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Summary

Small-scale magnetic elements are part of the quiet-Sun network regions that form at the
edges of supergranulation. They are also found in the vicinity of sunspots as part of active
region plages. Studying the brightness of magnetic elements with respect to their mag-
netic eld-free surroundings (i.e., their contrast) serves as an observational constraint for
theoretical models of magnetic ux tubes. The brightness contrast is also an important
input into models of solar irradiance variations.

The two types of magnetic elements (network and plage) form in twerdnt mag-
netic regions, have derent dynamics and evolve on drent timescales. Plage are clus-
ters of bright points, and @&ct granular convection in a derent manner than small bright
points found in the network. Hence there is a need for a separate evaluation of their con-
trast variation with the magnetic ux density. This evaluation serves as a constraint for
spectral and total solar irradiance modelling which so far do not take thesehce into
account (e.g., the SATIRE model). In addition, brightness studies in the ultraviolet (UV)
are crucial for climate modelling given that the emission in this part of the solar spectrum
a ects the chemistry in the Earth's atmosphere. However, high-resolution imaging in the
UV is not so far possible with ground-based observations due to absorption by the Earth's
atmosphere.Chapter 1 is a brief introduction to the general properties and studies of
small-scale magnetic elements, with an emphasis on observational and theoretical studies
of their intensity contrast.

In this thesis, we revisit brightness studies of solar small-scale magnetic elements,
but go beyond earlier studies in two ways. Firstly, we consider the UV between 200 and
400 nm. Secondly, we use data of constant high spatial resolution. Both of these novelties
are possible because the data employed here were obtained hyntteeBalloon-borne
solar observatory.

We carefully probe the photometric and magnetic properties of magnetic elements
and the correlation between the two quantities. We use data acquired with the Imaging
Magnetograph eXperiment (IMaX) and high-resolution imaging carried out by the Sun-
rise Filter Imager (SuFl), both onboardi@ise The solar observatory was launched two
times to observe the Sun during two drent magnetic activity periods. In 20098isel
carried out observations of the Sun when it was mostly quiet, whiteiSell probed the
active face of the Sun, 4 years after the rst launch of the telescope. With an aperture of 1
m, and at around 36 km above the terrestrial atmosphere, the telescope onlmudsd S
provided nearly diraction limited images in the visible and near UV, down to 200 nm.
Spectropolarimetric data at around 500 nm are provided with IMaX. Simultaneously with
IMaX, SuFI collected broad-band images in the UV of a smaller solar region embedded
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Summary

in the eld of view of IMaX. In Chapter 2 we describe in more detail these scienti c
instruments, along with the data acquisition and reduction steps. We also describe the
sophisticated post-correction techniques applied to the data to correct for instrumental
wavefront aberrations.

A number of studies based oni&isel data of the properties of magnetic bright points
(MBPs) at disk center were carried out, e.g., by Riethmiller et al. (2010) who analysed
the photometric contrasts of manually identi ed MBPs in the wavelengths imaged by
IMaX and SuFl. InChapter 3 we extend this study by analysing not only the individual
bright points but also the surrounding granulation. We investigate the pixel-by-pixel cor-
respondence between the visil¥ intensity contrast and magnetic ux density. To get
the magnetic eld vector, we perform Stokes inversions of IMaX data using the SPINOR
code. In addition, the data employed in this study are corrected for instrumental stray
light. We nd that, unlike earlier lower spatial resolution studies, the brightness increases
non-monotonically with the magnetic ux at all wavelengths, in qualitative agreement
with radiative MHD simulations of the quiet Sun. In particular, at a continuum wave-
length around 525 nm, the averaged contrast in the quiet Sun does not show a turnover,
i.e., a decrease of the contrast for large magnetic elds, indicative of having resolved the
magnetic features.

In Chapter 4 we carry out the same study as in Chapter 3 but for active region plages
observed by @nriseduring its second ight. A comparison of the contrast in the visible
and NUV of strong plage to that of the quiet-Sun network studied in Chapter 3 shows
that, in accordance with observational studies and empirical models of ux tubes, the
contrast in the quiet-Sun network is higher than in active region plages, and #rexice
decreases with atmospheric height. We also nd that in the UV the contrast of magnetic

ux tubes in both regions increases with increasing eld strength, independently of their
size. Finally, whereas in the quiet Sun, magnetic elements stay brighter in the visible
continuum than the average quiet Sun even at large eld strength values, they become
darker in plage regions. This is due to their dark magnetic cores as expected from larger
features.

