison of the obtained magnetic eld vectors infervath and without stray-
light is presented in Figd.7, showing very good correlation. Among all parameters the
vertical gradient displays the least correlation (86%)thAlghB is somewhat under-
estimated (by 6% in the umbra) when straylight is not considewe see negative and
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Figure 4.10: Magnetic eld vector obtained from the obséisas recorded on 14 Novem-
ber, 2010 with VTTTIP-2. (a) Magnetic eld strengttB, (b) gradient of the magnetic
eld strength with respect to log, @=@dbg , (c) inclination angle, Q of the magnetic
eld vector and (d) azimuth direction,Q of the magnetic eld vector.

positive vertical gradients dB in both approaches of inversion. This test suggests that
neglecting straylight does not ect the qualitative structure of the vertical gradient of
the magnetic eld in the sunspot, although there are somattjative di erences. For
the analysis presented in this chapter we therefore useattzeneters retrieved from in-
versions neglecting the straylight contribution. For thaddgSOT data the in uence of
spatially inhomogeneous straylight is taken into accokiat.details segan Noort(2012).
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Figure 4.11: Same as Fig.10Q but for observations recorded on 16 November, 2010.

4.2.3

Fig. 4.8 depicts temperature anghs maps retrieved from inversions of the observation
recorded on 14 November, 2010. Inner and outer contours paakls of Fig4.8repre-
sent the umbra-penumbra boundary and the outer boundanmg stinspot.

Bard and Carlssof2008 have shown that the line core of 5i10827.1 A is aected
by non-local thermodynamic equilibrium (NLTE) condition§hey demonstrated that

Inversion results
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Figure 4.12: Continuum intensity maps from 14 November, 2(ddhel (a)) and 16
November, 2010 (panel (b)), with contours which are usedatoutate azimuthal aver-
ages. The areas below thed lines were neglected because of the complex structure of
the sunspot there.
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Figure 4.13: Azimuthally averaged parameters: Panel @yshadial dependence Bfof
the sunspot observed on 14 November, 2046l¢t curve) and 16 November, 201f&(
curve) with VTT/TIP-2. Panel (b) represents the vertical gradient of thermeag eld
strength ( B= log )oo; 23 as a function of =R, The colors of the curves in this panel
are the same as in panel (8hadedareas represent standard deviatiddstted vertical
lines in both panels indicate the umbra-penumbra boundatyte outer boundary of the
sunspot.

the line core intensity of Si10827.1 A in NLTE conditions is lower than the line core
intensity in LTE conditions. Kuckein et al.(20123 studied the eect on atmospheric
parameters inferred from neglecting NLTE conditions ineirsfons. They found that
the most aected parameter is the temperature while the in uence omtagnetic eld
vectors and velocities are negligible.

The zero level of/s is calibrated by setting the average value/gfat log =0 in the
umbrato zero. The convective blueshift is estimated bydtihe line core of the averaged
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quiet Sun pro le of the Sii line. The obtained values of convective blueshift on 14
November, and 16 November, 2010 are10ms?! ( =0.96) and 180ms?! ( =0.84),
respectively. The larger blueshift at=0.84 is in line with the behavior of photospheric
spectral lines (e.gBalthasar 198y The obtained values for the convective blueshift are
also in agreement with ndings dfuckein et al.(20120 who stated that the convective
blue shift is very small for the Siline, although they do not provide any number.

The temperature map at log=0.7 for the 14 November, 2010 (see Hg3(b)) shows
higher values in the inner penumbra compared to the outemplera. Atlog ==2.3 (see
Fig. 4.8(c)) no signature of the light-bridge is visible in the termrgiere map. Thes
maps (Fig.4.8(d)-(f)) show the Evershed ow pattern only at log0.0 and log ==0.7.
The maximum values of the Evershed ow are 1.5 krmand 1.0 kms* at log =0.0 and
log ==0.7, respectively.

Fig. 4.9 depicts the temperature angs maps of the same sunspot observed on 16
November, 2010. On this date the Evershed ow reached valpe® 3.0 kms! and
2.5kms?atlog =0.0 and log ==0.7, respectively.

Fig. 4.10shows the magnetic eld parameters retrieved from inversiof the obser-
vations from 14 November, 2010. Panels (a) and (b) displgysméB and@-=@og , i.e.
@=@og atlog =0.0 of the observed FQV, respectively. Inclination and aghmangles
of magnetic eld vectors are presented in panels (c) and Ttie magnetic eld vectors
presented here are projected to disk center coordinateg tls transformation matrix
given byWilkinson et al.(1989. The 180° ambiguity in azimuth direction is resolved by
the acute angle” methodsékurai et al. 1985Cuperman et al. 1992 Inclination and
azimuth angel oB after projection to the solar disk center coordinates anotbel by O
and Q respectively. Magnetic eld parameters obtained fromabeervations recorded
on 16 November, 2010 are shown in Fgll Whereas on 14 November the maximum
B amounts to 2500 G and appears in the darkest part of the umbra, it inese@s to

2800 G two days later. Maps @B=@dog show consistent results on both days. In
the umbra@-=@og is positive, i.e.B increases with optical depth. In the undisturbed
part of the inner and middle penumbra the gradient maps shiow-dike structure where
@=@og <0, i.e. B decreases with optical depth. In the outer penund@adog >0
and just outside the visible boundary of the sunspot, aga#@dog <0.

To study the radial dependence of the properties of the strmdmosphere, we use
azimuthal averages of all parameters. The azimuthal agsrage computed along 25
isothermal contours obtained from a smoothed temperatapeatiog = =2.3 (see panels
(a) and (b) of Fig4.12. We do not consider the parts of the penumbra beloweatié&nes
shown in Fig4.124a) and (b), since the eld structure there is strongly diséad.

The radial dependences Bfand ( B= log )oo. 23 are displayed in Fig4.13 For-
mula of ( B= log ) is shown below.

|
B _ (B _Bb) B@).
log ., ( 10 )ap b a
where a and b denote lower and upper I@yrfaces, respectively.

On 14 (16) November, B= log )oo 23 has avalue of 120 (100)/t6g on average
in the darkest part of umbra with a maximum amplitude of 185]1¥log . In the inner
penumbra, i.e. fromm=0.4Rspocto 1 ' 0.7Rsp0, ( B= 109 )00 23 <0 with an average
rate of=90 (=150) Glog . Betweerr ' 0.7%Rs,orandr=Rgsycthe ( B= 109 )oo, 23> 0.

(4.2)
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Figure 4.14: Continuum intensity (panel (a)) andBE log ) maps of a sunspot in active region NOAA 10933, observed Witiode
SOT/SP. Panels (b) and (c) represent8€ 10g )oo 09 and ( B= log ) oo 25, respectively. Both (B= log ) maps are displayed in the
same scale shown by the color-bar at the top of panel (b).r lame outer contours in all panels represents the umbranplersuboundary
and the outer boundary of the sunspot, respectively.
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Figure 4.15: Azimuthally averaged B= log ) as a function of normalized radial dis-
tancer =R,q, from the center of the sunspot observed with &P Blackandbluecurves
depict ( B= 109 )oo 00 @and ( B= log ) oo 25, respectivelyShadedareas represent
the standard deviation®ottedvertical lines indicate the umbra-penumbra boundary and
the outer boundary of the sunspot.

4.3 Hinode SOTSP observations

Low spatial resolution observations of a sunspot can leaghtter- or overestimation
of B and ( B= log ) due to unresolved multiple magnetic components withedent
orientation of the magnetic vector within the resolutioareénts. The unexpected result
that B decreases with optical depth in the inner penumbra leadset@uestion if this
outcome is a spurious result of the low spatial resolutiothefVTT/TIP-2 data.

To answer this question we analyze high spatial resolutimmodée SOTSP observa-
tions. SOTSP records full Stokes pro les of the F6301.5A and F&6302.5 A spectral
lines. The SOISP observations analyzed here belong to active region NO2383,
which were taken on January 5, 2007 close to disk center (2°MWJ). This data set
has been inverted byiwari et al. (20133 andvan Noort et al(2013 and we employ
atmospheric parameters retrieved from them. These autised the spatially coupled
inversion technique ofan Noort(2012 to infer atmospheric parameters. The particular
inversion considered here has been performed with an eatiapatial sampling of®8,
compared to 86 of the original Hinode SO'BP (seeyan Noort et al. 20133

The initial atmospheric model used Bywari et al. (20133 consists of three nodes
each forT, vio,, B, , andvy.. The three nodes are at 10g0.0,=0.9 and=2.5.

Fig. 4.14shows the map of continuum intensity andB& log ) maps. The map of
( B= log )oo: 09 (panel (b)) shows patches of negative values in the innarpbérg, i.e.
at these location8 decreases with optical depth. Patches of negative valgeseaist
in the map of (B= log ) o925, the uppet layer (see panels (c) of Fig.14), but they

2\We call the atmosphere between leg) and=0.9 as lower and between log=0.9 and=2.5 as upper
layer of photosphere.
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4.3 Hinode SOISP observations

are smaller in number and with lower amplitude. Just outfiidevisible boundary of
the sunspot there are patches oBE log ) <0 which makes a ring-like structure and
expands outward with height.

To derive the dependence of B= log ) on the radial distance from the sunspot
center we use the same method as applied to the/MP¥2 data (see Sectioh.2.3.
The radial dependence of B= log )oo. 09 Shows a qualitative similarity with that of
( B= log )oo 23 found from the VTTTIP-2 observations. Quantitatively, the values
retrieved from the SO'BP observations are higher: in the umbra the average value of
( B= log )oo o9 is found to be 150 @og (see Fig4.19. In the inner penumbra, be-
tweenr ' 0.4Rspgcandr ' 0.6Rsp0, ( B= 109 )oo; 09 IS Negative, with the maximum neg-
ative value of 80 @og atr=0.5Rspe ( B= 10g )oo; 09 IS positive beyona ' 0.6Rspor
( B= log ) o9 25amountsto 120 @og on average in the umbra and remains positive
also in the penumbra. Outside the boundary of the sunspaiyage ( B= log ) oo 25
IS negative.

The maps of (B= log ) are highly structured which can be seen in Bid.6 show-
ing a zoomed-in version of Fig.14 Contours in panels (a) and (c) of F§l6separate
patches with negative and positive values oBf 10og )oo 09. It is evident that the
patches where B= log )< 0 mostly coincides with bright laments. B= log ) has
higher values in the lower layer (panel (b)) compared to {hygeu layer (panel (c)). The
largest negative (B= log ) values present near the edges of the lament8< log )
shows also ne structure within the body of individual lamts. Most parts of the la-
ments display (B= 10g )oo. 09< 0 while at the centers of laments 8= log )oo: 09
Is positive (indicated by an arrow in panel (b) of Fg16. This substructure of the gra-
dient only exists in the lower layer whereas in the upperralye laments have mostly
negative ( B= log ) o9 25. Contours colored invhite in panel (b) of Fig.4.16 show
locations where the polarity d@ is opposite to that of the umbra. Narrow patches of op-
posite polarity are co-located with the patches d8€ log )< 0. The opposite polarity
patches are narrower than the patches wheB=( log )oo; 00<0.

