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Abstract

Solar Orbiter (SO) is the latest ESA solar exploration mission designed to study the Sun
and its in uence on the solar system. Flying on a highly elliptical heliocentric orbit, it
provides an unprecedented perspective, enabling remote-sensing observations from closer
than ever before. One of its instruments, the Polarimetric and Helioseismic Imager (PHI),
is the rst of its kind outside Earth's orbit, which now makes it possible to simultaneously
observe the Sun's magnetic eld from additional vantage pointshe Earth-Sun line.

This opens up the opportunity to improve the existing solar data products that bene-
t from additional viewpoints through joint observational campaigns with similar instru-
ments, such as the Helioseismic and Magnetic Imager (HMI) onboard the Solar Dynamics
Observatory (SDO). One such product is magnetic synoptic maps, which try to depict a
snapshot of the global solar magnetic eld but, in reality, take an entire solar rotation over
about 27 days to complete.

We utilise this new observational capability to produce combined magnetic synoptic
maps from line-of-sight and vector magnetograms of théPS{D-FDT and SDEHMI in-
struments. Building on the existing software infrastructure for SN synoptic maps,
we extend its current functionality to reliably work with data from the operationally very
di erent S@PHI instrument.

The results are multi-view magnetic synoptic maps from &0 and SOPHI data,
which can be produced signi cantly faster than the full solar rotation required for synoptic
maps from a single observatory. Therefore, these new combined synoptic maps are less
a ected by the evolution of the magnetic eld as their observation period is much shorter.
They should, therefore, provide better initial conditions for extrapolations that require a
snhapshot of the global magnetic eld.

This thesis starts with a detailed introduction to the modi cations of the synoptic map
pipeline and its proof-of-concept. It then presents the rst multi-view synoptic map pro-
duced with early S@PHI-FDT data obtained close to superior conjunction during the
February 2021 synoptic campaign in the instrument's commissioning phase. We attempt
to show the dierences from the conventional SIMMI synoptic map with a simple ex-
trapolation of the photospheric magnetic eld, but instead uncover shortcomings in the
early SOPHI-FDT calibration. As a result, the combined synoptic maps became a criti-
cal test case for successive iterations of théF&@-FDT calibration, which in hindsight
proved to be a quintessential step on the long road to science-qual®HE®GDT data.

The nal chapter is dedicated to a stereoscopic application dP$&Ddata, for which
we provided an unusual type of synthetic observation data to aid the developed stereo-
scopic disambiguation method. Our data helped to successfully con rm this novel method,
which, for the rst time, allows for geometrically determining the actual orientation of an
observed magnetic eld vector.






Zusammenfassung

Solar Orbiter (SO) ist die neueste ESA-Mission zur Erforschung der Sonne und ihres
Ein usses auf das Sonnensystem. Dabei iegt Solar Orbiter auf einer stark elliptischen,
heliozentrischen Umlaufbahn und bietet damit eine noch nie dagewesene Perspektive die
Fernerkundsbeobachtungen aus naherer Distanz als je zuvor ermdglicht. Eines der Instru-
mente, der Polarimetric and Helioseismic Imager (PHI), ist das erste seiner Art aul3erhalb
der Erdumlaufbahn, was es nun moglich ist, das Magnetfeld der Sonne von zusétzlichen
Punkten aufRerhalb der Erde-Sonne-Linie zu beobachten.

Dieser zusatzliche Blickwinkel erdnet die Moglichkeit bestehende wissenschaftliche
Datenprodukte zur Sonne durch gemeinsamen Beobachtungskampagnen mit ahnlichen
Instrumenten, wie dem Helioseismic and Magnetic Imager (HMI) an Bord des Solar Dy-
namics Observatory (SDO) zu verbessern. Ein Beispiel daftir sind synoptische Magnet-
feldkarten der Sonne. Diese sollen eigentlich eine Momentaufnahme des globalen Son-
nenmagnetfelds darzustellen, benétigen aber in Wirklichkeit etwa 27 Tage, also die Dauer
einer Sonnenrotation, um dieses abzubilden.

Wir nutzen diese neue Beobachtungsmaglichkeit, um mitP$D und SDGHMI
gemeinsame synoptische Magnetfeldkarten fur magnetische Line-of-Sight- und Vektor-
daten zu erstellen. Dafiir erweitern wir die bestehende /6IMD Software-Infrastruktur
zur Erstellung von synoptischen Karten um die Daten des operativ sehr unterschiedlichen
SOPHI-Instruments zuverlassig verarbeiten zu kénnen.

Das Ergebnis sind kombinierte &MHI und SD@HMI Magnetfeldkarten, die durch
den zuséatzlichen Beobachtungspunkt wesentlich schneller erstellt werden kénnen und
damit deutlich weniger von der zeitlichen Entwicklung des Magnetfelds betrind.
Dementsprechend sollte dieses neue Datenprodukt deutlich bessere Randbedingungen fir
Extrapolationen des Sonnenmagnetfelds liefern.

Diese Arbeit beginnt mit einer Einfihrung zu sonnenrelevanten Theman der Physik.
Danach prasentieren wir die Modi kationen der synoptischen Kartenpipeline und liefern
ein Proof-of-Concept. Anschlie3end stellen wir die erste kombinierte synoptische Mag-
netfeldkarte vor, die mit Beobachtungen aus der oberen Konjunktion in der Testphase
von SAPHI erstellt wurde. In der weiteren Arbeit wird dann versucht mit Extrapolation
des Magnetfeldes die Unterschiede zu konventionellen synoptischen Magnetfeldkarten
aufzuzeigen. Stattdessen entdecken wir allerdings unerwartete Artefakte in der frihen
SOPHI-FDT-Kalibration. Infolgedessen wurden die kombinierten synoptischen Mag-
netfeldkarten zu einem wichtigen Testfall fiir die @l Kalibration, der letztendlich
geholfen hat S@HI Daten in wissenschaftstauglicher Qualitéat bereitzustellen.

Das letzte Kapitel widmet sich einer stereoskopischen Anwendung viPH8daten,
fur die wir eine spezielle Art von synthetischen Magnetfeldkarten bereitgestellt haben, um
die Entwicklung einer stereoskopischen Disambiguierungsmethode zu unterstitzen. Un-
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Zusammenfassung

sere Daten trugen zur erfolgreichen Bestatigung dieser neuartigen Methode bei, die es
damit zum ersten Mal ermdglicht, die tatsachliche Ausrichtung eines beobachteten Mag-
netfeldvektors ausschlief3lich geometrisch zu bestimmen.
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1 Introduction

1.1 Magnetism on the Sun

The Sun is a typical G2V-type main-sequence star, with a radiés of 6:957 108 m,
mass ofM = 1:9885 10*°kg and luminosity ofL = 3:828 10?°W at the centre of
the solar system (Prsa et al. 2016). Consisting of free electrons and ions, particularly
ionized hydrogen (74.38%) and helium (24.23%) with trace amounts of heavier elements
(1.39%) (Asplund et al. 2021, Buldgen et al. 2024) the Sun is a massive ball of hot plasma
whose continuous energy output sustains life on Earth. This energy is provided through
stellar nucleosynthesis in the core of the Sun, where local conditions with a density of
= 150gcm?® and temperature of = 15 1CPK are su cient to support the fusion
of hydrogen. This is predominantly done through the proton-proton chain with a minor
contribution from the CNO-I cycle. Starting with hydrogen ions, the proton-proton chain
consecutively fuse¥H into 2H, *He and eventuallyHe, with gamma-ray photons, neu-
trinos and heat in the form of excess kinetic energy as additional fusion products (Bethe
1939). The neutrinos barely interact with the solar plasma aedtesely leave the Sun
without hindrance. The gamma-ray photons, on the other hand, are estimated to have a
mean free path length of less than a millimetre in the core, which starts a long random
walk-like journey of absorption and re-emission through the Sun as depicted in Fig.: 1.1.
Leaving thecore at about 0.2 R or 140.000 km, the photons continue to be scattered

Figure 1.1: Schematic 2D slice through the solar interior showing the core, radiation zone
and convection zone.

13



1 Introduction

through theadiation zone, where the energy transport is entirely dominated by radiation
until the large temperature gradient in the outer layer of the Sun breaks the Schwarzschild
criterion for stability against convection

! !
dinT’ g dinT’
dinp dinp 4

lMNad < T ad= (1.1)

rad
and the radiative gradient,,q becomes larger than the adiabative gradiegi (e.g.
Hubeny and Mihalas 2015).

This transition happens around 0.71& 500.000 km, which marks the beginning of
the convection zonethat extends to around 700.000 km. The convection zone is char-
acterized by the large convective motion that transports the hot plasma from the lower
boundary layer with the radiation zone to the upper boundary, during which the plasma
cools enough to descend back into the solar interior. The convection dramatically speeds
up the remaining journey of the photons until they reach the low plasma density at the up-
per boundary of the convection zone, from where the quickly increasing mean free path
length allows them to escape the Sun (e.g. Christensen-Dalsgaard 2021). This creates an
optical surface at the bottom of the so-callgubtosphere which is an approximately
500 km thick layer from where most of the visible light of the Sun emerges.The entire
journey from the core takes the photons an average of about 170.000 years, during which
the distinct energy of the original gamma-ray photons smears into the familiar continuous
spectrum and the energy loss from the scattering process moves the peak into visible light.

While the Sun has billions of counterparts across the galaxy, its proximity to Earth
makes it unique as the only spatially resolved star, which enables us to investigate the
photosphere in detail. Driven by the underlying convection, most of the solar surface is
covered in a pattern afranulation cells. Each granule has a bright centre where hot
plasma rises from the convective zone below before it cools down and descends in the
darkerintergranular lanes. These lanes separate neighbouring granulation cells, where
each cell grows to about® 2 Mm in size, moves in a horizontal velocity range between
200 300m s!and a persists for a lifetime of about 5 minutes (Nordlund et al. 2009).

This comparatively small-scale granulation is embedded in the largessgadegran-
ulation, a much fainter low contrast granulation pattern that emerges on scales of about
30 Mm with lifetimes between 13 days (Hirzberger et al. 2008) and much slower veloc-
ities at about 50-100 m & (Rieutord and Rincon 2010). Compared with theatiential
rotation that causes equatorial latitudes to rotate about 30 % faster than their polar coun-
terparts (Howe 2009) and pole-ward transport of solar plasma caused by the meridional
ow (10-25m s 1) (Miesch 2005, Rightmire-Upton et al. 2012, Zhao et al. 2013), the
granulation and supergranulation are the dominant plasma ows that shape the solar sur-
face. Regions of undisturbed granulation, outside any magnetic in uence, are called the
quiet Sunand make up most of the solar surface.

The granulation is only interrupted in areas where magnetic elds emerge from deeper
layers of the Sun. Looking at ows below the surface, one nds that electrically conduc-
tive plasma driven by convective motion and eiential rotation creates strong inductive
action that sustains the solar dynamo in the convection zone (e.g. Balogh et al. 2014).
Magnetic buoyancy then lifts the resulting magnetic ux tubes to the surface, giving rise
to various surface features. Figure 1.2 shows a typical observation of a magnetically active
region that contains the most common photospheric structures.

14



1.1 Magnetism on the Sun

Figure 1.2: A Hinode G-band image of sunspot AR 10953, acquired at 10:10:16UT, 2
May 2007

Due to their size and the resulting ease of observation, visually dark regions known
as sunspotsare the most dominant and oldest known feature in the photosphere, with
observations dating back to as early as 28 B.C. Much later, the rsttelescopic observations
at the advent of the 17century revealed their structure, which consists of a central dark
region, theumbra and radially oriented laments called tipenumbra. Smaller sunspots
that form without a penumbra are callpdres(e.g. Solanki 2003). In both, the convective
motion in the granulation is suppressed by the emerging magnetic eld, which inhibits the
ongoing heat transfer from deeper layers. This leads to a decrease in temperature, cooling
the umbra to eective temperatures in the rangeTef = 3900 4800K, compared to
Te = 5780K in the quiet Sun. The ective temperature in the penumbraTis =
5400 5500K. Consequently, the total radiation emitted by the umbra and penumbra is
reduced to about 20 % and 75 % of the quiet Sun intensity (e.g., Makita and Morimoto
1960, Zwaan 1968, Maltby and Mykland 1969, Maltby 1970, 1972, W6hl et al. 1970, Bray

15



1 Introduction

Figure 1.3: Vertical slice through a sunspot, demonstrating how the emerging magnetic
eld inhibits convection.