Hirzberger et al. (2010) computed the root-mean-square (RMS) intensity contrasts of
2D patches of quiet-Sun data at disk center, and found that they are lower than the output
of radiative MHD simulations. A possible reason for this discrepancy is thatithesg|
data were not corrected for stray light. Ghapter 5 we extend the work of Hirzberger
et al. (2010) and model the total Point Spread Function (PSF) of the telescope in order to
obtain the RMS contrasts of stray light free quiet-Sun data. The PSF is a combination of
the core retrieved from phase-diversity measurements and of the wings obtained from the
analysis of solar limb pro les. We describe the developed model, which allows for tting
the 1D solar limb pro les and for computing the telescope PSF. We also test the reliability
of the stray-light correction based on solar limb pro les obtained during the wstriSe

ight on the active region data recorded during the secouadrSe ight.

In Chapter 6 we summarize the main results of the thesis. We then give a glimpse

of on-going and future research which will provide more insights into the magneto-
convective properties of small-scale ux tubes as seenuyiSe

10



1 Introduction

1.1 Solar magnetic features

Stars, as observed from Earth, are unresolved point sources of light, hence the study of
their surface dynamical properties is not possible. The close proximity of the Sun to our
planet o ers a great opportunity to constrain theoretical models of stellar evolution: do
other stars with the same mass and chemical composition as the Sun harbor the same
surface magnetic features and phenomena?

A star is classi ed based on its observed spectrum and luminosity. The stellar spec-
trum reveals both, the chemical composition and theotive temperature of the stellar
surface, while the luminosity is related to its mass and'age

The Sun is a main-sequen@2V star, with nuclear fusion of Hydrogen to Helium
occuring in its core for the last 5 billion years. In another 5 to 6 billion years, the Sun will
expand to a red giant and will eventually end up as a cold white dwarf.

Energy is carried from the Sun's centertagiation up until a radius of 0.R . Above
this thresholdconvectiontakes over due to the large gradient in temperature, given that
dT=dr is proportional to opacity which increases with radius from the cent@ue to the
lower temperature at the top of the convection zone, free electrons recombine with atoms
and radiation can escape to outer spacEhis layer is referred to as the solar surface or
(bottom of the)photospherand, by convention, is de ned where the optical depth at 500
nm is equal to unity. The most remarkable photospheric distribution in white light is the
granulation. Hot plasma rises up from the solar interior to the surface, cools down then
sinks back to form the intergranular lanes. The latter have widths860 km while the
granules are of 1000 km. Convection also occurs at larger spatial scales (10 to 50 Mm)
and called "supergranulation’.

Another distinctive feature of the solar photosphere are Sunspots (e.g. red box in
Figure 1.1). They are the darkest regions on the solar surface seen in white light and are
characterized by their dark cores (umbrae) and their less dark lamentary surroundings
(penumbrae). Pores are dark but smaller than sunspots. Pores resemble small umbrae
(blue box in Figure 1.1). In the vicinity of sunspots, plages, which have a lamentary
shape, form in the intergranular lanes and are brighter than their surrounding granulation
(mainly in the UV and cores of spectral lines). Parts of them are enclosed in the black

1L = ($4)3® for main sequence stars

2dl = 3 .5, isthe absorption coecient of the gas

3In the core the temperature is so high that it ionises Hydrogen and scatters the photons with the free
electrons. The latter become less present as the surface is approached and therefore the light can escape

into free space.
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1 Introduction

Figure 1.1: An active region imaged in the G-band with the Swedish 1-m Solar Telescope
(SST, Scharmer et al. 2003). Squares enclose the solar surface features explained in the
text. The image is taken from The Instiute For Solar Physics, Stockholm University data
center (www.isf.astro.su.se).

box in Figure 1.1, but as the gure shows, they are distributed over a large fraction of the
respective solar region.

Temperature above the photosphere declines to a minimum temperature of about 4400
K (temperature minumumnthen it increases again until 10 000 K to de ne tl@omo-
sphere Within 100 km the temperature rises dramatically to reach about {fansition
region), then it increases slowly at about 2000 km aboyg = 1 de ning thecorona

The interplay between the magnetic eld with the solar plasma is the driver of the
di erentfeatures and phenomena seen in the solar atmosphere. This interplay, in terms of
energy, is usually described by the plasmavhich is the ratio of the gas pressure to the
magnetic pressure. Itis ‘on average' larger than unity in the photosphere and decreases
going to the upper chromosphere, where magnetic energy dominates.