Is this a generic property of laments? To answer this questie analyzed the prop-
erties of the averaged lament constructed Tyvari et al. (20133. They averaged 60
penumbral laments, 20 each from the inner, middle and opgsrumbra. Prior to aver-
aging they straighten all laments and then normalizedrtlengths. The inner, middle
and outer laments exhibit strong similarities in all phgal properties, such as the plasma
ow and the magnetic eld Tiwari et al. 2013 The temperature structure is also similar,
but does show some changes with the radial distance fronutigpst center.

Averaged physical properties of laments are displayedim &.17. The structure of
( B= log ) ofthe averaged lamentis similar to that noticed in indiual laments (see
Fig.4.16), although much smoother. The inner (i.e. near umbra) kad(5 in Fig.4.17)
of the lament has (B= log ) oo 25<0. At the center, along the axes of the lament
( B= log ) 00 00>0. The outer halfX>0.5) has (B= log ) g9 25>0.

Fig. 4.18 displays ( B= log )oo 00 and 1.2 along a slit (see Fig.16 in the
penumbra cutting across penumbral lamentgsand|J® represents continuum intensity
and averaged continuum intensity in the quiet Sun, resgdygti Along the slit posi-
tive and negative patches of B= log )oo. 09 are present equally. 8= 109 )oo: o9
at the location of penumbral laments has negative valuas Warger magnitudes than
the positive ( B= log )oo. 00 Of the dark background. Hence, azimuthal average of
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Figure 4.17: Physical properties of the standard lameanfiTiwari et al.(20133. (a)
Continuum intensity normalized to the quiet Sun continuub);T( at log =0.0; (c) B
atlog =0.0; (d) atlog =0.0; (e) ( B= log )oo 09 and (f) ( B= log ) oo 25. Left-
and rightmost parts of the panels corresponds to the inreoater part of the lament,
respectively.
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Figure 4.19: Optical depth strati cation of various phydiparameters of the standard
lament displayed in Fig4.17 perpendicular to its axis. Panels in the rst, second and
third column represent the head, middle and tail of the latrespectively. From top to
bottom (for each column)t, B, , the vertical component of magnetic e}, the radial
component of magnetic el®, and ( B= log ). The head, middle and tail positions are
marked bydashedvertical lines in Fig4.17.
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4 \Vertical Magnetic Field Gradient in the Photospheric Lray& Sunspot

( B= log )oo; 09 turns out to be negative in the inner penumbra.

To gure out the penumbral magnetic eld structure which gamoduce such a mag-
netic eld gradient, it is important to see how the magnetsdd is strati ed with optical
depth. The optical depth strati cation of various physipatameters is shown in Fig.19
The positions of the strati ed atmosphere displayed in Big9are indicated bylashed
vertical lines in Fig4.17. If one looks at the head of the lament (panels in the rst-col
umn of Fig.4.19), it is clear that at the center of the lamenty=0°) B becomes weaker
and more horizontal between log=0.9 and log ==2.5 compared to the atmospheric
layer below log ==0.9 and those above log=2.5. Between log==0.9 and log ==2.5
the vertical component of the magnetic elB,, also becomes weaker, whereas the ra-
dial component of the magnetic eld,, becomes stronger. Thus, between leg0.9
and log ==2.5 the magnetic eld is weaker and more horizontal and isaurded by
stronger and more vertical magnetic eld. At the edgg ( 0%) of the lament head,
B is horizontal and weaker in the deeper atmosphere and bacomee vertical and
stronger in upper atmosphere. The more vertical and stroefgein the upper part of
the atmosphere is thought to be eld from the surroundingegj expanding and closing
above the lament. This might explain why we seeB= log )< 0 at the location of the
lament.

At the middle and tail part of the lament (second and thirdurons of panels in
Fig. 4.19 the horizontal eld at the lament center is stronger comgato the relatively
more vertical eld overlying the horizontal eld of the larant. Hence at the middle and
tail part of the bright lament ( B= log )>0.

4.4 Comparison with 3D MHD simulations

To better understand the origin of theB= 109 )oo. 09< 0 in sunspot penumbrae de-
tected inthe VTTTIP-2 and SOTSP observations, we analyzed a snapshot from 3D MHD
simulations of a sunspot birempel et al(20093; cf. Rempel(2011). The advantage
of studying the MHD simulations is that we can determine ttaggent on a geometrical
depth scales (which is more natural for magnetic eld), eatinan optical depth. Fig..20
shows a continuum intensity map and maps @£ d) calculated for the depth intervals,
d dpnote=288km to 144kmd  dypoi=144 km to Okm, andl  dpnote=0 km to=144 km.
Hered denotes the geometrical depth (i.dancreases into the Sun) adgh., denotes the
average geometrical depth of the quiet Sun photosphergat® The log =0 surface

in the penumbra in the MHD simulations is on avera@®0 km deeper than in the quiet
Sun, so we do not look at gradients®belowd dynoi=300 km. There are patches where
( B= d)<0 in the middle and outer penumbra between dgoi=288 km and 144 km.
This is due to the fact that the penumbra is rather shallovaénMHD simulations and

d dynhot=288 km is still below the vertical extension of the middle ander penumbra.
We see very few patches whereB= d) < 0 in the upper two layers compared to the Hin-
ode SOTSP and VTTTIP-2 observations. This is also visible in the azimutharages

of ( B= d), see Fig4.21which shows an absence of B= d)<O0 in the upper layers
(d  dphott=144km to Okm andl  dynoie=0km to=144 km) within the sunspot while
the lower layerd dnott=288 km to 144 km) exhibit negative values off= d) in the
middle and outer penumbra. The uppermost layer shows: (d) < 0 outside the bound-
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Figure 4.20: Continuum intensity (panel (a)) andE d) maps from a 3D MHD simulations of a sunspotRgmpel et al(2009g. Panels
(b), (c) and (d) show (B= d) estimated betweedd dyn0i=288 km and 144kmgd  donoi=144km and O km and  dpneie=0km and
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panels represent the umbra-penumbra boundary and thebmutedary of the sunspot.
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Figure 4.21: Azimuthally averaged B= d) as a function of normalized radial distance
r=Rspoy from the 3D MHD simulations. Black, blueand red curves depict (B= d)
estimated betweed  dyhoi=288km and 144kmd  dypoie=144 km and Okm and
d  dohoie=0km and=144km. Shadedareas represent standard deviati@tted ver-
tical lines indicate the umbra-penumbra boundary and tier doundary of the sunspot.

ary of the sunspot. The shaded areas in Biglshow standard deviations of B= d)
along the circles which are used to estimate azimuthal gesra

As mentioned above, the uppermost layers in the MHD simariatdo not show neg-
ative gradient (in geometrical depth scales) in the inneupgra. Whereas the SCHP
and VTT/TIP-2 observations show that the vertical gradient (inagtdepth scales) of
the inner penumbra is negative in the azimuthal averagesreTére multiple possible
reasons for such a discrepancy between the MHD simulatioth$hee observations:

1. The gradients oB related to geometrical depth may not be directly comparable
to gradients at a given optical depth (since iso-opticaklisprfaces are strongly
corrugated).

2. There are shortcomings in the simulations, which leacfmadure from realism in
the synthetic sunspot's magnetic structure.

3. The inversions of the observed Stokes pro les may be ifieperegarding the mag-
netic structure, although the inversions of the two ratheerent data sets (derent
spectral lines, dierent spatial resolution, ground-based vs. space-bottg,fel-
lowed di erent approaches (straylight and PSF removed vs. non eatch of
straylight), result in qualitatively similar magnetic eélradients.

For a closer comparison of the MHD atmosphere with the MTR-2 and SOTSP ob-
servations, we consider point (1): we compute®&€ log ) between two iso-surfaces
everywhere in the sunspot following Egh2 To this end we synthesized iscsurfaces
in the MHD simulations using the SPINOR code.
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Figure 4.22: Continuum intensity (panel (a)) and& log ) maps from the MHD simulations of a sunspot. Panels (b),r{d)(d) display
( B=10g )oo 09, ( B= 109 ) 09 25and ( B= log ) 25 35, respectively. All ( B= log ) maps are presented in the same scale show
by the color-bar at the top of panel (b). The circles in allglanmepresent the umbra-penumbra boundary and the outadanuof the
sunspot, respectively.
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Figure 4.23: Azimuthally averaged B= log ) as a function of normalized radial dis-
tancer=Rs,q, from the MHD simulations of a sunspdlack, blue and redurves depict

( B= 109 )og; 09, ( B= 109 ) 09, 25 and ( B= log ) 25 35, respectively. Shaded
areas represent standard deviati@wtted vertical lines indicate the umbra-penumbra
boundary and the outer boundary of the sunspot.

Fig. 4.22depicts maps of (B= log ) from the MHD simulations between dérent
log surfaces. The (B= log )oo. 0.0 map show patches with negative values in the inner
penumbra, similar to what is seen in the SO/ observations. Patches with negative
values in the (B= log ) o9 25 and ( B= log ) 25 35 maps are, however, shifted to
the middle and outer penumbra, respectively. This behasioot visible in the SOISP
data. There the patches of= log )< 0 are mostly found in the inner penumbra. This
is valid also for the upper layers (see Hgl4).

At the boundary of the sunspot we see a ring where thig=( log )o.0. 0.9 < 0, which
located further out in the B= log ) o9 25 Mmap.

Fig. 4.23shows the azimuthally averagedB= log ) as derived from the MHD sim-
ulations, again as a function of the normalized sunspotigadihe shaded areas represent
standard deviations. The radial dependence &+ log )oo. o9 IS qualitatively similar
to that of the SOTISP observations, which show negative val@weylog ) in the inner
penumbra. Although these negative gradients are very waakared with observational
data. In the middle and outer penumbraBE 109 )oo. 00> 0. Signi cant quantitative
di erences between the MHD simulations and the SPTobservations are present in
( B= log )oo 09 Values. The radial dependence ofBE log ) oo 25 in the MHD
simulations is very similar to that of the SCHP observations: B= log ) g9 25>0
at all radial distance in the sunspot. Outside of the sunsgdt log ) o9 25<0. The
radial dependence of B= log ) ,s5 35is very similarto ( B= log ) oo 25 inside the
sunspot's boundary, just outside the bounda3{ log ) 25 35> 0. The standard devi-
ations of the uctuations oB in the azimuthal averages have higher values in the MHD
simulations compared to the SEFP observations. We attribute this to the higher spatial
resolution of the MHD data.
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Figure 4.25: Optical depth strati cation of various phyaiparameters perpendicular to
the axis of a lamentin the MHD simulation. The location o€tplotted cuts are indicated
byredbars in Fig4.24a). Panels in the rst, second and third column represenh#ad,
middle and tail of the lament, respectively. From top to towh (for each column)T, B,

, Bz, Brand ( B= log ).
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Figure 4.26: Radial dependence Bfat log =0 (panel (a)) and (B= log )oo 23
(panel(b)) from the MHD simulation.Black curves are estimated directly from the
MHD simulations,blue curves are results of inversions of synthesized Stokeslggo
from the MHD simulations at native resolutioRedcurves are from inversions of syn-
thesized Stokes pro les from the MHD simulations degradea tspatial resolution of

19. Shadecdhreas represent standard deviation. @bgedvertical lines in both panels
indicate the umbra-penumbra boundary and the outer boyiefifine sunspot.

