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Cover figure:
Solar Orbiter observing the Sun on 12th October 2023 at midnight, with Earth separated
by approximately 80 degrees in longitude. The line-of-sight magnetogram by SDO/HMI
at the same time is shown, with the FOV of SO/EUI-HRI (full disk) and SO/PHI-HRT
(square) are outlined in red dashed lines. Created with JHelioviewer. The cartoon of
Solar Orbiter is an adaptation of ESA image ID 431227, which is published with a CC
BY-SA 3.0 IGO Licence. Image Credit: ESA, Acknowledgements: Work performed by
ATG under contract for ESA. The cartoon of Earth is an adaptation of Adobe Stock Image
#203849901 under a Standard licence.
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Summary

Accurately determining the magnetic flux through the solar surface is incredibly impor-
tant to understanding the dynamics of the Sun and its atmosphere. The magnetic field
provides energy for heating the higher layers of the solar atmosphere, as well as control-
ling the dynamics of the plasma in this region. The number and strength of solar eruptive
events, the amount of solar radiation, are all related to its magnetic field. Currently solar
magnetographs, instruments that infer the solar magnetic field, can probe the magnetic
field in the lowest layer of the solar atmosphere: the photosphere. Maps of the photo-
spheric magnetic field are then used as an input for models to estimate the magnetic flux
at higher layers of the solar atmosphere and beyond into the solar system.

These solar magnetographs have thus far been restricted to only observe the Sun
from one direction, that along the Sun-Earth line. This singular view has its complica-
tions: there is a wide consensus that inference of the magnetic field near the edge of the
solar disc is unreliable, as there the viewing angle with respect to the surface normal is
highly inclined. The Polarimetric and Helioseismic Imager on board the Solar Orbiter
spacecraft (SO/PHI), has become the first solar magnetograph to view the Sun from dif-
ferent positions. The new view provided by this instrument is the first opportunity to
quantify the inaccuracy of inferring the photospheric magnetic field near the solar limb
and in the polar regions.

To make this possible first a data reduction pipeline for the High Resolution Tele-
scope of SO/PHI (SO/PHI-HRT) was developed to produce the first maps of the photo-
spheric magnetic field, from raw data taken during the first phases of the mission. This
effort determined the instrument’s performance in different observational modes and pro-
duced magnetograms with noise levels between 6.5 − 8.5 G. Secondly, a comparison of
the photospheric magnetic field inferred by SO/PHI-HRT with that from a space-based
magnetograph orbiting Earth, the Helioseismic and Magnetic Imager on board the Solar
Dynamic Observatory (SDO/HMI), is made when viewing the Sun from the same direc-
tion. The line-of-sight magnetograms aligned very closely, with offsets less than 1 G and
a slope of 0.97 when performing linear fitting. Larger differences were found when com-
paring the vector magnetic field components, which can be mostly attributed due to the
different noise levels between the instruments. With this knowledge we can later disen-
tangle differences due to the viewing direction from those originating from differences
between the instruments themselves.

A first attempt was made to compare the photospheric magnetic field from SO/PHI-
HRT and SDO/HMI, when viewing from different positions in the ecliptic plane. Due to
limitations in the reprojection algorithm, only the magnetic flux in sunspot umbrae could
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Summary

be compared. There the total unsigned magnetic flux from the two directions, after divid-
ing BLOS by µ to account for the different viewing direction (where µ = cos(θ) and θ is the
heliocentric angle), did align closely. Nevertheless large differences in certain areas were
found: near the centre of the umbrae, SO/PHI-HRT inferred stronger line-of-sight mag-
netic fields than SDO/HMI as it viewed the sunspots closer to disc centre, even after the
µ-correction is applied. The µ-correction assumes the magnetic field to be radial every-
where, but even in the umbra and especially near its boundaries the field can be strongly
inclined. Hence large differences were also found near the boundaries, which was further
enhanced in areas where the boundaries did not agree, due to the Wilson depression and
different instrument PSFs. To compare the magnetic fluxes over larger areas and from
different magnetic features the reprojection algorithm must be developed to accurately
resample magnetograms.

From investigations of inclined viewing angles on 3D magnetohydrodynamic
simulations of the photosphere with a unipolar magnetic field, it was found that the line-
of-sight magnetic field is underestimated at all angles and worsened with low spatial res-
olution at high µ. Only at disc centre and with high spatial resolution was the ground truth
magnetic flux within the simulation retrieved. Furthermore at µ ≤ 0.5 the spatial resolu-
tion had very little impact. These results were found for two commonly used photospheric
spectral lines and reproduced by four different methods of inferring the line-of-sight mag-
netic field.

The striking results from the simulations, together with preliminary observational
evidence, imply that significantly different line-of-sight magnetic fields are retrieved when
viewing from different directions. This may contribute to the resolution of the open flux
problem, where the total solar open magnetic flux when propagated to 1 au is 2 − 3 times
lower than that directly measured at 1 au.

10



1 Introduction

The impact of the Sun on our solar system cannot be overstated. It is the primary source
of the energy required to sustain life. Furthermore the solar magnetic field is currently
thought to have played a crucial role in angular momentum transport during the early
formation of the solar system: the Sun holds 99.8% of the solar system mass, while the
planets have 98% of its angular momentum (e.g. Balbus and Hawley 1998). Its magnetic
field expands throughout the solar system; carrying plasma from the Sun’s surface with
it. This out-flowing mass is known as the solar wind. Indeed the edge of the solar system,
the heliopause, is defined as the point at which the solar wind no longer balances the
external pressure from the interstellar medium. This boundary is not circular due to the
non-isotropic pressure from the interstellar medium. Only after 35 years of spaceflight in
2012 did Voyager 1 cross this boundary at approximately 123 AU, the first human made
object to do so.

The solar magnetic field that permeates the solar system is known as the inter-
planetary magnetic field, or more recently as the heliospheric magnetic field. It controls
much of the large scale physical phenomena within the solar system. In humanity’s effort
to understand and characterise the heliospheric magnetic field, we are predominantly con-
cerned with regions on the Sun’s surface where the magnetic field is open, i.e. they are not
rooted in another foot point on the solar surface. These open magnetic fields instead ex-
tend into the interplanetary medium and form the heliospheric magnetic field. It is along
these field lines that plasma from the Sun can leave and interact with Earth. The interac-
tion between the heliospheric magnetic field and Earth’s magnetic field is the reason why
we observe shimmering green and red light near our North and South poles: the Aurora
Borealis and Aurora Australis respectively. Furthermore solar eruptive events, which are
introduced later in Sect. 1.1.4, expel vast quantities of solar plasma from the atmosphere,
which can travel along open field lines towards Earth and initiate geomagnetic storms,
known as space weather events.

Large areas where the magnetic field is open are coronal holes. These regions
appear dark in extreme ultraviolet (EUV) wavelengths (see Cranmer 2009, for a review).
They are dark because the plasma is cool and less dense than surrounding regions due
to the rapid departure of plasma and birth of the solar wind. Three coronal holes are
shown in Fig. 1.1 in an EUV image taken in 2022 from SDO/AIA (Atmospheric Imaging
Assembly on the Solar Dynamics Observatory, see Lemen et al. 2012).

From long term observations of these open field regions on the surface, and mon-
itoring of the open magnetic flux at 1 au, i.e. Earth’s distance from the Sun, there is a
disagreement. The observations of the surface suggest that a much lower open magnetic
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1 Introduction

Figure 1.1: An image from SDO/AIA in the 193 Å channel on 2022-10-26 at 21:02UT.
Three coronal holes stand out, with a large one at the disc centre. The Sun appears to be
smiling. Image created with JHelioviewer (Müller et al. 2017).

flux should be measured at Earth’s distance compared to what has actually been measured
in-situ by spacecraft; in fact it is a 2 − 3 factor difference. This mismatch is known as the
open flux problem (e.g. Linker et al. 2017).

There are several hypotheses, discussed in the literature, to explain this mismatch.
One is that there is open flux emanating from regions that are not coronal holes.Coronal
holes are typically found close to the poles, however their location does vary with the
solar cycle: at solar minimum the coronal holes are closest to the Sun’s poles, while at
solar maximum they are furthest and closer to the equator. Another suggests that the
magnetic flux at the Sun’s surface, which we must remotely sense, is underestimated in
the regions where coronal holes exist. It is this last hypothesis that motivates my work and
is explored in this thesis. If the remotely sensed open magnetic flux is underestimated,
when extrapolated to 1 au, a part, if not all of the 2−3 factor mismatch could be explained.

12



1 Introduction

Observing these open flux regions is tricky however, especially during solar min-
imum when the coronal holes are nearest the poles. As past observatories have been
ground-based, or space-based but in always in the ecliptic plane, the poles have always
been observed very close to the edge of the solar disc. This creates many challenges for
these observatories, which are discussed in further detail in Chapter 5. Even during so-
lar maximum, when the coronal holes are closer to the equator, we often observe them
away from disc centre, towards the limb, and like the poles, this is a challenging region to
observe.

However a recently launched mission has changed the landscape: Solar Orbiter
(SO, Müller et al. 2020). On board are a suite of remote sensing instruments, one of
which infers the magnetic field at the solar surface: the Polarimetric and Helioseismic
Imager (PHI, Solanki et al. 2020). Further details on the Solar Orbiter mission and the
PHI instrument are described in Sect. 1.3.1. With Solar Orbiter’s highly elliptic orbit, for
the first time, magnetic field measurements from different viewpoints are now possible,
not just from Earth. With this additional viewpoint, stereoscopy can be performed for
the first time and the regions that are near the limb from Earth can now be simultaneously
observed near disc centre from a different vantage point. Additionally from 2025 onwards,
Solar Orbiter will also steadily move out of the ecliptic plane, up to 33◦ in heliographic
latitude in 2029, providing a view of the Sun’s poles that has never been possible before.
Hence Solar Orbiter enables a much improved opportunity to observe open flux regions
on the Sun where it has previously been difficult.

This thesis is organised in the following sections. In the rest of Chapter 1 the rel-
evant basic physics is established: Sect. 1.1 introduces the solar interior, atmosphere, its
magnetic field and the polar regions. Sect. 1.2 summarises key solar diagnostic techniques
and Sect. 1.3 describes the salient instrumental specifications of SO/PHI and SDO/HMI
(the Helioseismic and Magnetic Imager on SDO Scherrer et al. 2012), two instruments
whose data are exploited in this thesis. Finally in Sect. 1.4 I outline the basics of magne-
tohydrodynamic theory - key to modelling the Sun.

To enable these new opportunities provided by Solar Orbiter, I have made the
necessary groundwork, which are described in the next two chapters. The on ground
data processing pipeline for the high resolution telescope (HRT, Gandorfer et al. 2018)
of SO/PHI is detailed in Chapter 2 (published as Sinjan et al. 2022). This pipeline has
enabled the fine detailed analysis of the SO/PHI-HRT data to study the performance of
the instrument and improve the calibration of the data. This pipeline has now been inte-
grated into the complete on ground processing software for SO/PHI. Subsequent to this,
in Chapter 3 a comparison of the magnetic field inferences from SO/PHI-HRT with those
from an Earth-based magnetograph SDO/HMI (The Helioseismic Magnetic Imager on
board the Solar Dynamics Observatory, Scherrer et al. 2012, Pesnell et al. 2012) is pre-
sented (published as Sinjan et al. 2023). This comparison is crucial to allow us to perform
stereoscopy, a first attempt of which is also laid out in Chapter 4 using SDO/HMI and
SO/PHI-HRT data, when Solar Orbiter is out of the Sun-Earth line. Finally in Chap-
ter 5 results from numerical simulations of inferring the longitudinal magnetic field from
a unipolar region are presented. These simulations give insight on the impact of radia-
tive transfer effects at inclined viewing positions and guide us with future observations.
Chapter 6 concludes the work presented in this thesis and provides an outlook.

13



1 Introduction

1.1 The Sun

In this section the phenomena and basic physics of the Sun relevant to the work in this
thesis is laid out. First the inner structure of the Sun is discussed, followed by a brief
overview of the Sun’s surface and its constituent features. Finally the Sun’s ever important
magnetic field, including the polar regions are introduced.

1.1.1 Solar interior

The Sun is thought to consist of many layers. At its centre, lies the core, a sphere of
hot dense plasma thought to be rapidly rotating (García et al. 2007), within which nu-
clear fusion occurs, creating that energy that drives all processes in our solar system. It
is primarily through the p − p thermonuclear fusion chain that the core generates the en-
ergy in the form of gamma ray photons. The core extends up to approximately 0.2 R⊙,
where R⊙ is the solar radius, and has a temperature of 15.7 million Kelvins. Directly
surrounding the core is the radiative zone, the thickest layer of the Sun as it extends up
to 0.7 R⊙, where the immense energy from the core is transported towards the surface
via thermal conduction and radiative diffusion. Due to the high density the photons that
carry the energy only travel a short distance before they are absorbed or scattered. It takes
on average over 170,000 years for a photon to leave the radiative region (Elkins-Tanton
2006). Throughout the radiation zone, the temperature drops, until 1.5 million Kelvins at
its upper limit. Further out is the convection zone, an unstable layer where the energy is
transported to the exterior via convection. A cross-section of the Sun is shown in Fig. 1.2,
with additional properties displayed.

1.1.2 Solar atmosphere

As the Sun is a massive ball of plasma, it is not straightforward to define its surface as
one does for the Earth. Towards the upper layers of the convection zone, the density and
temperature has decreased sufficiently, that there exists a region where the optical depth
(τ, the degree of light absorption) reaches 1. Beyond this point, the plasma becomes trans-
parent (optically thin, τ <1) where the majority of photons escape into space. The layer
which is observed in white-light or continuum wavelengths of the visible electromagnetic
spectrum, defines the top boundary of the convection zone: the solar photosphere. It is
the deepest layer of the Sun that is visible. It is defined as the surface of unit optical depth
at 5000 Å. An image of the photosphere is shown in Fig. 1.3 taken by SO/PHI-FDT (Full
Disc Telescope) in early 2022. The photosphere is very nearly in hydrostatic equilibrium
and the pressure scale height is approximately 100 km, and the photosphere is around
500 km thick.

In Fig. 1.3 one can see several dark sunspots in the middle latitudes. Images
like these also reveal a reddening as one looks away from disc centre and towards the
limb: this is known as limb darkening. It is a projection effect wherein one observes
more inclined to the surface normal and therefore probes higher in the photosphere, into a
region which is cooler. A day earlier, the Sun was also imaged by SO/PHI-HRT, the high
resolution telescope, and the active region in the lower left was captured, which is shown
in Fig. 1.4.

14



1.1 The Sun

Figure 1.2: A cross-section of the solar interior, with the radial distance of the boundaries
and typical temperatures indicated. An example random walk of a photon from the core
to the surface is indicated in red, as well as the convective motion in the upper layer in
blue. Adapted from Yeo (2014).

The Sun has a very strong global, and self sustaining magnetic field that perme-
ates and drives all its activity; its global magnetic field is described in more detail in the
next section: Sect. 1.1.3. An active region is an area of the Sun’s surface with a partic-
ularly enhanced magnetic field, that contains one or more sunspots. The close up of this
particular active region depicts several dark features, with one large sunspot on the right,
several pores (small isolated dark patches) and one smaller sunspot on the left. The larger
sunspot is shown in greater detail in the lower right panel. The darkest inner area of the
sunspot is known as the umbra which harbours the strongest magnetic field concentration
in the active region, while the region immediately surrounding it is known as the penum-
bra, also with very strong fields (albeit less than in the umbra). The umbra is dark as the
intense magnetic field suppresses convection from below, thus leading to a cooler region.
The field strength in the umbra is on the order of 2− 4 kG, however much stronger fields,
up to 8 kG have been detected in small features close to or in the umbra (e.g. in sunspot
light bridges or at the edge of penumbral filaments, (see Siu-Tapia et al. 2019, Castellanos
Durán et al. 2020, Castellanos Durán 2023). In the penumbra the field is around 1 kG.
For more information on sunspots see Livingston (2002), Solanki (2003), Mathew et al.
(2004), Borrero and Ichimoto (2011).

In the lower left panel of Fig. 1.4 a patch devoid of large features is highlighted.
This is an area of quiet Sun, and upon further inspection one can observe many small
bright cells, known as granules. These granules are formed due to convection. From
the convective zone hot less dense plasma rises towards the surface, and is seen as small
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1 Introduction

Figure 1.3: Continuum image of the solar photosphere taken with SO/PHI-FDT on March
8th 2022. The image is saturated from 0 to 1.2 arbitrary units of disc centre averaged
continuum intensity. These data are only reduced in a preliminary manner.
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1.1 The Sun

Figure 1.4: Continuum image of an active region taken with SO/PHI-HRT on March 7th
2022. The lower left panel shows a zoom in on a patch of quiet Sun, while the lower right
plot shows a zoom in of the sunspot. The overlaid text highlights the scale in each panel.
All panels are saturated from 0 to 1.2 arbitrary units of the mean disc centre continuum
intensity. These data are only reduced in a preliminary manner.
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bright features. The up-flowing plasma radiatively cools, and turn down along the sides
defining the boundary of granules, in the intergranular lanes, which are the dark and hence
cooler features that outline granules. A granule typically has a size on the order of 1 Mm
(1000 km) and has a turnover time of approximately 5−10 minutes. The quiet Sun, while
it may appear quiet, has important and complex magnetic field structures. In the following
Section, the quiet Sun magnetic field is introduced.

The photosphere is just one layer of the Sun’s atmosphere, indeed it is considered
the very bottom layer. Above the photosphere is the chromosphere, a transition region
and the corona. The height range of these layers are typically defined by the temperature.
The lower photosphere has a typical temperature of 6000 K, which lowers to approxi-
mately 4000 K in the upper photosphere (roughly 1 Mm above the surface) as the sun
progressively cools via radiative processes. However, beyond the upper photosphere it
slowly rises in the chromosphere, followed by a sharp increase in the transition region (at
approximately 2 Mm on average) and finally a temperature of one or more million Kelvin
is reached in the corona which can extend up to 30 R⊙. This counter intuitive increase in
temperature with height is the source of great debate and is known as the coronal heating
problem as no widely accepted explanation has been reached in the scientific commu-
nity (e.g. Gomez 1990, Zirker 1993, Aschwanden et al. 2007, De Moortel and Browning
2015).

The plasma density also strongly drops in the transition region, such that in the
corona, the magnetic field dominates the structure, while the opposite is true in the pho-
tosphere where plasma flows dominate. This can be expressed through the plasma beta
parameter β:

β =
p

pmag
=

nkbT

B2/2µ0
, (1.1)

where β is the ratio of the plasma gas pressure p and the magnetic pressure pmag. The
plasma gas pressure is expressed via the number density n, Boltzmann constant kb and
temperature T . The magnetic pressure is a function of the magnetic field strength B and
the permeability of free space µ0 in SI units (in cgs units the magnetic pressure is B2/8π).
In the photosphere and chromosphere the β is approximately 1, while in the lower corona
β << 1.

1.1.3 Solar magnetic field

As early as 165 BC, Chinese and Korean astronomers recorded sightings of ‘black spots’
on the Sun, and since the 17th century regular observations of these sunspots have been
made (Stephenson and Willis 1999, Chatzistergos et al. 2017). It was only until the dis-
covery of the Zeeman effect in 1896 and the study of spectropolarimetry, did George Hale
reveal in 1908 that the Sun harboured a magnetic field. Hale noticed a broadening of spec-
tral lines and polarisation signature from the Zeeman effect when observing sunspots, and
inferred the probable presence of strong magnetic fields. Further details on the Zeeman
effect and its diagnostic capabilities are presented in Sect. 1.2.

The Sun’s large-scale magnetic field is thought to be generated via dynamo pro-
cesses within the solar interior wherein the motions of electrically conducting plasma in-
duce a magnetic field; for details on the dynamo process I refer the reader to Charbonneau
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(2020) and the references therein. Small-scale dynamos, in the photosphere and convec-
tion zone, are thought to be responsible for the small-scale magnetic field, for a review
see Rempel et al. (2023). In 1844 Heinrich Schwabe observed the number of sunspots
over a period of 18 years and deduced that there appeared to be a cyclical increase and
decrease in the sunspot number (Schwabe 1844). It is now known that over a roughly
11-year period the Sun undergoes a change in its number of sunspots and hence a change
in its magnetic field. At solar minimum there are very few sunspots if all and the Sun is
considered ‘quiet’, while at solar maximum sunspots regularly emerge and thus with them
a flurry of associated activity such as flares and CMEs (coronal mass ejections), which we
at Earth experience as space weather. For a review on space weather and the solar cycle
see Temmer (2021) and Hathaway (2015) respectively.

In his study of sunspot numbers, Rudolf Wolf assigned the ‘first’ solar cycle to
have started in February 1755 (Wolf 1861). We are currently in cycle 25, and in 2024
we find ourselves near solar maximum. This cycle started in December 2019: each cycle
starts and ends in a period of solar activity minimum. While the sunspot number varies
on an 11 year cycle, the magnetic field does so on a 22 year cycle. During each 11 year
cycle, the magnetic field flips near solar maximum: the magnetic poles, which are well
aligned with the rotational axis of the Sun, reverse, and only after 2 such 11 year cycles,
is the global magnetic field configuration back in its original state.

A line-of-sight photospheric magnetogram from SO/PHI-FDT is shown in Fig 1.5
(the corresponding intensity image is displayed in Fig. 1.3). Fig. 1.5 reveals the magnetic
field concentrations known as active regions in the middle latitudes, above and below the
equator. These latitudinal bands are known as the activity belts. The classical picture of
an active region consists of two sunspots with opposite polarities that are orientated in the
East-West direction, i.e. one sunspot follows the other as the Sun rotates. The magnetic
field in one sunspot is unipolar. However it is quite common for active regions to form
complex magnetic structures with three or more sunspots, which are known as spot groups
that are associated with the active region. Sunspots tend to emerge closer to the equator
as one nears solar maximum known as Spörer’s law of zones (Sporer 1894), producing
the famous ‘butterfly’ diagram published by Maunder (1904).

One distinct pattern is that the polarity of the leading sunspot of an active region
(and the associated spot group) in the Northern hemisphere (i.e. the sunspot closer to the
West limb) has the opposite polarity to the leading sunspot in the Southern hemisphere.
After solar maximum when the global magnetic field reverses, the polarity of the leading
sunspots that emerge is reversed in both hemispheres: this is known as Hale’s polarity law
(Hale and Nicholson 1925). Additionally, the active regions (and the associated sunspot
groups) are tilted, such that the leading sunspot is closer to the equator (Joy’s law, Hale
et al. 1919). When an active region decays, most of the flux from the two polarities cancel,
however some flux remains. A part of the trailing polarity flux is transported pole-ward
while flux from the leading polarity can also cross the equator after which it is brought to
the other pole through the meridionial flow: this was first reported by Bumba and Howard
(1969). This pole-wards transportation builds up opposite polarity flux in the poles and
leads to the eventual reversal of the field near solar maximum. For more detail on pole-
ward transport of active region flux see Petrie and Ettinger (2017).
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Figure 1.5: Line-of-sight magnetogram from SO/PHI-FDT on March 8th 2022. The im-
age is saturated from −100 to 100 G. The corresponding intensity image of the same
dataset is shown in Fig. 1.3.
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There are also concentrations of magnetic fields visible, that have no correspond-
ing obvious dark features visible in the continuum image. Near the top left corner of
Fig. 1.5 is a region of magnetic field enhancement. Upon inspection in the corresponding
continuum image (Fig. 1.3, this region has patches which are slightly brighter than the
neighbouring quiet Sun, and is known as a plage region and harbours kG fields. These
make strong fields make up a fraction of the surface area of plage regions and thus when
spatially averaged, the magnetic fields are on the order of hundreds of Gauss, weaker than
that in a sunspot.

Elsewhere on solar surface, away from bright or dark features, and seemingly
ubiquitous, is a salt and pepper appearance of the magnetic field. These fields are known
as the quiet Sun fields. While the quiet Sun appears ‘quiet’ in a continuum image, it re-
veals a surprisingly complex magnetic structure. The quiet Sun magnetic fields can be
separated into the network fields which surround regions of internetwork fields. The net-
work fields can be of kG strength and are predominantly vertical, while the internetwork
fields are much weaker, smaller in scale and more horizontal. The internetwork field re-
gions align closely with supergranules. Supergranules are large areas of convection, up to
30, 000 km in diameter, and last up to 1-2 days, and are described in detail in Rieutord and
Rincon (2010). In contrast to the huge size of supergranules, the smallest scale quiet Sun
magnetic fields, (that we can currently resolve) are only 100 km in size, and for a review
on the small-scale magnetic features see Solanki (1993). While these fields can be small
in size, the combined network and internetwork magnetic flux is extremely significant: it
is on par to that carried by active regions during solar maximum (Gošić et al. 2014, Gosic
2015, Jin et al. 2011). For more details of the quiet Sun from an observational point of
view see Bellot Rubio and Orozco Suárez (2019).