1981). Sunspots typically emerge in the form of bipolar regions of opposite magnetic
polarity and can reach magnetic eld strengths in the kilogauss range (Solanki 2003).
Depending on the progression of the solar cycle, they initially emerge at medium latitudes
between 30 40 in the early cycle and appear at low latitudes 510 during the
late stages of the solar cycle (Carrington 1858, Sporer 1880). The detailed process is
illustrated in Fig.: 1.3.

Surface magnetism also appears on smaller scales in the fobrightt points in
the intergranular lanes (Mehltretter 1974). In the quiet Sun, convective ows transport
magnetic ux from the interiors of granulation cells to the intergranular lanes (Simon et al.
1988, Title et al. 1989), where it concentrates into small, mostly vertical eld elements.
This passive advection is swcient to form observable ux concentrations for the weakest
internetwork bright points (Martinez Gonzalez and Bellot Rubio 2009). For the majority
of photospheric bright points, particularly those in active and network regions, kilogauss
eld strengths are reached through convective collapse (Parker 1978, Spruit 1979, Nagata
et al. 2008) in combination with other magnetic ampli cation processes, such as granular
compression and merging of neighbouring bright points (Keys et al. 2020). Generally, the
intergranular down ow leads to a concentration of vertical elds, which suppress further
lateral in ow of new hot plasma. This partly evacuates the volume over the intergranular
lanes, decreasing the local pressprand thereby compressing the magnetic region until
the newly formed ux tubes support the local pressure against the external gas pressure
Pe, Maintaining the pressure balance:

BZ

Pe=Pi * 2, (1.2)

The low-pressure environmept above the intergranular lane causes a depression in the
iso- plane, which de nes the optical surface, thus exposing the hot walls of the adjacent
granules in the process. Radiative losses from the wall heat the ux tube (Spruit 1976)

16



1.1 Magnetism on the Sun

which makes them observable as the photospheric bright points at disk centre (Deinzer
et al. 1984, Riethmduller et al. 2010). Observation at inclined angles near the solar limb
directly exposes the hot walls, which appear as extended bright structures in the inter-
granular lanes callethculae (Berger et al. 2007). Magnetically active areas with large
accumulations of bright points or faculae are knowmplageregions.

Within the supergranulation cells, the mixed-polarity elds from bright points form
themagnetic internetwork, an environment rich with small-scale magnetic elds (Orozco
Suarez et al. 2007). Over time, these magnetic elements are transported outward toward
the supergranular cell boundaries by a combination of short-timescale chaotic motions
driven by granular ow and systematic advection by the large-scale supergranular ows
(Orozco Suarez et al. 2012, Go%t al. 2014). Together with the magnetic ux of de-
caying and dispersed active regions, the concentrated bright points form the large scale
magnetic network (Solanki 1993, de Wijn et al. 2009), which provides a photospheric
anchor for magnetic structures that reach high into the upper layers of the solar atmo-
sphere (Wedemeyer-Bohm et al. 2009).

Given its role as the solar surface layer, the photosphere also forms the boundary
between the solar interior and its atmosphere. Moving up from the surface, the plasma
density decreases exponentially

(@= oexp zH; ; (1.3)

with temperaturd’, atmospheric heigltandH, / T as the pressure scale height ranging
between 18km in the photosphere and 4@m in the corona. The temperature shows

a more complex progression, where local minima or sudden jumps mark the transition
between the dierent atmospheric layers. Figure 1.4 shows an idealised, horizontally av-
eraged 1D representation of such a temperature pro le (Athay 1976). The real solar atmo-
sphere is far more complex and structured, as partly captured in updated semi-empirical
models (Vernazza et al. 1981, Avrett and Loeser 2008) and much more complete modern
3D radiative MHD simulations.

Together, the density and temperature pro les shape the development of the plasma
energy density, which is markedly dérent to the change in magnetic eld energy den-
sity. This gives rise to various plasma domains where the dominating force between the
magnetic and the gas pressure changes with increasing height. The resulting domains
are described by the plasma parametewhere > 1 indicates that the gas pressure
dominates over the magnetic pressure (Gary 2001):

plasma pressure_ 16 nk,T
magnetic pressure B2

(1.4)

with the magnetic eld strengttB, the particle density, Boltzmann constank, and
temperaturd .

Looking at the boundary of the plasma-dominated 1 upper photosphere and the
lower chromosphere the horizontally averaged temperature rst reaches a local mini-
mum, before rising again through the chromosphere. In active regions, the stronger mag-
netic elds drive below unity already in the lower chromosphere, making it magneti-
cally dominated. In the quiet Sun, howeverapproaches or drops below unity only in
the mid-to-upper chromosphere, as the weaker elds there are misat to dominate

17



1 Introduction

Figure 1.4: Idealized temperature variation in theadent layers of the solar atmosphere,
adapted from (Athay 1976).

the gas pressure at lower heights (Gary 2001, Bourdin 2017, Rodriguez-Gémez et al.
2024). The rapid decrease in plasma density, described by Eq.: 1.3, causes the horizon-
tal cross-section of emerging photospheric ux elements to quickly expand to maintain
the pressure balance (see Eq.: 1.2). As a result of this expansion, nearby ux tubes of
equal polarity merge and reach higher atmospheric layers or bend into magnetic arches
to connect to adjacent ux elements of opposite polarity. Magnetic arches originating
from the continuous emergence of the small-scale mixed polarities in the magnetic inter-
network form themagnetic carpet(Title and Schrijver 1998), which maintain a mean
unsigned eld strength of 100-170 G in the quiet Sun internetwork (Trujillo Bueno et al.
2004, Danilovic et al. 2010), that is largely sustained by a small-scale turbulent dynamo
operating near the solar surface (Vogler and Schussler 2007, Rempel 2014).

Likewise, the stronger ux anchored in the magnetic network between the supergran-
ular lanes produces the higher arches ofrtfagnetic canopy a layer of nearly horizontal
eld in the lower-to-mid chromosphere, where the expanding network ux tubes merge
and spread laterally over the internetwork cells (Solanki and Steiner 1990)

Both structures are examples of scale invariance and self-similarity in magnetic eld
patterns and distributions on the Sun (Sten o and Holzreuter 2002, 2003) and the same
basic physical processes also create the magnetic structuredortivea. Flux concen-
trations continue to expand upward through tfansition region as wideningcoronal
funnels (Gabriel 1976), before they either close back down odmnal loopsor, where
the surrounding ux is predominantly unipolar, remain open and feed into the ¢grgye-
eld regions known asoronal holes These coronal holes cannot con ne plasma and
therefore appear dark in EUV observations (Altschuler et al. 1972, Munro and Withbroe
1972, Cranmer 2009).

Connecting polarities from the strongest photospheric magnetic elds in active regions

18



1.1 Magnetism on the Sun

Figure 1.5: (a) EUV observation of a coronal loop, (b) eclipse observation with helmet
and pseudo streamers (Scott et al. 2021)

form loops that enter high up into the solar atmosphere. These coronal loops harbour
magnetic ux densities that vary strongly with height: low-lying hot loops in the cores of
active regions can reach values of 60-150 G (Brooks et al. 2021), while the eld strength
at the apex of larger loops drops to only a few 80 G at heights of 0.1 R above the

limb (Lin et al. 2000, 2004). The hot plasma carried in these loops makes them distinctly
visible in EUV observations, as shown in Fig.: 1.5a.

On a global scale, the solar magnetic eld resembles a dipole in its most straight-
forward con guration during solar minimum. The particular orientation of this dipole
depends on the progression of the 11-year solar cycle and changes in its course. Gen-
erally, most eld lines from the northern hemisphere connect to those of the opposite
polarity in the southern hemisphere and createuwiral line where the vertical magnetic
ux changes its sign along the equator. During solar minimum, eld lines at high lati-
tudes are often open, meaning one footpoint is rooted in the solar surface while the eld
extends into the heliosphere without closing back on the Sun. Coronal holes are then
typically concentrated around the polar cap from where they can extend downlei-60
itude and cover about 20 % of the Sun (Cranmer et al. 1999, Belenko 2001). However,
near solar maximum, polar coronal holes shrink and disappear as the global eld reverses,
and high-latitude elds become predominantly closed (Lowder et al. 2017). In this stage,
the large-scale eld still resembles a dipole at suiently large distances, but the dipole
axis tilts strongly toward the equatorial plane and higher-order multi-poles can become
comparably signi cant near the solar surface (Smith 2001, Owens and Forsyth 2013). At
low latitudes, the emerging bipolar magnetic elds of active regions can heavily distort
the shape of the neutral line and shift it far from the equator. In addition, coronal holes
are not restricted to the polar caps but appear in patches all over the surface down to the
activity belt below 45 latitude (Wang and Sheeley 2002).

Fields adjacent to the neutral line form nested loops that reach high into the upper
corona, where the hot and expanding out ow of plasma elongates the topmost layers of
the arcade as they are carried along with the solar wind. The result is a magnetic large-
scale structure with a cusp-like base and a narrow radial stalk. Together they form the
helmet streamersand are visible in white light emissions of Thompson scattered light
observed by coronagraphs (Billings 1966, Newkirk 1967). They cover the entire extent
of the neutral line forming the so-callesireamer belt Reconnection of the radial eld
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1 Introduction

lines in the stalk of the helmet streamers expels bubbles of plasma into the solar system,
making the streamer belt one of the sources ofdlogy solar wind (Wang et al. 1998,
Einaudi et al. 1999, Lapenta and Knoll 2005).

Coronagraph observations also reveal similar structures outside the streamer belt.
These so-calleghseudo streamersform high above coronal holes (Wang et al. 2007,
Scott et al. 2021), from where open eld lines of equal polarity create narrow radially
outward structures that feed a constant stream of solar plasma in the fdast gblar
wind into the heliosphere (Zirker 1977, Wang et al. 1996). Examples of such a helmet
streamer and pseudo streamer can be seen in Fig.: 1.5b.

The radially outward directed eld lines above both helmet and pseudo streamers il-
lustrate a general transition in the outer corona. While the large-scale structure of the
lower corona can be approximated by a force-free potential eld shaped by photospheric
boundary conditions, the kinetic energy of the out owing solar wind increasingly domi-
nates at greater heights and forces eld lines to open up and become radial. Coronagraph
observations have shown this to typically happen at a distance of about 2-SBlfatten
et al. 1969, Altschuler and Newkirk 1969).

Combining the radially outward eld shaped by the solar wind and the Sun'’s rotation
gives rise to the spiral structure of the heliospheric magnetic eld known aBdhieer
spiral (Parker 1958, Weber and Davis 1967). During magnetically quiet periods, this
spiral geometry largely governs the magnetic connection between the Sun and other bod-
ies in the solar system. However, particularly in more active periods, the position of the
heliospheric current sheet relative to a planet's orbital plane and transient events such as
coronal mass ejections can equally dominate these interactions (Smith 2001, Owens and
Forsyth 2013). The atmospheric height at the origin of this heliospheric eld is described
by the potential eld source surface (PFSS), which derives its name from the approxima-
tion of the magnetic eld by a scalar potential that satis es the Laplace equation (see Sec.:
4.1). Itis commonly used as an inner boundary condition in magnetic eld extrapolations
that model the solar wind ow for space weather predictions (e.g. Usmanov 1993, Linker
et al. 1999, Riley et al. 2001).