Blowups of the region inside the white squares of Big2are displayed in Figd.24
In the MHD simulations too patches whereB= log ) <0 coincide with bright la-
ments. In the lower layers patches with negativ®8€ log ) exist only in the parts
around the heads of the laments. In the upper layers theerparts of the lament's
body shows a weak negativeB= log ).

The height strati cations of the physical properties of anpmbral lament at the
head, middle and tail are shown in F§25 In the lower layers (below log==1.5) the
head of the lament shows weaker and more horizoBtahich is surrounded by stronger
and more verticaB. Thus, below log==1.5 the lament has (B= log )<0. At the
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head of the lament the radial magnetic el®,, increases from log=0 up to log ==0.9.

At the middle part and the tail of the lamenB; is strongest around log=0. This layer

is covered by stron@, at the top. Thus in the lower layers the decreadspgauses a
positive ( B= log ) whereas in the upper atmosphereBE log ) becomes negative
because the strong8; lies above the weakds,. We note that Fig4.25should be com-
pared with Fig.4.19only after taking into account that, whereas Fgl9 corresponds
to the average of 60 laments, Fig.25represents just an individual simulated lament.
We thus cannot rule out that some of the eliences between both gures are due to the
choice of this lament.

E ect of spatial resolution on( B= log )

To understand the ect of the simpli ed model atmosphere used to t the Stokes
pro les observed with VTTTIP-2, we inverted Stokes pro les of the $10827 A and
Cai10833 A spectral lines synthesized along vertical raysipggirough every X, y)
grid point of the MHD simulations. The inversions start fradhe same set of initial
parameters as used to t the VIMP-2 data. One set of inversions is carried out at the
native resolution of the MHD simulations, another are aftegrading the synthesized
Stokes images by a point spread function (PSF) which has asizaushape with FWHM
of 199, close to the spatial resolution of the V/TTP-2 data presented in Sectidr2.

In Fig. 4.26 the radial dependence Bf(at log =0) and ( B= log ), deduced from
the inversions of the synthetic data are compared with tiggnad Band ( B= log ) val-
ues obtained from the MHD simulations. From the sunspoterdnthalf of the sunspot
radius, B is reproduced quite successfully by the inversions of ssited Stokes pro-
les both at native and degraded spatial resolution of thevdiimulations. In the outer
half part of the sunspdB is underestimated by200G when we perform inversions of
Stokes pro les synthesized in native spatial resolutiorhe Tnversion of spatially de-
graded Stokes pro les results in a further underestimat8 ofy up to 1000G. The
vertical gradient (B= log )oo. 23 Obtained by inversions at the native spatial resolution
produces a quantitatively derent radial pro le compared to B= log )oo 23 calcu-
lated directly from the MHD simulations, although qualiitaty the two curves are similar.
Betweenr ' 0.20Rsp0t andr ' 0.7%Rsp0t the inversions with the simpli ed model overes-
timate ( B= log )oo: 23, While betweerr ' 0.78Rs,r andr = Rgpo they underestimate
( B= log )oo 23. The inversion results of the spatially degraded Stokedgzrshow
a qualitative di erence to the true gradient in the model leading B log )oo, 23<0
in the outer penumbra. The main result, from the VTP-2 data, namely the domi-
nant presence of B= log )oo 2:3<0 in parts of the penumbra is reproduced, although
there are qualitative derences (e.g. these negative value d£ log )oo 2:3 OCCUr in
di erent parts of the penumbra in the observations and the MHAfiDIations).

This experiment demonstrates that the lower spatial réealean lead to negative
( B= log ). But, what could be a potential mechanism which can lead ¢onéga-
tive ( B= log ) in low spatial resolution data? Unresolved opposite pylgatches in
the penumbra could have signi cant consequence to the astmof ( B= log ), es-
pecially, if the population of opposite polarity patcheghe photosphere changes with
height.

In next section we analyze the distribution of opposite ptylgpatches at dierent
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log surfaces both in the MHD simulations and the $8H observations. There we
also try to understand the relation between opposite pplpatches and the presence of
negative ( B= log ).

4.5 Opposite polarity patches in penumbrae

The positions of patches with polarity opposite to that ia timbra at three loglevels
(0.0=70.9 and=2.5) in the MHD simulations are shown in Fi§§27. Atlog =0 the oppo-
site polarity patches appears at almost all radial dissncéhe penumbra, however, the
number of patches increases towards the outer penumbragAt+0.9 and log ==2.5
the opposite polarity patches are mainly restricted to tiddla to outer penumbra and
to the outer penumbra, respectively. The positions of thposipe polarity patches in the
SOT/SP data show a consistency with the MHD simulations (see&2&8. The radial
distribution of opposite polarity uxB,(opp as a fraction of the net uxB,| is plotted

in Fig. 4.29 In the SOTSP observations, opposite polarity ux appears even in the i
ner penumbra at log=0, and reaches a fraction of up t®5% of the total ux at the
outer boundary of the penumbra. The MHD simulations shéw% ux with opposite
polarity at the outer boundary of the penumbra. At leg0.9 the SOTSP data have
only 15% ux with opposite polarity at the outer boundary of thenpenbra, whereas it
amounts to 30% in the MHD simulations. Approximately8% of the ux has the oppo-
site polarity in the outer penumbra at log=2.5 in both the SONSP data and the MHD
simulations. When the MHD simulations is degraded % anly a small fraction of the
opposite polarity ux survives (see panel (c) of Fi§29. In degraded spatial resolution
a higher number of pixels with B= log ) <0 is found in the penumbra compared to
that in the native resolution of the MHD simulations (seegddd) of Fig.4.29. In the
umbra not a single pixel is found with B= log ) <0 in the degraded spatial resolution
data but almost 30% of the pixels have (B= log ) <0 in the native resolution. In sum-
mary, low spatial resolution hides opposite polarity patcim the penumbra. However, it
causes many pixels with 8= log ) <0, hence, it also producesB= log ) <0 in the
azimuthal averages.

4.6 Discussion

We determined the vertical gradient of the magnetic elesgth throughout sunspots.
From the VTTTIP-2 observations we found thBtincreases at the rate of approximately
1.3G km! with geometrical depth above log0.0 in the umbra. In the SG$P data
we found thatB increases with depth at an average rate bf7 G km? in the umbra (af-
ter converting log to zassuming hydrostatic equilibrium). Similar values haverbe
found byBorrero and Ichimotq2011) based on Hinode SA@$P data and bypanchez
Cuberes et al(2005 from VTT/TIP data. Mathew et al.(2003 report values around
4 Gkm ! and Westendorp Plaza et 20019 found 2.5 Gkm!. We found thatB in-
creases rapidly with depth in the lower atmosphere whilegtiagient becomes atter in
the upper atmosphere above leg=0.9 in the SOTSP data.

The vertical gradient of the magnetic eld strength in thenpmbra, reported in the
present work, displays large uctuations, changing itsxséyen on small scales. In the
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Figure 4.27: Maps of opposite polarity patches from the MHBDutations of a sunspot.
Black areas show positions of opposite polarity. Panels (a), 1) (&) correspond to
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Figure 4.28: Same as Fig.27but it shows SOISP observations.

gradient maps of the penumbra derived from the SPTobservations, B= log ) is
always positive in spines. The gradient in the penumbraméats has a more com-
plex structure: in the lower layer of the inner half of lantsn(i.e. the part of the I-
ament closer to the umbra) has a positiv8€ log ) which is surrounded by a negative
( B= log ) at the sides. In the upper layer of the inner half part of tlzenents it has
only a negative (B= log ). The outer half of the lament has a positiveB= log )
both in the lower and upper layers. The positivd8€ log ) in the tail can be explained
by the fact that the horizontal eld of the lament, which igturning to the surface is
much stronger than the spine's eld covering the lamentenir the top Tiwari et al.
20133. The structure of the gradient in the body of laments closdead can be ex-
plained by a penumbral model presented in Bi§0 The penumbral lament is assumed
to be a semi-circular structure containing nearly horiabntagnetic eld. The lament
is surrounded by a more vertical background magnetic efin@s) on the sides, which
closes above the lament. The background eld forms spinék \B gradually decreas-
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Figure 4.29: Panel (a) shows the radial distribution of gjegpolarity ux B,(opp as a
fraction of the net ux|B,| from the SOTSP observations. Panel (b) displays the radial
distribution of opposite polarity ux for the MHD simulatits. Panel (c) corresponds to
opposite ux from inversions of synthesized Stokes pro fesm the MHD simulations
which was degraded by Gaussian 80 Wwidth. Black, blueandred curves correspond
to log =0.0, log ==0.9 and log ==2.5, respectivelySolid anddashedcurves in panel
(d) display the numbers of pixels whereB= log )0 23 < O at native and degraded
spatial resolution in MHD simulationBottedvertical lines in all the panels indicate the
umbra-penumbra boundary and the outer boundary of the sunsp

ing with height. This model assumes that the semicirculamént has its maximum
magnetic eld strength at its center, which gradually deses towards the boundary be-
tween the spines and the lament. The log0.0 level samples the whole width of the
lament (shown by region BA+B in Fig. 4.30), whereas log==0.9 level samples only
the central part of the lament's width (region A). Finallthe log ==2.5 level sees eld
only from the spines. In region A the eld strength decreasetveen log=0.0 and
log ==0.9, hence, (B= 109 )oo 09 >0. Inregion B ( B= log )oo. 09 <O because the
log =0.0level probes only parts of the lament, whereas the leg0.9 level samples the
eld from the spines which has a stronger eld than the lanteq B= log ) oo 25 <0

in region A because the log=0.9 level is still within the lament's body whereas the
log ==2.5 level is above the lament where the stronger eld frone gpines closes. In
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Figure 4.30: Schematic view of the vertical structure ofregnetic eld in penumbral
laments. Depicted is a plane perpendicular to lament. Thement is represented
by the semi-circular areaCrossesin circular white areas indicate the direction of the
magnetic eld in the penumbral lament, which is perpendauto the plane. Arrows in
yellowindicate the overturning convection within the lament amed arrows depict the
eld reversal at the edges of the laments which is causedh®ydonvective ow through
advection of the lament's eld. The background magneticlde(spines) is shown by
nearly verticablack arrows.Dashedlines show di erent log levels.Lighteranddarker
shadef bluecorrespond to weaker and strondgmrespectively.

summary, the expanding and closing magnetic eld from th@egpabove the lament
causes the negative B= log ) in the inner part of penumbral laments.