Another important cyclical variation, and one that is of particular relevance to this
thesis, is the polar magnetic flux. The strongest flux at the poles is present during solar
activity minima, while the opposite is true at solar activity maxima, due to the build up
of opposite polarity flux from decayed active regions. The magnetic nature of the poles,
and their importance are described in the next section: Sect. 1.1.4. In Fig. 1.6 are two
images of the corona taken by the the Full Sun Imager of the Extreme Ultraviolet Imager
on board Solar Orbiter (SO/EUI-FSI, Rochus et al. 2020). The image on the left depicts
the Sun’s state near solar minimum in early 2021, while the image on the right is nearer
solar maximum in late 2023. In the left panel there is a dearth of activity, in stark contrast
to the right panel, with multiple bright active regions visible. On the left are also large
darker areas, known as coronal holes, at the North and South poles, which is characteristic
of solar minimum. As the cycle progresses towards maximum the coronal holes become
more equatorial, and an equatorial coronal hole is visible in the right panel, below an
active region.

1.1.4 Solar poles

Of high relevance to my thesis work is the polar magnetic field. For this reason in this
section the properties and influence the polar region has on the solar dynamics are pre-
sented. For the basis of this section I have drawn heavily upon Petrie (2015) and refer-
ences therein.
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Figure 1.6: Images in the EUV taken by the EUI/FSI instrument on board Solar Orbiter.
The image on the left depicts the Sun near Solar minimum (April 2021) while the right is
closer to maximum (May 2023).

As alluded to in the previous section, the poles of the Sun are of critical impor-
tance and yet are one of the least-well understood regions on the solar surface. They
are important due to the role they play in the dynamo process, source of solar wind, and
strength of the solar activity. Nevertheless the region is poorly understood which is in
great part due to the difficulty of observing the poles. At regular intervals, due to the 7.5◦

inclination of the solar rotation axis with respect to the axis of Earth’s orbit, the North and
South poles interchangeably move into view from Earth, just inside the solar disc. It is
only from these opportunities that observations have been possible, albeit vastly restricted
as one views them with an extreme amount of foreshortening.

The polar magnetic field is unlike any other region on the solar surface, apart
from the magnetic field in coronal holes with which they share some similarities. At the
poles, the magnetic field has a dominant unipolar polarity (i.e. a magnetic field mostly
orientated in one direction), with opposite polarity at the two poles. Tsuneta et al. (2008a)
observed the poles with the Solar Optical Telescope on board the Hinode spacecraft (Hin-
ode/SOT, Tsuneta et al. 2008b) and found large unipolar patches, with fields up to 1 kG,
and a magnetic field distribution that was predominantly radial. Prabhu et al. (2020) also
found similar results, including an absence of strong horizontal fields, with the IMAX
instrument on the SUNRISE balloon-borne mission (Solanki et al. 2010, Barthol et al.
2011, Martínez Pillet et al. 2011). While strong kiloGauss (kG) fields exist on the poles,
the average flux density is low, on the order of 5−10 Mx/cm2*, much less than in an active
region. This low flux density further complicates observations, as a very high signal to
noise ratio is required to detect the low polarisation signals (for details on the polarisation

*the cgs unit for flux density, Mx/cm2 is equivalent to 1 Gauss, which is used for the magnetic field
strength. Hence, confusingly, in literature the two are often used interchangeably. For the remainder of this
thesis, Gauss will be used to express both the flux density or magnetic field strength.
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technique to detect magnetic fields see Sect. 1.2). Ito et al. (2010) compared the polar
magnetic field with a patch of quiet Sun near the East limb, and inferred a slightly higher
mean flux density in the polar region, as well as a larger total flux in the poles compared
to the quiet Sun. Additionally they compared kG patches and found that they were larger
and stronger in the polar regions.

A critical aspect of these polar fields, while they are low in mean flux density,
is that they have widespread impacts on the strength of the solar activity and the solar
system as a whole. They are believed to be a direct result of the poloidal fields within
the solar interior, which act as the starting point for the dynamo process to generate the
toroidal fields that create active regions and thus influence the solar activity. Therefore
the strength of the polar magnetic field is a key component in predicting the strength of
the next solar cycle (Cameron and Schüssler 2007, Petrovay 2020).

If there is polar coronal hole, the majority of the polar flux is open. This is
visible in a potential field source surface (PFSS) model, shown in Fig. 1.7, of the Sun
near the last solar minimum, which extrapolates the photospheric magnetic field (inferred
by SDO/HMI see Sect.1.3.2 for details) up to the corona at 2.5 R⊙. Only magnetic field
lines connecting the large magnetic structure are shown. There are open field lines at the
poles in opposing polarities highlighted in red and blue, while the majority of the field in
the mid latitudes is closed as shown in white. For more information about magnetic field
extrapolations, including the PFSS model, see Régnier (2013), Wiegelmann et al. (2017).
This open flux region forms the coronal holes that were introduced in the previous section,
through which a majority of the solar wind is born.

As explained in Sect. 1, these open field lines form the bulk of the heliospheric
magnetic field (HMF), along which the solar wind propagates into the solar system. This
HMF interacts with the planets, including the magnetospheres of those planetary bodies
that harbour global magnetic fields. The HMF brings with it solar and cosmic energetic
particles, ejected in great numbers via flares or CMEs, and cause geomagnetic storms.
These storms can temporarily disable radio communication, interrupt electrical power
grids, and even prevent recently launched spacecraft from reaching their final orbits due
to induced enhanced aerodynamic drag (Dang et al. 2022).

From the Ulysses mission we know that the HMF is broadly the same irrespective
of the heliographic latitude and at either solar minimum and solar maximum (Smith and
Balogh 1995). While the HMF is neither a potential field nor force-free as it is dragged
out by the solar wind, close to the Sun the HMF is often simplified as a potential field (i.e.
one that obeys Laplace’s equation) and hence one can easily extrapolate the open flux in-
ferred on the photosphere to any distance. This has also been confirmed by measurements
from Parker Solar Probe, covering solar distances between 0.13 and 0.8 au (Badman et al.
2021). As demonstrated by Owens et al. (2008) it is possible to estimate the open mag-
netic flux at 1 au using a single-point measurement in-situ, which is currently provided
by space missions such ACE and WIND (see Stone et al. 1998, Lepping et al. 1995).

Wang and Sheeley Jr. (1995) compared the predicted HMF extrapolated from
Wilcox Solar Observatory data of the photosphere to that measured by Ulysses and re-
ported a broad agreement. However they were only able to match the measured open
flux using a correction factor which they justified as necessary to correct an instrumental
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Figure 1.7: A SDO/HMI magnetogram in March 2020, with a PFSS model (restriced to
the largest spatial scales) highlighting the global coronal magnetic field structure up to
2.5 R⊙. Image made with JHelioviewer.

effect of the observatory. Linker et al. (2017) more recently repeated the exercise us-
ing data from new observatories, which do not require an instrumental correction factor,
together with a variety of models to extrapolate the field, and yet could not match the ob-
served open flux with that extrapolated from photospheric magnetograms, leading to what
is known as the ‘Open Flux Problem’. One recently proposed resolution to this problem
is that strong magnetic fields near the boundaries of mid-latitude coronal holes close to
active regions are the primary source of missing open flux when using a particular model
(Arge et al. 2024).

As touched upon in Sect.1, this problem strongly motivates the work that I will
present in this thesis. In particular it is the possible hypothesis that photospheric mag-
netograms underestimate the polar magnetic field which drives my work. This under-
estimation is hypothesised to stem from a combination of radiative transfer effects and
the extreme viewing angle, which I explore with both observational data and numerical
simulations in Chapters 3 and 5.
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1.2 Solar atmosphere diagnostics

Now that the pertinent features of the Sun and its atmosphere, relevant to this thesis,
have been introduced, I turn to the matter of how we are able to diagnose and retrieve
information about the Sun and said atmosphere. I first describe the theory behind the
quantum mechanical effect which leaves a trace of the magnetic field in the light, through
polarisation, that we can observe: the Zeeman effect. This is followed by the mathemati-
cal formalism, the Stokes parameters, that we commonly use to describe polarised light.
Next the basic radiative transfer equations, relevant approximations and solutions are pre-
sented. Finally the crucial technique we use to infer the magnetic field from the polarised
light, Inversions, and method to synthesise Stokes parameters from a set of atmospheric
conditions are introduced.

1.2.1 Zeeman effect

In 1896, Pieter Zeeman discovered that under the influence of a static magnetic field,
spectral lines from an atom widened and later discovered that they split into doublets
and triplets depending on the magnetic field (Zeeman 1897a,b,c). Zeeman also saw the
polarisation signature of the effect named after him. A spectral line is a dip in intensity
compared to the continuum due the absorption of photons at a specific wavelength, by
an atom, as an electron transitions from a lower level to an excited upper level. The
wavelength of this spectral line is determined by the energy difference between the lower
and upper level in the atom.

Before we arrive at the quantum mechanical description, we first start with the
classic Lorentz model of the Zeeman effect by considering the simple case of an electron
circularly orbiting a nucleus in the x−y plane. The magnetic moment is defined as µ = IA,
where I is the current and A the area covered by the orbit. This can be reformulated as:

µ =
−e

2me

L, (1.2)

where e is the charge of an electron, me the mass of an electron and L the orbital angular
momentum vector (L = mevr, where r is the radius and electron velocity v). The magnetic
potential energy, U, from the torque applied on the magnetic moment due to the magnetic
field is:

U = −µ · B, (1.3)

where B is the external magnetic field vector. With a magnetic field aligned along the
moment direction, z, the change in energy ∆E of the split lines with respect to the zero
field level is:

∆E = ml

e

2me

LzB = ml

eℏ

2me

B = mlµBB, (1.4)

where B is the magnetic field strength, µB = eℏ/2me is the Bohr magneton and ml is the
quantum number of the orbital angular momentum, which takes the values ml ∋ {0, 1,−1}.
This ∆E describes the energy levels of the uniformly spaced triplet, the Zeeman triplet, of
spectral lines, due to the ‘Zeeman effect’. We see here a clear dependence of the size of
the splitting on the magnetic field strength; the larger the B, the wider the lines are moved
apart.
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Figure 1.8: Transitions between an upper and lower level of an atom for the magnetic-free
and magnetic field case for a Zeeman triplet. Adapted from Crutcher and Kemball (2019).

When the splitting is found not to be this equally spaced triplet, either with more
split lines, or spacing of different widths, it is referred to as the ‘anomalous Zeeman
effect’. This in fact describes the general case where the total angular momentum, J, is
considered, and the ‘Zeeman triplet’ is only one specific scenario. Assuming LS-coupling,
the total angular momentum is the coupling of the electron spin angular momentum, S

with orbital angular momentum, L. The general case, which requires a complete quantum
mechanics treatment and ignoring higher order terms in B, is as follows:

∆E =
e

2me

(L + 2S ) · B = µBB(gLm j − g′Lm′j), (1.5)

where ′ denotes the upper level, gL is the Landé factor, and mJ is the quantum number
of the magnetic sublevels: the component of J along the magnetic field direction, which
takes the values −J,−J + 1, ..., J + 1, J. The Landé factor is a dimensionless quantity that
arises from the quantum numbers of a particular energy level. The Zeeman triplet is the
scenario where gL = g′

L
, or J = 0, or J′ = 0, such that one of the energy levels is not split.

The appropriate selection rules for electric dipole transitions between the two levels are
∆mJ = m′

j
− m j = 0,±1. Therefore the spectral lines are observed to be split into three

separate lines, as there are now three possible transitions from the lower to the upper
level: hence a Zeeman triplet. This is depicted in Fig.1.8. When the magnetic fields are
extremely strong, L and S are no longer coupled and thus a different treatment is required,
known as the Paschen-Back effect (Paschen and Back 1912).

Given that most transitions do not produce a Zeeman triplet, and instead are
‘anomalous’, a common way to compare different transitions is by their ‘effective’ Zee-
man triplet. Rewriting µB as eλ2

0/4πmec
2 via the Planck relation E = hc/λ, where λ0 is the

reference line centre wavelength, the wavelength shift for the ‘effective’ Zeeman triplet
is:

∆λ =
e

4πmec
λ2

0geffB = 4.67 × 10−13λ2
0geffB, (1.6)
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where the right equality holds when B is expressed in Gauss and λ is in units of Å; geff is
the effective Landé factor:

geff =
1
2

(gL + g′L) +
1
4

(gL − g′L)[J(J + 1) − J′(J′ + 1)]. (1.7)

George Hale studied spectra from sunspot umbrae, and discovered that the in-
dividual spectra exhibited signs of splitting, indicating that strong magnetic fields exist
on the Sun (Hale 1908). Not only does the magnetic field split or widen the spectral
lines, it also polarises the light: the polarimetric Zeeman effect. With this realisation, the
Zeeman effect became the most commonly used physical mechanism exploited by solar
instruments to infer the strength and orientation of the magnetic field vector in the solar
atmosphere.

To select a transition as an effective diagnostic for the magnetic field in the photo-
sphere, there are certain conditions. Firstly, the Zeeman splitting must be greater than the
thermal line width, which is caused by Doppler broadening due to the thermal velocities
of the atoms. The thermal line width of a spectral line at wavelength λ0 can be expressed
as:

∆λD =
λ0

c
vT =

λ0

c

√

2kbT

me

, (1.8)

where vT =
√

2kbT/me is the thermal velocity. This demonstrates that the line width
is proportional to wavelength; however as Eqn. 1.6 demonstrates, the Zeeman effect is
quadratic in wavelength and hence atomic transitions at longer wavelengths tend to be
more effective as spectral line candidates. Secondly the spectral line must have a strong
response to the magnetic field (large geff values). The two particular spectral lines selected
for study here are the Fe i 6173.3 Å and Fe i 5250.2 Å spectral lines as they have strong
effective Landé factors: geff = 2.5, 3 respectively, and are formed approximately 150 km
above the τ = 1 surface: i.e. the lower photosphere. Thanks to their Zeeman sensitivity,
they have been employed for many studies of solar magnetism. For a recent overview of
Zeeman sensitive photospheric lines and their diagnostic capabilities see Quintero Noda
et al. (2021).

There are other fundamental methods to diagnose the magnetic field strength.
The Hanle effect is one such example, which instead relies on the scattering of the po-
larised light, and the resulting change in orientation of the polarisation vector to provide
information on the magnetic field. It however relies on much weaker polarisation signals
and typically senses weak field strengths (10 − 100 G). It is useful where large Doppler
broadening and low plasma density inhibits the use of Zeeman effect (high temperature);
the corona is one such region (for more detail see Stenflo 1994).

1.2.2 Polarimetric Zeeman effect

With the Zeeman effect we can gauge the strength of the magnetic field, however, we can
also determine the orientation of the magnetic field by studying the polarisation of the
split lines. Recall Fig.1.8 from Sect.1.2.1, the allowed electric dipole transitions for the
B , 0 case between the upper and lower level is described as follows:
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∆m j = m′j − m j =



























+1 = σb

0 = π

−1 = σr

, (1.9)

where the transition to the sublevel whose energy is independent of the magnetic field are
the π-components, and the transitions to the sublevels shifted to higher and lower energies
are the σb- and σr-components respectively. The σb and σr subscripts represent the blue
and red shifted nature of their respective energy level with respect to the zero-field level.

The polarimetric signal of the Zeeman effect is that depending on the orientation
of the magnetic field with respect to the observer, the π- and σ-components will appear
differently polarised and is shown in Fig.1.9, where the geometry is such that the mag-
netic field is along the z axis. If an observer’s line-of-sight is along the z axis from +z

down, i.e. along the magnetic field pointing towards the observer, σb and σr are circu-
larly polarised in the clockwise and counter-clockwise directions, and no π-component
exists: the longitudinal Zeeman effect. If the observer instead observes from −z up , i.e.
the magnetic field pointing away, the circular polarisation of the σ-components flips. If
the line-of-sight is transverse to the magnetic field (z axis), the visible components are lin-
early polarised: the transverse Zeeman effect. An intrinsic characteristic of the transverse
Zeeman effect is that it is not possible to discern whether the magnetic field is along the
+z or −z axis, leading to the 180 ◦ ambiguity in plane of the sky (plane perpendicular to
the line-of-sight). When viewing off-axis in this geometry, the components are elliptically
polarised.

1.2.3 Stokes parameters and profiles

One formalism to describe the exact nature of how light is polarised is through the Stokes
parameters; these are the four parameters I,Q,U,V , which can be described in the fol-
lowing scheme, where the observer faces the radiation source:
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, (1.10)

where I↕, I↗↙, I↔, I↖↘ are linearly polarised intensities at 0, 45, 90 and 135 ◦ relative to the
vertical +y axis in the plane normal to the line of sight, and I⟳, I⟲ are right-hand and
left-hand circularly polarised light in the plane normal to the line of sight. In fact Stokes
I is any addition of two orthogonal components of polarisation. When Q = U = V = 0,
the light is completely unpolarised; if I2 = Q2 +U2 +V2 the light is completely polarised.
Otherwise the light is partially polarised. The degree of polarisation, p, can be defined as:

p =

√

Q2 + U2 + V2

I
≤ 1. (1.11)

Other formalisms such as the Jones vector exist, but the Stokes formalism has the
advantage that the parameters are directly described as sums and differences of intensities,
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Figure 1.9: Polarisation of the Zeeman triplet components as seen from different angles,
with a B field along the +z axis. Adapted from Crutcher and Kemball (2019).

i.e. direct observables, and also can describe partial polarisation. It for these reasons, that
the Stokes formalism is commonly deduced from the intensities measured by instruments
to describe the polarisation state.

The longitudinal Zeeman effect is easily diagnosed with the Stokes V parameter.
As explained in Sect.1.2.2, when the observer’s line-of-sight is parallel (or anti-parallel)
to the magnetic field, the σ-component transitions appear circularly polarised. As a ray of
unpolarised light passes towards the observer, through a magnetised medium, the medium
absorbs right- (left) circular polarisation, which results in excess left- (right) circular po-
larisation in the light beam when detected by the observer. This results in a negative-
(positive) Stokes V signal.

The Q and U profiles are used to retrieve information about the transverse com-
ponent of the magnetic field, such that the complete magnetic field vector can be inferred
(albeit with a 180◦ ambiguity in the plane of the sky). However the transverse Zeeman
effect is a second order effect compared to the longitudinal, as it is second order, the linear
polarisation signals have a quadratic dependence on the magnetic field strength, while the
circular polarisation is linear with respect to the magnetic field strength. If the magnetic
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splitting is smaller than the field-free line width (which is typically the case on the Sun
for most spectral lines), then the Q and U signals are typically weaker than Stokes V ,
while in very strong magnetic field regions with a significant horizontal component, the
Q and U signals can be of similar magnitude to Stokes V . For more detail on the relative
strengths of the transverse and longitudinal signals see Stenflo (1985).

An example of Stokes I,Q,U,V profiles are shown in Fig.1.10 from the Fe i
absorption line at 6173.341 Å. These profiles were synthesised along vertical rays with
the STOPRO module within SPINOR (see Sect. 1.2.4.5 for more detail and references)
from a MURaM simulation (discussed in Sect. 1.4). The figure depicts 4 profiles, with the
four Stokes parameters I,Q,U,V arranged from left to right column-wise. The top row
depicts a profile which exhibits large Zeeman splitting. From Eqn. 1.6, the magnetic field
strength, along the line of sight, is estimated at 2517 G purely from the splitting of the two
Stokes V lobes which represent the two circular components. There is no π component
as the field is close to parallel along the line of sight. The weak signals in Q and U also
indicate that the magnetic field vector is close to vertical. This profile is a representative
of a large flux concentration that can be found in a plage region. The second profile is
representative of the middle of a granule, with a strong single absorption minimum in
Stokes I, no Q and U signals (no horizontal fields) and very weak Stokes V signal (no
strong vertical fields).

The two profiles in the top rows are considered typical profiles of their respec-
tive solar features, however the photosphere often produces atypical profiles, which are
highlighted in the bottom two rows. From the Stokes I profile in the third row, one can
observe that it is strongly blue shifted, implying a strong up-flow. Furthermore there are
relatively strong Q and U signals, implying that the magnetic field vector has a significant
horizontal component. Finally the last row illustrates an anomalous profile, with multiple
lobes in Stokes V , which are the result several magnetic field components with different
velocities along the line of sight.

The polarity of the magnetic field can be diagnosed with the longitudinal Zeeman
effect: if the field is pointed towards the observer (positive polarity - which is the case in
the top row of Fig.1.10), the blue lobe in Stokes V (first extremum) is positive, while the
red lobe (second extremum) is negative. If the field is orientated away, the polarities of
the two lobes are reversed.
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Figure 1.10: Stokes profiles, from left to right: I,Q,U,V all normalised to the average
continuum intensity of the entire 3D simulation. The continuum intensity of the simula-
tion is shown above, with the locations of the profiles indicated by the circles of corre-
sponding colour. The central wavelength is 6173.341 Å.
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1.2.4 Radiative transfer through the solar atmosphere

As explained in the previous section, polarised light is an excellent diagnostic tool of
the solar atmosphere. To exploit this, magnetographs observe this polarised light and
then infer the solar atmospheric conditions that generated the detected light. To do this
one must employ a theoretical understanding of the light-matter interaction in the solar
atmosphere: radiative transfer. In the following subsections, the basic theory and common
methods or approximations to retrieve the solar atmospheric conditions are presented.
Additionally a routine that I used in Chapter 5 which generates polarimetric spectra from
a set of atmospheric conditions is presented. To form the basis of this section I drew
heavily upon Stenflo (1994), Rutten et al. (2003) and del Toro Iniesta (2003).

1.2.4.1 Radiative transfer in the absence of magnetic fields

Consider first the specific intensity, Iv(⃗r, n⃗, t), a quantity with cgs units: ergs−1Hz−1cm−2Sr−1.
This quantity refers to the radiant flux per second per frequency per unit area per solid
angle at a given position r⃗, through a unit area normal to n⃗ and at a time t. Now consider
a cylindrical medium in a plane parallel atmosphere, with its axis of symmetry along the
vertical axis z⃗, and thickness Z. This setup is shown in Fig. 1.11, where the horizontal
dashed grey lines indicate the horizontally constant layers in a plane parallel atmosphere.
The change in specific intensity, dIv, over a distance dz at a height z along z⃗ can be derived

Figure 1.11: A cylindrical medium with thickness Z in a plane parallel atmosphere with
its axis of symmetry along z⃗ and incoming specific intensity Iv. The angle between the
line-of-sight and z⃗ is denoted with θ.

from the difference between the light emitted by the medium (emission), and that taken
away by the medium (absorption):

dIv(z) = jvdz − αv(z)Iv(z)dz, (1.12)
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where jv(z) is the emission coefficient, and αv is the absorption coefficient of the medium.
We can rewrite Eqn. 1.12:

dIv

αvdz
=

jv

αv

− Iv = S v − Iv, (1.13)

where S v =
jv
av

is the source function. The source function encompasses all the processes
that contribute towards absorption or emission within the medium. The denominator in
Eqn. 1.13 is equal to the optical path element dτv along z⃗, where the optical thickness of
a medium τv with thickness Z is:

τv =

∫ Z

0
αv(z)dz. (1.14)

A medium is optically thick when τv(Z) > 1, and optically thin when τv(Z) < 1. In an
optically thick medium, the absorption is considerable, such that photons do not travel
very far before interacting with the medium, and hence we cannot ‘see’ through it, i.e.
photons cannot travel through it towards us: it is opaque, while the opposite is true in an
optically thin medium. However, in the context of observing the solar atmosphere, it is
more practical to work in optical depth, which is considered from the observer along the
line-of-sight rather than the propagation path of the light beam. Hence, the optical depth
along z at a certain geometrical depth z0 with an observer at z = ∞ is defined as:

τv(z0) =
∫ z0

∞
−αvdz =

∫ ∞

z0

αvdz. (1.15)

As indicated in Fig.1.11 the line-of-sight may not be along the z⃗ axis so we can introduce
µ = cos(θ), where θ is the angle between the z⃗ axis and the line of sight. The change in
specific intensity is now over a distance dz/µ along the line-of-sight. As this medium is
in a plane parallel atmosphere µ stays constant along the line-of-sight. Hence Eqn. 1.13
is more commonly presented in terms of dτv and µ:

µ
dIv

dτv

= Iv − S v. (1.16)

This form of the radiative transfer equation is valid only in the absence of magnetic fields
and a plane parallel atmosphere.

1.2.4.2 Spectral Line Formation

When analysing spectra from stellar atmospheres one observes many spectral lines, dips in
the intensity due to absorption, across the ultraviolet, visible light and infrared spectrum.
The formation of these spectral lines is described through the wavelength dependence of
the absorption coefficient αv. A gray model atmosphere is a commonly used simplification
where the absorption coefficient is independent of wavelength; such a stellar atmosphere
does not exist but is used on occasion to vastly simplify radiative transfer computations.
In Chapter 5 I use numerical simulations of the photosphere with a non-gray radiative
transfer code to ensure an accurate representation of the emergent intensity.