In this work, we are particularly interested in magnetic features in the photosphere
and their extrapolation into the solar system. The next section will introduce the physical
concepts required for remote magnetic eld measurements in the photosphere.

1.2 Magnetic eld measurements in the photosphere

Despite the Sun's proximity to Earth, direct observation of the photospheric magnetic
eld with in-situ measurements is still impractical and technically impossible for all in-
tents and purposes. For this reason, observation of the photosphere, like any other astro-
nomical object, is driven by remote sensing of the properties of the emitted light. While
the spectral distribution of the photons that initially enter the photosphere resembles a
rather ordinary continuum, interaction with the local environment through various physi-
cal processes reveals the atmospheric conditions along the photon path. The temperature
in the photosphere is sieiently low for recombination, which creates a mix of ions, neu-

tral atoms, and molecules compared to the otherwise fully ionized plasma of the solar
interior. As a result, photons at the characteristic wavelengths of the atomic population
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1.2 Magnetic eld measurements in the photosphere

will be absorbed and re-emitted, giving rise to thousands of absorption lines in the so-
lar spectrum. Depending on the direction of the electron transition, this either produces
absorption lines in case of electron excitation or emission lines for deexcitation. Due to
the negative temperature gradient in the photosphere, all emissions are reabsorbed along
most lines-of-sight except some limb observations, leaving the solar spectrum devoid of
emission lines. Spectral lines with high sensitivity to temperature are of particular interest
as their highly constricted formation height makes it possible to probe speci c layers of
the Sun. In addition, the strong strati cation of the thermal environment in the photo-
sphere and the relatively low mean free path lengths with the resulting frequent collisions
of the gas particles, allow a description under the frameworklotal thermodynamic
equilibrium(LTE) (e.g. Stix 2004). This signi cantly simpli es the determination of the
thermodynamic state of a local volume at a given point in the photosphere, which can now
be approximated by a single temperature, particle motion following a Maxwellian velocity
distribution, a description of the atomic states with the Saha and Boltzmann equations and
a general local radiation eld given by homogeneous and isotropic black body radiation
as described by the KirchhePlanck law (see Sec.: 1.2.4).

The local temperature, gas motion and magnetic eld strength atethe shape and
position of the observed spectral lines. This chapter will explore such proxy measure-
ments to let us determine the magnetic eld and other physical quantities relevant to the
photosphere's thermodynamic state.

1.2.1 Doppler e ect

The e ect of gas motion on spectral lines is two-fold and can be split into a microscopic
and macroscopic component. Let us consider a spectral line that forms in a gas in LTE
conditions. On a microscopic level, from the perspective of the atoms, the frequency of
absorbed photons is Doppler-shifted due to the Maxwellian distributed thermal motion.
This absorption of additional wavelengths around the characteristic wavelength causes a
broadening of the spectral line that follows the shape of a Gaussian pro le. The magnitude
of this e ect is described by thBoppler width v, which is represented in the units of a
velocity, r
ZkBT + 2 = pC
m mic 0
with the Boltzmann constar, temperaturd’, atom massn and the ad-hoc parameter
mic for themicroturbulence velocityThe latter includes small-scale motions at less than
the mean free path length. The Doppler width depends on the temperature of the medium
and is highly speci c to the atom mass, resulting in a characteristic appearance for each
species of ions. Alternatively, the Doppler width can also be converted from its descrip-
tion as spectral broadening p in the right expression, wherg is the central wavelength
of the spectral lineg speed of light.
On a macroscopic level, convective motion in granulation and on larger scales super-
granulation andp-mode oscillation caused by surface waves reach ow velocities of up
to a few knis which introduces a signi cant displacement of the spectral line through
the non-relativistic Doppler eect. The magnitude of this shift is described by

Vp = ; (1.5)

Vios
= = X 1.6
0= o (L6)

21



1 Introduction

with the Doppler-shifted wavelength the wavelength at ress, line-of-sight velocity of
the observed volume of gag,s and the speed of light

Given the nature of photospheric observations, up- and down ows are often super-
imposed in spatially unresolved motions, leading to overlapping blue- and red-shifts that
introduce line broadening in the form wfacroturbulencgsimilar to the microscopic case.
Additionally, in granulation, an asymmetry arises from the correlation between velocity
and brightness. Hot rising plasma in granule centres is both brighter and blue-shifted,
while cool sinking plasma in the intergranular lanes is darker and red-shifted. Since the
two contributions are weighted by their brightness, the blue-shifted component dominates
the observed pro le, producing a characteristic asymmetric line shape (Nordlund et al.
2009). Velocity gradients along the line-of-sight introduce a further asymmetry, as di
ent atmospheric heights contribute to the same spectral line shift leyatit amounts.

1.2.2 Zeeman eect

Originally predicted by Henrik Antoon Lorentz, the Zeemareet was experimentally
con rmed by the Dutch physicist Pieter Zeeman who investigated the behaviour of NaD
lines in magnetic elds, earning them the 1902 Nobel Prize in Physics. Zeeman initially
noticed a line broadening and later observed a full split of the spectral line, where each
wing appeared to be circularly polarized in opposite directions when the magnetic eld
was oriented towards or away from the observer (Zeeman 1897a,c,b,d). The same circular
polarisation was later observed in sunspots and associated with the ZeesshbyHale
(1908a). Quickly con rmed by Zeeman (1908)he behaviour of the spectral line emit-
ted in these circumstances by iron vapour between the poles of an electromagnet cannot
be distinguished from the radiation of iron vapour immersed in the interior of a Hale "so-
lar vortex™ at the distance of 149 million kilometey$heir work gave birth to the remote
sensing of magnetic elds on the Sun (Hale 1908b). While the Zeemantavas only
understood in the classical Lorentzian description when it was rst discovered, the rele-
vant concepts for this work will be introduced with the quantum mechanical formalism.
An in-depth derivation and discussion on the Zeemagce can be found in Sobel'Man
(1973), del Toro Iniesta (2003).

At the root of each spectral line are atomic energy levels de ned by the observable for
the orbital angular momentuin the spin angular momentugand their respective quan-
tum numberd. andS. In this descriptionL consists of the individual angular momenta
coupled by the Coulomb interaction between the electrons Sazaibines the individ-
ual spin angular momenta coupled by the electron spin-statistics. In additiangd S
are also coupled by the spin-orbit interaction between the nucleus and electron caused by
the magnetic eld from the positively charged nucleus in the rest frame of the moving
electron. Together they form tHe5 or Russel-Saunders coupling scheme, which lets us
quantify the energy levels of the electron transitions at the core of line formation through
the total angular momentuthand the quantum numbeér

J=L+S (1.7)

The HamiltoniarH o then describes the total energy of such an atomic system. Its eigen-
valueE; corresponds to the speci c energetic stated olvhich are (3+ 1)-fold degener-
ate without additional outside in uence. Applying an external magnetic Rldtroduces
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a small perturbation to the energy levels of the unperturbed Hamiltonian
H =Ho+Heg: (1.8)

In its rst-order approximation, the Eigenvalue of this new magnetic term can be written
asEg = gMB, with the Bohr magnetong = ~e=2m,, Landé factor of the line transi-

tion g, magnetic eld strengttB and the magnetic quantum numbdr= J; ::;;0; ::;;+J.
Likewise, the total energy state of an electron in such conditions is then obtained from the
eigenvalue

~e
E;m = E;+ —gMB 1.9
IM J 2meg (1.9)

with ~ = h=2 , elementary charge and electron mass,. Due to the dependency on
M, the resulting energy levels are now split intd 2 1 sub-levels thereby completely
removing the degeneracy of the unperturbed statds;ofunder the assumption @fS
coupling, the Landé factay can be calculated by

_§+ S(S+1) L(L+1)
) 2J(J+ 1)

Ois (1.10)

which together wittB determines the absolute magnitude of the spectral line split (Landée
1923, Uhlenbeck and Goudsmit 1925, 1926). Depending on the quantum numbers in-
volved in a transition between two energy levels, the resulting spectral line can split in
several ways, from no split for magnetically insensitive lines to producing either Zeeman
triplets or multiplets.

Let us assume the simplest case ofitleemal Zeeman eect. Here, the total angular
momentum is restricted to 0 or 1 and the Landé factor for the upper energy level is unity.
The resultis a classical Zeeman triplet where one of the levels splits into 3 distinct states as
shown for the’Py $ °D, Fe | transition at 617.3 nm in Fig.:1.6. The possible transitions
between the lower level and upper leve$ u are de ned by the change in magnetic
guantum number, where the following values fon are allowed
8
g+1=
g

blue

M=M, M= (1.11)

b O R
1

red-

TheM = 0 transitions are the so-calleccomponents and th = 1the components,
with M = +1 producing the higher energetic blue-shifted wing,. andM = 1 the
lower energetic red-shifted wing,eq (See Fig.:1.6).

The general case without the restriction of a non-zero §pis calledanomalous
Zeeman eect. Despite the name that stems from the complex line split initially not being
understood in the classical description, it is the rule rather than the exception for most
spectral lines. The result is Zeeman splitting with an arbitrary number of components
depending on the values dfandg for the particular transition.

The®P, $ °D, Fe | transition at 630.15 nm is an example of the anomalous Zeeman
e ect used for magnetic eld detection. This transition comes with tweedént Landé
factors and an angular momentumbf 2 for each energy level, producing a total of
13 di erent components as shown in Fig.: 1.7. The resulting line shiftf a particular
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Figure 1.6: Normal Zeeman ect in the neutral Fe | 6173.3 A line.

| $ utransition is given by

1
= 0- oé 1% (112)
1+ 228 (uMy  giMy)

where ( describes the reference wavelength of the non-magnetic case and the subscripts
indicate the di erent Landé factors and quantum numbers for the two levels.

Sometimes it can be convenient to simplify these often complex pro les with a rst-
order approximation that replaces the actual Zeeman pattern with the so-cakadive"
Zeeman triplet. For this, we de ne the ective Landé factog.s (Shenstone and Blair
1929)

it = 5@+ )+ 3@ )L+ D) I+ 1) (113)

which is then used to calculate theextive line shift  between the centre of gravity of
the components, , and the reference wavelengths

L . eBj 114
| 01_40”19 Oett (1.14)

The validity of this approximation depends on the eld strength and splitting. It is partic-
ularly useful for cases wher® and the splittings are small enough to rely on rst-order
approximations and the and components do not interlace. In general, thedive
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1.2 Magnetic eld measurements in the photosphere

Figure 1.7: Anomalous Zeemanect in the neutral Fe 1 6301.5 A line.

Landé factor provides a metric for the magnetic sensitivity of spectral lines, where large
Oet ¢ Will produce stronger line splits argls+ = O remain completely unacted.

So far, we have only discussed the line shift of the Zeematk but photospheric
eld strengths are rarely large enough to produce splits that can reliably be distinguished
from the e ects of Doppler broadening. Fortunately, in addition to the shift in wavelength,
the emissions of the and components are also distinctly polarized as shown in Fig.:
1.8.

Emissions along a longitudinal line-of-sight parallel to the magnetic el il
produce right-handed circular polarized light for thgy and left-handed polarized light
for the e cOmponent. The component is linearly polarized along the direction of
the magnetic eld and not visible in this orientation. Rotating the line-of-sight byt80
observe from a transversal direction in tkegeplane perpendicular to the magnetic eld
reveals the previously invisiblecomponent. From this perspectivgeq and e appear
linearly polarized at opposing phases in an orientation perpendicular to the magnetic eld
and their components alongandy make up the circular polarisation seen from the
direction. Observations from any other arbitrary direction result in some form of elliptical
polarisation.