In the MHD simulations (B= log ) <0 in the inner part of laments in both lay-
ers. ( B= log )oo 00> 0 in the tail of laments, whereas B= log ) o9 25<0 there.
The gradient maps show that there areadences in the magnetic eld structure of the
penumbral laments in the MHD simulations and the obseoradi

After producing azimuthal averages, our results turn ouidaather dierent from
results published previouslWestendorp Plaza et al. 20QMathew et al. 2003Sanchez
Cuberes et al. 200Balthasar and Gomory 2008orrero and Ichimoto 2011 In the
VTT/TIP-2 data, where we assume tHatvaries linearly with log, we found thatB
decreases with depth from the umbra-penumbra boundary 't0.73Rs,,. Between
r'' 0.7Rsp0r andr=Rgpe B increases with depth. The SCHIP observations exhibit a sim-
ilar pro le of ( B= log ) in the lower layers. In the upper atmosph&acreases on
average with depth at all radial distances in the penumbrB=(10g )oo: 09 €Stimated
from the MHD simulations shows good qualitative simila#iwith the SOISP data in
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the lower layers. The average radial pro les off= log ), found in the present study
with VTT/TIP-2 and SOTSP observations disagree with earlier woNk&stendorp Plaza
et al. (20019 andBorrero and Ichimotq2011) found thatB increases with depth in the
inner half radius of the sunspot. In the outer half radius #éh& decreases with depth.
On the other han®lathew et al (2003 andSanchez Cuberes et §009 found thatB
increases with depth everywhere within the sunspot's kadlloundary.

The expansion of the sunspot's magnetic eld caused by tregi €td gas pressure,
(@=@)>0, should always produce a positiveB= log ) in global scale. This is in con-
tradiction with the radial pro les of (B= 109 )oo: o0 found in the observations and the
MHD simulations where (B= 109 )oo: 00 <0 intheinner penumbra. Highly corrugated
optical surfaces can cause the observed negative gradidre azimuthal averages. One
factor which has to be considered here is that the lsgrfaces sample the atmosphere
at di erent geometrical depth in derent parts of the penumbra. In the penumbral la-
ments the log surfaces are elevated compared to the spines (see ¥y In the spines
the magnetic eld strength changes gradually comparedeolgiment where an abrupt
change in the atmosphere (from lament to spines) betweendy surfaces leads to a
higher di erence in the eld strength. The scenario described abma@sléo a negative
( B= log ) with higher magnitude in the laments compared to a posi{ivB= log )
in the spines. The negativeB= 10g )oo 09 IS Only seen at the head of the laments and
the more lament heads are present higher is the probaltiay the azimuthal averages
will lead to negative (B= l0g )oo o0o- This is the case rather in the inner penumbra,
compared to the middle and outer penumbra.

The statement that the highly corrugated Iagurfaces causes the negative gradients
in the azimuthal averages is supported by the MHD simulatvaimere a negative B= d)

Is not found when it is estimated between xed geometricaghis. Negative values of
gradient appeared in the MHD simulations only wheB€ log ) is examined.

An underestimation oB in deeper layers could also contributes to the observed nega
tive ( B= log ) inthe inner penumbra. UnderestimationBxtan be caused by a cancel-
lation of polarized signal stemming from unresolved opfeggolarity areas. The presence
of opposite polarity patches in sunspot penumbrae has Hesaned byRuiz Cobo and
Asensio Ramo$§2013, Franz and Schlichenmaié2013, Scharmer et a(2012, Tiwari
et al. (20133 andvan Noort et al(2013. Ruiz Cobo and Asensio Ram@2013 and
Franz and Schlichenmai€2013 have found the opposite polarity patches in the middle
and outer penumbra in SCAP observations whil8charmer et a2012 found thinner
and elongated lanes of opposite polarity everywhere in @meimbra in higher resolution
SST/ICRISP observations. Recent 3D MHD simulations of a sunsp&dippel(2012);
cf. Rempel et al(20099 show the presence of the opposite polarity patches in theme
bra. Our analysis of opposite polarity patches in the 8PTobservations and the MHD
simulations indicates that ux associated with oppositéapty patches increases from
the inner to the outer penumbra (see also Fig. 1R@&hpel 2012 Both the MHD sim-
ulations and the SOBP observations indicate the presence of opposite pofaaithes
even in the higher atmosphere, i.e. up to leg2.3. The distribution of opposite polarity
patches in the penumbra observed with $&H is qualitatively consistent with that of
the MHD simulations (see Figl.28and Fig.4.29, although there is a quantitative dif-
ference in the ux associated with opposite polarity patchethe SOTSP observations
and the MHD simulations. In the upper layers opposite piylgpatches are restricted to
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the middle and outer penumbra both in the $&H observations and the MHD simula-
tions. These opposite polarity patches are of two kindscomar and elongated lanes of
opposite polarity at the edges of inner part of penumbraindas (see Figd.30 at the
locations of down ow lanes which are the lateral componeitsverturning convection
(Scharmer et al. 201diwari et al. 2013a Patches found at the tail of the penumbral la-
ments are bigger in siz&(anz and Schlichenmaier 20 Ruiz Cobo and Asensio Ramos
2013 Scharmer et al. 201Jiwari et al. 2013aand are associated with down ows at the
tails.

Our experiment, estimating B= log )oo, 2.3 from the degraded spatial resolution
(1%9) MHD simulations shows that at this resolution oppositipty patches disappear
almost completely. At the same time a signi cant increasthennumber of pixels with
negative ( B= log )oo 23 occurs in the penumbra. This behavior reverse in the umbra
where in the native resolution30% of the pixels have negativeB= 1og )oo. 2:3 Which
disappear completely in the degraded resolution data. #=udsed above we have found
more ux with opposite polarity in the lower layers compaiedupper layers, thus lower
spatial resolution causes more cancellation in the padrszgnal from deeper layers and
produces negative B= log )oo; 23

As far as the SO/BP observations are concerned, a signi cant amount of uasiso-
ciated with opposite polarity patches. Butit is still po$sithat narrow elongated opposite
polarity lanes at the edges of the penumbral laments areootpletely resolved. In this
case it is possible that some fraction of negative gradiggimates from unresolved op-
posite polarity patches. However, the radial distributbdropposite polarity patches and
number of pixels with (B= log )oo. 23<0 are rather dierent. This suggests that the
main cause of the observed negativ8¢ log )oo. 23 in the azimuthal averages are the
highly corrugated iso-surfaces.

The presence of a magnetic canopy outside the visible boynéithe sunspot$olanki
et al. 1992 Lites et al. 1993Solanki et al. 1994Adams et al. 1994Skumanich et al.
1994 Keppens and Martinez Pillet 199Bueedi et al. 199&olanki et al. 1999 with the
canopy base rising with distance from the sunspot, can belwded from the SOBP
observations. This is also consistent with the results fdHD simulations. The verti-
cal gradient ofB turns out to be a useful quantity for identifying or detegtmagnetic
canopies.

An important result of this study is that on a large scale ttsgmnetic canopy only
exists at and outside the visible boundary of the sungp8&{,> 0.9). We do not see a
canopy structure in the middle penumbra caused by the eixpeois eld from the umbra
or the inner penumbra as reported Westendorp Plaza et 20019 andBorrero and
Ichimoto (2011). Instead, we found local canopies in the penumbra i.echeatwhere
the magnetic eld strength decreases with optical depttsedly the stronger eld in the
spines closing above the laments (see E@0. The corrugation eect of the surfaces
leads to ( B= log ) <0 in the inner penumbra in the lower atmosphere in the aziatuth
average. In addition to the corrugation of thesurfaces, the e=ct of the unresolved,
deep-lying opposite polarity patches can also lead to heg@tB= log ) patches in the
penumbra.
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5 3D Structure of a Sunspot: From the
Photosphere to the Upper
Chromosphere

In the previous chapter we presented the vertical gradigheanagnetic eld strength of
sunspots in the photosphere. In the present chapter wdigatesthe sunspot's magnetic
eld in the upper chromosphere and compare it to the photespiproperties. We ob-
tained the magnetic eld vector of sunspots through stdttre-art inversion of the upper
chromospheric He triplet at 10830 A. For comparison with the photosphere vezlibe
magnetic eld vector retrieved in the previous chapter byeirsions of Si 10827.1 A and
Cai10833.4 A lines. We found that the umbral magnetic eld stytérin the upper chro-
mosphere is lower by a factor 1.4-1.6 compared to the phbessp The magnetic eld
strength of the umbra decreases from the photopshere tsewger chromosphere by
an average rate of 0.5-1.0 G kin The di erence in the magnetic eld strength between
both atmospheric layers steadily decreases from the stiogpter to the outer boundary
of the sunspot. The magnetic eld vector is more inclined, imore horizontal in the
photosphere compared to the upper chromosphere.

5.1 Introduction

Whereas the photospheric structure of the sunspot's mageé&tihas been studied very
extensively in last few decades through the Zeeman diagspshe knowledge of its
chromospheric properties is relatively poor.

The Hei triplet at 10830 A provides a promising avenue to study theemghromo-
spheric magnetic eld (see overview lhagg et al. 200), because generally small optical
depth reached in Hetriplet (Penn and Kuhn 199%Ruedi et al. 199bmakes it a simpler
tool to diagnose the magnetic eld, compare to most otheowtaspheric spectral lines.
Many studies of the magnetic eld vector in the upper chropiesic layer have been
done using the He triplet (e.g.,Riedi et al. 1996Trujillo Bueno et al. 2005Solanki
et al. 20032006 Lagg et al. 2004Merenda et al. 201 Xu et al. 20102012. The Hei
triplet is produced by transitions between tre243S,; and the 52p 2Pq.1.» energy levels.
EUV irradiance from the corona ionizes neutral helium atamtke upper chromosphere,
which then populate the lower level of the transition by rabmation Avrett et al. 1994
Andretta and Jones 199Centeno et al. 2008

Trujillo Bueno et al.(2002 have shown that polarized light coming from the He
triplet is in uenced by both the Zeeman ect and the Hanle eect. At solar disk center
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Figure 5.1: Panel (a) shows the observed eld-of-view (FO%)14 November, 2010 as
observed in the continuum. Panels (b) and (c) depict deipress the line core of the
Sii10827 A line and the Hib/c, respectively. Observations are recorded with YITP-

2. Inner and outer contours in all panels indicate the unpiermimbra boundary and the
outer boundary of the sunspot, respectively.

the Hanle eect in the forward scattering can produce linearly polarizght in the Hei
triplet only in the presence of inclined magnetic eld witespect to the solar radius
vector. In the presence of strong magnetic elds, as in sotsspginear polarization is
dominated by the transverse Zeemae@.