In wavelength ranges where there are no spectral lines present, it is considered the
background intensity, commonly referred to as the continuum. When treating the radiative
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transfer of a spectral line formation, the line formation processes must be also included.
The total optical depth therefore can be expressed in terms of the line and continuum
absorption coefficients, αl

v and αc
v respectively:

dτtot
v = −(αl

v + α
c
v)dz = (1 + ηv)dτc

v, (1.17)

where ηv = α
l
v/α

c
v and τc

v is the continuum optical depth.

The dependence of the line absorption coefficient on wavelength (or frequency),
greatly impacts the height in the medium that is sensed at a particular wavelength of obser-
vation. The minimum at the line core λ0 in Stokes I profile in the second row of Fig. 1.10
indicates where the absorption coefficient of the atomic transition is the strongest. As
the absorption is strongest at this wavelength, the line core is formed higher in the solar
atmosphere (where it is slightly cooler), while further from the line core in the ling wings,
the profile is formed deeper, and the nearby continuum deeper still. Hence the Stokes I

profiles contain information over a range of heights. The absorption profile of a spectral
line can be described via a Voigt function H(a, u) (Voigt 1912):

H(a, u) =
a

π

∫ ∞

−∞
e−y2 1

(u − y)2 + a2
dy, (1.18)

where u is a reduced variable equivalent to: (λ− λ0)/∆λD (∆λD is the thermal line width),
a is the damping parameter and y is an integration variable; see del Toro Iniesta (2003)
for more details. A Voigt function is the result of a convolution of a Lorentzian and a
Gaussian function. The spectral line is broadened by collisions and natural width of the
line which have Lorentzian profiles while broadening due to thermal or bulk motions of
the medium can be described by a Gaussian profile.

1.2.4.3 Eddington-Barbier approximation

There is a simple solution of the radiative transfer equation, Eqn. 1.16, for outward emerg-
ing intensity (µ > 0) at the point where the medium is completely optically thin (τv = 0):

Iv(τv = 0, µ) =
∫ ∞

0
S v(tv)e−(tv)/µdtv/µ, (1.19)

where tv =
∫ z

∞ −αv(z)dz is an integration variable. Suppose we assume that the source
function is a geometric series in terms of τv:

S v(τv) =
∞
∑

n=0

anτ
n
v = a0 + a1τv + a2τ

2
v + ... (1.20)

The emergent intensity Iv becomes:

Iv(τv = 0, µ) = a0 + a1µ + 2a2µ
2 + ... (1.21)

If we ignore all terms of order 2 or higher we arrive at the Eddington-Barbier approxima-
tion:

Iv(τv = 0, µ) ≈ S v(τv = µ). (1.22)
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This solution for the emergent intensity is exact, when the source function varies linearly
with τv. This approximation implies that the emergent intensity at a given µ is equal
to the source function at an optical depth equal to µ. The key result implied by this
approximation is that when we view the surface of the Sun at disc centre (µ = 1), the
intensity is equal to the source function of the medium at τv = 1, while critically at
inclined viewing angles, we probe shallower into the Sun: τv = µ. This, together with the
decrease in temperature in the photosphere with height, explains the limb darkening that
is shown in Fig. 1.3 in Sect. 1.1.2.

1.2.4.4 Local thermodynamic equilibrium

Local thermodynamic equilibrium (LTE) describes the situation where the properties of
matter in a medium can be characterised by the local temperature, and that there is no net
energy exchange with its nearby surroundings. To be specific the salient properties are
the electron level populations in the constituent atoms, ions and molecules. Under LTE
conditions, these properties are given by the Saha-Boltzmann equations (see Rutten et al.
2003, for more details). LTE conditions can only hold when the radiation field is such
that the electron level populations do not depart significantly from those expressed by the
Saha-Boltzmann equations.

As introduced in Eqn. 1.13, the source function contains the emission and ab-
sorption properites of a particular energy level transition within an atom, ion or molecule.
If there is complete frequency redistribution, the source function becomes a function of
the ratio of the upper and lower population levels for the particular transition (as given
by the Saha-Boltzmann equations). Complete frequency redistribution is the case where
all the emission and absorption processes result in equal frequency distributions. Partial
frequency distribution could for example occur due to a scattering process that results in a
bias towards one particular frequency. Under LTE conditions, and a complete frequency
redistribution, the source function Sλ becomes (Bλ(T ), 0, 0, 0)⊤, where Bλ(T ) is the Planck
Function:

Bλ =
2hc2

λ5

1

exp( hc
λkbT

) − 1
, (1.23)

where h is Planck’s constant, c speed of light, λ wavelength and temperature T . This is a
powerful equality as the source function at a given wavelength is now only a function of
temperature.

To diagnose the solar atmosphere, neutral iron spectral lines are most often used.
They dominate the available photospheric spectral lines, and have the additional benefit
of not exhibiting hyperfine or isotopic splitting (Rutten 1988). As discussed in Sect. 1.2.1,
the two photospheric lines of relevance to this work are two Fe i spectral lines: 6173.3 Å and
5250.2 Å. The source function of the two lines can be accurately modelled by a Planck
function, as the scattering in the lines is weak. Hence these two lines are most com-
monly modelled under LTE conditions (e.g. Bello González et al. 2009, Felipe et al.
2017, Yadav et al. 2021) when performing spectral synthesis (Sect. 1.2.4.5) or inversions
(Sect. 1.2.4.6). Nevertheless Fe i atoms in the solar atmosphere are over ionised by ul-
traviolet photons and consequently do exhibit some NLTE (non LTE) effects (see Smitha
et al. 2023, for details on the 6173.3 Å spectral line).
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1.2.4.5 Radiative transfer in the presence of magnetic fields

In Sect. 1.2.4.1 the general description of radiative transfer in a plane parallel atmosphere
with no magnetic field was presented. However, in order to gain information about the
magnetic structure in the solar atmosphere, the radiative transfer equation must be modi-
fied to include the effects on the polarisation state of the light when observing a spectral
line that exhibits the Zeeman effect. Following del Toro Iniesta (2003), the radiative
transfer equation, describing the full Stokes vector and including spectral line formation,
becomes:

dIλ
dτc

λ

= K(Iλ − Sλ), (1.24)

where K is the propagation matrix which is equal to (1 + η), where 1 is the identity
matrix and η is the line absorption matrix. The quantity Iλ is now represents the full
Stokes vector: Iλ = (Iλ,Qλ,Uλ,Vλ)⊤. Finally Sλ is the source function for all four Stokes
parameters. Note that I have changed from subscript v denoting frequency to λ signifying
wavelength as is more commonly done in the context of Stokes profiles. The propagation
matrix is as follows:

η = η0
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, (1.25)

where η0 is the line-to-continuum absorption ratio. The ηI , ηQ, ηU , ηV terms describe
absorption of the different polarisation states while the ρQ, ρU , ρV terms describe the
magneto-optical effects that result in dispersion between the polarisation states. These
seven elements that make up the propagation matrix are:

ηI =
1
2

{

ϕπ sin2(γ) +
1
2

[ϕσb
+ ϕσr

](1 + cos2(γ))
}

, (1.26)

ηQ =
1
2

{

ϕπ −
1
2

[ϕσb
+ ϕσr

]
}

sin2(γ) cos(2χ), (1.27)

ηU =
1
2

{

ϕπ −
1
2

[ϕσb
+ ϕσr

]
}

sin2(γ) sin(2χ), (1.28)

ηV =
1
2

{

[ϕσb
+ ϕσr

]
}

cos(γ), (1.29)

ρQ =
1
2

{

ψπ −
1
2

[ψσb
+ ψσr

]
}

sin2(γ) cos(2χ), (1.30)

ρU =
1
2

{

ψπ −
1
2

[ψσb
+ ψσr

]
}

sin2(γ) sin(2χ), (1.31)

ρV =
1
2

{

[ψσb
+ ψσr

]
}

cos(γ), (1.32)

where ϕ and ψ are the absorption and dispersion profiles at the wavelength of the σb, π, σr

Zeeman components. The absorption profiles are proportional to the Voigt function, dis-
cussed in Sect. 1.2.4.2, while the dispersion profiles are proportional to Faraday-Voigt
functions. The angles γ and χ are the inclination and azimuth of magnetic field in a
spherical coordinate system where the line-of-sight is the radial component or zenith.
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The set of equations, Eq. 1.26-1.32, together with the RTE in Eqn. 1.24, are known as the
Unno-Rachkovsky equations (Unno 1956, Rachkovsky 1962, 1967).

The Unno-Rachkovsky equations can only be solved analytically in a few sce-
narios, in general it must be solved numerically, examples of such numerical RTE codes
are: SIR (Ruiz Cobo and del Toro Iniesta 1992, Bellot Rubio 1998), STOPRO which is
a module of SPINOR (Solanki 1987, Frutiger 2000) and RH (Uitenbroek 2001, Pereira
and Uitenbroek 2015). These codes typically are initialised with a simple description of
a stellar atmosphere: e.g. temperature profile, magnetic field vector, and line-of-sight ve-
locity as a function of optical depth, and then produce a set of Stokes profiles as a function
of wavelength. This is commonly referred to as spectral synthesis, and such calculations
were performed in Chapter 5.

1.2.4.6 Inversions

To remotely sense the magnetic field and other atmospheric conditions however, the in-
verse of spectral synthesis has to be performed. Stokes profiles are observed with spec-
tropolarimetric instruments such as SO/PHI and SDO/HMI (see Sect. 1.3), and then the
physical parameters must be inferred via the use of an inversion code. There are several
codes in use which undertake a variety of approaches. These approaches can differ in the
atmospheric modelling they assume or treatment of stray-light. Typically however, most
inversion codes perform a minimisation problem: they strive to minimise the difference
between the observed profiles Iobs

λ and synthetic profiles Isyn
λ that are generated via spectral

synthesis, from a model atmosphere.

One common and simple assumption that some inversion codes make is the mod-
elling of the solar atmosphere as a Milne-Eddington atmosphere. A Milne-Eddington
atmosphere is one where all the physical parameters such as the magnetic field strength,
magnetic field orientation, line-of-sight velocity and the line-to-continuum absorption co-
efficient ratio are all independent of optical depth. Furthermore the source function is
assumed to only vary linearly in optical depth. With such an atmosphere an analytical so-
lution can be found. A limitation of note when assuming a Milne-Eddington atmosphere
is that due to the optical depth independence of the physical parameters, no vertical gradi-
ents in the line-of-sight velocity or magnetic field vector, which we know to be ubiquitous
in the solar atmosphere, can be captured. These gradients reveal themselves in Stokes
profiles through asymmetries around the line centre (e.g. Stenflo et al. 1984, Wiehr 1985,
Sanchez Almeida and Lites 1992).

Examples of codes which use assume such a Milne-Eddington atmosphere are
MILOS (Orozco Suárez and Del Toro Iniesta 2007a), VFISV (Borrero et al. 2011b),
PyMilne (de la Cruz Rodríguez 2019), MERLIN (Lites et al. 2007) and HeLIx+(Lagg
et al. 2004, 2009). For a comparison of some of these inversion codes see Borrero et al.
(2014a). An example of a line-of-sight magnetogram from SO/PHI-FDT, generated with
the MILOS code, is depicted in Fig. 1.5. A figure of all the data products of an observed
sunspot, such as the magnetic field strength, its inclination and azimuth, as well as line-
of-sight velocities that are generated with MILOS is shown in Fig. 2.10 in Sect. 2.5.2.
Recall from Sect. 1.2.2 one important characteristic of the polarimetric Zeeman effect is
that there exists a 180◦ ambiguity in the inferred azimuth: an azimuth of angle χ and
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χ + 180◦ produce the same Stokes profiles. In Metcalf et al. (2006) various algorithms
that seek to solve this ambiguity are discussed.

Inversion codes are not the only tool commonly used to extract information of the
magnetic field from a set of observed Stokes profiles. Before the widespread availability
of powerful computers simpler methods were commonly used. Such methods include the
centre-of-gravity method (Rees and Semel 1979), weak-field approximation (e.g. Landi
Degl’Innocenti and Landolfi 2004), and Fourier tachometer techniques such as the MDI-
like algorithm (Couvidat et al. 2012a).

1.3 Instrumentation

Of particular relevance to this thesis are two spaced-based spectropolarimetric instru-
ments: the Polarimetric and Helioseismic Imager (SO/PHI, see Solanki et al. 2020) and
Helioseismic and Magnetic Imager (SDO/HMI, see Scherrer et al. 2012). These instru-
ments both have the capability to observe a complete set of Stokes profiles from the same
photospheric spectral line. In the following subsections the basic details of first SO/PHI
and then SDO/HMI are presented. A short description of their respective space missions
which host these instruments is also discussed.

1.3.1 SO/PHI

The SO/PHI instrument is on board the Solar Orbiter (SO, see Müller et al. 2020) mission.
Solar Orbiter is a deep space mission that orbits the Sun in a highly elliptical orbit. It was
launched in February 2020 and hosts 9 other instruments, with a total of 6 remote-sensing
instruments and 4 in-situ instruments (for more detail on the full suite of instruments see
Müller et al. 2020). At its closest approach Solar Orbiter will be at a distance of 0.28 au to
the Sun. The unique property of Solar Orbiter’s orbit is that it will use successive Venus
gravity assist manoeuvres (GAMs) to move out of the ecliptic, up to a maximum of 33◦

heliographic latitude. It will first start to exceed the maximum heliographic latitude of
Earth (7.5◦) in 2025. This will provide unprecedented opportunities to observe the solar
poles. The heliographic latitude and solar distance are shown in Fig. 1.12.

The SO/PHI instrument observes the Fe i 6173.3 Å spectral line at 5 wavelength
positions and an additional point in the nearby continuum, which are specified in Ta-
ble 3.1 in Chapter 3.2. This spectral line was chosen due to its high magnetic sensitivity
(geff = 2.5) and a clean nearby continuum. SO/PHI uses a Fabry-Pérot interferometer,
commonly referred to as an etalon, to accurately select the wavelength that is observed
(Trosseille et al. 2008). SO/PHI cycles through 4 modulated polarisation states (differ-
ent combinations of the 4 Stokes parameters) at the 6 wavelength positions to create the
complete set of Stokes profiles. Modulated polarisation states are required as the Stokes
parameters, described in Eqn. 1.10, are intrinsically defined as the difference of different
polarisation states and hence cannot be directly measured. The method of extracting the
Stokes parameters from these modulated states is described in the next Chapter.

SO/PHI has two telescopes, the Full Disc Telescope (FDT) and High Resolution
Telescope (HRT, see Gandorfer et al. 2018). As their names suggest the FDT is designed
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Figure 1.12: Solar Orbiter heliographic latitude and solar distance over the duration of
the mission. In the top panel the seven gravity assist manoeuvres, 6 with Venus and 1
with Earth are highlighted with vertical dashed lines. The three mission phases: commis-
sioning, nominal and extended phases are highlighted in the bottom panel with vertical
dashed lines.

to always capture the full solar disc, irrespective of the solar distance, while HRT observes
the photosphere at an unrivalled resolution for a space-based instrument (plate scale of
101.5 km during perihelia). An important characteristic is that the two telescopes cannot
observe simultaneously as they share certain optical elements as well as the detector. A
schematic of the HRT optical path and its elements is shown in Fig. 2.1 in Sect. 2.3.1.
SO/PHI can operate at cadences as high as 1 minute and achieve a noise to signal ratio of
below 10−3Ic.

The SO/PHI instrument uses the MILOS inversion code, mentioned in Sect. 1.2.4.6,
to infer the magnetic field vector, line-of-sight velocity and continuum intensity. While
the SO/PHI instrument has computers on board which can reduce the raw data and per-
form the inversion, most raw data is transmitted to ground for further analysis and cali-
bration efforts. In the next Chapter, the on-ground data reduction pipeline for HRT that I
developed, and first produced magnetograms are presented.

As SO/PHI is the first magnetograph outside the Sun-Earth line, fascinating re-
sults have already been published that only Solar Orbiter’s orbit could enable. A first
attempt to compare the disambiguated azimuth from algorithms such as the minimum
energy method (Metcalf 1994) and that from stereoscopic analysis is presented in Valori
et al. (2023). A stereoscopic observation of the same region on the photosphere allows
for the first direct inference of an unambiguous azimuth. Furthermore, as Solar Orbiter
at times can observe the ‘back side’ of the Sun with respect to Earth’s view, much faster
synoptic maps of the photospheric magnetic field can be produced: Löschl et al. (2024)
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presented the first synoptic map which was recorded over a period of only 14 days as
opposed to the standard 27 days that is required for the Sun to complete one revolution.

Due to its orbit and classification as a deep space mission, telemetry is highly
restricted. Therefore the data intensive remote-sensing instruments are constrained to op-
erate primarily in Remote-Sensing Windows (RSWs), which until now have been placed
near the perihelion passes but in future will be placed near the maxima of heliographic
latitude that Solar Orbiter reaches. †

1.3.2 SDO/HMI

Launched on 11 February 2010 and undergoing regular science operations from 1 May
2010, the Solar Dynamics Observatory (SDO, see Pesnell et al. 2012) hosts three remote-
sensing instruments, one of which is SDO/HMI (Scherrer et al. 2012). As SDO’s name
suggests, the SDO mission is designed to be a solar observatory and provide near constant
observations of the Sun. For this reason the SDO spacecraft is in a geosynchronous orbit
at an altitude of 36, 000 km, such that it’s solar distance remains close to 1 au. This close
proximity to Earth enables high telemetry rates to support the GB/day of data that SDO’s
instruments provide. The prime mission phase of SDO ended on 30 September 2015
(Hoeksema et al. 2018), and currently the mission has been extended until at least 2030‡.

Like SO/PHI, SDO/HMI samples the Fe i 6173.3 Å spectral line but at 6 wave-
length positions located in the line itself and without a point in the nearby continuum (see
Table 3.1 in Chapter 3.2). SDO/HMI has two cameras, referred to as the front and side
cameras, which share a common telescope aperture and SDO/HMI always captures the
full solar disc. A diagram of the instrument layout is available in Couvidat et al. (2012b).
The plate scale of both cameras of SDO/HMI is 0.5”/pixel which corresponds to approx-
imately 362.5 km on the solar surface. Some basic specifications of the instrument are
provided in Table 3.1. SDO/HMI utilises two successive Michelson interferometers and a
Lyot-type filter to narrow the wavelength range to the desired position. SDO/HMI cycles
through 6 polarisation states: I ± Q, I ± U, I ± V and the 6 wavelength positions to create
the complete Stokes vector. This procedure is sped up through the simultaneous use of
both cameras.

From the complete Stokes profiles, the vector magnetic field can be inferred using
the VFISV inversion code already mentioned (Borrero and Kobel 2011, Hoeksema et al.
2014, Liu et al. 2016). These data products are created at a 720 second cadence. However,
SDO/HMI also produces line-of-sight magnetograms at a 45 and 720 second cadence
without the need of an inversion code: instead the MDI-like algorithm (see Sect. 1.2.4.6)
is applied to only the I ± V filtergrams. This is an important distinction when comparing
the vector and line-of-sight magnetograms from SDO/HMI with SO/PHI, and is fully
explored in Chapter 3 wherein I directly compared SO/PHI data and SDO/HMI data,
when Solar Orbiter had a near identical viewing angle of the Sun as SDO/HMI.

†For more information regarding the data products, publicly released data see mps.mpg.de/
solar-physics/solar-orbiter-phi/data-releases and for access to the Solar Orbiter archive see
soar.esac.esa.int.

‡The data from SDO/HMI is available at http://jsoc.stanford.edu/.
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1.4 Magnetohydrodynamics

Up until this point I have introduced the fundamental theory and salient methods by which
we have observed the Sun’s photosphere and inferred the atmospheric parameters. How-
ever we can also simulate the upper convection zone and photosphere and gain insight
through that endeavour. In Chapter 5 I do exactly that and hence I now introduce the
basic premise through which we can model the layer near the solar surface.

Magnetohydrodynamics, commonly referred to as MHD, is the description of
fluids that harbour or interact with strong magnetic fields and have large scale slow dy-
namics. To be precise the exact approximations that enable treatment of a plasma via
MHD is as follows:

1. The time over which we track quantities, such as the kinetic and thermal energy,
vary slowly in comparison to the time scales of atomic interactions such as the ion
gyroperiod and mean free path time.

2. The length scale through which we model the plasma must be larger than the ion
gyroradius and mean free path length. The length scale must also be larger than the
Debye length (shielding of charges), such that the plasma is quasi-neutral.

3. The plasma velocities (that of ions and electrons) are non relativistic.

4. The plasma must have a high electrical conductivity such that no strong electric
fields can occur through the build up of charges.

These conditions, when fulfilled, also allow displacement currents to be neglected, which
are present as Maxwell’s addition to Ampere’s law. As such, the solar atmosphere satisfies
these aforementioned approximations. For more detail on the MHD approximations see
Kippenhahn and Moellenhoff (1975), Priest (1982). We now turn to the equations that
describe the MHD treatment:

1. The continuity equation,
∂ρ

∂t
+ ∇ · (ρv) = 0, (1.33)

where ρ is the density, and v the plasma velocity and t is time.

2. The equation of motion,

ρ
dv

dt
= −∇P + j × B + ρg + ∇τ̂, (1.34)

where dv/dt = ∂v/∂t+ (v · ∇)v is the total or Lagrangian derivative, P the combined
gas and magnetic pressure (introduced in Eqn. 1.1), j the electric current, B the
magnetic field, g gravity and finally τ̂ the viscous tensor.

3. The induction equation,

∂B

∂t
= ∇ × (v × B) + η∇2B, (1.35)

where η is the magnetic diffusivity. This last term containing η describes non-ideal
MHD behaviour when the fluid possesses electrical resistivity.
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4. MHD energy equation,

∂e

∂t
+∇·

[

v

(

e+P

)

−
B(v · B)

µ0

]

=
∇ · (B × η∇ × B)

µ0
+∇·(v·τ̂)+∇·(K∇T )+ρ(g·v)+Qrad,

(1.36)
where e is the total energy, µ0 is the permeability of free space, K the thermal
conductivity, T the temperature and Qrad is the radiative heating rate. The radiative
term is required to model the transition from convective energy transport to radiative
as the plasma becomes optically thin in the visible spectrum. These set of equations
are in SI units.

To close these equations, equations of state are required to relate T and P to ρ and the
internal energy density eint. This set of closed equations, including the radiative term in
the MHD energy equation, is known as radiative MHD.

There exist several numerical codes which solve the radiative MHD equations.
Relevant examples include MURaM (MPS/University of Chicago Radiative MHD, see
Vögler 2003, Vögler et al. 2005), Bifrost (Gudiksen et al. 2011), CO5BOLD (Freytag et al.
2010, 2012, Steiner et al. 2007), Stagger (Galsgaard and Nordlund 1996) and recently
Mancha3D (Modestov et al. 2024).

In this study, I use MURaM, which has since received further extensions: Rem-
pel and Cheung (2016) added the modelling of the corona, while Przybylski et al. (2022)
included a NLTE (non local thermodynamic equilibrium) treatment such that the chro-
mosphere too could be well simulated. However as I am interested in purely the upper
convective zone and photosphere these extensions were not required. MURaM solves
the set of closed radiative MHD equations in 3 spatial dimensions on a Cartesian grid
and steps forward in time. To describe the equations of state, MURaM employs the first
ionization state of the most common elements in the photosphere, which are provided by
the Saha equation. To solve the radiative energy transport, the version of MURaM I used
solves the radiative transfer equation (Eqn. 1.16) and assumes LTE conditions.