The rst measurement of the magnetic eld on the solar surface was that of a sunspot
in 1908 by the American astronomer George Ellery Hale using a solar spectrograph.
The discovery was based on the Zeeman splitting (see Section 2.3.1) bff thiee.

Given their large magnetic elds (3000 G in umbra and 800 G in penumbra), sunspots

are the drivers of many dynamic phenomena (solar ares, coronal mass ejections). The
most remarkable discovery that emerged from sunspot observations is the solar cycle: the
sunspots number would vary (decreasing and increasing) over the course of an 11 years.

12



1.1 Solar magnetic features

Not only that, the sunspots at the beginning of each cycle tend to lie at higher altitudes (at
30 deg from the equator), approaching the equator by the end of the Spdiesf'law)
and de ning the “activity belt'. In addition, in a given solar cycle, the polarities of the
leading sunspots are opposite between the two hemispheres (also the polarities in the
poles) Hale's law), and in the next cycle they alternate, implying that the solar cycle
is actually 22 year§. Another nding that emerged from observing the sunspots pair
groups is that the tilt angle (the angle between the line joining the two sunspots and the
equator) increases during the solar cydey(s law). The variation of the solar magnetic
ux with time and latitude is best visualized with the solar magnetic butter y diagram in
Figure 1.2. All of these observations led to the development of the solar global dynamo
model, where the surface magnetic eld evolution is explained in terms of its con gura-
tion as an axisymmetric dipole and the drential rotation of the Sun (Babcock 1961).

While the photospheric magnetic eld is best observed by splitting of magnetically
sensitive lines, the chromospheric magnetic eld is hard to measure with the Zeeman ef-
fect (unless the splitting occurs at longer wavelengths, which is not convenient for a good
spatial resolution). The reason for this is the weakening of the eld at higher atmospheric
layers. Proxies such as @&l and K, H 6563 A, Cdi 8542 A and Ly 1216 A spec-
tral lines can be used to probe the bright and magnetic chromospheric features. These
features also tend to be larger due to the expansion of the magnetic eld with height (see
Section 1.2.2). These chromospheric emission lines are used to reveal other chromo-
spheric structures, such as brils and spicules. Fibrils are a trace of closed magnetic eld
lines connecting opposite polarity ux features, while spicules are brils seen near the
limb.

Figure 1.2: The solar magnetic butter y diagram. The evolution of the longitudinal mag-
netic ux distribution with time and latitude is shown in blue and yellow colors. From
Hathaway (2010).

4The polarity of the leading sunspot is usually the same as the respective one in the pole
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1 Introduction

Figure 1.3: Remnant active region plage at disk center in the G-band continuum bandpass
(left panel) and core of GaH line at 369.88 nm (right panel). From Berger et al. (2004).

1.2 Small-scale magnetic elements

With the advent of a photoelectric magnetograph, the Babcocks discovered in 1953 that
the solar surface outside sunspots is permeated with magnetic elds. Now, we know that
in the photosphere and besides sunspots and pores, the magnetic eld is distributed at
the boundaries of supergranules as quiet-Sun network or in active regions as plage (as
seen in chromospheric spectral lines) or faculae (as seen in photospheric continuum radi-
ation near the limb). This distribution is mostly visible in chromospheric emission due to
the expansion of the eld above these structures which makes them margadiln addi-

tion, the shallower temperature gradient above magnetic ux tubes enhances their contrast
compared to lower layers (see Section 1.2.2 and Figure 1.3). Network and plage belong to
small-scale magnetic elememtkich are near the smaller end of the spectrum of magnetic
features after sunspots and pores. They are characterized by kG magnetic elds and lo-
cated in the dark intergranular lanes (Sten 0 1973, Schussler 1992). What distinguishes
them from sunspots and pores is their excess brightness with respect to their magnetic
eld-free environement, and their sizes (see Solanki (1993) for a review on small-scale
solar magnetic features). Their exact sizes were hard to measure because they lie below
the achievable spatial resolution of solar telescopes. The high resolution observations of
Keller (1992) revealed that the smallest measurable ux tube sizes lie below 200 km and
that tubes larger than 300 km tend to be darker. Ghigand observations of magnetic
bright points by Dunn and Zirker (1973) inferred sizes of less than 200 km.