Observing the Zeeman ect in polarized light thus not only eliminates the ambiguity
with Doppler broadening but also allows solar physicists to retrieve the orientation and
magnitude of the magnetic eld at a distance. In practice, spectral lines used for magnetic
eld observations are not only selected for their high magnetic sensitivities and simple

line split but ideally are also surrounded by an otherwise line-free clean continuum.
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Figure 1.8: Polarisation of the Zeeman componentand . Adapted from (Landi
Degl'Innocenti and Landol 2004)

Having established the fundamental principles of the Zeemaatethe rest of this
section will introduce a mathematical framework for describing polarized light that ulti-
mately enables its practical utilization for magnetic eld measurements. Starting with the
Stokes formalism and its easy application for longitudinal magnetic eld measurements,
the rest of the section will be dedicated to measuring the full magnetic eld vector through
inversions of the radiative transfer equation.

1.2.3 Polarisation of light
1.2.3.1 Fundamental principles

Light, or more generally, electromagnetic radiation are waves in the electromagnetic eld
characterized by synchronous oscillations of the electric eld veEtand the magnetic
eld vector B as shown in Fig.: 1.9. The oscillation planes of two vectors are oriented
perpendicular to each other and the direction of propagaieasulting in a transverse
wave with wavelength de ned by the oscillation of the eld components. Considering
that materials in optical components usually interact with light by manipulating the elec-
tric eld, this work follows the modern convention of de ning the plane of polarisation as
the plane containing the electric vectors and the direction of propagation.

Natural light created from uncorrelated emissions of blackbodies is generally unpo-
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1.2 Magnetic eld measurements in the photosphere

Figure 1.9: Example of an electromagnetic wave with wavelengthpsopagating to
the right. Electric component (red) in plane of drawing; magnetic component (blue) in
orthogonal plane b (Francois frwiki 2021).

larized. Even though every photon is fully polarized, their random polarization direction
results in unpolarized light when combined in stient numbers, and this is generally the
case. Physical processes from interaction with the traversed medium can then introduce
additional polarisation. In the case of the Sun, the photosphere can be considered a black-
body and interaction with the photospheric magnetic elds introduces partial polarisation
through the Zeeman ect. In an experimental setup, the polarisation state of light is typ-
ically altered by wave plates using birefringent crystals or linear polarizers in the form of
dichroic crystals and polarizing beam splitters.

A commonly used method to describe partly polarized light is the Stokes formalism.
Originally introduced by Stokes (1851), the four-dimensiobelkes vectoB describes
the polarisation of light based solely on intensity measurements of the incoming wave
train. The polarisation state of the analyzed light is thereby fully characterized in the
form of the four parameteirs Q, U andV:

A

| = total intensity of the beam

" Q= linearly polarized ligh{ =0) linearly polarized ligh{ = 90)

" U = linearly polarized ligh{ = 45) linearly polarized ligh{ = 135)

" V =right circularly polarized (RCP) light left circularly polarized (LCP) light

with all polarisation patterns de ned in tHg,; E,-plane and = 0 aligned with the pos-
itive E, axis for a head-on view of the propagating wave alongztagis. For circular
polarisation, the right-circular is de ned as clockwise and the left-circular anti-clockwise
rotation in the direction of the wave propagation. The exact orientation of the four com-
ponents is illustrated in Fig.: 1.10.

Given the time-integrated nature of intensity measurements, the Stokes parameters are
typically not described as wave trains at a single instant but rather as averages integrated
over the observation time. Expressing), U, V in terms of the amplitudes of the electric

elds gives Eq.: 1.15 where the angle brackets indicate the time averagestite phase
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Figure 1.10: Visual representation of the vibration for the Stokes parantgterandV.

shift between thé&, andE, component.

I hEZ + EZi
_EE_B EZ Eii
S= ~ BREE,cos | (1.15)

ExEysin i

With this in mind, the four Stokes parameters can be used to de ne the ratio of polarized
and unpolarized light as the total polarisation degree

S

2 U 2 \Vj 2
P= I—Q + |_ + I— (116)

whereQ = U = V = 0 results in unpolarized lighp = 0 andl? = Q?+ U? + V2 or
p = 1 for fully polarized light. Separating the parameters for linear polaris&giendU
from the circular polarisatioN allows to split the polarisation into the linear polarisation

degreepi .
2 U 2
Din = (|—3 = (1.17)

and the circular polarisation degrpg:.

(1.18)

Vv
Peirc = T :
In practice, changes to the natural polarisation by the instrument used in the measure-
ment process must also be considered. The Mueller calculus provides a mathematical
framework for polarisation eects introduced by the interaction with each optical com-
ponent along the optical path from the entrance pupil to the detector. Therefore, each
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component such as a linear polariMyp

10
1 10
M p = > 0 0 (1.19)
00
or a linear retardeM get
0 0 0
3 1 0 0
Mpet = 0 +cos +sin (1.20)
0 sin +cos

can be expressed as a Mueller matrix and by combining tleete of all optical compo-
nents one can obtain a characterization of the entire optical sygtem

M=M; My, Mg i Mg (1.21)

Simple matrix multiplication with the incoming Stokes vec8y describes how the opti-
cal system alters the polarisation stat&Stg.

Sout = M Sm (1.22)

1.2.3.2 Polarimetric modulation for magnetic eld measurements

Instruments measuring polarisation use some combination of linear retarders and polar-
izers that can select speci ¢ polarisation directions to determine the Stokes vector, with
the basic layout for such an instrument shown in Fig.: 1.11. In practice, natural light

Figure 1.11: Schematic representation of a prototype instrument aimed at measurement
of the Stokes parameters. Adapted from Landi Degl'Innocenti and Landol (2004)

entering the telescope,, is modulated with known linear combinations of polarisation

states described by the instrument-speci ¢ modulation mdrixin modern instruments,
this modulation is typically achieved by rotating quarter-wave plates (Borrero et al. 2007,
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Schou et al. 2012a) or liquid crystal variable retarders (LCVR) (Solanki et al. 2020). The
results is a measurement of linear combinatibgg of the Stokes parametersQ; U; V:

Lobs = M lsun (1.23)

The inverse of the modulation matrix, the so-called demodulation mBtrix M 1, is
then applied td_o,sto obtain the observed Stokes vedigi from the combined polarisa-
tion state.

lobs = D Lops = DM lgyn (1.24)

Extending measurement of the Stokes parameters to probe spectral line pro le as a func-
tion of wavelength is known aspectro-polarimetry Figure 1.12 shows the distinct line
shapes foil; Q; U andV produced by the magnetic interaction with the Zeemaace

These pro les are also known &tokes pro lesand represent the foundation for mag-
netic eld measurements. As described in 1.2.2, polarisation caused by the Zeeewn e

Figure 1.12: Spectral line shape for the Stokes paramétgy,sQ=l., U=, andV=l, for

the Fe I line at 5206 nm. Di erent lines represent dérent magnetic eld strengths at

a magnetic inclination and azimuth of 45r'he pro les are normalized to the continuum
intensityl. to show relative strength. Adapted from Orozco Suérez and Del Toro Iniesta
(2007)

is sensitive to the orientation of the magnetic eld, with longitudinal elds producing the
circular polarisation along the line-of-sight, i.e. the Stokesignals and traversal elds
producing strongQ and U signals. In the simplest case, StoHeandV can serve as
proxy measurements to obtain the line-of-sight magnetic eld through an MDI-like algo-
rithm (Couvidat et al. 2016), designed after the algorithm used for the Michelson Doppler
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Imager (MDI) aboard the Solar and Heliospheric Observatory (SOHO) (Scherrer et al.
1995). Therefore, a retarder i.e. a quarter-wave plate converts circularly polarized light
into linearly polarized light which can then be measured through a linear polarizer as a
linear combination of + V andl V. The obtained line pro le then allows us to express
the line shift present in Stokas as a Doppler velocitie¥rcp andV, cp from which the
line-of-sight magnetic ux densityB can be estimated as

B=(Vicp Vrcp) Knm (1.25)

with K, = 1:0(20 4:67 10° gg.c) = 0:231Gm's, g = 2:5is the Landéy-factor,
andc is the speed of light (see Norton et al. 2006).

Extending the spectro-polarimetric measurement to include all four Stokes pro les
sets the foundation for remotely sensing the magnetic eld vector and thermodynamic
state of light-emitting plasma through the physics of radiative transfer.

1.2.4 Radiative transfer
1.2.4.1 The radiative transfer equation

Having introduced the most relevant physicakets for remote sensing magnetic elds,

it is now crucial to understand how radiation interacts with the photosphere if we want to
unlock the diagnostic potential. Following the structure in Choudhuri and Smoot (2011),
let us consider thepeci ¢ intensity | (r;t; A) for a positionr and directionh at timet.

An amount of radiatiomlE d in the frequency interval, +d passing through a small
surface elemerd A from the solid anglel in time dt can generally be written as

dE d =1 (r;t;n) cos dAdtd d; (1.26)

where is the angle between the surface normat Afand the observed directian This
relation provides a full description of the radiation eld of a volume at a timeé iis
speci ed for every direction at each point in that region.

In a simpli ed scenario with an isotropic and time-independent radiation eld in ther-
modynamic equilibrium, it can be shown that the energy density is described by the spe-
ci c intensity of blackbody radiation as given by Planck's law (Planck 1900a,b) for a
frequency and temperaturé

3
B (T) = % 1
ekBT

; (1.27)

with the Planck constarft, Boltzmann constarkz and speed of light.

Having established a physical description of the speci ¢ intensity, we are now inter-
ested in its change along a ray p&hSincel is a measure of surface brightness, it will
stay constant while propagating through empty space

di

— =0 1.28

s (1.28)

The presence of matter along the path changes this. Irradiated matter can either emit ad-

ditional energy and add tio through the emission coecientj or absorb energy propor-
tional tol through the absorption coeient . Thus the change of speci ¢ intensity
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can be described in the form of

which is also known as theadiativetransferequation (RTE). The RTE allows for fairly
simple solutions for either absorption or emission-free atmospheres.

Let us focus on the absorption properties and consider the solution for the special case
of passing through an emission-free atmosphere. Neglecting emission by $etting
and integrating the remaining term along a path fr®ro s gives

n Z #

| (9) =1 (x) exp ) L de : (1.30)

S

The exponent allows us to introduce the concepoptical depth  as the absorption
along a ray path

= s d¢ (1.31)

or more generally as
d = ds (1.32)

Thus we can write the solution for the simpli ed case of an emission-free atmosphere as
I ( )=1(0)e (1.33)

which shows that the speci c intensity will decrease exponentially withThe optical

depth can be used to classify the absorption properties of a medium. A medium is consid-

eredoptically thick(opaque) for >> 1 if all light is absorbed along a ray path through

it. If light passing through the medium does not decrease much in intensity, k& 1,

it is consideredptically thin(transparent). As the name suggests, optical depth can also

be utilized as a spatial coordinate commonly used for simulations of the solar atmosphere.
De ning the source functionS as the ratio of the emission coeient to the absorp-

tion coe cient

s =1 (1.34)

and using the concept of optical depth from Eq.: 1.32 allows to rewrite the radiative
transfer equation in its alternative form

di

=1 s (1.35)

Assuming a local thermal equilibriur®, can be described by the Planck function, which
together with Eq.: 1.34 forms Kirchhds law (Kirchho 1860).

j= B (1.36)
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1.2.4.2 Formation of spectral lines

Proper treatment of the full radiative transfer problem is much more complex. In reality,
the emission coecient j is non-zero, and matter shows drent emission and absorp-
tion characteristics at speci ¢ frequencies that correspond to spectral lines. Optically thin
media typically produce emission lines while optically thick media in LTE conditions
show the attributes of blackbody radiation with absorption lines imposed on top, provided
the temperature decreases outward along the line-of-sight, as is the case in the solar pho-
tosphere. Where the temperature instead increases outward, emission lines appear even in
an optically thick medium. While an analytical solution to the radiative transfer is techni-
cally possible, it only exists for simpli ed models such as the grey atmosphere, which is
a stellar atmospheric model with frequency-independent absorptioncoeets.