An example of a MURaM simulation, produced for the Riethmüller et al. (2014b)
study, is shown in Fig. 1.13. The 3D simulation was first initialised under hydrodynamic
conditions and allowed to evolve until it reached a statistically stationary state after 18
hours of solar time following which a homogeneous, unipolar vertical magnetic field
of 50 G was introduced. Illustrated are horizontal slices from one snapshot in time of
the three magnetic field components: Bx, By, Bz, the three plasma velocity components:
Vx,Vy,Vz, as well as the Temperature and plasma density. These slices are at a geometric
height close to where the spatially averaged optical depth τ5000 is approximately 1. The
grid cell sizes are 20.8 × 20.8 × 14 km, spanning a total area of size: 6 × 6 × 1.4 Mm.
The box roughly covers 800 km below the visible surface and 600 km above, and these
slices are at 910 km above the bottom of the box, close to the height of the visible surface.
The simulation box has a free in- and outflow lower boundary condition and a closed top
boundary, while conserving the total mass.
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Figure 1.13: Physical quantities from a MURaM snapshot with ⟨BZ⟩ = 50 G. Top row:
the magnetic field vector in cartesian geometry from left to right Bx, By, Bz, saturated
to ±0.5 kG. Middle row: the plasma velocity vector Vx,Vy,Vz saturated to ±10 km/s.
Bottom row: temperature T saturated between 5000 to 9000 K, the plasma gas pressure
p and plasma density ρ.
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2.1 Abstract

The ESA/NASA Solar Orbiter space mission has been successfully launched in February
2020. Onboard is the Polarimetric and Helioseismic Imager (SO/PHI), which has two
telescopes, a High Resolution Telescope (HRT) and the Full Disc Telescope (FDT). The
instrument is designed to infer the photospheric magnetic field and line-of-sight velocity
through differential imaging of the polarised light emitted by the Sun. It calculates the
full Stokes vector at 6 wavelength positions at the Fe I 617.3 nm absorption line. Due to
telemetry constraints, the instrument nominally processes these Stokes profiles onboard,
however when telemetry is available, the raw images are downlinked and reduced on

§The contents of this chapter are identical to the printed version of Sinjan, J. Calchetti, D., Hirzberger,
J., Orozco Suárez, D., Albert, K., Albelo Jorge, N., Appourchaux, T., Alvarez-Herrero, A., Blanco Ro-
dríguez, J., Gandorfer, A., et al., 2022, The on-ground data reduction and calibration pipeline for SO/PHI-
HRT, in Software and Cyberinfrastructure for Astronomy VII, vol. 12189, pp. 612–628, SPIE, reproduced
with permission from SPIE. I, Jonas Sinjan, completed all the underlying work on the pipeline, wrote the
first draft text and created the figures for all sections of this publication except for Sect. 2.4.7.2 and Fig. 2.11
in Sect. 2.5.3, which were created by Daniele Calchetti. The remaining co-authors supported the develop-
ment, engineering and operations of SO/PHI and provided comments on the draft text.
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ground. Here the architecture of the on-ground pipeline for HRT is presented, which also
offers additional corrections not currently available on board the instrument. The pipeline
can reduce raw images to the full Stokes vector with a polarimetric sensitivity of 10−3 · Ic

or better.

2.2 Introduction

The Solar Orbiter (SO) is the first selected medium-class mission from ESA’s Cosmic
Vision 2015-2025 Program. It is a collaborative effort with NASA, and the spacecraft was
launched on February 10th 2020 (Müller et al. 2020). Its primary goal is to study the Sun
and the inner heliosphere. To achieve this, the spacecraft carries a scientific payload of 10
instruments, 6 remote sensing and 4 in-situ. The Polarimetric and Helioseismic Imager
(PHI) is one of the remote sensing instruments and it retrieves the continuum intensity,
the vector magnetic field, and the line-of-sight velocity, both in the Sun’s photosphere
(Solanki et al. 2020). It does this by sampling four linear combinations of the four Stokes
parameters of the magnetically sensitive Fe i absorption line at 617.3 nm at 6 wavelength
positions. These samples are later transformed to the aforementioned physical quantities
by inverting the radiative transfer equation for polarised light in the presence of a magnetic
field.

The instrument has two telescopes: the Full Disc Telescope (FDT) and the High
Resolution Telescope (HRT, Gandorfer et al. 2018). The FDT can capture the full solar
disc, while the HRT is designed to capture photospheric features in more spatial detail.
During normal operations to conserve telemetry, the raw images from the two telescopes
are reduced onboard using field-programmable gate array (FPGA) computers, producing
the data products which are downlinked to Earth (Lange et al. 2017, Albert et al. 2020).

However there are occasions during the nominal and extended mission phases
when telemetry rates will be favourable such that raw images can be downloaded and
reduced on-ground. The ability to reduce data on-ground provides more opportunities
for fine-tuning the data reduction process, and therefore for producing higher quality data
products. Furthermore it allows for the additional processing when the HRT’s Image Sta-
bilisation System is switched off. Since launch the spacecraft has been in its Cruise Phase
until 27th November 2021, when the Nominal Mission Phase began (Zouganelis et al.
2020). During the cruise phase, predominantly raw images from HRT were downloaded
and reduced on-ground, to allow for in-flight testing and investigate the instrument’s per-
formance. This paper outlines the current state of the on-ground pipeline for the HRT
(V1.4 June 2022), written in Python3, which is used to reduce and calibrate these raw
images. Finally early in-flight data reduced with this pipeline is presented and the tele-
scope’s high polarimetric sensitivity is shown.
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2.3 SO/PHI-HRT

2.3.1 The instrument

A simplified description of the key optical components of the HRT is presented, following
the optical path shown in Fig. 2.1 (Solanki et al. 2020, Gandorfer et al. 2018). The HRT
is a Ritchey-Chrétien telescope with a decentred pupil. The HRT has a Heat Rejection
Entrance Window (HREW) that allows in only 4 % of the incoming solar light power. The
HRT uses its own Polarisation Modulation Package (PMP), consisting of Liquid Crystal
Variable Retarders (LCVR) and a polariser to modulate the light in order to obtain the
polarisation characteristics of the incoming light (Alvarez-Herrero et al. 2015). Once
modulated, the light is split and a portion enters the Correlation Tracker Camera (CTC).
The CTC is part of the Image Stabilisation System (ISS) which works to track a specific
feature on the solar surface, calculating from the CTC images the steering signal for the
M2 (tip-tilt) mirror, to accurately track the desired feature (Volkmer et al. 2012, Carmona
et al. 2014). The ISS is also used to compensate for effects such as spacecraft jitter. After
the beam splitter the light goes through the HRT Refocus Mechanism (HRM) and passes
through the Feed Select Mechanism (FSM), which is used to switch between FDT and
HRT, and towards the Filtergraph (FG). The FG contains two pre-filters and a tunable
LiNbO3 Fabry-Perot etalon, an interferometer, which together allow for a transmission
window with a mean full-width-half-maximum (FWHM) of (106±5) mÅ and free spectral
range of 3.0 Å (Gandorfer et al. 2018, Dominguez-Tagle et al. 2014). The resultant light
then illuminates an Active Pixel Sensor (APS) which reads out images with 2048 × 2048
pixels. The re-imaging optics in the Focal Plane Assembly (FPA) provides a plate scale
on the sensor of 0.5′′ per pixel which corresponds to 102 km at 0.28 AU distance.

The imaging cadence is controlled by the modulation accumulation scheme in
the PMP. While the HRT has the operational capability of a 60 second cadence, during
the cruise phase a 96 second cadence was used. This was done using a PMP scheme of
[4, 5]. At each wavelength position, 4 frames are taken for each modulation state, and
this is cycled through each modulation state 5 times, resulting in 20 total frames for each
modulation state at each wavelength position. The minimum number of frames to achieve
the desired signal to noise ratio of 103 is 16 (Solanki et al. 2020).

2.3.2 Flat-field acquisition

A critical reduction process of the science data requires a flat-field. The flat-field contains
the difference in gain of a given pixel with respect to the others, as well as information
of other imperfections such as dust grains in the field of view (FOV). The HRT flat-fields
are not acquired using off-pointing of the spacecraft (Kuhn et al. 1991). Instead, the
solar surface evolution, is used to introduce differences between subsequent images, such
that localised solar features are averaged out with enough acquisitions. Over a period
of approximately 8 hours, 1500 images are accumulated at each polarisation state and
wavelength. These flat-fields are acquired during every major campaign, to ensure the
science data can be properly calibrated. However polarimetric structures remain in the
flat-field that are smeared horizontally due to the solar rotation. This horizontal smearing
leaves unwanted artefacts when applying the flat-field correction to the scientific data.
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Figure 2.1: Schematic of the optics unit of SO/PHI-HRT. SO/PHI-FDT is located in the
same optics unit but is not shown for clarity.

Therefore an additional flat-field processing procedure was implemented as part of the
pipeline: unsharp masking, which is described in Sec. 2.4.2

2.4 SO/PHI-HRT on ground pipeline

2.4.1 Pipeline overview

The on-ground pipeline is developed in Python3 and reduces the raw data received from
the SO/PHI-HRT instrument. The raw files downloaded from the instrument are classed
Level 0 (L0) data. They become Level 1 (L1) data once necessary metadata are added,
the data are scaled to the correct units (to account for the compression scheme used) and
reflected in the Y axis to match the solar orientation convention. This on-ground pipeline
converts the L1 data, into L2 data. This process is described in Fig. 2.2.

The inputs to the pipeline are the science data, raw flat-fields, and demodulation
matrices (for each operating PMP temperature) from the polarisation calibration cam-
paign performed prior to launch. The science data and flat-fields are first dark-corrected
to remove the dark current (not shown in Fig. 2.2 for brevity). A key capability of the
pipeline is the option to unsharp mask the flat-fields (see Sect. 2.4.2), however the width
of the Gaussian distribution to be used must be known beforehand. The pipeline has
the functionality to reduce multiple datasets at once, with the same flat-field, provided
the image dimensions, PMP temperature and continuum position of all datasets agree.
The pipeline is built to work with any cropped dataset provided the input is square. The
pipeline can also reduce images when the ISS is locked to track the solar limb, using an
automatic limb detection algorithm to account for limb darkening effects when normalis-
ing the Stokes parameter and applying the cross-talk correction. Furthermore additional
steps are implemented to account for the case when the ISS is not operating. The output
quantities are indicated with the dotted outlines in Fig. 2.2.
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Figure 2.2: Flowchart of the on-ground pipeline, reducing Level 1 data to the Level 2
physical quantities. The dark field correction and field stop application has been omitted
for brevity. ‘Polcal’ refers to the on-ground polarisation calibration campaign prior to
launch.
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Figure 2.3: A Stokes V image in the line wing on 23 February 2021 17:00 UTC, taken at
a Sun-spacecraft distance of 0.526 AU: a) result when using a flat-field without unsharp
masking, b) result when unsharp masking is applied. The region outside the field stop is
set to black for clarity.

2.4.2 Unsharp masking

Due to the method of flat-field acquisition as described in Sect. 2.3.2, horizontal polar-
isation elements exist in the flat-fields, which would contaminate the data. To remove
this contamination unsharp masking is performed on the flat-fields. This is achieved by
convolving the demodulated flat-fields with a 2D Gaussian distribution. The width of the
Gaussian distribution was optimised such that the horizontal stripes were removed, but
that any larger scale information was retained. The width of the Gaussian is a function
of Solar distance and PMP temperature. For example, at a distance of 0.526 AU, a width
of 59 pixels was used, while at 0.801 AU, 49 pixels was the appropriate width to be used.
An example of the unsharp masking process is shown in Fig. 2.3.

2.4.3 Flat-field correction

From in-flight testing it was determined that a polarisation state dependent, and wave-
length dependent flat-field must be applied to the science data. This is done in order to
remove a polarimetric ghost that was detected, likely to originate from a reflection be-
tween the inner panel of the HREW and the highly reflective etalon. With an optical
path of this nature, with many parallel optical surfaces, several measures were taken to
suppress ghosts; however it was not possible to eliminate all of them. In particular those
produced by the HREW, which is not mounted on the instrument but instead is a compo-
nent of the heat shield of the spacecraft is prone to have large margins in the mechanical
alignment. Nevertheless, with the proper treatment of the flat-fields, we are capable of
removing the contribution from the detected ghost to below the noise requirement level.
Finally, to correct for the cavities within the etalon, the flat-field must be normalised over
the wavelength range, so that the spectral line profile is removed. This also has the ef-
fect of removing the solar rotation to at least first order. Thus the flat-fielded data, I f f , is
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Figure 2.4: A Stokes V image in the ling wing on 23rd February 2021 17:00 UTC, with
a distance of 0.526 AU and PMP temperature of 50 ◦C: a) result when using the original
demodulation matrix; b) result after using an averaged matrix.

calculated as follows:

I f f (x, y, s, λ) =
Id f (x, y, s, λ)

I f lat(x, y, s, λ)
, (2.1)

where Id f is the dark-corrected data, x and y are the spatial dimensions in the FOV, s is
the polarisation state and λ denotes the wavelength.

2.4.4 Demodulation

The raw images must be demodulated to remove the modulation applied by the PMP in
the image acquisition process. This is obtained with the demodulation matrix: d11−44, for
a given pixel:
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where I f f 1...4 are the four flat-fielded intensities and I, Q, U, V are the Stokes parameters.
The demodulation matrices acquired during the on-ground testing before launch, resulted
in large gradients across the field of view in the Stokes parameters, an example of which
are portrayed in Fig. 2.4. Averaging the central 1024 × 1024 region of the demodulation
matrix results in a demodulation matrix that removes the large scale FOV variations that
were introduced using the matrix measured during the on-ground polarisation campaign.

2.4.5 Limb detection and normalisation

For datasets where the limb is in the FOV, such as when the spacecraft is off-pointing to
the poles, certain additional steps are needed. From the World Coordinate System (WCS)
information in the fits header, the pointing (North, South, East, West) is determined, such
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that a limb fitting algorithm can accurately detect the limb. First a mask is created, ensur-
ing that all pixels outside the solar disc are set to 0 in the final data products. To prevent
limb darkening from affecting the normalisation, the edge and radius of the limb are cal-
culated. For limb images, the average of Stokes I at the continuum wavelength position is
used as the Stokes normalisation factor, making sure to only include pixels which are less
than 80 % of the solar radius in distance from disc centre. Under disc centre pointing, the
average from the central 1024 × 1024 region is found and used as Ic.

2.4.6 Cross-talk correction

Cross-talk between the Stokes parameters arises from three main sources: spacecraft jitter,
imperfect instrument calibration, and modulation from the LCVRs. The strongest cross-
talk, is that from Stokes I to the other Stokes parameters, as the absolute value of Stokes
I is much greater than that of Q, U, V (del Toro Iniesta 2003). Due to cross-talk from
sources described earlier, an ad-hoc correction is applied to the data (Sanchez Almeida
and Lites 1992, Schlichenmaier and Collados 2002). A linear fit of Q, U, V against I is
performed separately, on the continuum wavelength image, to find the gradient and offset
parameters of the cross-talk from I to Q, U, V . When applying the cross-talk correction at
each of the 6 different wavelength positions, the parameters are weighted by the respective
averaged Stokes I value, relative to the continuum value. The cross-talk parameters from
in-flight data are of the order of 1 % or lower, indicating that the ISS ensures there are
no major contributions from the spacecraft jitter, the instrument calibration is accurate
and that the demodulation matrices used are effective. After this step, provided the ISS is
operational, the pipeline produces the L2 ‘Stokes’ filtergrams.

2.4.7 Special case: ISS off

The ISS of the instrument, as explained in Sect. 2.3.1, tracks features on the Sun and
compensates for the spacecraft jitter. The latter is important for two reasons: it removes
the cross-talks induced by the jitter and keep the 24 raw frames aligned between each
other during the acquisition. In some occasions the ISS has to be turned off and three
procedures have been implemented to compensate for the absence of this subsystem.

2.4.7.1 Modulation alignment

The first procedure is the modulation alignment just before the demodulation of the data
(see Fig. 2.2). For each wavelength we consider the first polarimetric modulation as a
reference; the remaining three polarimetric modulations are then aligned to the chosen
reference. This is performed by computing the gradient of the images, selecting a sub-
region of 512 × 512 pixels, and evaluating the cross correlation between them with sub-
pixel accuracy (Guizar-Sicairos et al. 2008). This registration has to be performed before
the demodulation in order to avoid the combination of pixels from different regions on
the Sun. Figure 2.5 shows the effect of the spacecraft jitter on the data and the removal of
the noise pattern with the modulation alignment step. The Stokes V noise level decreases
from 2.4 × 10−3 to 1.4 × 10−3.
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Figure 2.5: A Stokes V image in the line wing on 7 March 2022 00:00 UTC, at a Sun-
spacecraft distance of 0.501 AU and PMP temperature of 50 ◦C: a) result when using the
standard pipeline procedure with ISS switched off, b) result when using the modulation
alignment step.

2.4.7.2 V to Q,U cross-talk correction

The spacecraft jitter is responsible for increasing the cross-talk both from I to Q, U, V

and from V to Q, U. Similar to the correction of cross-talk from Stokes I (Sect. 2.4.6),
this procedure performs a linear fit of Stokes Q and U against Stokes V immediately
after the cross-talk correction from Sect. 2.4.6 is applied. The difference between the two
methods is that here we consider points from all the wavelengths while computing the
linear fit, so the parameters are not weighted by the continuum value. Despite the cross-
talk parameters from I to Q, U, V being of the order of 1 %, the parameters from V to
Q, U can be up to 7 %.

2.4.7.3 Wavelength alignment

The last step before producing the L2 ‘Stokes’ filtergrams is the alignment of the frames
at different wavelengths. Similar to that described in Sec. 2.4.4, we use the continuum
Stokes I image as a reference, and after computing the gradient, we align the other frames
to this reference. The only exception is for the line core wavelength image, for which
a line wing image is used as a reference. This alignment has to be performed before
the Radiative Transfer Equation is inverted to create cohesive Stokes profiles, where the
different wavelength samples in a particular Stokes profile, come from the same spatial
location on the Sun.

2.4.8 Radiative transfer equation inversion

To infer the physical quantities from the Stokes maps, a Radiative Transfer Equation
(RTE) inversion is performed. Similar to the inversion code used by the HMI vector mag-
netic field pipeline [][]Hoeksema et al. (2014), Borrero et al. (2011b), a code assuming a
Milne-Eddington (ME) atmosphere is used (del Toro Iniesta 2003, Landi Degl’Innocenti
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and Landolfi 2004). A ME model assumes that the physical properties of the atmosphere
remain constant with geometrical height, while the source function scales linearly with
optical depth.

This pipeline uses the CMILOS code written in C, which utilises analytical re-
sponse functions (Orozco Suárez and Del Toro Iniesta 2007a). This code is the same as
that used by the FPGA devices onboard (Cobos Carrascosa et al. 2016) and it works by
minimising the difference between the observed and synthetic profiles it produces, iterat-
ing the atmosphere’s parameters until convergence of the two profiles is achieved. The
CMILOS code has three operating modes:

• RTE with default starting conditions

• RTE with Classical Estimates as starting conditions

• Classical Estimates only

With Classical Estimates (CE) enabled, either in CE only mode, or together with RTE, it
estimates the line-of-sight magnetic field and velocity using the centre of gravity method
(Semel 1967, Rees and Semel 1979). The transverse component of the magnetic field is
estimated using the weak-field approximation (Landi Degl’Innocenti and Landolfi 2004).
The CMILOS inversion code produces the following L2 data products: full magnetic
vector, Dopplergram and continuum intensity. The azimuth is defined as the counter-
clockwise rotation from the positive direction of the detector y axis. However, the intrinsic
180 ◦ ambiguity of the Zeeman effect is not removed at this stage.

2.5 Early in-flight data

2.5.1 February 2021

We first introduce reduced data from 23 February 2021 17:00 UTC. This data captured the
quiet Sun at disk centre, allowing us to characterise the noise level well, given the lack of
strong magnetic field signals. The distance of the spacecraft to the Sun was 0.526 AU, the
PMP temperature was set to 50 ◦C and the ISS was active. At this distance, the (two-pixel)
spatial resolution is 382 km.

The Stokes filtergrams in Fig. 2.6 display high uniformity and low linear polari-
metric signal as expected for a quiet Sun. This demonstrates the high effectiveness of the
flat-field correction and additional cross-talk removal. The photospheric magnetic field
network appears clearly in the Stokes V/Ic image. In Stokes U/Ic the remnants of a po-
larimetric ghost edge is present in the lower right corner. This ghost is most likely due to
a reflection off the HREW (see Sect. 2.4.3). The flat-field correction removes the ghost to
a large extent but the edge remains. From analysis of histograms of the four quadrants,
the difference of the lower right corner distribution from the others is below the 10−3 · Ic

noise level. Figure 2.7 displays the derived quantities from these Stokes filtergrams.

As expected by the uniformity of the filtergrams, the physical quantities in Fig.
2.7 display equal uniformity and low magnetic field strengths due to the quiet Sun being
void of active regions. The edge of a polarimetric ghost is visible in the lower right corner
of the azimuth due to the absence of signal. The continuum intensity map exhibits the
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2.5 Early in-flight data

Figure 2.6: Stokes filtergram in the red line wing on 23 February 2021 17:00 UTC: a)
Stokes I/Ic, b) Stokes Q/Ic, c) Stokes U/Ic, d) Stokes V/Ic.

granular structure of the photosphere. The inclination is centred on 90 degrees, and due
to the very low linear polarisation signal, the azimuth contains mainly noise.

The Gaussian fit to the Stokes V histogram in Fig. 2.8 a) indicates that a polari-
metric accuracy of < 10−3 · Ic is achieved (Del Toro Iniesta and Martínez Pillet 2012),
illustrating the high performance of the HRT instrument. It is also important to note that
due to the tight telemetry budget, raw images from SO/PHI are compressed before down-
load. The compression procedure, in this case to 6 bits/pixel (down from 32), increases
the noise of the filtergrams: for example, data from the commissioning phase, which was
downloaded without compression, had a Stokes noise level of 8.5 × 10−4. Furthermore,
using the same method as Liu et al. (2012), the line-of-sight magnetogram has an esti-
mated noise level of 6.6 G, very similar to the noise level of the 720 second magnetogram
images from HMI, but with almost eight times the cadence: 96 seconds.
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2 The on-ground data reduction and calibration pipeline for SO/PHI-HRT

Figure 2.7: Derived physical quantities from data of 23 February 2021 17:00 UTC: a)
continuum intensity, b) magnetic field strength, c) inclination relative to line-of-sight, d)
azimuth relative to direction of rotation, e) Dopplergram, f) line-of-sight magnetogram.
The region outside the field stop is set to black for clarity.
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2.5 Early in-flight data

Figure 2.8: Histograms from data on 23 February 2021 1700 UTC: a) Stokes V/Ic at the
continuum wavelength position, with a Gaussian fit (dashed red curve), b) the line-of-
sight magnetogram, with a Gaussian fit.

2.5.2 November 2021

We present a reduced dataset of a sunspot captured by HRT, taken during the inferior
conjunction in November 2021. The spacecraft was flying close to Earth, with a distance
to the Sun of 0.858 AU, a PMP temperature set to 40 ◦C and was pointing to disc centre.
At this distance the (two-pixel) spatial resolution is 624 km, and almost half the solar disk
is within the FOV. As shown in Fig. 2.9 there are clear signals in Stokes Q/Ic and U/Ic

that capture the linear polarisation from the sunspot, which highlights the instrument’s
sensitivity. The 45 degree offset in the signal pattern between Stokes Q/Ic and U/Ic is
also finely highlighted.

Figure 2.10 displays the physical quantities computed from the Stokes filtergrams
plotted in Fig. 2.9. Selecting the umbra region with a continuum upper threshold of 0.6,
the mean magnetic field strength in the umbra is 1420 G. This is somewhat low for an
umbra and may reflect stray light, or that the large Zeeman splitting within the umbra is
not caught that well by the placement of the wavelength points in PHI. The azimuth is of
particular interest with a strong signal. The line-of-sight velocity displays the expected
redshift on the limb side of the spot, with the corresponding blueshift towards disc centre
(Evershed flow, Evershed 1909).
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2 The on-ground data reduction and calibration pipeline for SO/PHI-HRT

Figure 2.9: Stokes filtergram in the red line wing on 5 November 2021 20:21 UTC: a)
Stokes I/Ic b) Stokes Q/Ic c) Stokes U/Ic d) Stokes V/Ic.
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2.5 Early in-flight data

Figure 2.10: Derived physical quantities from data of 5 November 2021 20:21 UTC : a)
continuum intensity, b) magnetic field strength, c) inclination relative to line-of-sight, d)
azimuth relative to direction of rotation, e) Dopplergram, f) line-of-sight magnetogram.
The region outside the field stop is set to black for clarity.
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2 The on-ground data reduction and calibration pipeline for SO/PHI-HRT

Figure 2.11: Noise from the central region of the magnetogram plotted against time.
The different combinations of ‘cad’ (cadence) and ‘accu’ (PMP modulation accumulation
scheme, see Sect. 2.3.1) are denoted by their marker colours. The vertical dashed line
signifies the change in time from November 6th to November 8th.

2.5.3 Magnetogram Noise

Several datasets with different modulation schemes were acquired during a campaign in
early November 2021 to test the cadence of the schemes. The noise from the line-of-
sight magnetograms of these datasets at different cadences is presented in Fig. 2.11. The
total number of frames per image is found from the multiplication of the two numbers in
the accumulation scheme. A clear trend is visible: as the accumulation scheme changes
from [4, 5] to [16, 1], less frames are being accumulated for each image, and therefore as
expected the magnetogram noise increases from 6.8 G to 8.3 G. The last grouping, was
the fastest the [4, 5] scheme could be executed by the instrument, with a cadence of 96
seconds. It is also clear that the higher the cycles of the modulation states (the second
value in the accumulation scheme), the lower the magnetogram noise. It must also be
noted that like the data from February 2021, the compression acts as the main driver of
the noise.