In addition, the areas between network regions inside the supergranules are called
internetwork. And only recently that kG magnetic elds were discovered in the internet-
work with high spatial resolution observations (e.g. Lagg et al. 2010). The weak magnetic
elds in the internetwork (close to the equipartition eld strength) are eventually inten-
si ed by convective instability processes described later. That is why individual features
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1.2 Small-scale magnetic elements

have kG magnetic elds.

The magnetic eld generation in the quiet Sun internetwork is believed to be a result
of a local dynamo driven by the turbulent motion of the convection (Vogler and Schiissler
2007, Danilovic et al. 2010, Buehler et al. 2013, Lites et al. 2014). Buehler et al. (2013)
analysed QS regions observed by Hinode during half of a solar cycle and found no signif-
icant variation in the amount of both linear and circular polarization in the solar internet-
work, eliminating the global dynamo ect. Plage, on the other hand, are the result of the
decay of active regions which recycles the ux over time, and therefore related to sunspot
activity linked to the global dynamo. In the next sections we provide a description of the
properties of magnetic elements in terms of their brightness ierdnt wavelength bands
and position on the solar disc, with an emphasis on the observational conditions under
which they are observed.

To measure the magnetic eld strength in the quiet Sun, Sten o (1973) introduced the
line-ratio technique which is valid in the weak eld regime, where the broadening of the
line due to Zeeman splitting is insigni cant or on the order of the line width and Stgkes
Is proportional toB @=@ (see Section 2.3.2). Line inversion techniques are commonly
used to compute the eld strength along with other physical parameters, simultaneously.
It is based on solving the polarized radiative transfer equations and tting the synthesized
Stokes pro les to the observed spectra (see Section 2.3.3).

Detecting kG magnetic signals in the quiet Sun is challenged by detecting their circu-
lar polarization signals (from measuring Stokésee Section 2.3.2) which tend to cancel
if the element is unresolved. Another challenge in observing small magnetic elements is
the short timescale during which these elements evolve (around 5 minutes), which re-
quires long time series in order to resolve their dynamical properties. In addition, short
exposures are needed to overcome thece of seeing (if observations are carried out
from ground), but will limit the amount of photons received from the object of interest,
lowering the signal-to-noise ratio which is related to the polarimetric sensitivity of the
detector. The spectral line used for quiet-Sun magnetic elds diagnosis also plays a major
role, for instance there is a contradiction in the measurements of the magnetic eld from
observations in the IR and the visible which turned out to be the result of theratit
sensitivities of the lines to the magnetic eld (Sanchez Almeida and Lites 2000).

In addition to the magnetic eld strength, there is still controversy on the inclination
distribution of the magnetic eld lines in the quiet Sun internetwork. While some observa-
tions detected horizontal magnetic elds (Orozco Suérez et al. 2007a, Lites et al. 2008),
other studies suggest the tendency of internetwork elds and magnetic bright points to
have a vertical distribution (Sten 0 2010, Jafarzadeh et al. 2014) and that horizontal elds
are mainly an artifact from the inversions that t noise to StokeandU (Borrero and
Kobel 2011), which are sensitive to transverse elds (Section 2.3). Asensio Ramos (2009)
came to the conclusion that inclinations in the QS internetwork have an isotropic distri-
bution, meaning that the eld of a given internetwork feature could have any orientation.

The interaction of the magnetic eld with the convective motion in the photosphere
(magneto-convection) on short time and spatial scales yields to many interesting phenom-
ena. Observing and analysing these phenomena is now possible thanks to the advanced
tools in spectropolarimetry allowing the detection of the polarized signals from Zeeman
split components. High speed magnetized up ows is one of these interesting phenomena
(Borrero et al. 2010), it was discovered after detecting blueshifted circular polarization
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1 Introduction

signals in the continuum of the IMaX kéne (see Section 2.1.2). These jets were inves-
tigated by Borrero et al. (2013) and Quintero Noda et al. (2014a) who came to the conclu-
sion that such jets are a result of magnetic reconnection (Parker 1963). This conclusion
Is based on detecting linear polarization signals between two opposite polarity features
around the detected jets. Those events were also found by Rubio da Costa et al. (2015)
and Martinez Pillet et al. (2011a). Another explanation is the rebound of downward ows
caused by the convective instability when hitting dense layers (Grossmann-Doerth et al.
1998, Requerey et al. 2014).