If we want to understand the formation of spectral lines, a rigorous approach with
a non-grey atmosphere and proper quanti cation of a frequency dependent absorption
coe cientis necessary. For this, the absorption coent is split into actual atomic ab-
sorption and scattering as the frequency can change during re-emission but is preserved
in the scattering process. Finally, the assumption of blackbody radiation at uniform tem-
perature must be replaced by a local thermodynamic equilibrium, in which each volume
element emits as a blackbody at its own local temperaliige Since the temperature
varies with depth, the emergent spectrum is no longer a blackbody, but is shaped by the
temperature and opacity structure of the atmosphere. A thorough treatment of the radia-
tive transfer problem can be found in e.g. Mihalas (1978) but is beyond the scope of this
introduction.

Conceptually, line formation can be explained with separate absorptionote®s c
and | for the frequency ranges of the continuum spectrgnand spectral line_. Each
of these frequencies originates in the atmospheric layer where its optical depth reaches
unity, which can be described by the inverse of the absorption ciemt 1. Combined
with the aforementioned temperature gradient, this leads terdnt thermal environ-
mentsTc and T, at the origin of the speci ¢ intensities for the blackbody spectra of the
continuumB (T¢) and spectral lin® (T_). Given that the spectral line core is formed at
the lower temperaturé_ < Tc, the superposition of the speci c intensities for the contin-
uum and the spectral line results in the typical intensity dip of an absorption line as shown
in Fig.: 1.13. Thus, we can conclude that a temperature gradient will lead to spectral line
formation in stellar atmospheres. In the case of the Sun, the temperature reaches a min-
imum in the photosphere and increases again with the transition into the chromosphere.
For lines formed in LTE, this gradient reversal leads to the formation of absorption lines
in the photosphere and emission lines in the higher layers of the chromosphere. However,
many chromospheric lines, such Hs and the Ca infrared triplet, are formed under
non-local thermodynamic equilibrium (NLTE) conditions, where the source function de-
couples from the local temperature and is instead controlled by the radiation eld. These
lines therefore remain in absorption even in the chromosphere outside of energetic events
such as ares.

1.2.4.3 Polarized radiative transfer

Having established the radiative transfer theory and the polarisation of light, it is time to
combine the two with the Zeeman ect. This was pioneered by Unno (1956), who used
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Figure 1.13: Formation of an absorption line. Panel (a) shows thereince absorption
coe cients of the continuumc and spectral line . Panel (b) illustrates the line for-
mation by superposition of blackbody radiatiBn(T) originating at di erent depths and
temperature3c > T, (bold line). Adapted from Choudhuri and Smoot (2011)

the Stokes formalism to derive the RTE for polarized radiation and thus laid the foun-
dation of understanding how the magnetic eldexts radiation in the solar atmosphere.
Originally only considering absorption processes and the normal Zeenga, &Jnno's
formalism was later expanded by Rachkovsky, who rst added the in uence of magneto-
optical e ects (Rachkovsky 1962) and eventually provided a full magnetic description for
the anomalous Zeeman ect (Rachkovsky 1967).
Combining the Stokes formalism with the RTE in Eq.: 1.29 results in the generalized

form:

d = Kl+j; (1.37)

ds ’ '
wherel is the four-dimensional Stokes vector,

|
= (1.38)

] the emission vector anidthe total absorption matrix.

K= o(1+ ) (1.39)
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Separating the continuum from the line absorptidns split into a absorption coecient
c acting on the unity matrix and the line absorption or propagation matrix

| Q U \%

-g° ' v (1.40)
(U] \% I Q
\Y; u Q I

which consists of 7 independent coeients described by the following equations:
1 h i

=2 Sir? + vt g 1l+cO
1h b,

e = 72 et .4 SIP sin2
1h b

vo= 72 et .4 SIMP COS2
1 h [

v oS5 e g COS (1.41)
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The RTE acting on the Stokes parameters in Eq.: 1.37 together with the absorption co-

e cients of Eq.: 1.41 are commonly known as thieno-Rachkovsky equations The

matrix elements of are described by the absorption pro les, . ., and disper-

sion pro les e reg At the wavelength position of the Zeeman componentsy,e

and e¢. In addition, the magnetic eld geometry is provided in the form of inclination
and azimuth angle measured with respect to the line-of-sight. Together they com-

prise various elements of absorption, dispersion and birefringgicheoism which can

be decomposed into three separate matrices:

., 0 0 OB BO o u v 0
, 0 OE Bqo O O O U
o , 0B, 0o 0 o o (1.42)
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The diagonal absorption matrix acts equally on all four Stokes parameters, withdraw-
ing energy from all polarisation states as light passes the medium. The dichroism matrix
features the symmetric eaxis elements, which act each Stokes parameter diently,
thus describing a polarisation-dependent absorption. Last, the anti-symmetric dispersion
matrix describes magneto-optical ects which redistribute energy between the polari-
sation states. With this redistribution in mind, the RTE can generally be considered a
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conservation equation for light's energy and polarisation, which varies only due to emis-
sion, absorption, dichroism and dispersion.

We now need a description for the emission vegttw introduce the emissive prop-
erties of the medium. A general solution to the radiative transfer problem would require
a highly non-linear approach where the evolution of the radiation eld depends on the
material properties of the medium and the medium depends on the characteristics of the
radiation eld itself.

Fortunately, the assumption of LTE conditions is accurate enough to describe the for-
mation of spectral lines in the photosphere and thus iscgnt for measuring photo-
spheric magnetic elds. Consequently, all thermodynamic properties of matter can be
assumed to be in thermodynamic equilibrium with its environment, simplifying the de-
scription to the local values of temperature and density with the medium following a
Maxwellian velocity distribution and emission and absorption based on the atomic popu-
lation numbers as described by the Boltzmann and Saha equations (Boltzmann 1872, Saha
1920). We can therefore introduce the simpli ed emission veggatisfying Kirchho 's
law:

|
j= cB (T) S (1.43)

\%

Similar to the absorption coecient of the one-dimensional analog in Eq.: 1.36, this four-
dimensional version of features the Stokes parameter speci ¢ absorption @ients
from the rst line of the propagation matrix 1.40.

Compiling the above, we can formulate the radiative transfer equation for polarized
light under the assumption of LTE conditions in a plane-parallel medium:

| |+1 Q U
d +1
— BB e v 1.44
ds °B u v 1t1 (1.44)
v u Q |

The result is a system of four coupled drential equations, which can only be solved
numerically through RTE codes. Various such codes are available to the scienti c com-
munity with STOPRO (Solanki 1987, Frutiger 2000) being an example used in chapter 5
of this work. For a more rigorous treatment of the radiative transfer problem, we refer the
reader to standard works in the eld such as Sten o (1994), del Toro Iniesta (2003) and
Landi Degl'Innocenti and Landol (2004).

Analytical solutions to Eq.: 1.44 only exist for special cases, such as the Milne-
Eddington model originally used by Unno. This assumes LTE conditions in a plane-
parallel atmosphere, a constant magnetic and velocity eld, and a source function with a
linear dependency on the opacity, which is accurate enough to be employed for magnetic
eld observations in the Sun to this day. Such observations, especially those retrieving
the full magnetic vector, typically treat the RTE as an inverse problem, which will be
discussed in the next section.
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1.2 Magnetic eld measurements in the photosphere

1.2.4.4 Magnetic eld measurements through RTE inversion

So far, we have only discussed solving the RTE to calculate Stokes parameters from ex-
isting atmospheric parameters. This process is called forward calculatsymthresisin
practice, the Stokes vectdfs is available from observation, and the underlying atmo-
spheric parameters, such as the magnetic eld strength and orientation, are the desired
guantities. Therefore, solving the RTE is treated as an inverse problem. The basic idea is
to use iterative RTE inversion codes to nd a model atmosphere that, when used to solve
the RTE, results in a synthetic Stokes vedtdf that resembles the observatithi®.

The process starts with a strati ed atmospheric model, e.g. the Harvard-Smithsonian
reference atmosphere (HSRA) (Gingerich et al. 1971), that provides initial conditions for
parameters such as temperature, magnetic eld strength and orientation, LoS velocity and
gas pressure as a function of optical depth. The RTE is then solved to obtain the synthetic
Stokes pro les
|syn( ’ X)

syn(; X)
syn(; X)
syn(; X)
for the wavelength range of a given spectral line and the model parameter3he re-

sulting synthetic pro led " are compared to the observed pro 8%, and the di erence
Is calculated in the form of a merit function such as

ISY"(; X) = (1.45)

() = o jobs O px T (1.46)

Here,x again denotes the parameter spateis the number of degrees of freedom used
for normalization,! ;;; is a weighing function to account for the dirences in signal
amplitudes betweehandQ, U andV, and ; is the noise level of each Stokes parameter.
The indexi sums over the four Stokes parameters podvers thd. wavelength positions
of the observation. This merit function is minimized using, e.g. a Levenberg-Marquardt
algorithm that systematically changes the atmospheric paranxateas iterative process
until a best t betweer " and|°"is achieved. The resulting atmospheric model is then
considered the best- t atmosphere for the provided Stokes prd9&s
Sincel°*Sis available for each pixel in the observation, we repeat the above process

over all available spatial coordinates to create maps of the inferred model parameters such
as the magnetic eld. These magnetic eld maps are typically available as vector magne-
tograms, providing maps for eld strength, inclination to the line-of-siglaind azimuth

for the transverse component. The azimutis limited by an inherent 18Cambiguity
caused by the sin2and cos 2 dependence of the linear Stokes paramefendU in
Eq.: 1.41, which makes the Stokes vector invariant to ¥8€ations. Therefore, it can
only be determined asor + 180 as both orientations will produce the same Stokes pro-
les (Harvey 1969). Physically meaningful solutions with the true orientation can often
be obtained from the context of the surrounding magnetic eld structure, witardnt
methods of removing this 18@mbiguity being discussed in Metcalf et al. (2006).

A more detailed description of the inversion process is provided by e.g. del Toro

Iniesta (2003) Borrero et al. (2011) and del Toro Iniesta and Ruiz Cobo (2016). Examples
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of RTE inversion codes would be the Very Fast Inversion of the Stokes Vector (VFISV)
(Borrero et al. 2011) and MILOS (Orozco Suarez and del Toro Iniesta 2007) for Milne-
Eddington based codes, which are used to provide the magnetograms in Chap.: 2 and 3.
For inversions in LTE conditions, SIR (Ruiz Cobo and del Toro Iniesta 1992, 2012) the
STOPRO based SPINOR code (Solanki 1987, Frutiger 2000) are available, with the latter
being used in Chap.: 5. Finally, STiC (de la Cruz Rodriguez et al. 2018) and DeSIRe
(Ruiz Cobo et al. 2022) are modern codes for applications in non-LTE conditions.

1.3 Space-based magnetographs

We are now interested in observing Stokes pro les for the previously introduced inver-
sions. This is done with spectro-polarimeters, which we will refer to as magnetographs.
While there are plenty of examples of ground-based magnetographs, such as the Visible
Spectro-Polarimeter (ViSP) at DKIST: (de Wijn et al. 2022), the SOLIS Vector Spectro-
magnetograph (VSM) at the NSO, (Keller and SOLIS Team 2003) or ZIMPOL at IRSOL
(Ramelli et al. 2010), we are particularly interested in their space-based cousins as they
provide an uninterrupted view free from atmospheric distortions. So far, there have been
5 di erent instruments dedicated to measuring the solar magnetic eld from space: SO-
HO/MDI (Scherrer et al. 1995), Hinod®P (Lites et al. 2013) and HinofidF1 (Tsuneta

et al. 2008), SD@HMI (Schou et al. 2012b) and SPHI (Solanki et al. 2020). This sec-

tion will focus on the two title-giving instruments 3@HI and SD@HMI, which will be

heavily used for the remainder of this thesis.