2.6 Conclusion

An on-ground pipeline has been developed to reduce raw data from the HRT instrument
to produce high quality data with a polarimetric accuracy 10−3 · Ic and infer physical
parameters from the polarised light. The 96 second cadence line-of-sight magnetograms
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2.6 Conclusion

are shown to have an excellent low level of noise, only 6.6 G, similar to the noise level
of the HMI 720 second magnetograms. This was achieved by calibrating the flat-fields to
remove unwanted artefacts from the acquisition process by use of unsharp masking. As a a
result of the analysis presented here, the unsharp masking procedure will be implemented
onboard the spacecraft, such that the in-flight data will also produce data of the highest
quality. The absence of the ISS has also been taken care by three more steps. Despite the
increase in data quality, as shown in Fig. 2.5, noise levels remain slightly higher than in
the standard configuration because of the spacecraft jitter. This pipeline will be embedded
into a software tool which will automatically process all the SO/PHI science data that will
arrive on ground and store them on the appropriate databases.
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M. ; Guerrero, L. ; Gutierrez-Marques, P. ; Kolleck, M. ; Korpi-Lagg, A. ; Michalik, H. ;
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Jiménez, M. ; Schou, J. ; Schühle, U. ; Staub, J. ; Strecker, H. ; del Toro Iniesta, J. C. ;
Volkmer, R. ; Woch, J.
Astronomy& Astrophysics, Vol. 673, A31, 2023. DOI:10.1051/00046361/202245830¶

3.1 Abstract

Context. The High Resolution Telescope (HRT) of the Polarimetric and Helioseismic Im-
ager on board the Solar Orbiter spacecraft (SO/PHI) and the Helioseismic and Magnetic
Imager (HMI) on board the Solar Dynamics Observatory (SDO) both infer the photo-
spheric magnetic field from polarised light images. SO/PHI is the first magnetograph to
move out of the Sun–Earth line and will provide unprecedented access to the Sun’s poles.
This provides excellent opportunities for new research wherein the magnetic field maps
from both instruments are used simultaneously.
Aims. We aim to compare the magnetic field maps from these two instruments and discuss
any possible differences between them.
Methods. We used data from both instruments obtained during Solar Orbiter’s inferior
conjunction on 7 March 2022. The HRT data were additionally treated for geometric dis-
tortion and degraded to the same resolution as HMI. The HMI data were re-projected to
correct for the 3◦ separation between the two observatories.
Results. SO/PHI-HRT and HMI produce remarkably similar line-of-sight magnetograms,

¶The contents of this chapter are identical to the printed version of Sinjan, J., Calchetti, D., Hirzberger,
J., Kahil, F., Valori, G., Solanki, S. K., Albert, K., Albelo Jorge, N., Alvarez-Herrero, A., Appourchaux, T.,
Bellot Rubio, L. R. et al., 2023, Magnetic fields inferred by Solar Orbiter: A comparison between SO/PHI-
HRT and SDO/HMI in Astronomy & Astrophysics, vol. 673, A31, with a CC-BY 4.0 licence. I, Jonas
Sinjan, completed all the underlying work, wrote the first draft text and created the figures for all sections
of this publication. The co-authors supported the development, engineering and operations of SO/PHI and
provided comments on the draft text.
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with a slope coefficient of 0.97, an offset below 1 G, and a Pearson correlation coeffi-
cient of 0.97. However, SO/PHI-HRT infers weaker line-of-sight fields for the strongest
fields. As for the vector magnetic field, SO/PHI-HRT was compared to both the 720-
second and 90-second HMI vector magnetic field: SO/PHI-HRT has a closer alignment
with the 90-second HMI vector. In the weak signal regime (< 600 G), SO/PHI-HRT mea-
sures stronger and more horizontal fields than HMI, very likely due to the greater noise
in the SO/PHI-HRT data. In the strong field regime (≳ 600 G), HRT infers lower field
strengths but with similar inclinations (a slope of 0.92) and azimuths (a slope of 1.02).
The slope values are from the comparison with the HMI 90-second vector. Possible rea-
sons for the differences found between SO/PHI-HRT and HMI magnetic field parameters
are discussed.

3.2 Introduction

The Solar Orbiter (see Müller et al. 2013, 2020) spacecraft was launched on 10 February
2020 and entered its Nominal Mission Phase in November 2021. The Polarimetric and
Helioseismic Imager on the Solar Orbiter mission (SO/PHI; see Solanki et al. 2020) infers
the photospheric magnetic field and line-of-sight (LoS) velocity from images of polarised
light. It does this by sampling the Fe i 6173 Å absorption line at five wavelength positions
and an additional point in the nearby continuum. Differential imaging is performed to
acquire the Stokes (I,Q,U,V) vector. SO/PHI has two telescopes: the High Resolution
Telescope (SO/PHI-HRT; Gandorfer et al. 2018) and the Full Disc Telescope. In this
paper only data from SO/PHI-HRT are discussed.

Solar Orbiter has a highly elliptic orbit with a perihelion as small as 0.28 au on
some orbits. SO/PHI is the first magnetograph to move out of the Sun–Earth line. From
2025 on, with the help of Venus gravity assist manoeuvres, Solar Orbiter will reach heli-
olatitudes of 33◦.

The Solar Dynamics Observatory (SDO; see Pesnell et al. 2012) was launched
on 11 February 2010 and orbits the Earth in a circular geosynchronous orbit with a 28◦

inclination. Like Solar Orbiter, SDO carries a magnetograph: the Helioseismic Magnetic
Imager (HMI; Scherrer et al. 2012, Schou et al. 2012). HMI has been in regular science
operations since 1 May 2010. Similar to SO/PHI, it samples the 6173 Å Fe i line at six
points but at somewhat different wavelength positions.

The relevant technical details of SO/PHI-HRT and HMI are shown in Table 3.1.
As can be seen, SO/PHI-HRT and HMI share some technical specifications: the same
working wavelength, aperture diameter, and plate scale. It is important to know that,
unlike SO/PHI, HMI has two identical cameras. One is dedicated to the LoS observables
– the LoS magnetic field (BLOS) and the LoS velocity – and is referred to as the ‘front
camera’. The second camera, known as the ‘side camera’, is used together with the front
camera to capture the full Stokes vector, in order to retrieve the vector magnetic field.

With SO/PHI and HMI now operating simultaneously, they provide excellent op-
portunities for new research that combines data from both instruments. For example,
stereoscopy is now possible, allowing for simultaneous observations of the same feature
on the solar surface from two different viewpoints. This can be used to investigate the
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Table 3.1: SO/PHI-HRT and SDO/HMI instrument specifications.

Specification SO/PHI-HRT SDO/HMI

Working wavelength 6173 Å 6173 Å
Wavelength positions −140,−70, 0, 70, 140,

+ or −300 mÅ
−172,−103, 34, 34, 103, 172 mÅ

Field of view 0.28◦ × 0.28◦ 0.57◦ × 0.57◦

Aperture diameter 140 mm 140 mm
Spectral profile width 106 mÅ 76 mÅ
Detector size 2048 × 2048 pixels 4096 × 4096 pixels
Plate scale 0.5 ′′ 0.5 ′′

Spatial resolution 203 km (0.28 au) - 725 km (1.0 au) 725 km

Wilson depression of sunspots (Romero Avila et al. 2024) and test disambiguation tech-
niques for the magnetic field azimuth (Valori et al. 2022, 2023). These and many other
applications build on the premise that the two instruments provide very similar measure-
ments of the magnetic vector. Here we test this assumption and compare the magnetic
fields inferred by SO/PHI-HRT and HMI and try to understand their similarities and dif-
ferences.

In Sect. 3.3 the data from both instruments used in this study and their properties
are presented. In Sect. 3.4 the detailed method for this comparison is given. The results
of the comparison of the magnetic field data products from SO/PHI-HRT and HMI are
discussed in Sect. 3.5, and in Sect. 3.6 we outline the conclusions reached from this work.

3.3 Data

The data used in this study are from 7 March 2022 (see Table 4.1) and thus from around
Solar Orbiter’s inferior conjunction – that is, when Solar Orbiter was on the Sun–Earth
line – which took place at 09:01:56 UTC (Coordinated Universal Time) on 7 March 2022.
Solar Orbiter’s elevation from the ecliptic plane was 2.949◦ at inferior conjunction, and
the effective angular separation between the two spacecraft during the observation period
ranged from 3.006◦ to 3.024◦. During this time, Solar Orbiter was at a distance to the
Sun of between 0.493 au and 0.501 au. On the photosphere, the nominal spatial resolution
of SO/PHI-HRT at this distance is 363 km. In the common field of view (FoV) was a
sunspot with negative polarity located at a heliocentric angle of µ = cos θ = 0.87 as seen
by SO/PHI-HRT.

3.3.1 SO/PHI-HRT magnetic field

The SO/PHI-HRT data were collected to support a nanoflare and active region Solar Or-
biter Observing Plan (see Zouganelis et al. 2020). The raw data from this observation
campaign were downlinked to Earth and processed using the on-ground data reduction
and calibration pipeline (Sinjan et al. 2022). In addition, the data were processed to
remove residual wavefront errors, which originate mostly from the telescope’s entrance
window. This was achieved using a point spread function (PSF) determined from phase
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Table 3.2: Observation details of used SO/PHI-HRT and HMI data.

SO/PHI-HRT SDO/HMI

Start time 2022-03-07 00:00:09 UTC 2022-03-07 00:00:00 TAI
End time 2022-03-07 01:06:09 UTC 2022-03-07 01:12:00 TAI
Distance 0.493 − 0.501 au 0.992 au
ISS mode Off On
Processing Ground Ground
RTE mode C-MILOS: CE+RTE VFISV

Vector Line of sight Vector

Cadence 60 s 45 s 720 s 90 s 720 s
Number of
datasets

56 56 7 38 7

diversity analysis (Paxman et al. 1992). Additionally, in the same processing step as the
PSF deconvolution, a convolution with the instrument’s theoretical Airy disc was per-
formed. This produced data without optical aberrations, with increased contrast, and lim-
ited the noise that would otherwise be added by the deconvolution procedure. For further
information regarding phase diversity analysis and the SO/PHI-HRT PSF, we refer the
reader to Kahil et al. (2022, 2023). To determine the magnetic field vector, the radiative
transfer equation (RTE) was inverted with C-MILOS (Orozco Suárez and Del Toro Ini-
esta 2007a) in the full vector mode, which assumes a Milne-Eddington (ME) atmosphere
and uses classical estimates (CE) as the initial conditions for the inversion (Semel 1967,
Rees and Semel 1979, Landi Degl’Innocenti and Landolfi 2004). For operational reasons,
SO/PHI-HRT’s Image Stabilisation System (ISS) was switched off. The SO/PHI-HRT
LoS magnetograms used in this study were generated from the vector magnetic field ob-
tained from the RTE inversion: BLOS = B cos γ, where BLOS is the LoS component of the
magnetic field, B is the field strength, and γ is the angle of the field to the LOS.

The data from this campaign were recorded with a 60-second cadence. As shown
in Sinjan et al. (2022), this mode results in quiet-Sun magnetograms with a noise of
8.3 G (with ISS on). Future investigations, using data planned to be gathered during Solar
Orbiter’s next inferior conjunction in March 2023, will attempt to quantify the impact of
non-ISS operation on the comparison.

3.3.2 HMI magnetic field

HMI treats its LoS and vector data products separately, each having two options for ob-
serving cadence. For this comparison study, all four possible data products were com-
pared with SO/PHI-HRT (see Table 4.1). The vector data products were generated from
the HMI vector pipeline (Hoeksema et al. 2014), while the LoS products were gener-
ated with an algorithm similar to that used by the Michelson Doppler Imager (MDI) on
board the Solar & Heliospheric Observatory, hereafter referred to as the MDI-like algo-
rithm (Couvidat et al. 2012a). The HMI LoS versus HMI vector has been compared by
Hoeksema et al. (2014), who show that the MDI-like algorithm underestimates the field
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strength in the strong field regime (|BLOS| > 600 G) compared to the inversion result. The
HMI 45-second and 720-second LoS magnetograms have a noise level in the quiet Sun,
near disc centre, of 7−9 G and 3−4 G, respectively (Couvidat et al. 2016, Liu et al. 2012).

The 45-second magnetograms are produced every 45 seconds from an interpola-
tion of Stokes I + V and Stokes I − V filtergrams from a 270-second interval (Liu et al.
2012, Couvidat et al. 2016). Since 13 April 2016, the full Stokes vector has been captured
at a 90-second cadence and inverted to create the vector magnetic field data product. This
cadence is achieved by combining images from both cameras (Liu et al. 2016). To pro-
duce the 720-second vector data product, a weighted temporal average is made every 720
seconds, combining 90-second Stokes vector maps collected over a period of more than
20 minutes and inverted using the very fast inversion of the Stokes vector (VFISV) ME
code (Hoeksema et al. 2014, Borrero et al. 2011b). In Sect. 3.4 we describe the method
by which we take the difference in interval and light travel time into account to ensure
co-temporal observations are compared.

3.4 Method

We compared the magnetic field inferred by SO/PHI-HRT and HMI on a pixel-to-pixel
basis. The HMI data were corrected for geometric distortion across the camera (Hoek-
sema et al. 2014), and the SO/PHI-HRT data were corrected using a preliminary distortion
model, derived from calibration data pre-launch. The method we now describe has been
applied to each comparison of the individual data products. We provide here an example
for one pair of LoS magnetograms: First a SO/PHI-HRT 60-second magnetogram was
selected and the closest HMI 45-second magnetogram in time was found (see the top
panels in Fig. 3.1). This was done by comparing the average time of the observations,
taking into account the different distances of Solar Orbiter and SDO from the Sun, and
hence the different light travel times, as well as the difference between TAI (International
Atomic Time) and UTC time. Secondly, the sub-region of the HMI FoV common to both
telescopes, outlined in yellow in Fig. 3.1, was re-projected using the DeForest (2004) al-
gorithm onto the SO/PHI-HRT detector frame of reference using the World Coordinate
System (WCS) information (Thompson 2006).

Next, the SO/PHI-HRT data were resampled using linear interpolation to match
the factor of two lower spatial resolution of the HMI data (SO/PHI-HRT was half the
distance to the Sun at the time of observation). Applying boxcar binning or cubic in-
terpolation makes no significant difference to the results of the comparison. As both
SO/PHI-HRT and HMI have the same aperture diameter, their PSFs are similar. How-
ever, by resampling SO/PHI-HRT we change the effective PSF. The impact of this effect
is left for future studies. Residual rotation and translation perpendicular to the normal of
the SO/PHI-HRT image plane were found using a log-polar transform (cf. e.g. Sarvaiya
et al. 2009) and corrected. The result of such corrections is shown in the bottom panels of
Fig. 3.1. These corrections are due to inaccuracies in the WCS information. This process
was repeated for each SO/PHI-HRT magnetogram.

Finally, the maps were cropped by 100 pixels at each side before the compari-
son was made, as outlined in orange in the lower panels of Fig. 3.1. This is because of
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Figure 3.1: Magnetograms from HMI and SO/PHI-HRT on 7 March 2022. Top left:
HMI 45-second LoS magnetogram at 00:01:30 TAI, with the SO/PHI-HRT FoV shown in
yellow. The pixels outside the solar disc are set to black for clarity. Top right: SO/PHI-
HRT 60-second magnetogram at 00:00:09 UTC. The pixels outside the field stop are set
to black for clarity. Bottom left: Sub-region of the HMI magnetogram from the top-left
panel, which has been re-projected to the SO/PHI-HRT frame of reference. Bottom right:
SO/PHI-HRT magnetogram resampled to HMI resolution. The orange square outlines the
regions used for the comparison. All magnetograms are saturated at ±200 G.
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Figure 3.2: Scatter plot comparing pairs of SO/PHI-HRT 60-second ME-BLOS and HMI
BLOS. The log density of the pixels is shown and saturated at 100 (a) and 1000 (b) pix-
els per plotted point for clarity. The averaged linear fit (of HMI vs SO/PHI-HRT and
SO/PHI-HRT vs HMI) is shown with the solid grey line, and a one-to-one correspon-
dence is indicated by the dashed black line. Panel (a): Seven pairs with HMI 720-second
magnetograms. Panel (b): 56 pairs with HMI 45-second magnetograms. See the main
text for a more detailed description.

the SO/PHI-HRT field stop, visible as the black region in Fig. 3.1, and because of the
processing step to correct for residual wavefront errors. Within this procedure the image
is apodised before the Fourier transform to ensure periodic boundaries, and the first 100
pixels at each side were affected. These regions therefore had to be excluded from the
comparison with HMI.

For comparison with the HMI 720-second data products, a single SO/PHI-HRT
dataset, the one closest to the average time of the HMI 720-second dataset, was used. This
comparison was performed for the LoS magnetic field component, BLOS, the magnetic
field strength, |B|, the inclination, γ, and the azimuth, ϕ. Extra treatment was taken for
the azimuth comparison: both HMI and SO/PHI-HRT define the azimuth anti-clockwise
from the positive direction of the y-axis (Sinjan et al. 2022). After the re-projection of
HMI, care was taken to ensure that both datasets used the same definition of the azimuth
by taking the roll angle of each spacecraft into account.

3.5 Comparison of SO/PHI-HRT and HMI magnetic field
observations

3.5.1 Comparison of SO/PHI-HRT and HMI LoS magnetograms

We stress here for clarity that, when discussing the LoS magnetograms from HMI, we
refer to the LoS magnetic field derived using the MDI-like algorithm, referred to as BLOS.
However, the magnetograms from SO/PHI-HRT presented here are the LoS component of
the full vector magnetic field (determined by RTE inversion): we refer to this as ME-BLOS.
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The scatter plot comparing the SO/PHI-HRT 60-second and HMI 720-second
magnetograms is shown in Fig. 3.2a, where the logarithmic density of the points is in-
dicated by the colour. This figure displays seven pairs of magnetograms; each of the
SO/PHI-HRT 60-second magnetograms is recorded in the middle of the interval of time
over which the HMI 720-second magnetogram that it is compared with is recorded. The
solid black line is a linear fit to the distribution, which is the average of two linear fits, one
of HMI versus SO/PHI-HRT and the other of SO/PHI-HRT versus HMI. This averaging
removes statistical bias. As indicated by the fit, there is an excellent agreement between
the two telescopes, with a slope value of 0.97 and an offset of 0.83 G. This offset could be
an artefact of there being more very strong fields with negative polarity than with positive.
The offset of the weak fields inferred by SO/PHI-HRT can be determined by histogram
analysis: Sinjan et al. (2022) demonstrate that the SO/PHI-HRT BLOS distribution in the
quiet Sun is centred near zero with an offset of −0.18 G. The Pearson correlation coeffi-
cient is 0.97. The linear fit, absolute error on the slope and offset, and Pearson correlation
coefficient (cc) are shown in Table 3.3 for all compared quantities presented in this paper.
In the case of Fig. 3.2, the errors on the slope and offset are negligible.

However, a difference is present for the strongest fields. We selected pixels
where HMI 720-second BLOS < −1300 G, the point at which a large divergence between
SO/PHI-HRT and HMI appears. The mean difference between them is +149 ± 2 G rel-
ative to the (negative) HMI values, which corresponds to 9% weaker LoS fields relative
to HMI. The error here denotes the standard error in the mean; the scatter (1σ) of the
distribution of absolute differences is 197 G. The pixel selection threshold (HMI 720-
second BLOS < −1300 G) corresponds to pixels only in the leading sunspot in the FoV,
where 81 % are in the umbra and the remaining 19 % in the penumbra. The umbra and
penumbra classification was determined using Ic < 0.55 and 0.55Ic < 0.95 thresholds
on the SO/PHI-HRT continuum intensity, Ic; these thresholds are the same as those used
in Sainz Dalda (2017), where the magnetic field between HMI and Hinode/SP is com-
pared. It must also be noted that the distribution in Fig. 3.2 is not symmetric between
fields of opposite polarity. This is because no strong fields above 1350 G were observed
in HMI in the common FoV, while SO/PHI-HRT infers fields of up to 1500 G. Under
similar conditions, we expect the comparison between the two telescopes in the positive
strong field regime to be similar to that observed in the negative strong field regime, with
SO/PHI-HRT measuring lower LoS field components compared to HMI.

The comparison with HMI 45-second magnetograms (Fig. 3.2b), where 56 pairs
of data were compared, reveals very similar results. This was expected as the 45-second
and 720-second HMI magnetograms are well inter-calibrated (Liu et al. 2012). For pixels
where the HMI 45-second BLOS < −1300 G, there is a similar mean difference of +155.5±
0.9 G relative to the (negative) HMI values, which again corresponds to 9% weaker LoS
magnetic fields inferred by SO/PHI-HRT in this regime.

In both Fig. 3.2a and b, all pixels are plotted, including those with signal below
the noise. There is an hourglass shape around the origin present in both panels. This
could be due to a mismatch in the alignment of the sets of magnetograms. As described
in Sect. 3.4, we applied only a preliminary model to correct for geometric distortion in
SO/PHI-HRT, which could explain inaccuracies in the alignment.
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3.5 Comparison of SO/PHI-HRT and HMI magnetic field observations

There are several effects that could explain the difference between SO/PHI-HRT
and HMI for the strongest fields. Firstly, the two instruments use different methods to
infer the LoS magnetic field: HMI uses the MDI-like formula, while SO/PHI-HRT uses a
radiative transfer code. Additionally, the two instruments sample the Fe i line at different
positions, and SO/PHI-HRT observes farther out in the continuum (±300 mÅ from the
line core vs ±172 mÅ for HMI). For the strongest fields, the very large Zeeman splitting
results in the two instruments capturing different information from the true Stokes signal,
which is then interpreted by the inversion routines differently. A detailed investigation of
these effects is beyond the scope of this paper. Furthermore, the spectral profile width is
different: SO/PHI-HRT has a full width half maximum (FWHM) of 106 mÅ, while the
FWHM of HMI is 76 mÅ. There could also be a contribution from stray light, in particular
for the pixels in the umbra, as neither HMI nor SO/PHI-HRT are corrected for stray light
in their standard data pipelines.

Finally, it is known that HMI suffers from a 24-hour periodicity (Liu et al. 2012,
Hoeksema et al. 2014, Couvidat et al. 2016) in its magnetic field observables due to the
SDO orbit. The velocity relative to the Sun oscillates by ±3.5 km/s on a 24-hour period,
with further variation of hundreds of metres per second due to Earth’s orbit. The SDO
solar radial velocity for the data considered in this study started at 3.249 km/s and ended
at 3.291 m/s. Couvidat et al. (2016) show that the BLOS, calculated using the MDI-like
algorithm, in the umbra depends quadratically on the magnitude of the velocity. A residual
of between +50 G and +100 G was present when SDO had a radial velocity near ±3 km/s.
This residual is the value once the long-term variations (≥ 2 day) are removed. It explains
approximately half of the observed difference in the strong signal regime. It is plausible,
although not certain, that, when combined with the effects from the different wavelength
sampling, different inversion codes, and stray light, it explains the observed discrepancy.

3.5.2 Comparison of SO/PHI-HRT and HMI vector magnetic fields

Here we compare the SO/PHI-HRT and HMI vector magnetic fields, both inferred by
RTE inversions of the Stokes vector albeit using different inversion codes. We would
like to highlight the 3◦ angular separation between SO/PHI-HRT and HMI, mentioned in
Sect. 3.3. This has no impact on |B|, and from a simple rotation test on SO/PHI-HRT data,
we estimate that it does not significantly impact the magnetic field inclination or azimuth,
except for producing an offset of a few degrees in the azimuth.

First we compared the magnetic field strengths, |B|, as shown in the top row of
Fig. 3.3. Both SO/PHI-HRT and HMI assume a magnetic filling factor of unity for the
RTE inversion, so the field strength is averaged over the pixel. Consequently, we do not
distinguish between magnetic field strength and magnetic flux density, as is sometimes
done in the literature. In Fig. 3.3a the comparison between the SO/PHI-HRT and HMI
720-second |B| is depicted, while in Fig. 3.3b the comparison with the HMI 90-second |B|
is shown. The slope is 0.84 and 0.89 in Fig. 3.3a and b, respectively. The higher slope
value for the 90-second comparison is because the variance is more similar to that of the
SO/PHI-HRT data than for the HMI 720-second data. The magnetic field strengths of the
two instruments have a correlation coefficient of 0.85 and 0.84 for the 720-second and
90-second |B|HMI , respectively.
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Figure 3.3: Scatter plots comparing SO/PHI-HRT and HMI vector magnetic field maps.
The first column compares inversion results from seven pairs of SO/PHI-HRT 60-second
and HMI 720-second datasets, while the second column does the same for 38 pairs of
SO/PHI-HRT 60-second and HMI 90-second datasets. The log density of the pixels is
given by the colour scale and is saturated for clarity. The averaged linear fit and y = x are
given by the solid grey and dashed black lines, respectively. Panels (a) and (b): Magnetic
field strength. Panels (c) and (d): Magnetic field inclination (relative to the LoS). Panels
(e) and (f): Magnetic field azimuth. Pixels where |ϕHMI −ϕHRT| > 90 ◦ and |B|HRT < 600 G
are omitted and not included in the fit.
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3.5 Comparison of SO/PHI-HRT and HMI magnetic field observations

We observe here that in the weaker field regime, SO/PHI-HRT infers stronger
fields. Following Liu et al. (2012), we arbitrarily used a boundary value of 600 G to
define the weak signal regime. In this regime there is a dense distribution of pixels, seen
in both Fig. 3.3a and b, which we refer to as the ‘hot zone’, that portrays a discrepancy
between the two instruments. The offset is mainly due to this hot zone, with an offset of
178 G in Fig. 3.3a and a lower offset of 118 G in Fig. 3.3b. The difference in the offset
perhaps reflects the noise difference between the 90-second and 720-second |B|HMI . The
hot zone in Fig. 3.3b has a larger extent for HMI compared to that in Fig. 3.3a, which
may be due to the difference in noise level. Borrero and Kobel (2011) have demonstrated
that Stokes profiles with higher noise levels, when inverted, result in stronger but more
inclined fields. We note the more horizontal dense field central patches in Fig. 3.3c,
Fig. 3d, and Fig. 3.4a. The higher noise level in SO/PHI-HRT compared to HMI is due
to the ISS non-operation and, crucially, the longer averaging time within the HMI data.
Furthermore, the deconvolution of part of the PSF also increased the noise of the SO/PHI-
HRT data by 20% (Kahil et al. 2023). Therefore, the noise levels of the original Stokes
vector in SO/PHI-HRT are 1.8 × 10−3, 2.2 × 10−3, and 1.8 × 10−3 for Q/Ic, U/Ic, and
V/Ic, respectively, where Ic denotes Stokes I in the continuum. In comparison, the noise
in the HMI 720-second Stokes vector is 9 × 10−4 for Q/Ic, U/Ic, and V/Ic (Couvidat et al.
2016). The noise in the 90-second Stokes vector, however, has not been quantified in the
literature because this is a non-standard data product.