Small-scale magnetic loops are detected in both QS and plage regions using Hinode
data by Centeno et al. (2007) and Ishikawa and Tsuneta (2009). Those loops are charac-
terized by horizontal elds (inferred from Stok€yandU measurements) above granular
features, accompanied by strong Stokesignals (vertical eld vectors) in the adjacent
intergranular lanes, marking the footpoints of the loop. This discovery aims at explaining
the origin of small-scale magnetic elds. The asymmetry detected in Stdka® les
(which are supposed to be antisymmetric) is indicative of strong gradients in the line-of-
sight velocity or magnetic eld strength (llling et al. 1975, Grossmann-Doerth et al. 1988,
Quintero Noda et al. 2014b).

Magnetic elds in the quiet Sun undergo a number of additional phenomena that alter
the magnetic ux budget. Anusha et al. (2017) developped a feature tracking algorithm to
track and study processes of merging, splitting, emerging, and cancellation of magnetic
ux in a quiet-Sun region observed withuBrise during its rst ight in 2009, updating
earlier similar works (e.g., DeForest et al. 2007, Zhou et al. 2010, Lamb et al. 2013).

Convective collapse is another interesting mechanism that nicely illustrates the inter-
play between convection and the magnetic eld which leads to the formation of small
bright points. This process will be described in more detail in the next section when
addressing the ux tube model.

Magnetic elds in the quiet Sun emerge at the surface as small bipolar regions form-
ing low-lying photospheric loops. The granulation motion moves the eld lines of the
footpoints until two opposite polarity features cancel each other's eld. Hence their roles
in heating the chromosphere and corona (Zhang et al. 1998, Kubo and Shimizu 2007,
Ishikawa and Tsuneta 2009, Zhou et al. 2010, G&fial. 2018). However, the can-
cellation of the magnetic eld lines is not solely responsible for the energy dissipation
in higher layers. Other magnetimn-magnetic mechanisms come into play, such as the
transportation of energy by acoustic waves and dissipation by shocks, or the dissipation
by electric currents (Joule heating) as a result of braiding of the eld lines which gives
rise to nano ares (Parker 1988). Chitta et al. (2017) found after combining IMaX (see
Section 2.1.2) magnetograms with EUV observations from the Solar Dynamics Observa-
tory (SDO) that the coronal footpoints in the photosphere are not unipolar but opposite
polarity features exist at each footpoint, the cancellation of which supplies the energy nec-
essary to heat the corona. In the lower chromosphere, heating by oscillations and waves
leads to an enhanced brightening where ux tubes are located. This is indicated by the
correlation found in the brightness in the core ofidd and K lines and the magnetic
eld (Skumanich et al. 1975, Schrijver et al. 1989, Ortiz and Rast 2005, Rezaei et al.
2007, Loukitcheva et al. 2009, Kahil et al. 2017). In Chapters 3 and 4 we will investigate
the role of photospheric magnetic elds inferred from inverting IMaX data in the quiet
Sun and AR plage in heating the lower chromosphere, usingkas an indicator for
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1.2 Small-scale magnetic elements

Figure 1.4: The power spectra of modelled (black) and observed (orange) total solar ir-
radiance variations over the course of 20 years. The short time variations caused by the
granulation is modelled using radiative hydrodynamical simulations with the MURaM
code. From Shapiro et al. (2017).

chromospheric emission.