Ruedi et al(1999 studied the upper chromospheric magnetic eld of a sunapiig
the Hei triplet and compared it with its photospheric counterparhe vertical gradi-
ent of the magnetic eld strength in the umbra found Ryedi et al.(1995 is around
0.35-0.60 G km* (with positive values denoting increasing eld strengthittwijeometri-
cal depth). This value is similar to that found Bypdussamatoy1971g by comparing
magnetograms derived from the Hine with those derived from the Fig6302.5A line.
Values of the vertical magnetic eld gradient found Bignze et al(1982 andHagyard
et al.(1983 fall in the same range. They derived it from théw1548 A emission line in
the transition region and the photospherici 6850 A absorption lineRiedi et al(1995
reported a value of the vertical gradient of the magnetid & penumbra of around
0.1-0.3G km'. A canopy like structure in the longitudinal magnetic eltthe upper
chromosphere around the sunspot was also observBRdiégi et al(1995.

Here we present state-of-the-art inversions of the fulk&sosectors of the Hetriplet
at 10830 A, the Si10827.1 A and the Ca10833.4 A lines. The latter two give us maps
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Figure 5.2: Stokes maps of §10827 A and Heb/c from the observations recorded on
14 November, 2010. Panels (a), (b) and (c) correspond toeSts#., Q=l, and U=l

in the red wing of Sii, respectively. Panels (d), (e) and (f) corresponds to Stokk,
Q=l. andU=l; in the red wing of Heib/c, respectively. Inner and outer contours in all
panels indicate the umbra-penumbra boundary and the oaterdary of the sunspot,
respectively.

of the magnetic vector in the photosphere. These maps alyzaddo discuss the der-
ences between the photospheric and the upper chromosphegitetic eld structure of
the sunspot.
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Figure 5.3: Same as Fi§.1, but showing the observed FOV on 16 November, 2010.

Table 5.1: Line parameters of Hériplet at 10830 A.

Line wavelength [A] transition Oe relative strength
Heia 10829.09 $2s3S,-1s2p3Py, 2.0 0.09
Heib 10830.25 $2s35;-12p3P;  1.75 0.30
Heic 10830.34 $2s3S;-1s2p 3P, 0.875 0.60

5.2 VTT/TIP-2 Observations

We used the data set already presented in the previous ch@peefull Stokes vector of

the photospheric 9i10827.1 A and C&10833.4 A lines and upper chromosphericiHe
triplet at 10830 A was recorded of a sunspot and its closesnding using the TIP-2
(Collados et al. 2007mounted on the VTT. The sunspot was recorded on 14 November,
2010 (12°N, 10°W, =0.96) and 16 November, 2010 (14°N, 32°W;0.84). Atomic
parameters of the Hetriplet are provided in Tabl&.1 (see tablet.1for line parameters

of the Sii and the Ca). From now on we refer to the blue component of the triplet as
Heia and to the red components of the triplet asilbiand Heic.

Fig. 5.1shows maps of the observed continuum intensity at 10832d@pression of
the Sii line core, (¢ |s)= < and depression of the line core of the W&, (Ic 1)=&
Herel. andIg® represent continuum intensity, averaged continuum iitieirsthe quiet
Sun, respectively. Intensity of the Bline core and the Hé/c line core represented by
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Figure 5.4: Same as Fi§.2, but showing Stokes maps observed on 16 November, 2010.

Isi andlye, respectively. An arc lament can be seen in the & line core depression
map. StokedHl., Q4. andU=l. maps of the Si line and the red component of the He
triplet are displayed in Figs.2 All Stokes maps shown here are at ,=160mA for
both lines (where 4 is the line core wavelength averaged over FOV). In contaStokes
StokesV=l, of the Heib/c and the Si data, Stoke€)=. andU=l. maps in Heib/c show
signals at the location of the arc lament in the map of lineecdepression of the Hé/c.
These signal are due to LOS velocity and not due to the magredtl (see Figs.5.7
and5.9).

Maps of the continuum intensity at 10832.6 A, depressiorhef$ii line core and
the line core depression of the Higlc, observed on 16 November, 2010 are displayed
Fig. 5.3 Corresponding Stokes maps are shown in big. The sunspot was observed
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5 3D Structure of a Sunspot: From the Photosphere to the Upip@mosphere

in a growing phase certainly on 14 November, 2010, as candefsam the fact that its
projected area grew from 450 Mnon 14 November, 2010 to 1054 Mnon 16 November,
2010, as increase of 234%. If we correct for foreshortertneg it grew by 281% in two
days. The magnetic eld vector in the photosphere is inféfrem SPINOR inversions of
the Sii and the Ca lines. The details of the inversions are mentioned in the @&ndp

5.2.1 HelLlIx" inversions of the Hei 10830 A triplet

Very small optical depth is reached at the upper chromogphehe Hei triplet (no con-
tribution from the photosphere), so we assume that atmosgberameter do not vary in
the height range where the Héiplet forms. Hence we inverted all three components of
the Hei triplet with the HeLIX inversion code assuming a Milne-Eddington atmosphere.
For Details about the HeLfxand the Milne-Eddington atmosphere, see Chafteagg

et al. (2004 andSasso et ali2006. The HeLIx™ code includes a consideration of the
incomplete Paschen-Back ect regimes.

The blue component of the Hdriplet is blended by the red wing of the Biine. In
order to consider the @ct of these blends in the inversions we inverted thea Hplet
and the Si line simultaneously. Our model atmosphere consists oftéigh parameters
to tthe observed Stokes pro les of the Hdriplet. Free parameters in the inversions are
the magnetic eld strengthB, the inclination of the magnetic eld vector, the azimuth
angle of the magnetic eld vector,, the LOS velocity,v.s, the Doppler width, p,
the damping constang, the gradient of the source functio§;, and the opacity ratio
between line-center and continuung, To tthe Siiline, the model atmosphere consists
of the same free parameters as theilttgplet along with two additional free parameters,
the lling factor, of global straylight andy.s for straylight components are used. For
detailed information on global straylight, see Sectop.2.10f Chapterd.

To take into account the blends from thei Sine into the Hel triplet in the inversions,
we took a multi-step approach. We rst inverted the Stokeslps from the Sii line.
Then, in a second run, we tted the Stokes pro les from the Heplet and we xed
the free parameters for the Bline to the values retrieved from the rst run. At last we
tted both the Sii line and the Ha triplet simultaneously, but we allowed the parameters
to vary only within 5% of the values tted in the previous runs. The(Helluric line
at 10832 A which can blend with strongly redshifted Hériplet is tted with a Voigt
function.

Observed Stokes pro les at one penumbral pixel along withkibst ts are depicted
in Fig. 5.5.

Scattered plots between component of magnetic vectoevettifrom HeLIX inver-
sions of Sii and those from SPINOR inversions of thei &nd Cai lines are presented in
Fig.5.6. In SPINOR inversions we obtain@&land its linear gradient with respect to log
constant and with respect to height. For comparison averag® tletween log=0.0
(the lowermost node) and log=2.3 (the uppermost node) is used from SPINOR inver-
sions. As expected, retrieved values chnd from both the inversion schemes agree
very well. There is a dierence in the values @& which may be due to the fact that in
the atmosphere obtained from SPINOR inversid@garies linearly with respect to log
whereas it is a constant in Hel!lxnversions.
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5.2 VTTI/TIP-2 Observations
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Figure 5.5: Best t HeLIX inversions of example Stokes pro les in the penumbra. Their
spatial location is marked byrad plus sign in Fig5.3(a). Black dotsrepresent observed
data points andolid bluecurves represent best ts.
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Figure 5.6: Scattered plots between the magnetic vectairada from HeLIX inversions
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and log ==2.3.
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5 3D Structure of a Sunspot: From the Photosphere to the Upip@mosphere

5.3 Analysis and results

5.3.1 Parameter maps

Maps of the magnetic eld vector and the LOS velocity retadvrom the observations
recorded on 14 November, 2010 are displayed in &ig.Maps on thde ftin each panel
correspond to the parameters obtained in the photospherggth SPINOR inversions of
the Sii 10827.1 A and Ca10833.4 A lines. In SPINOR inversions we obtairiénd its
linear gradient with respect to logbut for comparison of the photospheric magnetic eld
properties with the upper chromosphere we use averagesvafug between log=0.0
and log ==2.3. The atmospheric parameters obtained in the upper dsmere through
HeLIx* inversions of the He triplet are displayed in thaght side of panels.

The magnetic eld vector and LOS velocity maps obtained ftbndata observed on
16 November, 2010 are displayed in Fg8.

The 180° ambiguity in the azimuth direction was resolved pgly@ng the acute
angle” method%akurai et al. 1985Cuperman et al. 1992 The magnetic eld vectors
presented here are projected to disk center coordinateg te transformation matrix by
Wilkinson et al.(1989. The inclination angle with respect to solar surface ndramal
ambiguity resolved azimuth angle are denoted bgnd ©° respectively.

Overall, the magnetic eld strength within the sunspot'silile boundary in the upper
chromosphere is weaker then in the photosphere. This icplary striking in the um-
bra, as can be found in the mapsBfrom both days. The light-bridge observed on 14
November, 2010 shows weakiBrcompared to the umbra in its photospheric layer, in the
upper chromosphere no signature of the light-bridge isgqmteis theB map. The values
of B in the upper chromosphere at the location of the light-teidge comparable to the
umbral magnetic eld strength.

The inclination of the magnetic eld vector in the upper chmaspheric heights looks
gualitatively similar to the one in the photosphere. In thetpsphere, outside the bound-
ary, but close to the sunspot, we see few small patches wAéias values less than 90°,
l.e. at those locations the magnetic eld has the oppositarjip to that of the umbra.
These opposite polarity patches are not visible in the uppesmosphere, suggesting
that they do not reach the height of the formation of Heiplet, being covered by the
sunspot's canopy. Maps of from both days show more ne structure in the photosphere
as compared to the upper chromosphere. In the sunspot theetiageld's azimuth in
the upper chromosphere is generally similar to that in thetggphere, one exception is
the light-bridge, which shows the signature of the eld frahe umbra on both sides
expanding over it in the photosphere, but no signature ahdle upper chromosphere.
Outside the sunspot, maps of the magnetic eld vector in gheeu chromosphere are
much noisier than the photosphere, because the S@keslU signals are much weaker
in the Hei triplet compared to the Siline, so that the former are easilyected by noise.