Now we turn to the strong signal regime in Fig. 3.3a and b. At approximately
|B| > 1300 G for both HMI and SO/PHI-HRT, the distribution starts diverging from the
y = x line. For pixels where the fields in HMI are stronger than this value, SO/PHI-
HRT infers a lower field strength. The field strength threshold of 1300 G in HMI and
SO/PHI-HRT corresponds to pixels where 38.1 % are in the umbra, 61.4 % are in the
penumbra, and 0.5 % lie elsewhere. For fields stronger than 1300 G in SO/PHI-HRT or
HMI, the mean difference between them was −247±1 G and −246.8±0.4 G relative to the
HMI for the HMI 720-second and 90-second comparisons, respectively (≈ 13% smaller
relative to the HMI values in both cases). The error on the mean is the standard error.
The scatter (1σ) of the distribution of the differences is roughly 180 G in both cases,
highlighting the large width of these distributions. While we cannot directly compare
these mean differences to those presented in Sect. 3.5.1, because the strong magnetic field
lines are not all along the LoS and we consider more pixels in the penumbra, we can still
qualitatively deduce that we observe a larger separation between HMI and SO/PHI-HRT
for the magnetic field strength. Important to note is that in Fig. 3.2 we compare the ME-
BHRT

LOS , which was derived from the full vector, while the BHMI
LOS in Fig. 3.2 was calculated

using the MDI-like formula. In Sect. 3.5.3 the LoS components derived from the full
vectors are compared.

The inclination of the magnetic vector, γ, relative to the LoS, as deduced from
the two instruments, is compared in the second row of Fig. 3.3. The slope is 0.80 and
0.95 for the HMI 720-second and 90-second comparisons, respectively. The correlation
coefficient between SO/PHI-HRT and the HMI 720-second and 90-second magnetic field
inclination is 0.81 and 0.85, respectively. It is clear that both instruments agree on the
polarity of the magnetic field relatively well (there is a dearth of points in the upper-left
and lower-right quadrants of Fig. 3.3c and d). We also note here that HMI has a somewhat
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Figure 3.4: Scatter plots comparing SO/PHI-HRT 60-second and HMI 90-second mag-
netic field inclination. Panel (a): Pixels where |B|HRT < 600 G or |B|HMI < 600 G. Panel
(b): Pixels where |B|HRT > 600 G and |B|HMI > 600 G. The log density of the pixels is
shown and is saturated for clarity. The averaged linear fit and y = x are shown with the
solid grey and dashed black line, respectively.

stronger tendency to infer inclinations close to 90 ◦ (the vertical streak at 90 ◦ is stronger
than the horizontal one). The biggest difference between the inclinations inferred by the
two instruments is, however, that SO/PHI-HRT data result in somewhat more horizontal
fields (the slope of the solid black lines in Fig. 3.3c and d is less than unity). There is a
closer agreement in Fig. 3.3d, with a slope of 0.95, as the variance in the HMI 90-second
data is closer to the SO/PHI-HRT variance. The offsets shown in both Fig. 3.3c and d
are not relevant here as the point of symmetry lies at (90◦, 90◦). The averaged linear fit
crosses (90◦, 90◦) with an offset of less than half a degree in both Fig. 3.3c and d. From
the simple rotation test on SO/PHI-HRT data mentioned earlier, the 3◦ angular separation
between SO/PHI-HRT and HMI could introduce an offset of < 1◦. Furthermore, a small
part of the scatter – the distance of the points from the line of best fit – is likely due to the
3◦ difference in view direction.

In Fig. 3.4 we compare the inclination for the weak and strong field cases. In
Fig. 3.4a pixels are shown where |B|HRT < 600 G or |B|HMI < 600 G, while in Fig. 3.4b
pixels are shown where |B|HRT > 600 G and |B|HMI > 600 G. In Fig. 3.4b the distribution
of the points is much closer to the line of best fit, with a correlation coefficient of 0.98,
compared to a correlation coefficient of 0.80 in Fig. 3.4a. The slope in Fig. 3.4b, however,
is slightly lower than that in Fig. 3.4a.

The comparison of the azimuth, ϕ, is shown in the bottom row of Fig. 3.3. For
this comparison, only pixels from and around the leading sunspot in the FoV, with BHRT >

600 G, were selected. Furthermore, for the linear fit, pixels where |ϕHMI−ϕHRT| > 90 ◦ were
not considered as they are affected by the intrinsic 180 ◦ ambiguity of the azimuth. Finally,
the regions near 0 ◦ and 180 ◦ were excluded from the linear fits to avoid an artificial shift,
as the end points were not periodic. There are strong correlation coefficients of 0.95 and
0.94 (HMI 720-second and 90-second comparisons, respectively). One reason why there
is a strong correlation is that the HMI transverse magnetic field does not suffer from the
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3.5 Comparison of SO/PHI-HRT and HMI magnetic field observations

Table 3.3: Quantities compared, their linear fit, absolute errors on the slope and offset,
and Pearson correlation coefficient (cc).

Quantities compared Linear fit Slope error Offset error Pearson cc

ME-BHRT
LOS

60 s vs BHMI
LOS

720 s ME-BHRT
LOS
= 0.97 ∗ BHMI

LOS
+ 0.83 G 9 × 10−5 0.01 0.97

ME-BHRT
LOS

60 s vs BHMI
LOS

45 s ME-BHRT
LOS
= 0.97 ∗ BHMI

LOS
+ 0.73 G 3 × 10−5 0.006 0.97

|B|HRT 60 s vs |B|HMI 720 s |B|HRT
= 0.84 ∗ |B|HMI

+ 178 G 3 × 10−4 0.02 0.85

|B|HRT 60 s vs |B|HMI 90 s |B|HRT
= 0.89 ∗ |B|HMI

+ 118 G 1 × 10−4 0.01 0.84

γHRT 60 s vs γHMI 720 s γHRT = 0.80 ∗ γHMI + 17 ◦ 4 × 10−4 0.01 0.81

γHRT 60 s vs γHMI 90 s γHRT = 0.95 ∗ γHMI + 4 ◦ 1 × 10−4 0.004 0.85

ϕHRT 60 s vs ϕHMI 720 s ϕHRT = 1.04 ∗ ϕHMI − 5.5 ◦ 0.01 0.7 0.95

ϕHRT 60 s vs ϕHMI 90 s ϕHRT = 1.02 ∗ ϕHMI − 3.8 ◦ 0.01 1.7 0.94

γHRT 60 s vs γHMI 90 s (weak-field) γHRT = 0.97 ∗ γHMI + 2 ◦ 1 × 10−4 0.006 0.80

γHRT 60 s vs γHMI 90 s (strong-field) γHRT = 0.92 ∗ γHMI + 6 ◦ 2 × 10−4 0.02 0.98

ME-BHRT
LOS

60 s vs ME-BHMI
LOS

720 s ME-BHRT
LOS
= 0.83 ∗ME-BHMI

LOS
+ 1.0 G 1 × 10−4 0.01 0.97

ME-BHRT
LOS

60 s vs ME-BHMI
LOS

90 s ME-BHRT
LOS
= 0.83 ∗ME-BHMI

LOS
+ 1.0 G 5 × 10−5 0.005 0.95

12− or 24-hour periodicity due to the SDO orbit (Hoeksema et al. 2014). As shown in
Fig. 3.3e and f, the slope is 1.04 and 1.02, respectively, implying that SO/PHI-HRT infers
azimuth angles slightly larger than that of HMI. There is also a negative, non-uniform
offset of −5.5 ◦ in the 720-second case, which is only −3.8 ◦ in the 90-second case; this
requires further investigation. The absolute errors on these offset values are 0.7 and 1.7,
which are large relative to the computed offsets, as fewer points are considered relative to
the other comparisons presented in this work. Were there an incorrect alignment of the
+y detector between SO/PHI-HRT and HMI, which both define ϕ = 0, an offset between
ϕHMI and ϕHRT would exist. To the best of our knowledge, we have aligned the +y detector
of both to solar north and thus rule this out as an origin of the observed offset. However,
our rotation test also revealed that a rotation around axes orthogonal to the +y detector
axis could also result in an offset of 0◦-2◦. Therefore, a part of the offset shown in Fig. 3.3
could originate from the angular separation between SO/PHI-HRT and HMI. In this test,
the slope of the linear fit between the rotated and original SO/PHI-HRT, ϕ, was 1.01, a
change of 1%, which is reflected in the slope error for the ϕ comparisons in Table 3.3.
Additionally, a small part of the scatter may be due to the 3◦ angular separation.

Something that could explain the discrepancies seen in all three components of
the magnetic vector is the different wavelength sampling and spectral resolution, as men-
tioned in Sect. 3.5.1. This, combined with the use of different inversion routines (VFISV
applied to HMI data and C-MILOS to SO/PHI-HRT data), is certain to result in differ-
ences between the two instruments. As mentioned in the discussion of the weak magnetic
field strength regime, the difference in noise levels, in part due to longer HMI integration
times, is the reason for the different inferred fields. A non-perfect alignment of the data,
as mentioned in Sect. 3.5.1, could also be a factor in explaining the noted difference.

75



3 Magnetic fields inferred by Solar Orbiter: A comparison between SO/PHI-HRT and
SDO/HMI

-2500 -2000 -1500 -1000 -500 0 500 1000 1500
HMI 720s  ME-BLOS (G)

2500

2000

1500

1000

500

0

500

1000

1500

H
RT

 6
0s

  M
E-
B
LO

S
 (G

)
ME-BHRT

LOS  = 0.83  ME-BHMI
LOS  +  1.0 G

(a)
100

101

102

-2500 -2000 -1500 -1000 -500 0 500 1000 1500
HMI 90s  ME-BLOS (G)

2500

2000

1500

1000

500

0

500

1000

1500

H
RT

 6
0s

  M
E-
B
LO

S
 (G

)

ME-BHRT
LOS  = 0.83  ME-BHMI

LOS  +  1.0 G

(b)
100

101

102

103

Figure 3.5: Scatter plots comparing the SO/PHI-HRT and HMI LoS components of the
full vector magnetic field. ‘ME’ stands for Milne-Eddington and indicates that it is derived
from RTE inversions. Panel (a): Comparison of inclinations from seven pairs of SO/PHI-
HRT 60-second and HMI 720-second data. Panel (b): Same, but for 38 pairs of SO/PHI-
HRT 60-second and HMI 90-second data. The log density of the pixels is shown by the
colour and is saturated at 100 (panel a) and 1000 (panel b) for clarity. The averaged linear
fit and y = x lines are plotted in solid grey and dashed black lines, respectively.

3.5.3 Comparison of SO/PHI-HRT and HMI LoS components of the
full vector magnetic field

We compare the LoS magnetograms from SO/PHI-HRT (from RTE inversions) with those
inferred by HMI (also from RTE inversions) in Fig. 3.5. The correlation coefficient is 0.97
and 0.95 for the 720-second and 90-second case, respectively, while the slope is 0.83 for
both. We detect here a systematic difference in the strong field regime, with SO/PHI-HRT
inferring weaker LoS fields. Hoeksema et al. (2014) report that the HMI MDI-like BLOS

underestimates the fields in comparison to the HMI ME-BLOS. Therefore, as the SO/PHI-
HRT ME-BLOS agrees well with the HMI MDI-like BLOS, as illustrated in Sect. 3.5.1, one
expects to observe the same underestimation. We confirm this expectation here. Since the
inclination is well correlated for strong fields (see Fig. 3.4), we can determine that this ob-
served difference is due to the overestimation of |B| by HMI (or equally, the underestima-
tion by SO/PHI-HRT). In comparison with Fig. 3.2 from Sect. 3.5.1, we can see that HMI
ME-BLOS infers stronger LoS fields, up to −2500 G and 1800 G, than those inferred with
the MDI-like formula. Furthermore, the mean difference where HMI ME-BLOS < −1300
is 486 ± 2 G and 491 ± 1 G for the 720-second and 90-second cases, respectively. These
are roughly three times larger than those found in Sect. 3.5.1. The scatter (1σ) on these
difference distributions is 239 G and 247 G, respectively.

Like the LoS magnetograms from HMI, the LoS component of the vector mag-
netic field, the ME-BLOS from HMI, is also affected by the radial velocity of SDO. How-
ever, while the residual of the BLOS calculated using the MDI-like algorithm varies quadrat-
ically with radial velocity, the residual of the HMI vector LoS component varies linearly.
At +3 km/s, a residual of approximately −30 G is determined, suggesting that HMI may

76



3.6 Conclusions

even be slightly underestimating the values compared to when SDO is at a radial veloc-
ity of 0 km/s (Couvidat et al. 2016). The effect from the radial velocity therefore cannot
explain why HMI infers a stronger field than SO/PHI-HRT in this comparison.

3.6 Conclusions

In this paper we have compared the magnetic fields inferred by SO/PHI-HRT and HMI
near the inferior conjunction of Solar Orbiter in March 2022. A comparison was made
between the SO/PHI-HRT LoS component of the full vector magnetic field with both the
HMI 45-second and 720-second LoS magnetograms computed with the MDI-like algo-
rithm. The SO/PHI-HRT ME-BLOS and the HMI BLOS have a high correlation coefficient
of 0.97, a slope of 0.97, and an offset of less than 1 G. There is a difference, however,
for the strongest fields (BLOS < −1300 G), where SO/PHI-HRT infers fields 9 % smaller.
These LoS fields correspond to regions in the leading sunspot in the umbra and penumbra
only. There are too few points with BLOS > 1300 G in the analysed dataset to determine
if positive polarity fields recorded by the two instruments also display a difference. It is
unclear what causes the difference at high field strengths. It could be that SO/PHI-HRT is
saturated, or it could be due to the orbit-induced periodicity in HMI as SDO was near its
maximum radial velocity relative to the Sun at the time of co-observation. Other factors,
such as the different wavelength sampling positions, inversion routines, and stray light,
likely also contributed.

The vector magnetic fields inferred by SO/PHI-HRT and HMI were also com-
pared. Where |B| > 1300 G, SO/PHI-HRT inferred field strengths 13 % lower than HMI,
but with similar field inclination. This field strength threshold corresponded to regions
almost exclusively in the umbra and penumbra in the active region in the common FoV.
This is apparent in the comparison between the LoS component of the full vector mag-
netic field from both SO/PHI-HRT and HMI. In the weak field regime (|B| < 600 G),
SO/PHI-HRT inferred stronger field strengths than HMI. In this regime, the difference in
field strength and inclination is mostly due to the difference in noise. The azimuth was
compared by studying the large sunspot in the common FoV. It was shown to agree well,
with a slope of 1.02−1.04; however, there was a non-uniform, negative offset that requires
further investigation.

The differences found between SO/PHI-HRT and HMI, in both the LoS and vec-
tor magnetic fields, could be due to several factors. First of all, the two instruments sample
different wavelength positions in the Fe i absorption line and use different inversion rou-
tines to infer the vector magnetic fields. Secondly, there could be a non-perfect alignment
in the magnetic field maps due to residual geometric distortion in the SO/PHI-HRT data.
Additionally, neither the HMI nor the SO/PHI-HRT data used in this study were corrected
for stray light.
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4 Preliminary stereoscopic analysis
with SO/PHI-HRT and SDO/HMI

4.1 Introduction

With a robust data reduction pipeline now in place for SO/PHI-HRT, and a first un-
derstanding of the differences in the magnetic field inferences from SO/PHI-HRT and
SDO/HMI, I can now attempt to compare the photospheric magnetic field from the two
spacecrafts when observing from different directions. Given that Solar Orbiter does not
move out of the ecliptic until 2025, there is, for now, no new access to the polar regions.
Hence the hypothesis for explaining the open flux problem, that motivates the bulk of my
thesis, i.e. that the open flux photospheric magnetic field is underestimated, cannot be
conclusively tested yet. However, with SO/PHI as the first magnetograph out of the Sun-
Earth line, stereoscopy in the ecliptic plane can now be performed. Stereoscopy typically
refers to the determination of the three dimensional structure of an object by observing
from different directions. When I use the term stereoscopy, I refer only to the concept
of observing the same feature from two different directions, not the determination of the
three dimensional structure which is explored by Romero Avila et al. (2024).

Stereoscopic inference of the photospheric magnetic field enables the first direct
test of the ‘µ-correction’, which is routinely applied to full disc or synoptic magnetograms
when computing the total magnetic flux (e.g. Murray 1992, Fligge et al. 2000, Hagenaar
2001). This correction divides the line-of-sight magnetic flux in each pixel, by the cosine
of the heliocentric angle, (µ = cos(θ)), of said pixel. This correction makes use of the
common assumption that the photospheric magnetic field is radial, such that when the
line-of-sight component of the magnetic field is inferred, the radial component can be
retrieved via the µ-correction. A broader overview of the reasons why the µ-correction
has often been implemented is given in the following Chapter in Sect. 5.2. Additionally,
in Chapter 5, a simulation-driven approach to investigate the reliability of magnetograms
to retrieve the flux from unipolar regions is made for a wide range of µ values. This
simulation also tests the efficacy of the µ-correction in such regions.

In this chapter, a first attempt to perform stereoscopy on the photosphere is pre-
sented, with one view provided by SDO/HMI along the Sun-Earth line, and various ob-
servations provided by Solar Orbiter from different directions relative to the Sun-Earth
line. The aim for this work can be broken down into several steps:

1. Accurately determine the region on the photosphere that SO/PHI-HRT observed in

79



4 Preliminary stereoscopic analysis with SO/PHI-HRT and SDO/HMI

the SDO/HMI data.

2. Reproject the SO/PHI-HRT magnetograms onto the SDO/HMI frame of reference
to enable pixel to pixel comparison of the co-spatially observed regions

3. Compare the pairs of line-of-sight magnetograms and analyse their differences, in-
cluding dependence on their respective µ values and Earth-Sun-SO angles.

In Sect. 4.2, the SO/PHI-HRT data from early 2022 that I used, including their
respective orbital positions and viewing geometry is introduced. In Sect. 4.3 an overview
of the method that I implemented is outlined and the performance of the alignment method
in Sect. 4.3.1 is shown. Finally, some preliminary results are presented in Sect. 4.3.2 and
a conclusion is given in Sect. 4.4.

4.2 Data

As described in Sect. 1.3.1, SO/PHI-HRT operates primarily in Remote Sensing Windows
(RSW), which are close to the perihelion passes. In these RSWs, Solar Orbiter regularly
changes its pointing, to achieve the primary scientific objectives of a wide range of Solar
Orbiter Observing Plans (SOOP, Zouganelis et al. 2020). In very few SOOPs has stere-
oscopy of the magnetic field been the primary objective: it is often a secondary objective.

Figure 4.1: The orbital configuration of Earth, the Sun and Solar Orbiter from January
2022 until April 2022 in Geocentric Solar Ecliptic (GSE) coordinates. The orbit of Solar
Orbiter is indicated in the dashed blue line. It starts from the top left and moves towards
the bottom right. The 6 dates of Solar Orbiter observations that are explored in this chapter
are highlighted in different colours. The start and end Earth-Sun-Solar Orbiter angles are
indicated by the text and dashed black lines.
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4.2 Data

Table 4.1: Observation details of the SO/PHI-HRT data and HMI µ values in the co-
spatially observed regions.

Start Time Angle [◦]
Solar Orbiter
Distance [au]

SO/PHI-HRT
Pixel Size [km]

SOOP Cadence Datasets HRT µ HMI µ

2022-03-17
03:18:09

26.0 0.379 137 Nanoflares 1min 29 0.95-0.62 0.86-0.50

2022-03-18
10:10:09

29.9 0.366 133 Slow-Wind-Connection 5min 12 0.84-0.28 0.81-0.36

2022-03-19
10:36:09

34.0 0.356 129 Slow-Wind-Connection 5min 12 0.99-0.82 0.93-0.69

2022-03-20
11:27:09

38.5 0.348 126 Slow-Wind-Connection 5min 12 0.99-0.83 0.82-0.54

2022-03-21
11:36:09

43.2 0.340 123 Slow-Wind-Connection 5min 12 1.0-0.85 0.72-0.43

2022-03-22
09:40:09

48.1 0.335 121 Coronal Dynamics 100s 27 1.0-0.96 0.79-0.56

To perform stereoscopy well, an ideal observation from SO/PHI-HRT would be
situated at an Earth-Sun-Solar Orbiter angle between 30 − 60◦, and Solar Orbiter would
be observing a region with many strong (kG) field elements or structures. Furthermore
the stereoscopy would be in a particular configuration: with the region of the photosphere
located near disc centre for one observer, while it is off centre and closer to the limb for
the other. This would provide contrasting views of the same region. For the purposes of
testing the µ-correction the magnetic field data products of interest are the line-of-sight
magnetograms from both instruments.

The first available SO/PHI data that broadly matched this criteria is just before
the perihelion in March 2022. The orbit of Solar Orbiter a few months prior (Jan 2022)
until April 2022 is indicated in the blue dashed line in Fig. 4.1. The Earth, Sun, and Solar
Orbiter are shown in Geocentric Solar Ecliptic (GSE) coordinates. In this coordinate
system, the Sun and Earth are stationary, while all other bodies move with respect to
them. The x-axis points from Earth to the Sun and the y-axis is in the ecliptic plane.
The dates of observation that are suitable for this stereoscopic analysis are highlighted in
text for 6 separate dates, from 17 March to 22 March. The start and end Earth-Sun-SO
angles are indicated with 26.0◦ and 48.1◦. The distance of Solar Orbiter to the Sun starts
at 0.379 au and reduces as Solar Orbiter approaches perihelion to 0.335 on the last day
of consideration.

In Table 4.1, further details of the selected observations are given, including the
distance of Solar Orbiter to the Sun, the range of µ values of both SO/PHI-HRT and
SDO/HMI of the region in the Solar Orbiter field of view (FOV)*, the SOOP name,
observing cadence of SO/PHI-HRT and number of datasets. Given the cadence of the
SO/PHI-HRT observations are all faster than the 12-minute observations by SDO/HMI,
instead the 45-second magnetograms from SDO/HMI are used.

*I use FOV instead of FoV (as used in Chapter 3) to stay consistent with Chapter 2 and the rest of this
thesis. As Chapter 3 is published I cannot resolve the inconsistency. The same applies to the abbreviation
for line-of-sight, where I use LOS instead of LoS for the remainder of this thesis.
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4.3 Method and alignment

Similar to Sect. 3.4, SDO/HMI data are retrieved that were recorded at the same time
as the SO/PHI-HRT observations, taking into account the difference in light travel time
and difference between International Atomic Time (TAI), which SDO uses, and Univer-
sal Coordinated Time (UTC) which SO uses. First however the WCS information in
the SO/PHI-HRT data must be corrected. Inaccurate WCS information is not unique
to SO/PHI-HRT, for example Hinode-SOT/SP (Spectropolarimeter on the Solar Optical
Telescope Tsuneta et al. 2008b) also exhibits pointing errors when compared to SDO/HMI
(Fouhey et al. 2023); it is a common issue for telescopes that have a limited FOV as they
cannot use the solar limb to calculate accurate pointing information. The WCS informa-
tion is corrected to first order by applying the following method (Xiahong Li 2024, private
communication):

1. Reproject SDO/HMI magnetogram onto SO/PHI-HRT frame and up-sample to the
SO/PHI-HRT pixel size using the SO/PHI-HRT WCS information.

2. Calculate the shift in the x − y plane (in SO/PHI-HRT pixels) between the repro-
jected SDO/HMI and SO/PHI-HRT magnetograms via a Fourier cross correlation
technique.