1.3.1 Polarimetric and Helioseismic Imager

The Polarimetric and Helioseismic Imager onboard the Solar Orbiter missidRE8s

the rstimaging spectro-polarimeter to operate outside the Sun-Earth line (Solanki et al.
2020). In combination with its highly elliptical orbit betweer28 0:91 AU, SQPHI is

not only in the unique position to provide unprecedented views froramgle positions

but will soon also provide the rst magnetic observations of the Sun's poles as SO recently
left the ecliptic and is currently in the process of raising its inclination toétiove the
ecliptic plane over the remainder of its mission.

Depending on the science case,/BBI can select between the High Resolution Tele-
scope (S@HI-HRT Gandorfer et al. 2018) and the Full Disc Telescope/RSDFDT)
which both operate at the diaction limit and provide resolutions of 8%nd 3.52re-
spectively, corresponding to spatial scales of approximately 100 km and 725 km on the
solar surface at perihelion (Solanki et al. 2020). Due to mass and size limitations, both
instruments share a single 2K2ZK CMOS sensor and can thus only be operated one at a
time.

In general, SOPHI measures the Zeemanezt and Doppler shift in the Fe | 6173 A
absorption line. Therefore, the instrument performs narrow band imaging spectro-po-
larimetry using a tunable LiNbOFabry-Perot etalon for wavelength selection to sample
the spectral line and liquid crystal variable retarders for the polarisation. This is done for
6 wavelength positions, 5 in the spectral line with an additional point to probe the adja-
cent continuum, and 4 polarisation states, resulting in a total of 24 observations for each
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1.3 Space-based magnetographs

measurement.

The highly elliptical heliocentric orbit comes with the operational constraints of a deep
space mission. This is particularly noticeable by the generally low telemetry volume and
periodic phases of low telemetry rates when the spacecratft is far from Earth. For this rea-
son, most data reduction is intended to be performed on board, including a MILOS-based
Milne-Eddington inversion of the 24 measured Stokes pro les. This greatly reduces the
telemetry requirements from 24 to 5 observations: the continuum intehsity)e LOS
velocity of the photospheric plasmi,os and the vector magnetic el = (B; ; ).

In addition, S@PHI mainly operates as an encounter mission with three windows
strategically placed along each orbit, each with an accumulated 30 days of observation
time. These windows are typically used for BlI-HRT observation campaigns and are
often located close to the perihelion approach and the periods of highest north and south
inclination. Outside observation windows, only a limited number of dailyF$@-FDT
observations are available to provide context for mission planning. Other than that, a
synoptic observation programme provides/BBI-FDT observations when the far side
of the Sun is visible. The latter is speci cally designed to meet the synoptic map data
product requirements as described in Chap.: 2.

1.3.2 Helioseismic Magnetic Imager

The Helioseismic Magnetic Imager onboard the Solar Dynamics Observatory K8IMD
(Schou et al. 2012b) is the second full-disk vector magnetograph we will introduce for
this thesis. Unlike S@HI on its heliocentric orbit, SDBIMI operates from a much less
telemetry-limited geocentric orbit and was designed for continuous vector magnetic eld
observations at a high 12-minute cadence.

In essence, SDBIMI also measures the Zeemaneet and Doppler shift in the Fe |
6173 A absorption line, but does so with a dient instrumental design than S®i1. The
polarisation modulation is implemented with rotating quarter-wave plates and a polarising
beam splitter, and the absorption line is sampled at 6 wavelengths using the last stage of
a Lyot Iter and two Michelson interferometers. Therefore, SBIMI uses two 4096
pixel CCD cameras at a spatial resolution éiehch. The front camera measures left- and
right-handed circularly polarized light for the 6 wavelength positions every 45s. The side
camera measures a set of 6 linear combinations Qf U; V for each wavelength point
every 135s.

All further data processing is done at the ground facilities of the Joint Science Opera-
tion Center (JSOC). After processing with the MDI-like algorithm (Couvidat et al. 2016),
the 12- Itergram set from the front camera provides the Doppler velocity and LoS mag-
netic eld at a high cadence of 45s. The dataset from the side camera is used to calculate
the vector magnetic eld through the VFISV inversion algorithm (Borrero et al. 2011),
with the standard vector magnetic eld product using 720-second averages to improve the
signal-to-noise ratio and suppress the splanodes.

In addition to these standard magnetogram products, JSOC provides several high-level
data products to the public (Liu et al. 2012, Hoeksema et al. 2014). Among them, mag-
netic synoptic maps are the most important for this work. These maps attempt to provide
a 4 coverage of the solar magnetic eld by measuring the magnetic eld at the central
meridian over a full Carrington rotation of about 27 days. HMI synoptic maps are avail-
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able for both the LoS and the vector magnetic eld and provide the global photospheric
eld for magnetic extrapolations into the Corona and beyond.

1.4 Motivation and Thesis Outline

The unique new view othe Earth-Sun line that Solar Orbiter provides for/BBI opens
the possibility for numerous improvements to long-established methods and data products
in solar physics.

One of the currentissues with solar data products is the long observation time required
to construct magnetic synoptic maps. Traditionally, the magnetic eld is obtained from
synoptic observations around the Sun's central meridian as it completes a full rotation in
about 27 days. Unfortunately, this also introduces said 27 days' worth of solar evolution
into the resulting synoptic map, which ideally should represent the global magnetic eld
as a snapshot in time. Adding observations from (an) additional viewpoint(s), such as
simultaneous SPHI observations from the far side while SIMMI observes the Earth-
facing side, will speed up this process and signi cantly reduce the inherent evolution.
Therefore, one of the main goals of this thesis was to create a pipeline for multi-view
synoptic maps using S@HI and SD@HMI data.

Building on the existing data processing infrastructure for the SIMD synoptic
maps, Chap.: 2 introduces the proof of concept for an improved synoptic map pipeline that
accepts S@PHI-FDT data at variable observation distance and cadence. This is followed
by the rst combined synoptic map from real #MHI and SD@HMI magnetic line-of-
sight data in Chap.: 3. Chapter 4 then identi es problems in the early calibration and
discusses how the resulting artefactget higher-level data products that rely on synoptic
maps as input. The pipeline works for both line-of-sight and full vector magnetic eld data
if they are available at a swcient cadence.

Another topic that directly bene ts from an additional viewpoint is the removal of
the 180 ambiguity in the azimuth component of vector magnetograms. As discussed in
Sec. 1.2.4.4, the disambiguation process usually requires physical assumptions inferred
from the surrounding magnetic eld, which is not always possible. Alternatively, the
magnetic eld vector can be observed from two viewpoints, which allows for a purely
geometric disambiguation process. This was developed by Valori et al. (2022), whom we
supported by providing test data in the form of unambiguous magnetograms as observed
from various viewpoints. The creation of this unconventional data product was part of a
side project and is described in Chap.: 5.
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2 Paper |: Synoptic maps from two
viewpoints - Preparing for maps
from SDO/HMI and SO/PHI data

The contents of this chapter correspond to an article by P. Loeschl, G. Valori, J. Hirzberger
et al. that has been published in Astronomy & Astrophysics, Volume 682, id.A108, 11
pp. as part of the special issue on Solar Orbiter Nominal Phase.

Contribution to the publication: P. Loeschl developed the #MHI integration to
the synoptic map pipeline, processed the observation data, performed the analysis and
prepared the manuscript.

2.1 Abstract

Context Over recent decades, various kinds of magnetic synoptic chart products have
seen major improvements in observation cadence, resolution, and processing, but their
creation is still limited by the 27.27 day rotation rate of the solar surface.

Aims Co-observation from a second vantage point away from the Earth—Sun line with

SO/PHI enables the creation of combined magnetic synoptic maps from observation peri-
ods that are signi cantly shorter than a typical Carrington rotation, and therefore provides
a data product with magnetic information that is temporally more consistent.

Methods We upgraded the SDEIMI synoptic map pipeline in order for it to be com-
patible with S@PHI observations at variable distances and a much lower and variable
observation cadence. This enabled us to produce combined magnetic synoptic maps us-
ing SQPHI data taken from the far side of the Sun.

Results We present a pipeline to produce combined magnetic synoptic maps from si-
multaneous S@®HI and SD@HMI observations. Depending on the orbital position of
SQOPHI, our combined synoptic maps can be produced up to 13 days faster than any other
comparable data product currently available. This strongly reduces the time-lag between
the observations that are used to build the map and thereby provides a more consistent
map of the magnetic eld across the solar surface.
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2.2 Introduction

Synoptic charts are a well-established method for representing the entire solar surface
in a single map and have been a cornerstone of discovery in solar physics since their
rst introduction in the 19th century (Peters 1856, Carrington 1858) and the start of their
systematic production almost a century ago (D'Azambuja 1928a). Further development in
the late 1960s eventually led to magnetic synoptic maps, which typically depict meridian
measurements of the line-of-sight (LoS) component of the magnetic eld (see e.g. Howard
et al. 1967, Schatten et al. 1969, Livingston et al. 1970). These maps are produced by
remapping a series of full-disc observations into heliographic coordinates and combining
slices around the central meridian of each image to form a map that covers an entire
Carrington rotation (CR).

While the basic method has mostly stayed the same, numerous advances to improve
this process have been made over the years. Early methods were limited by long observa-
tion cadences and were therefore prone to spatial smearing introduced by the evolution of
the magnetic elds and dierential rotation of the solar surface. Therefore, various forms
of weighting function were used to minimise thisext (Harvey et al. 1980, Harvey and
Worden 1998), before Worden and Harvey (2000) suggested the concept of evolving syn-
optic maps. These latter authors combined classic synoptic charts from the National Solar
Observatory (NSO) at Kitt Peak with ux transport models based on therdntial rota-
tion, meridional ow, supergranulation dusion, and random ux emergence in the form
of a background magnetic eld in order to provide a map that can be considered a snapshot
of the whole surface rather than a mosaic of observations over a full Carrington rotation.
Similar advances were made by Schrijver and De Rosa (2003) based on space-based data
from the Michelson Doppler Imager (MDI) on board the Solar and Heliospheric Obser-
vatory (SOHO) satellite.

Later, the Air Force Data Assimilative Photospheric ux Transport (ADAPT, Arge
et al. 2010) expanded on the work of Harvey & Worden and their evolving synoptic
maps, introducing the Los Alamos National Laboratory data assimilation framework in
order to account for data and model uncertainties and thus produce improved synoptic
maps. Designed to work with all common solar data, including magnetic approxima-
tions from helioseismic far-side data (Arge et al. 2013, Lindsey and Braun 2000, Chen
et al. 2022), ADAPT models globally instantaneous synchronic maps with consistent po-
lar elds, which serve as input for solar wind or coronal modelling.

At the same time, classic synoptic maps saw advances in processing and observation
techniques; nowadays, they are mainly produced from the NSO ground-based Global
Oscillation Network Group (GONG, Harvey et al. 1996) and the space-basedHBDO
instrument (Schou et al. 2012b, Scherrer et al. 2012), which provide vector magnetograms
at a cadence of 12 minutes. Combining this high-cadence data with corrections for the
di erential rotation as suggested by Ulrich et al. (2002), 8iIMI now provides high-
resolution magnetic line-of-sight (LoS) and vector synoptic maps with minimal smearing
and good signal-to-noise ratio/(§ (Liu et al. 2017). Together with GONG data, these
maps serve as the standard input for ADAPT synchronic maps.