Linked to the solar cycle variation (described in Section 1.1) is the variation of the
total solar irradiance (TSI, energy ux integrated over wavelengths above the Earth's at-
mosphere). The Sun is on average brighter at activity maximum (when the number of
the dark sunspots is maximum) compared to activity minimum. Now it is established
that the de cit in the brightness due to the passage of sunspots (solar rotation) and the
excess brightening from small-scale magnetic elements at the solar surface in the form
of network and plage (or faculae) areas are the drivers of solar irradiance variations. The
brightness of small-scale magnetic elements overcompensates for the de cit in radiation
caused by sunspots by 0.1% between solar cycle activity minimum and maximum. High
resolution observations of the quiet Sun with the Solar Optical Telescope (SOT) on-board
Hinode revealed that the quiet Sun contributes by 0.15% of excess brightening with re-
spect to a hypothetical eld-free Sun, which is larger than the 0.1% TSI variation over a
solar cycle (Schnerr and Spruit 2011). Ermolli et al. (2003) identi ed network elements
in full-disc observations using GiaH emission maps and found an increase of TSI by a
factorof 3 4 10 # over a solar cycle. Modelling the solar irradiance variations using
the brightness dependence on wavelength and position on the solar disc, and distribution
of magnetic features on the solar surface and their evolution reproduce the TSI observa-
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tions very well (Krivova et al. 2003, Shapiro et al. 2017). Therefore, the magnetic ux
distribution on the solar surface is believed to account for the solar irradiance variation on
time scales from solar rotation to solar cycle. At longer time scales (longer than the solar
cycle), there is still a debate on the sources of the respective TSI variation (for a review,
see Solanki et al. (2013)). On very short timescales (minutes to a day), granulation and p-
modes (5 minutes oscillation) contribute to the irradiance variation as shown in Figure 1.4.
The contribution from the convection to the TSI variations however is not well included in
solar irradiance modelling. This is mainly due to the lack of high resolution observations
of such regions, especially in full disc observations needed for modelling such variations
(like in SATIRE code, Krivova et al. (2003)). For example, the granulation contribution to
the power spectrum of the TSI in Fig. 1.4 is derived from solar hydrodynamic simulations.

1.2.1 Brightness vs. magnetic ux density

The photospheric magnetic eld is often measured from polarimetric data with high spec-
tral resolution. Since magnetic ux tubes tend to have a vertical direction to the solar
surface (due to their buoyancy), one is usually interested in the longitudinal component
of the magnetic eld,B_os, which gives rise to a light that is circularly polarized within
Zeeman-sensitive spectral lines (see Section 2.3.2). The calibration of the net circular
polarization signal to gdB, os results in a longitudinahagnetogramTherefore, longitu-
dinal magnetograms are sensitive to the line-of-sight component of the magnetic eld.
Magnetograms require low noise, and therefore longer integration times, whach a
the temporal resolution. Thus the brightness of small-scale magnetic elements is usually
considered as a proxy for measuring the magnetic eld outside sunspots. Since, simply
put, magnetic ux concentrations which are smaller than sunspots and pores are, on av-
erage, bright. In additon to being an accessible proxy to magnetic eld measurements,
the contrast (see Section 2.5) of magnetic elements is an important physical quantity to
measure since it is linked to the temperature variation between these elements and their
eld-free surroundings, and therefore to the radiative energy exchange between them. In
addition, the motivation to asses the brightness of these elements stems from their sig-
ni cant contribution to the total solar irradiance variation between solar minimum and
maximum magnetic activity, as pointed out in the previous section. The relationship be-
tween the intensity contrast of magnetic elements and the eld strength however is not
well de ned since the (measured) brightness depends on many factors:

The amount of magnetic ux in a specic region (and therefore the size of the
element)

The wavelength of observation (since spectral lines form at speci ¢ atmospheric
heights whereby thermal properties of solar features change, temperature sensitivity
is wavelength dependent)

The position on the solar disc characterized by the heliocentric anglhich is
the angle between the local normal to the solar surface and the observer's line of
sight. More commonly used in solar physics is cos ( = 1 at disk center and

18
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decreases approaching the linib)

The spatial resolution of the observation (which depends on both, the imaging
wavelength and the telescope con guration)

The instrument#tmospheric degradation sources: stray (or scattered) light, tele-
scope vibrations, pointing jitter, seeing

The criterion used to distinguish between the etent magnetic elements from
other solar features (pores and micropores): magnetic ux density, contrast (or
both), location (proximity to sunspots)

Quiet-Sun network features and plageel mainly in the nature of the region they are
embedded in, which is characterized by the amount of magnetic ux in the region. Bright
points are the smallest in the spectrum of magnetic elements and exist on the solar disk
as roundish isolated bright features, mainly in network regions. While plages are found
mainly in active regions and harbor a large number of bright points. At disk center they
are sometimes called " ligree' (Dunn and Zirker 1973) after their elongated sheet-like
appearence.