3. Update the CRPIX and CRVAL keywords in the SO/PHI-HRT WCS information
(see Pence et al. 2010, for details on these keywords).

To perform the reprojection I used the reproject † Python3 package, which is
used by the leading solar python community package sunpy ‡ to reproject solar images
and data. Like in Sect. 3.4, the DeForest (2004) algorithm was used to perform the repro-
jection.

To test the µ-correction, and investigate if indeed any magnetic flux is ‘miss-
ing’ due to the observation at low µ values, the magnetograms from SO/PHI-HRT and
SDO/HMI must be treated such that the effect of foreshortening is considered. Through
a reprojection and resampling of a magnetogram from one instrument to the coordinate
frame and pixel size of the other, one can be sure that the pixels cover the same phys-
ical region on the solar surface. Therefore two possible approaches exist, reprojecting
SO/PHI-HRT onto SDO/HMI or the reverse: SDO/HMI onto SO/PHI-HRT. I take the first
approach here as it has the advantage that interpolation artefacts are minimised. These
would be substantial with the latter approach as the spatial coverage of a pixel of SO/PHI-
HRT on the Sun is much smaller due to its closer radial distance to the Sun. Furthermore
during the dates considered here, SO/PHI-HRT observed predominantly near disc centre,
while the region within the SO/PHI-HRT FOV is nearer the limb for SDO/HMI. This re-
sults in a large foreshortening effect for SDO/HMI and further increases the interpolation
required if the latter approach is used. During our approach, the reprojection algorithm,
at the same time as reprojecting the SO/PHI-HRT onto the SDO/HMI coordinate frame,
resamples the data to the same pixel size as SDO/HMI.

However, the standard setup of the DeForest (2004) algorithm is not sufficient
for accurate down-sampling of magnetograms. This algorithm was designed with astro-

†https://pypi.org/project/reproject/
‡https://pypi.org/project/sunpy/
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4.3 Method and alignment

nomical images in mind, for photometry. To circumnavigate this, I changed the input
parameters to restrict the algorithm to only consider the SO/PHI-HRT pixels that make up
one SDO/HMI pixel, and calculate the mean magnetic flux density of these constituent
SO/PHI-HRT pixels when resampling.

Nevertheless, detailed testing revealed that some regions on the SO/PHI-HRT
magnetogram, which each make up one SDO/HMI pixel, overlap. This occurs even
though the DeForest (2004) algorithm conservatively truncates the input region when
it has non-integer pixel dimensions: e.g. if the boundaries of the corresponding area on
the SO/PHI-HRT magnetogram lie in middle of pixels, the algorithm disregards these
sub-integer boundary pixels and only considers pixels that are wholly enclosed. This
overlapping means that some SO/PHI-HRT pixels are being sampled twice. I want to
clarify that when a pixel is ’sampled twice’, the pixel contributes to the calculation of the
mean in more than one region. From further tests, the overlapping of regions seems to
occur more frequently and with larger overlaps where the SDO/HMI pixels are foreshort-
ened the most. On average a SO/PHI-HRT pixel from a magnetogram on 17 March 2022
contributes to the calculation of the mean in 1.48 regions. In areas of the SO/PHI-HRT
magnetogram where the magnetic flux density is unipolar and homogeneous, an overlap,
has a much reduced impact on the calculation of the mean of these regions. The umbra
of a sunspot could be considered such an area, and hence in Sect. 4.3.2 the total unsigned
LOS magnetic flux of the two sunspot umbrae is cautiously compared.

Outside a unipolar homogeneous magnetic structure, the overlap can result in un-
necessary flux cancellation, or the opposite, an incorrect inflation of the true flux. This
means that with this algorithm the magnetic fluxes from the entire reprojected SO/PHI-
HRT magnetograms cannot be compared with SDO/HMI. In Moreno Vacas et al. (2024),
the authors faced a similar task, albeit only reconciling the different pixel sizes between
SO/PHI-FDT and SDO/HMI with minimal differential foreshortening effects as the two
instruments were observing the Sun at almost identical positions. In future work, a ded-
icated algorithm should be developed to resolve the issue of oversampling. For the pur-
poses of the rest of this chapter, where there is no umbra, I will only compare these
reprojected SO/PHI-HRT magnetograms to evaluate the alignment after correcting the
WCS.

One pair of magnetograms (a SO/PHI-HRT dataset and the corresponding SDO/HMI
45-second magnetogram) from each of the 6 dates and results of the alignment proce-
dure are depicted in Figs. 4.2, 4.4, 4.5, 4.6, 4.7 and 4.8. Each figure depicts the original
SDO/HMI and SO/PHI-HRT line-of-sight magnetograms in the top row. The SO/PHI-
HRT data shown in the top row have had 150 pixels cropped from each side. This is
identical to the orange square depicted in Fig. 3.1. This is required due to apodisation
affecting the very edges of the FOV. These edges are hence masked, and also contain the
field stop region (black regions in second column of Fig. 3.1) and are taken into account
when performing the reprojection. Furthermore in the top left panel of each figure, the
outline of the SO/PHI-HRT observation is shown in the SDO/HMI FOV.
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Figure 4.2: Top row: SDO/HMI (left column) and SO/PHI-HRT magnetogram (right
column) from 17 March 2022 at 03:18:09 UTC, with the SO/PHI-HRT FOV outlined in
purple. Second row: SDO/HMI magnetogram in the SO/PHI-HRT FOV is shown (left),
while the reprojected SO/PHI-HRT data is shown (right). The magnetograms are saturated
to ±2 kG. Bottom row: the µ values of each pixel are shown and saturated from 0 to 1.
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In the second row of each figure, the SDO/HMI data, in the co-spatially observed
region is shown in the left panel, while the reprojected SO/PHI-HRT data is shown in the
right panel. Finally in the bottom row, the µ values of each pixel from the middle row
panels are shown, highlighted by contours. This indicates the difference in heliocentric
angle of data recorded by the two instruments.

Figure 4.3: Power spectrum of the central region of the magnetograms shown in the
middle row of Fig. 4.2.

Fig. 4.2 illustrates that SO/PHI-HRT observed an active region, with a large plage
region, including a pore on the left side. In the middle rows, the pair of sunspots, are
shown in enhanced detail. Even though SO/PHI-HRT has been down-scaled to the pixel
size of SDO/HMI (from 137 km pixels to 362.5 km pixels - disregarding foreshortening),
the reprojected SO/PHI-HRT magnetogram shows much higher contrast and finer detail.
This is due to the fact that the PSF of SDO/HMI is broader than the PSF of SO/PHI-
HRT due to the different distances to the Sun. From a comparison of the power spectrum
of the central region in these pair of magnetograms, depicted in Fig. 4.3, SO/PHI-HRT
has slightly more power across the full range of wavenumbers, which originates from the
enhanced contrast in the original image.

The other dates under consideration will now be briefly discussed. Fig. 4.4 indi-
cates that SO/PHI-HRT was pointing at a region near the South Pole, which merges with
a coronal hole at the South Pole. The coronal images in the extreme ultraviolet of this
merger are studied by Ngampoopun et al. (2023). For both instruments this region was
far from their respective disc centre, albeit with the lowest µ value for SDO/HMI in the
bottom right corner, while it is in the bottom left corner for SO/PHI-HRT.

On 19 March, as shown in Fig. 4.5, SO/PHI-HRT observed a plage region that
was magnetically connected to the active region closer to the West limb as seen by
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Figure 4.4: Same as Fig. 4.2 but for 18 March 2022 at 10:10:09 UTC.
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Figure 4.5: Same as Fig. 4.2 but for 19 March 2022 at 10:36:09 UTC.
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Figure 4.6: Same as Fig. 4.2 but for 20 March 2022 at 11:27:09 UTC.
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Figure 4.7: Same as Fig. 4.2 but for 21 March 2022 at 11:36:09 UTC.
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Figure 4.8: Same as Fig. 4.2 but for 22 March 2022 at 09:40:09 UTC.
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SDO/HMI. As indicated in the lower row of Fig. 4.5 this region is almost at disc cen-
tre for SO/PHI-HRT while it is approximately at a µ value of 0.8 in SDO/HMI.

For the next two days, this same region was observed and shown in Fig. 4.6 and
Fig. 4.7. Over the course of these next two days, the region steadily moved to lower µ
values for SDO/HMI: at approximately 0.6-0.7 on 20 March and around 0.5-0.6 on 21
March. These three dates of observation are interesting to study as the same region was
co-observed in three different stereoscopic configurations: in SDO/HMI it was observed
at decreasing values of µ as the region moved across the solar disc, while for SO/PHI-
HRT it maintained a near identical viewing angle as Solar Orbiter nearly co-rotates with
the Sun near its perihelion approach. Finally, on 22 March 2022, SO/PHI-HRT observed a
region of quiet Sun, at exactly disc centre, while for SDO/HMI the region was at µ values
around 0.6-0.7.

4.3.1 Alignment Performance

To compare these pairs of SO/PHI-HRT and SDO/HMI data on a pixel-to-pixel basis, as
in Chapter 3, the alignment must be correct. Upon detailed inspection of the reprojected
SO/PHI-HRT and SDO/HMI magnetograms some residual shifts are still present. In
Figs. 4.9, 4.10, 4.11, 4.12, 4.13 and 4.14, the difference between the reprojected SO/PHI-
HRT and SDO/HMI magnetograms is displayed in the top row, while in the bottom row,
the residual pixel shift of the sub-regions (outlined in black in the top right panel) in the x

and y directions is shown. These sub-regions are 80×80 pixels in size, except for Fig. 4.13
where instead sub-regions of 69×69 pixels are used to maximise the coverage. The colour
map used to indicate the difference in the magnetograms is a symmetric log scale with a
linear behaviour between differences of ±50 G. This log scale nature of the colour map
visually enhances areas of strong difference while the linear behaviour around 0 increases
the contrast in quiet Sun areas where the differences are much smaller in magnitude.

The top rows of Figs. 4.9, 4.10, 4.11, 4.12, 4.13 and 4.14 display significant
differences between the reprojected SO/PHI-HRT and SDO/HMI magnetograms. A large
portion of this difference is expected, due to the different lines of sight the component of
the magnetic field vector towards the observing instrument will differ substantially. For
example, this can be clearly seen near the bottom left corner of 4.14 or by comparing the
magnetograms in the second row of Fig. 4.8. In this region there are magnetic patches
that show different polarities as well as differences in their spatial distributions.

Furthermore, as touched upon in the previous section, the greater contrast in the
SO/PHI-HRT magnetograms and less blurred appearance of the magnetic features results
in some of the differences we observe here. Additionally, the different noise levels plays
a factor: from Liu et al. (2012) the noise of the SDO/HMI 45-second magnetograms is
approximately 10 G, while from Sect. 2.5.3 I have shown that the noise in SO/PHI-HRT
magnetograms is approximately 6.5 − 8.5 G. The difference in noise, together with the
different spatial resolution most likely explains the differences found in the quiet Sun
areas. The largest differences are evident in Fig. 4.9 due to the presence of the strongest
magnetic features from the 6 days of observations. The largest difference is found near the
sunspot pair, with differences up to 786 G found in the sunspots. This area is discussed
in further detail in the next section: Sect. 4.3.2. Here the major contributing factor is the
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Figure 4.9: Top row: difference between the reprojected SO/PHI-HRT magnetogram and
the corresponding SDO/HMI 45-second magnetogram (both panels) on 17 March 2022 at
03:18 UTC. On the right panel sub-regions are outlined in black squares of size 80 × 80
pixels. The difference is saturated to ±1000 G and a symmetric log scale is used for the
colour map, with linear behaviour between differences of ±50 G. Bottom row: residual X

(left) and Y shifts (right) in the outlined sub-regions.
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Figure 4.10: Same as Fig. 4.9 but for 18 March 2022 at 10:45 UTC. Furthermore the
difference maps are saturated to ±500 G.

different lines of sight. Outside the sunspots, throughout all 6 days of co-observations,
near small to medium sized magnetic features, the non-perfect alignment (residual shifts)
contributes heavily to a difference in the BLOS . This can be seen by a feature with a
negative difference in BLOS immediately adjacent to an identically sized feature with a
positive difference of equal magnitude.

While residual shifts exist, the majority of these sub regions for most of these
dates have 0 or ±1 HMI-sized pixel shifts. However on 18 March, when both telescopes
were observing far off disc centre, the residual shifts were larger, up to 4 pixels in the x

axis. Furthermore, on 21 and 22 March, the shifts in x increased by 1 when compared
to 17 and 19 March. These results suggests, that the alignment performs worse when
one or both of the telescopes are observing closer to the limb. There is one sub region
in Fig. 4.13 where the residual shift is three pixels in y while all the neighbouring sub
regions have no residual. This most likely stems from the the fact that this sub region is
devoid of any strong magnetic features, and hence the Fourier cross correlation method
may be more influenced by the noise in the magnetograms.

These residual shifts imply that there could be some distortion in one or both
of the images. From a Venus transit Couvidat et al. (2016) show that the image distor-
tion model for SDO/HMI is known with an error of approximately 0.1 SDO/HMI pixels.
When using the same preliminary model of distortion as used in Chapter 3, these residual
shifts slightly increase. This highlights that further work is required to understand the
SO/PHI-HRT optical distortion, and will improve as more data becomes available. Ef-
forts on this topic are currently underway and early results suggest that the plate scale
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Figure 4.11: Same as Fig. 4.9 but for 19 March 2022 at 11:26 UTC. Furthermore the
difference maps are saturated to ±500 G.

varies with the focusing position of the SO/PHI-HRT refocusing mechanism (HRM, see
Fig. 2.1). From 17 to 21 March 2022, the HRM of SO/PHI-HRT was set to the same
position, however before the observations on 22 March, SO/PHI-HRT was refocused as
Solar Orbiter approached perihelion.
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Figure 4.12: Same as Fig. 4.9 but for 20 March 2022 at 11:27 UTC. Furthermore the
difference maps are saturated to ±500 G.
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Figure 4.13: Same as Fig. 4.9 but for 21 March 2022 at 12:31 UTC. Furthermore the
difference maps are saturated to ±500 G, and the outlined sub-regions are 69 × 69 pixels
in size.
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Figure 4.14: Same as Fig. 4.9 but for 22 March 2022 at 10:04 UTC. Furthermore the
difference maps are saturated to ±500 G.
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4.3.2 17th March 2022 Comparison

Given the relatively uniform structure of the magnetic field in the umbra of the sunspot
pair, I will cautiously present a preliminary comparison of the BLOS inferred by both in-
struments in this region. In Fig. 4.15 the sub region of the respective continuum intensity
images containing the sunspots is presented. Both continuum images are normalised to
the nearby quiet Sun intensity. Like in the magnetograms, the reprojected SO/PHI-HRT
continuum image displays greater contrast. As indicated earlier in Fig. 4.9 this region
is aligned to within one SDO/HMI pixel in both the x and y axes. In the top panel of
Fig. 4.15 are white contours which indicate the continuum intensity level of 0.55 Ic in
the SDO/HMI continuum image. Following Sainz Dalda (2017), this continuum intensity
level is used to determine the boundary of the umbrae. These white contours are also plot-
ted in the SO/PHI-HRT continuum image, and are shown to mostly agree with the green
contours of the same intensity level in the reprojected SO/PHI-HRT image, further high-
lighting a good alignment. Residual differences result from the remaining misalignment,
relative optical distortions between HMI and SO/PHI-HRT, differences in centre-to-limb
variation of umbral and penumbral contrast and the Wilson depression.

In Fig. 4.16 the total unsigned line-of-sight magnetic flux in the sunspot umbrae
from the reprojected SO/PHI-HRT and SDO/HMI magnetograms over the co-temporally
observed time series is indicated. To clarify, I use here SDO/HMI magnetograms com-
puted via the Fourier tachometer technique (the MDI-like algorithm, see Couvidat et al.
2012a), which has a close alignment with that from SO/PHI-HRT as shown in Chap. 3.
The pixels in the umbrae were selected in both magnetograms using the white contours
shown in Fig. 4.15. All pixels selected in both magnetograms were well above their re-
spective noise level and hence the noise can be neglected.

One can see a clear increase in magnetic flux retrieved by SO/PHI-HRT: over
1 × 1020 Mx more flux. One also notices that the temporal variation of the magnetic
flux inferred by both instruments agrees very closely. I can now also perform a direct
observational test of the µ-correction: the BLOS values of both instruments are divided by
µ in each pixel and the total flux is calculated. These µ-corrected total unsigned magnetic
fluxes are indicated in Fig. 4.16 by the dashed lines. It is striking how well the two µ-
corrected fluxes agree. It was also found that the total unsigned flux from SO/PHI-HRT
remained almost constant regardless of the input parameters to the reprojection algorithm,
showing that indeed the shortcomings of the algorithm are mitigated in the umbrae.

While the two µ-corrected fluxes agree very closely, there are many complex
details to be considered. While the magnetic field in sunspot umbra is unipolar, its struc-
ture is not homogeneous. In the centre of a sunspot umbra, the magnetic fields are radially
inclined, i.e. vertical to the solar surface (e.g. Solanki 2003) while near the umbral bound-
aries the magnetic fields can be inclined, reaching up to 40◦ to the surface normal. Given
the µ-correction relies upon assuming the magnetic field to be radial everywhere, we ex-
pect significant differences near the umbral boundary.

The histogram of the BLOS values from the entire time series are illustrated in
Fig. 4.17. This provides a detailed breakdown of the BLOS distributions and the clear
difference between the two instruments. SO/PHI-HRT retrieved much stronger magnetic
fields, up to 2 kG, while SDO/HMI only inferred values up to approximately 1.2 kG.
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Figure 4.15: Continuum images of the sunspot pair co-spatially observed by SDO/HMI
(top) and SO/PHI-HRT (bottom) on 17 March 2022. The SO/PHI-HRT continuum image
is reprojected onto the SDO/HMI coordinate frame and resampled to the SDO/HMI pixel
size. The contours indicate a continuum intensity level of 0.55 Ic, where Ic is the nearby
quiet Sun continuum intensity: (white contour: SDO/HMI, lime green contour: SO/PHI-
HRT). Both contours are shown in the bottom panel to indicate the correct alignment of
the two images.
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Figure 4.16: Total unsigned LOS magnetic flux in the umbra of the sunspot pair on 17
March 2022 over the co-temporally observed time series. The pixels in the SDO/HMI and
reprojected SO/PHI-HRT magnetograms were selected using the white contours depicted
in Fig. 4.15. The dashed lines indicate the total unsigned LOS magnetic flux with the
µ-correction applied to the BLOS values.

SO/PHI-HRT inferred a wider distribution of line-of-sight field strengths, while SDO/HMI
inferred values concentrated around 0.7− 1 kG. The distributions of the µ-corrected BLOS

values are also displayed, and while the total µ-corrected magnetic fluxes closely agree,
one notices some significant differences: the µ-corrected SO/PHI-HRT distribution has a
wider tail near 2 kG, while the µ-corrected SDO/HMI BLOS has more values near 1.7 kG.

As mentioned above, the magnetic field in the umbra is not perfectly vertical,
which is the basic assumption behind the µ-correction. Hence these differences noted
when comparing the distributions likely stem from this fact. In some areas the field may
be inclined towards the LOS of SO/PHI-HRT and so will observe much stronger fields
whereas in other areas it will be preferentially inclined towards the LOS of SDO/HMI
and hence will instead observe a stronger LOS magnetic field. Therefore, after dividing
by µ, large differences in the BLOS /µ values will arise.

The close agreement found between the magnetic fluxes after the µ-correction
is therefore not obvious given the difference in the distribution of the BLOS /µ values. A
map of the difference in the BLOS /µ values for the first pair of magnetograms is shown
in Fig. 4.18. While there are no significant differences between the green and white
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Figure 4.17: Histogram of BLOS and BLOS /µ of SO/PHI-HRT and SDO/HMI in the umbra
over the entire co-temporally observed time series, with 100 bins.

Figure 4.18: Difference in BLOS /µ between SO/PHI-HRT and SDO/HMI in the umbral
boundary denoted by the white contours in Fig. 4.15 for the first pair of magnetograms
on 17 March 2022. The pixels outside the white contours are set to 0. The disc centre in
SDO/HMI is towards the bottom left.

101



4 Preliminary stereoscopic analysis with SO/PHI-HRT and SDO/HMI

contours shown in Fig. 4.15, they do not agree exactly. It is clear that in some areas
SO/PHI-HRT resolves a different boundary to the umbra. Hence as the white contour
is used in both the SDO/HMI and SO/PHI-HRT magnetograms, some of the pixels in
SO/PHI-HRT in fact lie in the penumbra where the fields are weaker and more inclined.
The pixels with the darkest blue shading in the left of Fig. 4.18 are in an area where
the umbral boundary differs. Here the BLOS /µ values inferred by SO/PHI-HRT are up to
440 G lower. The different umbral boundaries may be attributed to the different effective
point spread functions of the instruments, as well as their respective lines of sight.

The collection of red pixels near the centre of the umbrae, seen clearly in the
right sunspot, indicate that there SO/PHI-HRT infers larger BLOS /µ values, up to 530 G
more. These larger µ-corrected line-of-sight magnetic fields are likely to be the result of
the spectral line forming at a lower depth where the magnetic field is stronger, as SO/PHI-
HRT observes the umbra closer to disc centre. The spatial distribution of these differences
in the umbrae and their magnitude do not change significantly over the entire time series,
indicating that these differences are not rooted in random processes.

Using the white contours to select the pixels in SDO/HMI and the green contours
to select the pixels in SO/PHI-HRT is also not a satisfactory method to overcoming the
different umbral boundaries. This is because some pixels in the neighbouring pores in
SO/PHI-HRT also meet the umbral intensity criterion. This is further complicated by
the time evolution of these pores, making it difficult to systematically ignore those pixels
without manual intervention.

These myriad of details highlight the complicated nature of comparing the same
magnetic feature in magnetograms from two different positions with two different instru-
ments. While the shortcomings of the reprojection algorithm persist and the different
effective PSFs are not accounted for, I cannot include the contribution that arises from the
slight difference in BLOS inferred by the two instruments (BHRT

LOS = 0.97 × BHMI
LOS + 0.73)

determined in Chapter 3.

4.4 Conclusion

In this chapter I have presented 6 sets of co-observations with SO/PHI-HRT and SDO/HMI
that are suitable for stereoscopic analysis of the line-of-sight magnetic field. These 6
co-observations were recorded two weeks after the co-observations that I used in Chap-
ter 3 to investigate the differences between the two instrument’s magnetic field data prod-
ucts, where Solar Orbiter was very close to the Sun-Earth line. The regions observed by
SO/PHI-HRT covered a wide range of photospheric features, from sunspots and plage
regions to the quiet Sun. For all but one of the 6 days SO/PHI-HRT observed regions near
disc centre. Over the 6 days, Solar Orbiter progressively moved further away from the
Sun-Earth line but remained in the ecliptic plane, and hence these co-observed regions
were observed by SDO/HMI closer to the limb and therefore at lower µ values.

After correcting the WCS information of the SO/PHI-HRT magnetograms, they
were reprojected onto the SDO/HMI coordinate frame and resampled to SDO/HMI pixel
sizes to disentangle any foreshortening from other effects caused by the different lines of
sight. The performance of the reprojection was evaluated, and residual shifts between the
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two were found to be on the order of one or two SDO/HMI pixels. This however seemed
to increase up to ±4 SDO/HMI pixels when one or both instruments were observing very
close to the limb.

From detailed testing of the resampling method that is part of the reprojection
algorithm, limitations were uncovered which prevented the comparison of the total LOS
magnetic fluxes. By restricting a preliminary comparison of the magnetic fluxes to the
sunspot umbrae these limitations were somewhat mitigated. In the sunspot umbrae, a
preliminary observational test of the µ-correction on BLOS was made and shown to result
in a very close agreement of the total unsigned line-of-sight magnetic fluxes between
SO/PHI-HRT and SDO/HMI.

However the spatial distribution of the difference in the BLOS /µ values revealed
clear differences, which is not surprising given that fields in sunspot umbrae are vertical
typically only in a small part of the umbra and can reach inclinations up to 40◦ near the
boundary of the umbra. Division by µ clearly does not provide B if the field is not ver-
tical and can be responsible for a significant part of the discrepancy between the results
obtained by the two instruments. After reprojection the umbral boundaries differed some-
what between the two instruments. Hence where these boundaries disagreed significant
differences in the BLOS /µ were found. The inclined nature of the magnetic field near the
boundaries together with the different lines of sight may also contribute. In the centre of
the umbra, SO/PHI-HRT inferred much stronger line-of-sight fields even after applying
the µ-correction. The larger BLOS /µ values near the centre of the umbrae are most likely
due to the different formation heights of the spectral line as a result of the different lines
of sight. Once the resampling algorithm is further developed, other instrumental effects,
such as the difference in effective PSFs and small difference between the two instrument’s
magnetograms that I characterised in Chapter 3 will need to be included and investigated.