LOS velocity maps are shown in Fi§.7(d) and Fig.5.8(d). In the photosphere these
refer to log =0.0. In the photopshere disk-center side of the penumbrashegative
velocities (blueshift) and limb side of penumbra shows fpasivelocities (redshift) on
both days, although the magnitude of velocities is conaialgrstrong on the 16 Novem-
ber, 2010, when the sunspot is closer to the limb(.84). This is consistent with the
signature of the Evershad ect.
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Figure 5.7: Magnetic eld vector and line-of-sight velocitnaps obtained in the photo-
sphere and upper chromosphere from the observations eztord14 November, 2010.
(a) Magnetic eld strengttB, (b) inclination angle, °, of the magnetic eld vector with
respect to the solar surface normal, (c) azimuth directi@mpf the magnetic eld vector

and (d) line-of-sight velocityLeft andright maps in all panels represent atmospheric pa-

rameters obtained in the photosphere and the upper chrdvei@spespectively. An arrow
in map atleft of panel (d) indicates disk center direction and three asrimwnap atight
points three down ow intrusions in the penumbra.

LOS velocities derived in the upper chromosphere show rad@vs on 16 Novem-
ber, 2010, consistent with the inverse Evershedot. On the 14 November, 2010 the sit-
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Figure 5.8: Same as Fi§.7, but for the observations recorded on 16 November, 2010.
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uation is less clear cut, with no clear sign of the inversertved e ect in the Ha triplet.
Besides a wave pattern (see below) and three intrusions sedéorighter in Fig5.1(c))
down owing gas are identi ed (see small arrows in Fig.1(c) and Fig5.7(d)). These
may be associated with sunspot plumBtidra et al. 199/Maltby et al. 1998 1999
Brynildsen et al. 19981999 2001, Fludra 2001 Brosius and White 20Q4rosius 200%.

The maps ofv,s derived from the Ha triplet show wave-like structures in the sunspot

umbra and in the inner penumbra. This wave structure is eleagin direction of the

y-axes (in direction of the slit of the spectrograph). Thitgra is produced by running

penumbral waves and umbral ashegirin and Stein 1972Christopoulou et al. 20Q0
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Figure 5.9: Cross sections through the observed sunspotselsP@)(f), (c)/(g) and
(d)/(nh) depict pro les of B, °and © respectively, along arti cial slits represented by
thewhitelines in panels (dfe). Panels (a), (b), (c) and (d) refers to observationsrdexb
on 14 November, 2010 and (e), (f), (g) and (h) to 16 Novemb@t02 Black andblue
curves in panels (b), (c), (d), (f) (g) and (h) correspondh® photosphere and upper
chromosphere, respectively, whdettedcurves represent continuum intensity.

Georgakilas et al. 200C€hristopoulou et al. 200 Bogdan and Judge 2006enteno et al.
2006 Tziotziou et al. 20062007, Bloom eld et al. 2007 Felipe et al. 2010 The e ect
of running penumbral waves and umbral ashes are also @sibthe Stokes maps (see
Fig.5.2and Fig.5.4).

We expect a small cset between the parameter maps obtained in the photospitere a
upper chromosphere, because of the viewing geometry (thgpstiwas observed away
from disk center on both days). If we assume a heigheince of 1000 km between
both observed layers of the atmosphere, which is a consex\edtimate, then the chro-
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Figure 5.10: Division of dierent sunspot areaRRedandblue contours in both panels
encircle umbral and penumbral areas which are used to cetipamagnetic eld vector
retrieved at the photosphere and upper chromosphere. €hendthin theblack contour
in thele ft panel represents the light-bridge. Tledt andright panels correspond to the
observations recorded on 14 and 16 November, 2010, regglgcti
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Figure 5.11: Scatter plots of the magnetic eld componemiaimed in the upper chro-
mosphere versus those obtained in the photosphere fronbieevations recorded on 14
November, 2010. Panels (a), (b) and (c) show scatter pldasfiafm the umbral, penum-
bral and light-bridge pixels, respectively? values of data points from same spatial posi-
tions are displayed in panels (d), (e) and (f), respectivdigich pixels are classi ed into
the umbral, penumbral and light-bridge pixels is shown aléft panel of Fig.5.10
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Figure 5.12: Same as Fi§.11but for the observations recorded on 16 November, 2010
and restricted to umbral and penumbral pixels.

mospheric parameter maps areset by 275km and 575 km towards the limb on 14
and 16 November, 2010, respectively. The analysis destiibée following sections
was done after correcting for thesesets.

5.3.2 Radial cuts through the sunspots

For a more detailed and quantitative insight into the magnetd properties of the
sunspot and the connection between its photospheric lagangper chromospheric layer,
B, %and Yare plotted along an arti cial slit laid across the sunseatg( Fig5.9). Slits
shown in panels (a) and (e) ar®@®wide andB, °and °are averaged perpendicular to
the slit direction. On 14 November, 2010 the pro leBflong the slit in the photosphere
shows a dip at the location of the light-bridge with a minimuaiue of B of 1.2 kG
whichis 1.0 kG weaker than the surrounding umbra. In the upper chsphere at the
location of the light-bridgeB is 1.4 kG. This value is comparable with, may be even
slightly higher than the value in the surrounding umbra anldigher than in the photop-
shere. The similaB in light-bridge and umbra in chromosphere was clearly motiRledi
et al.(1995, but this present results is based on many more data peidtisence is much
more robust. The dierence between the photospheric and the upper chromospieg-
netic eld strength becomes rather small in the penumbrat dutside of the sunspot's
visible boundary, the values & are higher by up to 300 G in the upper chromosphere
as compared to the photosphere.

Pro les of “along the slit on 14 November, 2010 indicate that in genbrahtagnetic
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eld is more horizontal in the photosphere inside the sungpmpared to the upper chro-
mosphere. This is particularly marked in the penumbra anekeo on the 14 November,
2010. At the center of the light-bridge the magnetic eld iretphotosphere becomes
more horizontal in agreement with results in the literatunethe chromosphere the eld
in the center of the light-bridge is as vertical as anywhésagthe cut and more vertical
than in the umbra directly at the light-bridge's edge. Itlsoamore vertical in the upper
chromosphere compared to the photosphere. The umbra oltise light-bridge shows
the opposite trend. On 16 November, 2010, the photosphedlithe upper chromospheric
pro le of ©are quantitatively more similar.

On 14 November, 2010 pro les of° in the photosphere along the slit shows a spike
at the location of the light-bridge suggesting that the nedigneld line fanning out at
the the location of the light-bridge. Variation irf in the upper chromosphere is rather
smooth.

The small di erence between the light-bridge and its immediate suriogsdmay
be due to a dierence in the formation height of the H&0830 A over the light-bridge
compared to the umbra. The suddeneatience in the gradient & between umbra, on
the one hand and the penumbra and light-bridge on the olsersaggest a dierence in
formation height.

5.3.3 Scatter plots

Scatter plots of the magnetic eld components in the uppeomriosphere versus those
of the photosphere are shown in Figlland Fig.5.12for 14 and 16 November, 2010,
respectively. We plot for the umbral, penumbral and lightidpe points separately. The
areas in the sunspot used for the scatter plots for the theseett regions are indicated
in Fig.5.10by red, blueandblackcontours. The Blue contours exclude strongly distorted
parts of the penumbra. Also, the boundary region betweenrtitera and the penumbra
is excluded to make sure that the pixels under consideraterither from the umbra or
from the penumbra and to avoid transition parts in the amalys

All the pixels in the umbra indicate thB in the upper chromosphere is a factor of
1.4-1.6 the photosphere on both days of the observations. ifidlination angle of the
magnetic eld vector shows slightly higher values (i.e.dasclined) in the upper chro-
mosphere compared to the photosphere. The lower the pealrelat strength, B, the
smaller the di erence between the photosphere and the upper chromopshere.

The scatter plots of ° from the observations on both days, indicate that the upper
chromospheric magnetic eld is more vertical compared te piotospheric magnetic
eld by roughly 5-20°, since signal to noise ratio is lowerthre Hei triplet, specially for
Q andU and low signal to noise ratio lead inversion codes to retuonentorizontalB
(Borrero and Kobel 201, 2afarzadeh 20)3this results is not an artifact of the noise. the
values ofB and °in the light-bridge observed on 14 November, 2010 are coafpaiin
the photosphere and in the upper chromosphere.

5.3.4 Azimuthal averages

To derive the average radial dependence of the componethis mfagnetic eld vector we
take azimuthal averages along iso-thermal contours. bi§8§a) and5.14a) show these
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Figure 5.13: Averaged radial distribution of magnetic gddoperties in the observed
sunspot: Panel (a) represents the continuum intensity niigpcantours used to calcu-
late azimuthal averages for 14 November, 2010. The areavitl®red line has been
neglected. Panel (b) shows the relative continuum intgsdrmalized to the quiet-Sun)
of the sunspot as a function of the normalized radial distareRs,,. Panels (c), (d)
(e) and (f) depict the radial dependencyBf °, the vertical component of the magnetic
eld, B,, and the transverse component of the magnetic BldrespectivelyBlackand
blue curves correspond to the magnetic eld vector derived in ghetosphere and in
the upper chromosphere, respectively. Dotted verticaklim panels (b)-(f) indicate the
umbra-penumbra boundary and the outer boundary of the sunsp

contour-lines. Areas below thed line are excluded in the computation of azimuthal
averages because of their complex photospheric struciure.remainder of the panels
depicts the azimuthal averageslgfind various magnetic parameters and corresponding
standard deviations as a function of normalized radiabdisg,r =Rspo, from the sunspot
center for 14 and 16, November 2010.

On 14 November, 201 at the darkest part of the umbra has an average value of
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Figure 5.14: Same as Fi§.13 but for the observations recorded on 16 November, 2010.

2.3 kG inthe photosphere, decreasing 108 kG at the umbra-penumbra boundary. In
the upper chromosphere itamounts th3 kG at the sunspot center and it remains almost
constant to the umbra-penumbra boundary. The center ofutgpst on 16 November,
2010 has avalue @ around 2.5 kG and of 1.9 kG at the umbra-penumbra boundary
in the photosphere. In the upper chromospHgis nearly constant at a valuel.4 kG
from the sunspot center to the umbra-penumbra boundarydiTleeence in the values of
B between the photosphere and upper chromosphere, dedeasése umbra-penumbra
boundary towards the outer boundary of the sunspot. Thialig for both days. Outside
the sunspot's boundary, the radial pro le Bfon 14 and 16 November, 2010 indicates
higher values in the upper chromosphere compared to thegbiutre.