The excess brightening of small bright points is caused by the evacuation of the gas
inside the ux tube (see Section 1.2.2), which leads to an opacity depression, allowing
deeper and hotter layers to be seen. The convection becomesciesitiinside the mag-
netic structure to carry enough energy from the deeper layers. The gas within the mag-
netic feature is then cooled by radiation, which is balanced by the lateral radiative heating
from the surrounding convection. Magnetic bright points are particularly bright in chro-
mospheric observations at the edges of supergranules because the chromospheric gas is
heated more strongly, and the brightening there is moresd#i due to the expansion of
the ux tubes at higher solar atmospheric levels (Jafarzadeh et al. 2013). At high spatial
resolution and at disk center, they exhibit large contrasts in the visible and near UV parts
of the spectrum (Riethmdller et al. 2010).

At a spatial resolution of 0% the G-band (Muller and Roudier 1984) observations
with the Swedich Solar Telescope (SST, Scharmer et al. 2003) of plage regions at disk
center revealed dierent appearences and morphologies of these structures (Berger et al.
2004). The ‘ribbons' or “striations' are one type of the categorized features of plages,
which have uid-like shape. The striations are characterized by the "double humped'
pro le obtained upon plotting the line-of-sight (LOS) magnetic eld and G-band contrast
across them: both signals are higher at the boundaries of the ribbons and decrease towards
their centers. Also in the G-band but at the limb, faculae appear as “illuminated granules'
with one side brighter than the other (Hirzberger and Wiehr 2005). In the last proposed
picture, faculae present a centerward "dark lane' and a limbward "bright tail', a result of
seeing these structures from an oblique line of sight, making their brighter depressions
visible against the limb-darkened surface (see Figure 1.5).

This distribution is con rmed with numerical simulations of ux sheets (or tubes)
embedded in a eld-free environement and simulated foredent sizes and at derent
heliocentric angles (Steiner 2005). For a narrow fsheet seen along a line of sight

5The study of the variation of any physical quantity or a relationship between two quantities with
heliocentric angle is called Center-to-Limb Variation (CLV) study
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Figure 1.5: G-band map of an active region imaged by the SST on May 2013 at disk
center ( = 0:89, upper panel) and near the limb%£ 0:42, lower panel). The hot walls of

the magnetic structures are more visible with decreasjnghich tend to be hotter then

the oor of the ux tube (seen mostly at disk center). This results in the shape of faculae
as bright sides of granules near the limb. From Berger et al. (2007).

parallel to the tube's axis (simulating a disk-center observation), the intensity peaks in
its center, while for a wider tube, the intensity distribution turns into double peaks at
its boundaries and a dip in brightness towards its center (replicating the double-humped
pro les of Berger et al. (2004)). For lines of sight inclined with respect to the solar normal,

a dark lane on the disk center side of the sheet is obtained in accordancre with Hirzberger
and Wiehr (2005). The dark lanes of faculae near the limb were also modelled by Keller
et al. (2004) and Carlsson et al. (2004).

On average, in photospheric continuum radiation, faculae are bright at the limb (even
with poor spatial resolution) and their contrast decreases approaching disk center (espe-
cially with poor spatial resolution). This behaviour has been explained with the “hot wall'
picture introduced by (Spruit 1976), and observed in many CLV studies of facular con-
trast: for large ux tubes, inclined lines of sight traverse the hot walls of a ux tube,
which are brighter, while at disk center the cool dark oor is more visible (Topka et al.
1992, 1997, Ortiz et al. 2002, Kobel et al. 2009, Yeo et al. 2013). Topka et al. (1997)
came to the conclusion that near the limb faculae are just micropores (as seen at disk cen-
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ter) seen from the sides. This points to the dependence of the brightness distribution and
appearences of magnetic features on size and position on the solar disk. One can naivly
conclude that roundish bright points exist only at disk center while elongated faculae with
their visible hot walls are seen only when approaching the limb, but both bright points and
faculae can exist together at the same heliocentric angle (Kobel et al. 2009). In Berger
et al. (2007) bright points were found near the limb and therefore called facular grains.
The contrast and the magnetogram signal of these facular grains peaked in their center,
unlike the pro les seen in Hirzberger and Wiehr (2005). In the last citation, faculae were
found at disk center along with magnetic bright points. This coexistence was attributed
to possible inclinations of faculae at disk center so that their bright walls become visible
(Keller et al. 2004).