Despite e orts to recreate the surface magnetic eld for a speci ¢ instant in time, so
far measurements of the solar magnetic eld have been constrained to the Earth-bound
view point, and therefore a full Carrington rotation dt7 days is required to build a syn-
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optic map. This limitation has now been overcome with the launch of Solar Orbiter (SO,
see Miiller et al. 2020), which carries the Polarimetric and Helioseismic Imager (PHI,
see Solanki et al. 2020). Being on a heliocentric orbit/FS@ provides magnetograms
from outside the Earth—Sun line and thereby provides the very rst opportunity to pro-
duce synoptic maps from multi-view observations. Depending on the orbital positions,
the combination of for example the synoptic observations of S with SO/PHI
can signi cantly reduce the observation time of a full Carrington rotation down1d
days when the two spacecraft are close to superior conjunction. Given that active regions
can evolve signi cantly on a timescale of weeks, this reduction represents a signi cant
improvement; for example, for the early observation of emerging bipoles, which would
otherwise stay undetected for days. Depending on the viewing angle, the reduction of the
required observation time span can lead to signi cant improvements in numerous applica-
tions. These include, but are not limited to, global quantities, such as the surface ux and
the total magnetic energy (Mackay et al. 2016), the open magnetic ux and its footpoint
locations on the solar surface (Weinzierl et al. 2016), the shape of the source—surface neu-
tral line, and coronal hole patterns (Petrie et al. 2018). In turn, such informatectsa
the results of numerical models of the corona, and may potentially lead to better predic-
tions of the solar wind speed, for example with the WSA-ENLIL model (Pevtsov et al.
2020).

In this work, we present some of the challenges facing multi-view magnetic synoptic
maps based on observations gathered by the/8®Dand SOPHI instruments. We also
show how these challenges can be overcome. This work therefore serves as the basis for
a pipeline for multi-view magnetic synoptic maps. Starting with the necessary upgrades
to the SDA@HMI synoptic map code base in Sect. 3.3, we then present our modelling
e orts based on SDBIMI data in Sect. 3.4 and conclude with an outlook on the future
capabilities of this novel data product in Sect. 2.5. Please note that, while this data product
Is technically a diachronic map, we decided to instead use the term synoptic in accordance
with the heritage SDHMI synoptic data products.

2.3 Method

Our multi-view synoptic maps are built from central meridian observations taken by dif-
ferent instruments that observe from drent orbital positions at derent times. Merging
such data always comes with the challenge of data compatibility, as the resolution, obser-
vation cadences, and general data quality can vary dramatically between instruments.
Given that both instruments underlying this work are aboard space-based missions,
and given the common operation on thei B&7.3 nm spectral line, the similar Milne-
Eddington-based inversion technique (see Borrero et al. 2011), and the well-established
and openly available data processing pipeline (Liu et al. 2017),/8DDis an ideal
instrument for such a joint observational program with/Bi@l. Therefore, we based our
method to produce combined synoptic maps on the state-of-the-artHBIIQipeline,
which comes with the advantage of processing both data sets with identical routines. The
SDOHMI code is well designed and can be adapted to solve many of the additional
challenges that come with $RHI being operated as a deep space mission. These mainly
include a variable observation cadence and orbital distance fittH@bservations, as is
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Figure 2.1: Example of a synoptic map created with data gathered wighetit cadences

in the SDAHMI (left) and SAOPHI (right) portion of the map. Data on the SIMMI side

are averaged from the 20 closest 720s magnetograms to each coordiratw/edy form-

ing contributions with a temporal width of 4 hours (yellow grid). /B8l observations

are only available at lower cadences. For this test case, we assumed an observation every
6-24 hours (red grid). The blue region of interest shows the studied region around NOAA
12056 and NOAA 12059, which is investigated more closely in Section 3.4. Please note
that the temporal widths of the contributing magnetogram stripes are not to scale. This
synoptic map for CR2150 was entirely computed from 3Bl data.

described in subsections 2.4.1 and 2.3.2. While the changing orbital distance to the Sun
can entirely be managed with the provided world coordinate system, the intermittently
very low observation cadence of the &Bll synoptic program, particularly when SO is
on the far side of the Sun, reintroduces the smearing problems of early synoptic maps.
For this reason, we had to introduce a form of weighted averaging to the method. This
and other necessary changes to the synoptic map processing are discussed below.

We note that S@PHI o ers data from both its High Resolution Telescope /(&d-
HRT) and Full Disc Telescope ($PHI-FDT). In order to avoid unobserved regions in the
combined synoptic maps, we designed this method to exclusively rely dAF8&DT
and hereafter generally refer to them as/Bidl observations. While SBHI is used to
conceptually discuss the challenges that arise from the combination of two instruments in
this section, we decided to not rely upon early/BBI calibration data to test this method
in Sect 3.4. Instead, SPHI-FDT observations are simulated using archived SNl
data, opportunely reduced in cadence or resolution where necessary.

2.3.1 Variable cadence

Unlike SDO, SO is an encounter mission and/B&l observations are not provided at
regular time intervals. Although a synoptic program is carried out outside encounter
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periods, the highly variable distance from Earth and the resulting variable telemetry ne-
cessitate operational periods with sparse observation programs. During these times we
expect no more than two to six magnetograms per day. While higher-cadence obser-
vations are possible in the so-called remote-sensing windows during encounter periods,
SQOPHI will mainly carry out high-resolution observations and only a few full-disc mag-
netograms have so far been obtained during these periods. Typically, three such windows
with a duration of 10 days each are placed at strategic positions along SO's trajectory in
every orbit (e.g. at or around closest approaches; see Zouganelis et al. 2020). The exact
observation cadence is subject to changes and depends on the telemetry budget and the
particular observation program. Considering this,/Bdl data are available at a very
variable cadence, from a few minutes to many hours, with even longer gaps possible dur-
ing encounter and recalibration periods. An example of this variation can be seen in the
right half of Fig. 2.1. Here, contributions representative of those fronfPSD(red) are

from single magnetograms every 6 to 24 hours. These magnetogram slices strongly de-
pend on the observation cadence and orbital speed, leading to stripes of between 7 and 14
longitude for a 24 hour cadence (the variable distance in longitude comes from the highly
elliptical orbit and the variable orbital velocity of the spacecraft). This is in stark contrast
to the SD@HMI portion of the map (yellow), which is constructed from averaging the 20
closest magnetograms for each coordinatectively leading to four-hour contributions

to the map. Please note that the widths of the portrayed magnetogram strips in Fig. 2.1
are exaggerated for improved visibility.

2.3.2 Variable distance

SO/PHI operates at quasi-periodically changing solar distances of between 0.28 and
Consequently, S@@HI observes a solar disc diameter that continuously changes between
approximately 750 and 1800 pixels. At the closest solar distancé?tQorovides
roughly half of the SD@HMI spatial resolution, which has an average disc diameter
of about 3800 pixels. A comparison of typically observed solar disc sizes is shown in
Fig. 2.2. In addition to the smaller disc size, BB, although currently nearly in the
ecliptic plane, will in future observe from an inclined orbit with respect to S8 and

the ecliptic plane. The inclination to the ecliptic will steadily increase to over 30° over
the mission lifetime. Both of these ects are managed by the existing SBI®II mod-

ules that transform the helioprojective coordinates of the solar disc observations into the
cylindrical equal-area Carrington maps in heliographic longitude and sine of latitude used
in the synoptic maps (CEA, Thompson 2006). Thees of a variable horizon, that is

the change in the visible area of the Sun with distance, are negligible and are therefore
not considered.

2.3.3 SQOPHI data interface

In order to use the SDIEIMI pipeline for the multi-view synoptic maps, we developed
an interface to integrate 3PHI observations into our local clone of the Data Record
Management System (netDRMS), which is the data-management system used to process,
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Figure 2.2: Variation in solar disc size along SDO and SO orbits in pixels. The horizontal
line marks the reprojected vertical image size after the preprocessing steps.

archive, and distribute SDEIMI data products This enables the processing of &Il
data directly alongside their co-observed SE®I counterparts from 720 second LoS
and vector-magnetogram data series, "HMI.M_720s" and "HMI.B_720s". Where neces-
sary, S@QPHI keywords are adjusted to match those used in the netDRMS. While the
majority of these keywords are compatible by de nition, we had to work around the
SDOHMI observation time slot T_REC to ensure proper data selection during the subse-
guent processing steps. Observations taken by/SMDat observation times T_OBS are
stored in netDRMS for speci ¢ record times T_REC at continuous 12 minute increments
and decreasing observed Carrington longitude. In order to integrd&-$0Observations
at a di erent Carrington longitude but co-temporal with some existing £ ones,
we assign S@HI observing times to the future or past, that is, the times at which the
observed Carrington longitudes would have been seen by/ISMO Depending on the
locations of the two spacecratft, this can lead to a combination of observations that would
classically be assigned to dirent Carrington rotations for an earthbound observatory.

The choice of formally placing the SBHI observations in the past or in the future can
be optimised by requiring that the overall time-period covered in building the map is the
shortest possible. By default, #MHI data are always mapped to the nearest D0
time slot to reach a continuous evolution in time for the shortest observation period with
a minimal number of transitions between the data products of the two observatories. This

httpJ/jsoc.stanford.edjsocwikiDRMSSetup
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can be manually adjusted if a dirent combination of multi-view observation data is
particularly bene cial for a given case.

An example of such a procedure is given Fig. 2.1, where simultaneous observations
with the two instruments at opposite sides of the Sun result ilPB0observing the far
side longitudes ahead of SIXMI, which can lead to identical (bold) observation times
T_OBS. In order to avoid duplicate entries in the database, they are registered to T_REC
slots that correspond to the Carrington time for each coordinate as observed IWI8DO
14 days earlier.

2.3.4 Preprocessing

Once the S@PHI data are incorporated into netDRMS, each data set for the multi-view
synoptic maps follows the preprocessing steps for the standard synoptic maps/6éfi8DO
Therefore, the full-disc observations are spatially interpolated to an evenly spaced Car-
rington grid in longitude and sine latitude. The Carrington coordinate of each pixel in the
reprojected images is adjusted relative to their central meridian to account for #re di
ential rotation in between observations (Ulrich and Boyden 2006). This reduces smearing
when the central slices of multiple observations are combined and averaged in the nal
step of the synoptic map creation. The process is repeated for each magnetic eld com-
ponent. By default, SD®IMI observations are subject to an oversampling-smoothing
scheme to suppress the possible aliasing. For this, the reprojected images are initially
super-sampled from 4096 4096 pixels to 5400 4320 pixels, which is followed by
downsizing by a factor 3 —using Gaussian smoothing— to the nal synoptic map resolu-
tion of 1800 1440 pixels. While this process is optimised for SB®I!l observations,

the intermediate and nal rebinning dimensions are freely adjustable and can be adapted
to better suit the various disc sizes observed byPHD. This could result in maps at half

or one-third of the original SDMBIMI synoptic map resolution and is determined indi-
vidually for the available data products. A more detailed description of the Carrington
grid projections can be found in Liu et al. (2017), Thompson (2006), and Calabretta and
Greisen (2002).

2.3.5 Synoptic map processing

Following the preprocessing, the original SIXMI pipeline averages central meridian
slices of the 20 closest magnetograms to each Carrington longitude into the nal map.
Outliers that deviate by more than 3rom the 20 magnetogram average are excluded
and replaced by the value of the next-closest magnetogram in order to maintafiNthe S
This e ectively creates a constant temporal width of 4 hours at each Carrington longitude
from SDOHMI observations. Given the operational constraints of Solar OrbitefPBD

data will only be available at a much lower cadence for most of the mission lifetime.
Consequently, this temporal width cannot be maintained P8O Moreover, using the

same 20 magnetogram average on observations at much longer cadences of the order of
multiple hours would introduce a large amount of smearing because of the evolution of
the observed solar scene (see Sect. 2.4.1). For this reason, it was necessary to mod-
ify the magnetogram integration of the synoptic map creation process. With the return
to observation cadences similar to those provided by ground-based observatories before

a7



2 Paper |: Synoptic maps from two viewpoints - Preparing for maps from/8DID
and SQPHI data

the data-rich era of SDIBIMI and GONG, we decided to reintroduce the use of weight
functions into the averaging process (see Sect. 2.3.6 for details). This not only prevents
unwanted smearing @cts, but also provides a mechanism to control the transition be-
tween the dierent data products.

In addition, the aforementioned outlier rejection is disabled for low-caden¢elHO
observations. This procedure can mislead the pipeline, causing it to identify weak tran-
sient magnetic features as outliers if their lifetime is shorter than the available observation
cadence. With S(PHI at times only providing daily magnetograms, the outlier rejection
would e ectively discard any short-lived magnetic structures, which makes it incompati-
ble with a low-cadence use case.