Azimuthally averaged radial pro les of° from both days suggest that the magnetic
eld in the upper chromosphere is more vertical comparech® rhagnetic eld in the
photosphere both in the umbra and the penumbra. The maggidtin the upper chromo-
sphere is on average 10-20° less inclined compared to thegdittere on 14 November,
2010. On 16 November, 2010 itis only 5-10° less inclined mupper chromosphere.
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The vertical component of the magnetic elB,, shows a negligible dierence be-
tween the upper chromosphere and the photospherne f@.6R,: on both days. The
maximum of the transverse component of the magnetic &gdl,in the photosphere is
found at ther ' 0.4Rspecand in the upper chromosphere it igrat0.6(Rgpor

5.3.5 \Vertical gradient of B

We estimated the vertical gradient of the magnetic el8= d (hered denotes the geo-
metrical depth, i. ed increases into the Sun) between the photosphere and up@er ch
mosphere by assuming that the Hiiplet forms approximately 1000 km above the for-
mation height of Si10827.1 A in the sunspots. This @irence is inferred from a study
of Centeno et al2006 who retrieved this height derence between the photosphere and
formation height of the He triplet in the sunspot umbra by analyzing phase spectra of
LOS velocities inferred from the $i10827.1 A and the He triplet. We are aware that
the formation height of the Hetriplet could be signi cantly di erent for the umbra and
the penumbra.
We learned in the previous chapter that due to the highlyugated iso- surfaces

of sunspot penumbrae we see the decreasing magnetic @dgstr with optical depth
in the azimuthal averages. So, it is important to know how gas the estimation of

B= d between the photosphere and the upper chromosphere. This/isve also es-
timate B= d between log=0.0 and the upper chromosphere and between4e@®.3
and the upper chromosphere. First we estimatedrgince of geometrical deptth; be-
tween log =0.0 and log ==2.3 for each pixel, assuming hydrostatic equilibrium. And
then geometrical depth derence between log=0.0 and the upper chromosphere and be-
tween log ==2.3 and the upper chromosphere are assumed to ber{@p02) km and
100G=(dg; /2) km, respectively.

The radial dependence oB= d, estimated between the photosphere and upper chro-

mosphere, is displayed in Fi§.15for both days.Solid curves representB= d between
the average photosphere and the upper chromosph&re.d from log =0.0 as well as
log ==2.3 to the upper chromosphere is presentedditydashecanddashedcurves, re-
spectively. In the center of the umbrd= d is similar, irrespective of the photospheric
layer used in estimation of the gradienB decreases in the darkest part of umbra on
average by 0.8-0.9 G krh between the photosphere and the upper chromosphere. From
the center of the sunspot towards its outer boundary, theegadf B= d decrease, i.e.,
B increases with geometrical depth with a slower rate in theup#ra compared to the
umbra. The way B= d drops withr=R,,:depends signi cantly on the layer at which the
photospheric eld is taken. The higher this is the more diptieear B= d becomes.

5.3.6 Magnetic eld twist

To learn about the twist of the sunspot's magnetic eld wecaldted the dierence be-
tween azimuth angle of the magnetic eld in the photospheikthat of a potential eld,

0= 2., where 3 and 2, denotes the azimuth angle in the photosphere and the az-
imuth angle of a potential eld derived from the photosphkeriagnetic eld, respectively.
We also calculated the twist of the upper chromospheric ®i@guector, 2, = 9 where

%, denotes azimuth angle in the upper chromosphere and thetjabteld is calculated
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Table 5.2: Statistics of twist and derential twist on 14, November 2010.

0 Area under consideration Mean [°] FWHM [°]

Right =16 40
0= 2. Left 5 20
All =6 30
Right =16 50
0=0 Left 4 40
All = 40
Right 0 30
0= 9, Left = 40
All = 30

Table 5.3: Statistics of twist and derential twist on 16, November 2010.

0 Area under consideration Mean [°] FWHM [°]

Right =24 30

0= 12, Left 1 30
All =13 50

Right =25 60

0=20. Left 4 40
All =12 50

Right =1 20

0= 2 Left 3 20
All 1 20

from the chromospheric magnetic eld. The potential elddslculated with the Fourier
method Alissandrakis 1981Gary 1989. Finally, we determined the derential twist be-
tween the photosphere and the upper chromopshere, i.eretlice of the azimuth angle
between the upper chromosphere and the photosph%zr;e, gh. All twist maps are dis-
played in Fig.5.16for both days of observations. Positive values denotedotkwise
twist. The sunspot obliviously exhibits twist in both ditens, but clockwise twistgreen
andbluein Fig. 5.16) being more common in both atmospheric layers on both days. T
pattern suggest by Fi®.16a),(b),(d),(e) is of the eld of the sunspot diverging $itty
away from the negativg-axes on the 14 November 2010 and away from roughly the di-
rection of the disk center on the 16 November 2010. Pigga) and5.8a) reveal the
presence of same polarity magnetic ux just outside the pats border on these days
Fig. 5.16indicates that the sunspot's eld opens up to move arounsl ¢éxiernal eld.
The maps of 2,= 9, show di erential twist in both directions in some areas b= 2,
is small in most parts of the penumbré,= 9. maps also show that dérential twist is
higher in the outer penumbra compared to the inner penumbra.

For a more quantitative insight we plotted histograms oftladl twist maps. His-
tograms shown in Figh.17 are plotted separately for the right and the left half part of
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the sunspot as well as for the complete sunspot. Separdttbe teft part from the right
part is shown by a line in Figh.16 On average the right part has clockwise twist and the
left part has anti-clockwise twist in both atmospheric lésgon both days. For quantita-
tive information see Tablegs.2and5.3. On 14 November, 2010, the average twist of the
photospheric and the upper chromospheric azimuth angle®asand=7°, respectively.
The average twist is13° in the photosphere amd.2° in the upper chromosphere on 16
November 2010. Histograms of the twist maps indicate tretihtribution of the upper
chromospheric twist is wider than that of the photosphera.a@rage, the derential
twist between the photosphere and the chromosphere is mely. s

The radial dependence of the érential twist, 2, = 8 for both days is presented in
Fig. 5.18 Azimuthal averages are only calculated for areas showrmeatieered lines
in Figures.13a) and Figurb.14a) for 14 and 16 November, 2010, respectively. On 14
November, 2010 the derential twist increases from 0° to21° between the umbra-
penumbra boundary and the outer boundary of the sunspot.6iotember, 2010 the
di erential twist average4°® out tor = Rgpot

5.4 Discussion and conclusion

5.4.1 Magnetic eld strength

We have measured and compared the magnetic eld vector ohgpst in its photo-
spheric and upper chromospheric layers. In the umbra wedfthama value oB around
2.52.8kG in the photosphere and L8 kG in the upper chromosphere from the obser-
vations recorded on 146 November, 2010. On average the upper chromospheric imbra
magnetic eld strength is reduced by a factor 1.4-1.6 corag&o the photosphere. These
di erence between the upper chromospheric and the photosphagnetic eld strength
are comparable with the results Rfiedi et al (1999, who used the same spectral lines.
A striking feature of the upper chromospheric magnetic dhat it is almost constant
from the sunspot's center to the umbra-penumbra boundadgcdreases by less than a
factor of 1.1. For the comparison at the umbra-penumbradeyrthe photospheric mag-
netic eld is reduced by factor 1.2-1.4 compared to the cenfehe sunspot, which is
consistent with values found earligsdlanki et al. 1992Balthasar and Schmidt 1993
Skumanich et al. 199&Keppens and Martinez Pillet 1998/estendorp Plaza et al. 20Q1c
Mathew et al. 2003Borrero and Ichimoto 20)%

The the magnetic eld strength in the penumbra drop by ananeifactor of 1.2
between the photosphere and the chromosphere and this fexticeases steadily from
the umbra-penumbra boundary (1.4) to the outer boundaryeo$tinspot (1.0). We see
a magnetic canopy structure outside the visible boundatlyeo$unspot, where the upper
chromospheric eld is higher by up to300 G compared to the eld at the photopshere.
These magnetic canopy results from expansion of the susspagnetic eld with height,
thus the magnetic eld continue beyond the the visible bargdf sunspots as seen in
continuum images. The magnetic canopy has been observddrgs and Giovanelli
(1982 comparing magnetogram obtained in the photosphere us:§ei 8688 A line

We inferred this number from published gures, or those jmled by authors, for those papers where
this number was not explicitly stated.
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Figure 5.15: Vertical gradient d8, B= d, between the photosphere and upper chro-

mosphere as a function ofRsp,. Solid curves representB= d estimated with the av-

erage value oB in the photosphereDashedanddot-dashecturves show B= d from

log =0.0 and log ==2.3, respectivelyUpperandlower panels correspond to 14 and 16

November, 2010, respectively.

and that of obtained from the chromosphericiC8642 A line. Magnetic canopy in the
photosphere have been regularly detected usingrdnt spectral lines as a diagnostic
(Solanki et al. 1992 ites et al. 1993Solanki et al. 1994Adams et al. 1994Skumanich
et al. 1994 Keppens and Martinez Pillet 199Rueedi et al. 1998Solanki et al. 1999
The general structure of the eld is consistent with magnetk concentration expanding
with height.

The light-bridge exhibits a lower magnetic eld strengthhgoared to the surrounding
umbra at its photospheric layer. This is a well known propeftlight-bridges Rimmele
1997 Berger and Berdyugina 2003urcak et al. 2006Rimmele 2008. Signatures of the
light-bridge do not exist in the upper chromosphere, thubede height, at the location
of light-bridge the magnetic eld has a similar strength las surrounding umbra. These
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Figure 5.16: Maps of the twist and dérential twist angels of the sunspot's magnetic eld.
Panels (a) and (d): The twist of the photospheric eld de rasithe di erence between
the azimuth angle of the photospher and that of a potential eld 2, 9. S
Panels (b) and (e): Twist of the eld at chromospheric layefg 9., where 2, is the
azimuth angle of the measured chromospheric eld. Panglar(@ (e): Di erential twist,
l.e. the di erence between the azimuth angle of the upper chromosphérhat of the
photosphere,?, 9. Panels irle ft andright columns correspond to the observations
recorded 14 November, 2010 and 16 November, 2010, resphcthrrowsin the panels

(a) and (d) mark the direction to disk center.

results are consistent with the ndings Bfiedi et al.(1995. In the brightest part of

the light-bridge the upper chromospheric magnetic eldighier in strength by 200 G
compared to the photosphere. This and other results of otk &re consistent indicate

a cusp-like shape of the magnetic eld lines above the liglige forming a canopy as
proposed bylurcak et al.(2006. In the deep photosphere magneto-convection causes
nearly eld free gaps. In the upper atmosphere eld from sunding umbra expands
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Figure 5.17: Histograms of twist and dirential twist of the sunspot's magnetic eld.
Panels (a) and (d):3, 9. Panels (b) and (e):2, &, Panels (c) and (f): 2,

0. Blue, redandblack histograms derived from pixels inight, left andall parts of
the sunspot, respectivelyight andleft part is separated bylane in Fig. 5.16. Dotted
vertical lines represent the average twist. Panels ihandright columns correspond to
the observations recorded on 14 November, 2010 and 16 Nare@il0, respectively.

and lIs the eld free gaps above the light-bridge.