Independently of the solar disk position, measured contrasts are higher when the same
magnetic features are imaged in the cores of spectral lines which are formed higher in the
solar atmosphere (mid-photosphere, lower chromosphere) than in their continuum radia-
tion (Frazier 1970, Title et al. 1992, Yeo et al. 2013). That is due to the larger temperature
di erence with height with respect to the quiet surroundings (see Section 2.5).

Also, higher contrasts are observed when imaging in the blue part of the spectrum
(eg. G-band observations). That is due to the contamination by spectral lines and because
molecular lines have larger temperature sensitivity which leads to their depletion through
molecular dissociation inside the hot ux tubes and decrease of their number density, and
hence of the opacity of the lines which produces a line weakening (Berger et al. 1995,
Shelyag et al. 2004). Of particular importance to our work in Chapter 3, the CN diatomic
molecule at 388 nm is used as a proxy for quiet-Sun magnetic elds (Zakharov et al.
2005).

Due to their small sizes (diameters of order 100 km), measuring the pixel brightness
of magnetic features is hampered by the limited spatial resolution of the data. This is easy
to understand as magnetic bright points are embedded in dark eld-free intergranular
lanes, and the poor spatial resolution blends the information from both solar components,
leading to an underestimation of both, contrast and eld strength of bright points averaged
over the resolution element (see Fig. 1.6). This explains why observations with low spatial
resolution (when the resolution element is much larger than the intrinsic size of magnetic
elements) and with considerable scattered light contamination returns negative contrasts
for all magnetogram signals in active region plage (Topka et al. 1992, Title et al. 1992,
Topka et al. 1997). In the last citations, brightness below the quiet-Sun level is observed
even for small magnetogram signals. This is due to the inclusion of unrelated pixels in
the same magnetogram bin. For example the eld-free surroundings of large features (like
micropores) which after smearing have non-zero magnetic signal and are assigned to the
same bin as magnetic features. This lowers the brightness in the corresponding bin right
from small magnetic eld values.

The e ect of poor spatial resolution on the computed contrast of magnetic bright
points can be illustrated with the use of a radiative MHD simulation of a quiet-Sun re-
gion using the MURaM code (Vogler et al. 2005). Figure 1.7 shows in the left panel
the 2D continuum image taken from the synthesized Stokes pro les at a perfect spatial
resolution of the line transition of IMaX (525.02 nm). The right panel is the same map
convolved with a 2D Gaussian of FWHM of 0.23 arcsec, mimicing a real observation that
Is a ected by a point spread function of a telescope. The red and green boxes enclose
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Figure 1.6: A sktech of a bright point (yellow lled dot) embedded in the dark inter-
granular lanes and seen at both, low and high spatial resolution. The latter is represented
by the size of the resolution element indicated by the squares in the red grid. When the
resolution element size is bigger than the diameter of the bright point (left panel), more
of the dark surroundings are included in the computation of the averaged brightness and
eld strength in the resolution element, which tend to lower their true values. While for
smaller resolution element (right panel), the bright point contrast is less contaminated by
its surroundings.

two bright magnetic ux concentrations at the original resolution of the simulation (left
panel) which are darkened completely after the degradation in the right panel. Elgis e
lowers the measured contrast by mixing the signal of the supposedly bright features with
the background level, to which the contrast is usually de ned (Schnerr and Spruit 2011).

Kobel et al. (2011) investigated the contr&8bs relationship at the wavelength of
630 nm but with the Hinode spectropolarimetric data at a spatial resolution of 0.3 arc-
sec. Instead of decreasing monotonically with magnetogram signal, the contrast in plages
peaked at intermediate eld strengths and dropped below quiet-Sun level at higher eld
strengths. In fact, the monotonic decrease was reproduced upon degrading Hinode data
and adding stray light, and following the same masking technique adopted with the SVST
data of Topka et al. (1992) and Title et al. (1992). However, the turnover of the averaged
contrast at higher elds persisted in both, quiet-Sun network and AR plage.

Danilovic et al. (2013) investigated the latter shape obtained in active region plage
studies with the use of a MHD snapshot of a simulated plage (with an average vertical
magnetic ux density of 200 G) and degrading them to mimic the observational condi-
tions of Kobel et al. (2011). The contrast v8, os plot turned from a monotonically
increasing shape (at the perfect resolution of the simulations) into a peak and a turnover,
com rming the e ect of spatial resolution on the shape of this relationship for small mag-
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