2.3.6 Adaptive weight functions

Weight functions in synoptic maps are typically used to smoothly merge adjacent contri-
butions taken at dierent times into a continuous map. The exact shape of such a weight
function mainly depends on the desired correction and the available observation cadence.
In order to prevent the smearing of evolving magnetic features overeint Carring-

ton longitudes in observations separated by long time intervals, weight functions such as
cos( ) (with being the Carrington longitude) or Gaussian functions (with full widths at
half maximum corresponding to the temporal width) are commonly used by observatories
such as the National Solar Observatory (NSO, see Harvey and Worden 1998). The weight
function for the multi-view synoptic map pipeline was designed to meet the following
requirements:

1. The SD@HMI section of the multi-view synoptic map should be identical to its
SDOHMI standard synoptic map counterpart.

2. The averaging of low-cadence Sl observations needs to be limited to nearby
frames (i.e., closer in time) to prevent smearing.

3. The width of the weight function must be variable in order to adjust for the changing
cadence of S(PHI observations.

Consequently, the weight function serves a dual purpose. On thérBlIGide of
the synoptic map, it must maintain the 20 magnetograr fiour) average that is meant
to improve the 8\. The contrary is necessary for the &8I portion of the synoptic map,
where the use of low-cadence observations and the thereby captured evolution of the solar
scene requires that contributions from the previous and subsequent observations be kept
to a minimum. Therefore, the weight function is designed around two components that
separately control the contributions of the two instruments.

High-cadence SDBIMI observations are managed by a rectangular weight function
of value unity where any contributing magnetogram is equally weighted. The width of this
plateau starts at a temporal equivalent of 4 hours and spans halfway to the central meridian
of the following observation for longer cadences. As a result, observations at cadences
faster than 4 hours will exclusively be combined within the overlapping central regions
(i.e., attops) of their weight functions, which leaves the original average aoted.

For lower cadences, the weight function splits the contribution to the synoptic map
into two parts. With reference to Fig. 2.3, we consider rst the orange cim, which
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represents the weighting function associated to one particular observation. The curve is
composed of three parts, a plateau surrounding the central meridian (dashed line) of the
considered observations, and two wings, decreasing from the plateau to zero. The plateau
gives equal, large weight to data recorded close to the central meridian. Contributions
to the averaging process from beyond the central plateau (orange wings) are intended
to provide a continuous transition to the subsequent magnetograms in the synoptic map,
which are represented by the cun&$-1 (blue) andWF3 (grey). The wings are in the
shape of the polynomial

w=d* (2.1)

Here, the strength of the weightat a positiord along the extent of the wing is modulated
by the exponenk, with x = 1 giving linear wings and thus resulting in a trapezoidal
weight function. In practicex is automatically calculated by

_ log(wi) .
X Tog(Gn)

that is, from the con gurable weighty,,, and the positiong,,, of the central meridian of
the adjacent magnetogram.

The combination of the plateau with polynomial wings was chosen instead of a clas-
sical Gaussian or a ct(s) function to allow for individual algorithmic control of the two
components, that is, the extent of the plateau for averaging/BM0Odata and a smooth
transition with limited overlap for low-cadence 8| data. The exact shape will vary
slightly depending on the input data and will therefore beedent for LoS and vector
synoptic maps.

(2.2)

2.3.6.1 Line-of-sight synoptic maps

Let us rst consider LoS synoptic maps. By default, observations at cadences of longer
than 4 hours (typically the case for 81| data) contributing to the synoptic map are
weighted as mostly individual data sets. Figure 2.3 shows a simple case with a three-
image weight function at a four-hour cadence. The weight along the wings polynomially
decreases toa,, = 5% contribution at the positiod,, of the neighboring central merid-
ians before it asymptotically reaches zero at the boundary. The main contribution of each
individual data set is separated by solid lines that correspond to the extents of their central
plateau. Dashed lines indicate the position of the central meridians that are used to control
the shape of the wings in Eq. 2.2. Due to the low cadence, only the wings overlap with
the central plateau of the adjacent frames, which strongly favors the contribution of data
in the vicinity of the central meridian at the center of the plateau.

For instance, at the central meridianwW#2 the map is built from the contributions
of three magnetograms, which are weighted according to the value of the corresponding
weighting function at that longitude: the blue with relative weight= 5 %, the orange
with relative weightw, = 100 %, and the grey with relative weight = 5%. The map
Is then produced by taking the weighted average of the three magnetograms, which is
divided by the sum of the weights.

Combining all contributing weights (blue, orange, grey) at the coordinates of the en-
tire middle data set produces theegtive weight function (red). Although the individual
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Figure 2.3: Weight function for the multi-view synoptic maps. The central plateau corre-
sponds to a four-hour temporal width with a polynomial dropto a 5% contribution at

the adjacent central meridian. Dashed black lines mark the central meridians and the solid
lines mark the transition between adjacent magnetograms. The individual weight func-
tions combine to smooth ective weight functions (red line, only central WF shown)
during the weighting process. Theective weight function is the shown weight function
divided by the sum of the weights.

weight functions have sharp edges at the transition between the plateau and the polyno-
mial wing, the e ective weight function becomes smooth (red line). This is by design and

is meant to prevent discontinuities in the resulting synoptic maps. Thetiee weight
function for the high-cadence case of SIBIMI is a boxcar function that results from the
overlap of the plateaus of the 20 closest magnetograms. The sum ofdbtve weight
functions at a speci c coordinate gives unity.

Finally, the width of the central plateau is automatically adjusted to account for changes
in the observation cadence. Therefore, the width of the weight function is calculated as the
distance in longitude to the central meridians of neighboring observations. Local changes
in the observation cadence can lead to the incorporation of magnetogram slices that are
asymmetric in longitude around the central meridian, as shown in Fig. 2.4.
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Figure 2.4: Weight functions adapted to the variable observation cadence/BHEO

The width of each weight function is based on the distance to the next central meridian.
The dashed black lines mark the central meridians and the solid lines mark the transition
between adjacent magnetograms. Transition widths are limited for large changes in the
observation cadence (light blleeange, right).

Here, the observation cadence changes from an initial regular 4 hours to 6, 12, and 24
hours, which was followed by an operational gap of 36 hours to the next observation. Such
large changes in the observation cadence can lead to overly wide transitions spanning
multiple magnetograms. Therefore, a maximum transition width can be set to limit the
degradation of the surrounding high-cadence observations. An example can be seen in
the right weight function (orange), which shows symmetrical wings despite tleeatice
between the 12 hour interval since the previous observation (left) and the 32 hour gap
until the next one (right).

2.3.6.2 Vector synoptic maps

Vector synoptic data need to be incorporatededently into the synoptic maps, because
of the inherently higher noise levels in the transverse eld. The projection of the radial,
poloidal, and toroidal magnetic eld components used for the synoptic map are computed
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from the inclination and azimuth angles of the inversion results, which in turn are based
on observations in all polarised Stokes component®, U; andV. The uncertainty in

the inclination and azimuth angles (with respect to the LoS) is dominated by the typically
lower SN in StokesQ andU relative to that in Stoke¥, especially for weaker magnetic
elds. The noise levels at higher latitudes are further ampli ed during the projection to
the Carrington grid (CEA, Thompson 2006), which is one of the reasons whytDIO
synoptic maps are averaged from 20 contributing magnetograms. This is not possible for
low-cadence SPHI observations because of the signi cant solar evolution between ob-
servations. Instead, we extend the wings of the weight function over two or three adjacent
observations and increase the level of averaging for the vector synoptic maps, which is
meant to balance the reduction of noise and introduction of smearing. Unlike the narrow
transitions with wings of one magnetogram in width, as used for the LoS synoptic map,
these wider weight functions help with the reduction of noise levels while still limiting the
introduction of smearing from magnetic evolution to some degree. Their con guration is
atrade-o between the two eects and needs to be customised to the observational condi-
tions of the respective SPHI synoptic campaigns. As the noise levels in the Carrington
projections increase with the foreshorteningets towards the poles (see Sect. 2.4.5), the
weight function width can further be con gured to increase with latitudeAn example
weight function as used in the vector synoptic maps is shown in Fig. 2.5. Here, a narrow
weight function similar to the LoS data standard case is used for equatorial latitudes up
to = 20. From there on, the width of the weight function gradually increases until it
reaches a maximum width at= 70 . The maximum width of the weight function is
limited to ve contributing magnetograms.

Figure 2.6 shows the combinedexct of the variable cadence, latitude speci ¢ weight
function widths, and the transition between SB®Il and SOPHI data. The weight
functions are con gured to cover one adjacent observation on each side and increase
from 5% to 45% contribution at the neighboring central meridians at higher latitudes.
Starting on the left, the saturated yellow area in (a) represents th&-8@egion where
20 observations are available. This is followed by a drop in observations cadence for
SQOPHI and is identical to the variable cadence presented in Fig. 2.4. The vertical beige
lines indicate contributions from multiple frames and thus mark the transitions between
SOPHI observations. Panel (b) shows the number of contributing magnetograms for
each pixel. While this involves up to three frames for the initially relatively high cadence
portion (left) and one or two magnetograms in the low-cadence portion of the map (right),
the cumulative weight stays close to 1 over most of the map (a). Therefore, the majority
of the SAPHI section is dominated by single observations.

This hybrid system of narrow and wide weight functions introduces ample ne control
over the averaging process and allows us to includéPSDobservations at a trade-o
between magnetic evolution and gootNSUItimately, the automatic customisation of
the weight function for each individual data set not only enables control over the precise
integration of SCPHI data into the SDIMI synoptic maps, but also serves as a simple
but e ective way to add exibility to the con guration of the SDEIMI synoptic map
pipeline. It is noted that the con guration of the vector synoptic maps also supports
the default weight functions without latitude-speci ¢ weights, as used for LoS synoptic
charts.
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Figure 2.5: Latitude-dependent weight functions with increasing contribution between
20° and 70° Carrington latitude (see legend). The dashed black vertical lines mark the
central meridians and the solid vertical lines mark the transition between adjacent mag-
netograms. The weights start at 5 % contribution at the adjacent meridian for 20° latitude
and linearly increase to 45 % contribution for 70° latitude.

2.3.7 Postprocessing

Following the successful completion of a synoptic map, the pipeline resizes the full-
resolution map from 3600 1440 pixels to the SDM®IMI small synoptic map size of

720 360 pixels. This is achieved by rebinning the map by a factor 5 in longituated

a factor 4 in latitude . The 1.25 ratio in versus is used to compensate for the 1.25
aspect ratio in the heliographic projections. The result is the commonly used, so-called
SDOHMI small synoptic map format with a pixel size of 0.k Carrington longitude,
which is provided in addition to the full-resolution map.

2.4 Results

In order to test the multi-view synoptic map pipeline in a controlled environment, we
decided not to rely upon early $@HI calibration data but to use archived SIPIMI ob-
servations instead. For this, SIMMI data for CR 2150 were chosen because of its am-
ple magnetic activity. We selected the bipolar structure formed by active regions NOAA
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Figure 2.6: Cumulative weight functions (a) and number of contributing magnetograms in
each pixel (b) for a test case with three-observation weight functions of latitude-speci c
weight.

12056 and NOAA 12059 seen in Fig. 2.1 as a test area to study #wseof di erent ob-
servation cadences and the changing orbital distance B#3IOThis subframe features a
magnetically stable sunspot and a highly variable and still emerging magnetic pore, which
enables us to study the ects of di erent temporal observation schemes. Overall, this ap-
proach allows us to simulate potential observation scenarios that will be encountered by
SQAPHI. In this section, we present our studies on the variable observation cadence, the
changing resolution caused by the elliptical orbit of/BBI and the eects of noise in
low-cadence synoptic maps. Unless stated otherwise, only LoS synoptic maps are studied
for the sake of simplicity.
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