5.4.2 \Vertical gradient of B

We found that the darkest part of the sunspot, magnetic #khgth decreases from the
photosphere towards the upper chromosphere by the rats-af@G km?. These values
are higher then values found IRiedi et al.(1995. The reason for this discrepancy is
mainly the assumption about the formation height of the tilet. Wherea®kUedi et al.
(1995 assume that in sunspots Héiplet forms 1500-2000 km above the photosphere,
we considered hight derence of 1000 km. In the penumbra the magnetic eld strength
decreases more slowly, with values between 0-0.85 G krm the outer penumbra and
outside the visible boundary of the sunspot the gradienbbgative values, indicating the
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Figure 5.18: Radial dependence @fh gh as a function of =Rsp,. Blueandred curves
correspondto?, 9 as obtained from the observations recorded on 14 NovemB&d, 2
and 16 November, 2010, respectively.

presence of a magnetic canopy. Here the vertical gradigheipenumbra may be under-
estimated because of the underestimation of the magnéticteength in the photosphere
due to unresolved opposite polarities.

5.4.3 Inclination

We found that the magnetic eld in the penumbra is less iredimn the upper chromo-
sphere compared to the photosphere by 105200° on 1416 November, 2010. More
vertical magnetic eld in penumbrae at higher photosphknyers compared to the deep
photosphere has reported by few authdve$tendorp Plaza et al. 200 BaAnchez Cuberes
et al. 2005Borrero and Ichimoto 20)1Westendorp Plaza et 420019 andBorrero and
Ichimoto (20117 explain the more vertical eld in the upper photosphere gy é€xistence
of a magnetic canopy, which they observed in outer half ofsimespot. SO/SP obser-
vations with recently developed spatially coupled invamsi {fan Noort 2012 also show
that, in azimuthal averages, everywhere in the sunspot dgnatic eld becomes more
vertical with heightsTiwari et al. 2013k. The more inclined magnetic eld in lower pho-
tospheric layer can be explained by penumbral ne struct@errero et al.(2008 and
Tiwari et al.(20133 have shown that the more vertical eld of spines expandsaover
the more horizontal magnetic eld lines (intra-spines) taments (in general accordance
with the geometry proposed I8olanki and Montavo1993) i.e., in upper photosphere
and in chromosphere we see mostly eld from spines wheredséper layer we see both
spines and intra-spine. Therefore, the inclination in thenathal averages appears more
horizontal in deeper photosphere, resulting from smeasirgrizontal and vertical eld
lines. This could also be the case in the umbra due to preséneebral dots.
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5.4.4 Twist of sunspot's magnetic eld

We found that both, the upper chromospheric and the photogpimagnetic eld of the
sunspot, was clockwise twisted with respect to the poterdid by an average angle
of 6° and 7°, respectively on 14 November, 2010. On 16 Noven®2@l0 the twist
increases to 13° and 12° in the photosphere and upper chpbwies respectively. The
sunspot has twist in both direction but clockwise twist doates. Sunspots with both
senses of twist at the same time have been observed ediliari et al. 2009 Socas-
Navarro 200%. A clockwise twist corresponds to negative magnetic Iitgli@iwari et al.
2009. The observed sunspot therefore follows the helicity Ispmeéric rule KHale 1925
1927, Richardson 1941Hagino and Sakurai 2004andy 2006 Bernasconi et al. 2005
Pevtsov et al. 2008 According to the helicity hemispheric rule sunspots ia ttorthern
and southern hemispheres exhibit negative and positiveitigetespectively.
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Magnetic and velocity elds of sunspots have been studiedaih ne and global spatial
scales in the preceding chapters of the thesis.

The rst part (Chapter3, which largely follows the paper published bjoshi et al.
20117 of the thesis presents the observations of cooler down iovise body of a penum-
bra, providing rst direct indication of the presence of tbeerturning convection in
penumbrae. The analyzed data comprise the deep photasghiesB80 A line obtained
with SSTICRISP. These observations support the convection as a heapard mech-
anism in penumbrae as proposed in the gappy penumbra nmedehrmer and Spruit
2006 and in the convective roll modeZ&kharov et al. 2008 These results are sup-
ported byScharmer et al(2011), who also analyzed the {5380 A line observed with
SST/ICRISP. Evidences in support of the presence of the overtuoangection in penum-
brae have been growing: narrow lanes of down ows at the edfpsnumbral laments
that harbour hot up ows have been observed in thé#201.5 A and F&6302.5A spec-
tral lines byScharmer and Henriqu¢2012 (using SSTCRISP observations) afdwari
et al.(201339 (using Hinode SOMSP observations).

Results fromTiwari et al. (20133 have shown that these down ows appear at the
edges of penumbral laments and the laments carry a sultistbamount of horizontal
magnetic eld ( 1 kG) which modi es the assumption of the eld free gap modétlte
penumbra proposed I8charmer and Sprui2006. The study of penumbral laments us-
ing spectro-polarimetric observation of the FE&5648.5 A line, which forms in the deep
photosphere and has the highest magnetic sensitivitgcfere Landé factoge =3), can
be a next step in establishing and con rming the convectatire of the penumbral la-
ments as well as to investigate the magnetic structure afrpbral laments in the deep
photosphere. Big telescopes of the new generation like the@PHE (1.5 m primary
aperture Schmidt et al. 201Rand the New Solar Telescope (NST, 1.6 m primary aper-
ture,Cao et al. 201pwill be able to provide observations with a spatial resoluaround
0925, at 15648.5 A (close to spatial resolution of 38/ at 6301.5A). The spatial dis-
tribution of the net circular polarization observed in treiB5648.5 A line is found to
be completely dierent compared to that in the F6301.5A and Fe6302.5A lines
(Schlichenmaier and Collados 2Q02Zounting on this fact, studying penumbrae in the
Fei15648.5A line would be interesting.

Another important study to carry out in future is about thestimg motions of penum-
bral laments. Twisting motions of penumbral lamentsciimoto et al. 2007pare
thought to be an indirect evidence of convection in penumkaments (Ichimoto et al.
20070 Spruit et al. 2010Bharti et al. 201D Recently, howeveBharti et al.(2012 sug-
gested that this apparent twisting motion of laments cdagddue to the transverse (kink)
oscillation of penumbral laments. These oscillations exeited near the heads of the la-
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ments and travel towards their tails. To con rm and estdidine relation between twisting
motions and transverse oscillations of penumbral lamdhgpler measurements with
high spatial and temporal resolution are required.

Chapter4 presents a study of vertical gradients of the magnetic dlérgyth of
a sunspot observed with SCHP. The strati ed atmosphere of the sunspot is obtained
with spatially coupled inversion (SPINOR) of the F&301.5A and F&6302.5A lines.
We found patches where the magnetic eld strength decreagboptical depth in the
penumbra and these patches are arranged in a ring-likeéwstua the inner penumbra.
These patches coincides with the inner parts (i.e. towaelsinbra) of bright penumbral
laments. We conclude that these local canopy-like striedlare due to expanding strong
magnetic elds from the spines which cover the weaker andentarizontal eld of the
laments from the top. The magnetic eld in the umbra increasvith geometrical depth
at an average rate ofl.7 Gkm?. The magnetic eld retrieved from the VTTIP-2 ob-
servations (the Si10827.1 A and the Ca10833.4 A lines) shows a gradient of around
1.3Gkm1. These results agree with values found earlier in the titeea The most strik-
ing result found in this study is that radial pro les of the gmeetic eld gradient, obtained
from azimuthal averages, shows that the magnetic eld gtiedecreases with optical
depth in the inner penumbra. This result is found indepetigé@nboth VTT/TIP-2 and
SOT/SP observations. A comparison of the observational resuttsMHD simulations
suggests that the observation of the decreasing magnédicteength with optical depth
is an e ect of the strongly corrugated isosurfaces. In addition to the corrugated iso-
surfaces, unresolved deep-lying opposite polarity pataaa also contribute to the ob-
served decreasing magnetic eld strength with optical dephis is due to a cancellation
of polarized signals. This latter statement that unresbbggosite polarities cause the ob-
served decrease of magnetic eld strength with depth resnanproven due to the small
spatial scales and the limited spatial resolution of thela@vie observations. This state-
ment could be tested by higher spatial resolution obsematirom SST, GREGOR and
NST.

The 3D structure of a sunspot (observed with VTIP-2) obtained through state-of-
the-art inversion techniques is presented in Chaptae compared the magnetic eld
structure in the photosphere retrieved from theI®i827.1 A and the C&10833.4 A with
that in the upper chromosphere retrieved from the elet at 10830.0 A. The magnetic
eld in the upper chromosphere is found to be lower than tHate photosphere by a
factor of 1.4-1.6. The most striking result is that the magneld in the upper chro-
mosphere is less inclined, i.e. less horizontal, compardtdt in the photosphere. We
interpret that is due to spatial averaging (low spatial lggm, 19) over uted magnetic
structures of the penumbra (spines and inter-spines). hb&gphere shows more in-
clined magnetic eld, whereas the inclination of the eldtime upper chromosphere does
not uctuate on small scales. In Chaptewe also analyzed the magnetic eld properties
of a light-bridge. The magnetic eld strength of the lightidge is found to be weaker
compared to the surrounding umbra at the photospheric. leviie upper chromosphere
light-bridge is not visible in the map of magnetic eld stggh. The eld strength in the
upper chromosphere above the light-bridge is found to béasior higher than that in the
light-bridge at the photospheric layer. The observed mation angle, azimuth direction
and strength of the magnetic eld suggest that the umbral ekpands and covers the
light-bridge at the upper chromospheric level.
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High spatial resolution observations of the upper chrorhesp magnetic eld of
sunspots have not been possible so far. Spectro-polaitneéiservations of sunspots in
the Hei 10830 A triplet with TIP-2 at the GREGOR will be a next big staunderstand-
ing the chromospheric magnetic eld. The study presente@hapter5 can be revisited
with higher spatial resolution observations of sunspotsores.

Another outlook of the thesis is to study penumbrae fornmatid few recent studies
suggest the pre-existing canopy eld in the chromosphere@gcursor of penumbra for-
mation in the photospher&kimizu et al. 2012.im et al. 2013 Romano et al. 20)3Lim
et al. (2013 have suggested that a penumbra forms when the emergingn ¢fe photo-
sphere is constrained to emerge further to higher layersdpre-existing chromospheric
canopy eld. So far, the vector magnetic eld has not beenestisd simultaneously in
the photosphere and in the chromosphere during formatiarpehumbra. Simultaneous
Spectro-polarimetric observations in the photosphericl®B827.1 A line and the upper
chromospheric He triplet at 10830 A of an emerging ux region can substangiaith-
prove our understanding of the physical processes behimahplerae formation.
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