This analysis has demonstrated that much more work is needed to thoroughly
investigate how the different viewing angles impact the retrieved line-of-sight magnetic
fields. It is clear that many more magnetograms, at different µ values and simultaneously
a wide range of difference of the µ values between the two instruments, must be com-
pared to build up a complete picture. Until Solar Orbiter moves out of the ecliptic to
better view the poles, further tests can be undertaken while in the ecliptic. As evidenced
by the comparison in Sect. 4.3.2, sunspots are excellent candidates to test the efficacy
of the µ-correction, as they consist of both radial and highly inclined strong magnetic
fields. Hence a prime candidate of an observing campaign which meets these criteria
is the “R_SMALL_MRES_MCAD_AR-Long-Term" SOOP§. This SOOP has been per-
formed three times and is scheduled to run for a fourth time in October 2024. In Chapter 6
an outlook is provided that highlights preliminary data from the October 2023 instance.

§https://s2e2.cosmos.esa.int/confluence/display/SOSP/R_SMALL_MRES_MCAD_

AR-Long-Term
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5 Magnetograms underestimate even
unipolar magnetic flux nearly
everywhere on the solar disk

Sinjan, J. ; Solanki, S. K. ; Hirzberger, J. ; Riethmüller, T. ; Przybylski, D.
Astronomy&Astrophysics, Vol. 690, A341, 2024. DOI:10.1051/0004-6361/202450267¶

5.1 Abstract

Context. The amount of magnetic flux passing through the solar surface is an important
parameter determining solar activity and the heliospheric magnetic field. It is usually de-
termined from line-of-sight magnetograms.
Aims. We aim to test the reliability of determining the line-of-sight magnetic field from a
3D MHD simulation of a unipolar region. In contrast to earlier similar studies, we con-
sider the full solar disk, by considering the full centre-to-limb variation, as well as regions
with different averaged field strengths.
Methods. We synthesised Stokes profiles from MURaM MHD (magnetohydrodynam-
ics) simulations of unipolar regions with varying mean vertical magnetic flux densities,
ranging from quiet Sun to active region plage. We did this for a comprehensive range of
heliocentric angles: from µ = 1 to µ = 0.15, and for two commonly used photospheric
spectral lines: Fe i 6173.3 and Fe i 5250.2 Å. The synthesised profiles were spatially fore-
shortened and binned to different spatial resolutions characteristic of space-based mag-
netographs currently in operation. The line-of-sight magnetic field was derived with a
Milne-Eddington Inversion as well as with other commonly used methods.
Results. The inferred spatially averaged ⟨BLOS ⟩ is always lower than that present in the
MHD simulations, with the exception of µ ≈ 1 and sufficiently high spatial resolution. It
is also generally inconsistent with a linear dependence on µ. Above µ = 0.5 the spatial
resolution greatly impacts the retrieved line-of-sight magnetic field. For µ ≤ 0.5 the re-
trieved BLOS is nearly independent of resolution, but is always lower than expected from

¶The contents of this chapter are identical to the version of Sinjan, J. ; Solanki, S. K. ; Hirzberger, J.
; Riethmüller, T. ; Przybylski, D., 2024, Magnetograms underestimate even unipolar magnetic flux nearly
everywhere on the solar disk, Astronomy & Astrophysics, vol. 690, A341, with a CC-BY 4.0 licence. I,
Jonas Sinjan, completed all the underlying work, wrote the first draft text and created the figures for all
sections of this publication. The co-authors provided comments on the draft text and created the MURaM
simulations that I used.
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the simulation. These trends persist regardless of the mean vertical magnetic field in the
MHD simulations and are independent of the BLOS retrieval method. For µ ≤ 0.5, a larger
⟨BLOS ⟩ is inferred for the 5250.2 Å spectral line than 6173.3 Å , but the converse is true
at higher µ.
Conclusions. The obtained results show that with high spatial resolution observations, for
instance those achieved with SO/PHI-HRT (High Resolution Telescope of the Polarimet-
ric and Helioseismic Imager on Solar Orbiter) at close perihelion, the magnetic flux can
be reliably retrieved at high µ values, whereas in lower resolution observations, as well
as at lower µ, a significant fraction of the magnetic flux is missed. The results found here
raise some doubts of the reliability of determining the radial field by dividing the line-of-
sight field by µ and are of considerable importance for deducing the total magnetic flux
of the Sun. They may also contribute to the resolution of the open flux problem.

5.2 Introduction

Obtaining the correct amount of magnetic flux passing through the solar surface is im-
portant for many purposes. In mixed polarity regions, the flux and its density, that is the
field strength, determine the total magnetic energy and hence are a guide to the heating of
the upper solar atmosphere. In unipolar regions associated with open magnetic field lines,
such as coronal holes, the magnetic flux contributes to the heliospheric magnetic field.

It is well known that in mixed polarity regions the measured magnetic flux den-
sity depends strongly on the spatial resolution (e.g. Krivova and Solanki 2004, Pietarila
Graham et al. 2009, Chitta et al. 2017). For unipolar fields, however, it has often been
assumed that the correct amount of magnetic flux in unipolar regions is determined more
or less independently of spatial resolution of the observations.

At the same time, it has often been assumed that at least outside sunspots, most of
the magnetic flux seen by full-disk magnetograms is vertical (i.e. radial), so that line-of-
sight (LOS) magnetograms are sufficient to get the correct magnetic flux density, at least
in unipolar magnetic regions. This assumption has been made in part due to the difficulty
of retrieving a meaningful magnetic field vector outside of active regions. This in turn is
because the signal in Stokes Q and U is typically much lower than in Stokes V outside
sunspots and for spectral lines in the visible spectral range, making LOS fields the most
reliably deduced component of the magnetic field. The vertical component of the field
can be computed by dividing the LOS magnetic field, BLOS , by the cosine of the angle
of incidence, θ, the heliocentric angle, µ = cos(θ) (e.g. Murray 1992, Fligge et al. 2000,
Hagenaar 2001). In the following we will refer to this practice as the ‘µ-correction’.

Coronal holes are typical regions where unipolar magnetic fields are observed,
with the most prominent being those located at the poles of the Sun around minima of
solar activity cycles. Due to the geometry, retrieving the vector magnetic field is difficult
there. Tsuneta et al. (2008a) observed large > 1 kG unipolar patches on the poles with
Hinode SOT/SP (Spectral-polarimeter on the Solar Optical Telescope) that were predom-
inantly radial and Prabhu et al. (2020) also inferred large unipolar kG patches at the pole
with the IMaX instrument on the SUNRISE balloon-borne observatory (Solanki et al.
2010, Barthol et al. 2011, Martínez Pillet et al. 2011, Gandorfer et al. 2011, Berkefeld
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et al. 2011) but without the need of a magnetic filling factor.

The polar magnetic field is important for a variety of reasons. For example, the
polar magnetic field has been shown to be a key element to predicting the strength of the
next solar cycle (Schatten et al. 1978, Cameron and Schüssler 2007, Wang and Sheeley
2009). Furthermore the fast solar wind originates from large coronal holes, from around
the poles during solar minima (Krieger et al. 1973). There is also a longstanding unsolved
problem known as the open flux problem (e.g. Wang and Sheeley Jr. 1995, Linker et al.
2017). It consists of a 2 − 3 factor mismatch between the open flux directly measured
in-situ at 1 au and that calculated from the magnetic flux at the solar surface in large
coronal holes, and extrapolated to 1 au. Current ideas to explain this mismatch include:
missing coronal holes, open magnetic flux not in dark EUV or X-ray emission regions
or an underestimation of the open magnetic flux in synoptic LOS magnetograms. This
last idea strongly motivates this study: if the radial field deduced from the LOS magnetic
field measured over the solar disk underestimates the actually present field, then this could
contribute to solving the open flux problem.

Retrieving the vector magnetic field in coronal holes is not straightforward, even
more so when they are located at the limb, for example at the poles. To retrieve the com-
plete magnetic vector full Stokes polarimetry is required. However the Stokes signals of
the transverse component of the magnetic field are intrinsically lower than the longitudi-
nal component as they are a second order effect for incomplete Zeeman splitting (which is
typically the case outside sunspots for spectral lines in the visible spectrum), and therefore
the signal to noise ratio is lower. First of all, coronal holes have relatively low spatially
averaged field strengths, similar to quiet Sun regions, so that Stokes signals are typically
small, those of Stokes Q and U particularly so.

Although cancellation of Stokes V profiles occurs to a much smaller degree, due
to the dominance of one magnetic polarity (e.g. Wiegelmann and Solanki 2004), near
the limb foreshortening plays a major role as the projected area encompassed by one
resolution element of the photosphere increases by 1/µ. The detected rays from these
foreshortened areas travel a much longer path through the solar atmosphere, and when µ
is low enough, rays from magnetically strong regions pass through nearby non-magnetic
regions where significant absorption can take place (Audic 1991, Solanki et al. 1998),
which further reduces the polarised Stokes parameters. The lower intensity levels near
the limb also result in lower signal to noise ratios. Finally, the fact that the lines are
formed higher near the limb, where the field strength in magnetic features is reduced (due
to horizontal pressure balance) implies smaller Zeeman splitting which results in even
lower Stokes Q and U profiles relative to Stokes V .

When observing off disc centre, the spectropolarimetric signature of magnetic
features near the limb has not been well characterised. Solanki et al. (1998) synthesised
rays utilising different flux tube models over a range of µ down to µ = 0.2 for a variety
of spectral lines. They found that the amplitude of Stokes V need not follow the µ linear
dependence as expected by the µ-correction. Near the limb, almost all diagnostics were
greatly affected by the passage of rays through non-magnetic material, and by the width
of the flux tubes in their models. They also suggested that the global magnetic flux may
be underestimated near the limb.
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Hinode SOT/SP (Tsuneta et al. 2008b) uniquely combines high spatial resolution
and polarimetric sensitivity. However, even this may not be sufficient to reliably deter-
mine the magnetic vector close to the limb (Centeno et al. 2023). These authors simulated
polar observations by Hinode SOT/SP at µ = cos(65◦) = 0.42 and found strong biases in
the retrieval of the inclination and azimuth. They point out that photon noise, projec-
tion effects, telescope spatial point spread function, spectral point spread function and
the limitations of Milne-Eddington inversions (with a variable magnetic filling factor) all
contribute towards the generation of these observed biases. They do, however, find that
pixel-averaged quantities, such as BLOS when assuming a filling factor of unity, highly
correlate with the MURaM simulations they used to create the synthetic observations.

Furthermore Plowman and Berger (2020c) and more recently Milic et al. (2024)
found that with reduced spatial resolution, the mean LOS magnetic flux is not accurately
retrieved: it is underestimated. Plowman and Berger (2020c) explained this through corre-
lations between magnetic flux density and continuum brightness (assuming that magnetic
features are comparatively dark) while Milic et al. (2024) instead argue that this is due to
non-linearity of the methods used to infer the magnetic field. The study by Milic et al.
(2024) was limited to disk centre views (i.e. µ = 1), which means that their results are
not applicable to fields in the polar coronal holes (at least not as seen from Earth, or even
from Solar Orbiter at its maximum heliolatitude; see Müller et al. (2020).

Due to these challenges in determining the correct magnetic flux in coronal holes,
we aim to use radiative MHD simulations of unipolar photospheric regions for a compre-
hensive range of µ values to study how reliably the LOS field can be retrieved. In this
way we not only test the µ-correction to retrieve the radial magnetic field from unipolar
regions away from disk centre, but also gain an idea of whether the dependence on spatial
resolution of the magnetic flux obtained at disk centre is also valid closer to the limb, or if
indeed magnetic flux may be generally underestimated in unipolar regions, such as coro-
nal holes, including those near the solar limb. We do this for several spatial resolutions,
mimicking those of SDO/HMI (Helioseismic Imager on the Solar Dynamics Observatory,
Scherrer et al. 2012), SO/PHI-HRT and FDT (Full Disk Telescope of SO/PHI) and lower
resolution magnetographs, and for several levels of magnetic flux density, ranging from
relatively quiet Sun typical of coronal holes to strong plage regions.

In Sect. 5.3 we introduce the radiative magnetohydrodynamic (MURaM) simu-
lations employed and in Sect. 5.4 we present the method we implemented to synthesise
the Stokes profiles from the MHD simulations at a range of µ values. The method to bin
these profiles to different spatial resolutions is detailed in Sect. 5.5. The method by which
the line of sight magnetic field is inferred is outlined in Sect. 5.6. In Sect. 5.7 we present
the CLV (Centre-to-Limb Variation) of the inferred LOS magnetic field and discuss the
limitations of our work in Sect. 5.8. We outline our conclusions in Sect. 5.9.

5.3 MURaM simulations

Three-dimensional magnetoconvection simulations of the photosphere were computed
using the MURaM code (Vögler et al. 2005). MURaM solves the MHD equations along
with radiative energy transport. The radiative energy exchange rate is computed via non-
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Figure 5.1: MHD simulations and the corresponding synthetic Stokes I maps. Top row:
BZ in kG of the MURaM simulations at a height of z = 0.85 Mm above the bottom
layer of the simulation box, which approximately corresponds to the visible surface layer.
From left to right snapshots of simulations with different initially imposed mean vertical
magnetic fields of ⟨BZ⟩ = 30, 50, 100 and 200 G. Second row to bottom row: Synthetic
Stokes I/Ic maps at dλ = −0.35 Å for the Fe i 6173.3 Å absorption line for µ = cos(θ)
decreasing from = 1.0 to µ = 0.15. For µ < 1 the y axis is foreshortened. The I/Ic maps
are saturated from 0 to 1.5 units of the average continuum intensity, Ic, at µ = 1. The
maps at µ = 0.9 and 0.8 are omitted for brevity.
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grey radiative transfer under local thermodynamic equilibrium (LTE) and the equation of
state takes into account partial ionisation. The simulation box has physical dimensions of
6 x 6 x 1.4 Mm (x,y,z), where z is the vertical axis, and has periodic horizontal boundary
conditions. The box roughly covers 800 km below the visible surface and 600 km above.
The horizontal extent of the simulation domain is sufficient in size, as at µ = 0.15, the
extent of the foreshortened axis is 900 km, which equates to just over two SDO/HMI
pixels, just under 9 SO/PHI-HRT pixels, and more than one SO/PHI-FDT pixel when
SO/PHI is at perihelion. The grid size is 288 × 288 × 100 cells resulting in cell sizes of
20.8 km in the horizontal directions and 14 km in the vertical axis.

The simulation box has a free in- and outflow lower boundary condition and a
closed top boundary, while conserving the total mass. A non-grey radiative energy trans-
fer with four opacity bins is included. The simulation box was first initialised under hy-
drodynamic conditions following which a homogeneous, unipolar vertical magnetic field
was introduced. The outputs of simulations with initially imposed mean vertical fields of
30, 50, 100 and 200 G were included in this investigation. Analysing MHD cubes with
such a range of fields allows us to determine the effect of a variety of solar environments
on the determined magnetic flux density, from the weakest quiet Sun, to a strong plage
region. Once the simulation had evolved to a statistically stationary state, after approxi-
mately 18 hours of solar time, snapshots were taken every 3−7 minutes, approximately the
granule turnover time, allowing for sufficient evolution such that each snapshot is statisti-
cally independent. These simulations were produced in the initial stages of investigation
for the Riethmüller et al. (2014a) study, where they were shown to be highly consistent
with observations.

To improve the statistics, we considered 20 snapshots each for 30 G and 50 G,
19 for 100 G and 14 for 200 G. Less snapshots were required for ⟨BZ⟩ = 200 G as the
results did not change when more than 10 snapshots were considered. A single snapshot
for each ⟨BZ⟩ is shown in the top row of Fig. 5.1. It is clear that as the mean vertical flux
in the domain increases more, larger and stronger flux concentrations appear. These sim-
ulated unipolar regions represent different features on the solar surface: ⟨BZ⟩ = 30, 50 G
represent conditions that are similar to the unipolar very quiet and the average quiet Sun,
respectively (i.e. typical of coronal holes). These quiet Sun simulations well reproduce
observations from the Sunrise mission (Riethmüller et al. 2014a). Meanwhile the simula-
tions with ⟨BZ⟩ = 100 G represent the network field, and ⟨BZ⟩ = 200 G a plage region as
found within active regions. Due to flux conservation and the periodic boundary condi-
tions, the horizontally averaged (over the X-Y plane) vertical flux density, ⟨BZ⟩, remains
constant with geometric height in all snapshots with a numerical accuracy of 0.02%.This
simulation setup allows us to have a known value of the flux within the simulation do-
main, to which we can compare the retrieved line-of-sight magnetic flux via our methods
outlined in Sect. 5.6 and Sect. 5.7.3 (the actual comparisons are between spatially aver-
aged flux density, which is equivalent). The situation does not change in principle when
computing the radiation emerging at an angle form the simulation box (smaller µ), except
that it is more complex because the rays often pass through multiple magnetic structures
as well as the space in between (see Solanki et al. 1998, for a description in a much more
idealised version of the same geometry).
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5.4 Spectral Synthesis

The SPINOR code (Frutiger et al. 2000, Frutiger 2000) was used to generate the syn-
thetic Stokes profiles using the STOPRO routines (Solanki 1987) for the 6173.3 Å and
5250.2 Å Fe i absorption lines. The 6173.3 Å line was selected as it is sampled by both
the SDO/HMI and SO/PHI vector magnetographs. The 5250.2 Å line was chosen for
comparison with earlier works such as Solanki et al. (1998) and because both IMaX on
the first two flights of Sunrise and the TuMAG instrument, a further development of the
IMaX instrument, sample this line; TuMAG is scheduled to fly on the balloon-borne
SUNRISE III mission in 2024 (Álvarez Herrero et al. 2022).

For both spectral lines, the profiles were synthesised over a wavelength range
of ±350 mÅ from the reference line core wavelength λ0, which corresponds to a cut-
off velocity of approximately ±17 km/s for 6173.3 Å and ±20 km/s for 5250.2 Å. This
range was chosen to exclude contributions from nearby spectral lines, such as 6172.7 Å.
For the 5250.2 Å case, neighbouring lines such as the strong Fe I 5250.6 Å line, were
not synthesised as this would impact the retrieval of BLOS via standard methods such as
a Milne-Eddington inversion. The spectral sampling of the synthesis for both lines is
14 mÅ.

For synthesis of Stokes profiles off disc centre, the grid is adapted by the SPINOR
code such that the slanted LOS (line-of-sight) becomes the new ‘vertical’. This is achieved
by shifting the horizontal layers by n×Dz tan(θ), where n is the layer index, Dz = 14 km is
the vertical grid resolution and θ is the angle of incidence, the heliocentric angle. However
this shift is rarely an integer value of pixels, resulting in residuals of sub-pixel shifts. To
compensate, a 2D linear interpolation is performed horizontally. Furthermore, the vertical
grid spacing is increased to reflect the longer path travelled through each cell: ∆z =

Dz/cos(θ). Next an atmosphere is built using 5000 Å as the default reference continuum
wavelength to create the optical depth scale. Each column, is converted into vertical units
of log(τ5000), where τ5000 is the optical depth at 5000 Å continuum. When µ = cos(θ) is
very low, the increased vertical grid spacing, now in log(τ5000), becomes very large, such
that the vertical change in temperature can be quite large. To mitigate this, the log(τ5000)
grid is also interpolated in the vertical direction.

Additionally, the horizontally averaged solar surface, the layer where ⟨τ5000⟩ = 1,
is computed before the synthesis. This surface is set as the reference height layer, n = 0,
such that it is not shifted horizontally. All other layers are shifted with respect to this
reference layer. This layer is chosen to be fiducial because the continuum is formed
near this layer. This choice thus mitigates unwanted artefacts from the interpolation and
horizontal shifting near the height of formation of the spectral line. Stokes profiles are
synthesised from µ = 1.0...0.15 with a step size of 0.1 in µ. Below µ = 0.3, the step size
is reduced to 0.05.

To improve the statistics, the profiles were synthesised from two opposite viewing
directions for the full range of µ < 1 values. Because the simulation snapshots are not
symmetric, in general the results differ somewhat for the two viewing angles.

We now consider some of the limitations of our analysis. Firstly, the synthesis
of the spectral lines did not consider any non-LTE effects, which have been shown to be
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significant for the Fe i 6173.3 Å line (Smitha et al. 2023). It is unclear, however, how
large this neglection has on the results presented here. Smitha et al. (2020) studied the
effect of neglecting NLTE effects when inverting lines computed in NLTE. They found
average errors in the field strength of around 10 G, corresponding to an average relative
error of about 5% at the node with the largest signal (their Fig. 9). Although their result
applies to the Fe i 6301.5 and 6302.5 Å line pair, which react somewhat differently to
NLTE effects, it still suggests that uncertainty due to neglecting NLTE is considerably
smaller than the effects we find here.

Secondly, at extreme low µ, the curvature of the Sun should also be considered.
Here we estimate if neglecting curvature could significantly affect our results. For a ray
travelling from the bottom to the top of the solar atmosphere, the change in intensity I can
be described by:

dI

ds
= −κνI + ϵν, (5.1)

where ds is directed along the ray and κν and ϵν are the absorption and emission coeffi-
cients at a wavelength ν (Rutten et al. 2003). When assuming a plane parallel atmosphere,
as we do here, we can transform ds to a function of the vertical distance z and µ the cosine
of the angle of the ray between the vertical axis: dz = µds:

µ
dI

dz
= −κνI + ϵν. (5.2)

To estimate the error by neglecting the curvature of the Sun we can transform the above
into spherical coordinates, with radius r and µ:

µ
∂I

∂r
+

1 − µ2

r

∂I

∂µ
= −κνI + ϵν. (5.3)

This extra term, 1−µ2

r
∂I
∂µ

, is the error we introduce by ignoring the Sun’s curvature. When
comparing the order of magnitudes of the first two terms we find an upper estimate for
this term:

1 − µ2

R⊙

Z

µ
, (5.4)

where r has become R⊙ = 696 Mm, the solar radius, and Z = 1.4 Mm is the length scale
of ∂r of the considered simulation domain. This is an upper estimate as the key length
scale for ∂r is the vertical height over which the majority of the spectral line is formed,
which is hundreds of km for photospheric lines rather than the entire vertical extent that
we have considered here. For µ = 0.15, this fraction is 1.3%, and therefore we can
safely neglect the Sun’s curvature. Only below µ = 0.05 does this second term become
significant (>5%).

Maps of Stokes I/Ic, where Ic is the average Stokes I in the continuum at µ = 1,
are shown in the native MURaM resolution from the second row to the bottom row in
Fig.5.1 for µ = 1.0...0.15 for different ⟨BZ⟩. The viewing angle is such that y = 0 is nearer
to disc centre, while the top of each image is located nearer to the limb. We define this
viewing direction as ‘positive’, while viewing from the opposite side is ‘negative’. The
CLV of Stokes I can be seen, with the map becoming darker as µ approaches the limb.
The profiles are spatially foreshortened to represent the projection effect.
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Figure 5.2: Maps of synthesised Stokes I/Ic and V/Ic profiles for the λ0 =

6173.3 Å absorption line for one snapshot at ⟨BZ⟩ = 200 G at different spatial resolu-
tions. Left to right columns: Original MURaM resolution, resolution of SO/PHI-HRT at
perihelion, SDO/HMI resolution, and resolution of SO/PHI-FDT at perihelion. Top two
rows: maps at µ = 1. Bottom two rows: maps at µ = 0.5 in the ‘positive viewing’ direc-
tion with spatial foreshortening applied. Top and third row: Stokes I/Ic at dλ = −0.35 Å.
Second and fourth row: Stokes V/Ic at dλ = −0.07 Å. The black squares outline the re-
gion that is considered in Fig. 5.7.

5.5 Stokes processing

The Stokes profiles, regardless of µ, are synthesised on the original 288 × 288 grid of the
MURaM simulations. As stated, we wish to investigate the CLV for different spatial res-
olutions: pixel sizes of the entire domain (6 Mm), SDO/HMI (362.5 km), SO/PHI-FDT
(761.5 km), SO/PHI-HRT (101.5 km), and the original MURaM resolution (20.8 km).
For the two SO/PHI telescopes, these correspond to the spatial resolution achieved when
Solar Orbiter is at closest perihelion: 0.28 au. The Hinode SOT/SP pixel size is 116 km,
very close to that of SO/PHI-HRT at perihelion (Tsuneta et al. 2008b), so that the results
for SO/PHI-HRT should also be approximately valid for Hinode SOT/SP, although the
spectral lines used are different.

For the µ = 1 case, with no spatial foreshortening, the maps are composed of
the following number of (binned) pixels (rounded to the nearest pixel): the entire domain
(one pixel), SO/PHI-FDT (8×8 pixels), SDO/HMI (17×17 pixels), SO/PHI-HRT (59×59
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Figure 5.3: BLOS , derived via MILOS inversions, from the Stokes profiles shown in
Fig. 5.2. Top row: µ = 1, bottom row: µ = 0.5 in the ‘positive viewing’ direction
with spatial foreshortening applied. The BLOS maps are shown at the original MURaM
resolution, SO/PHI-HRT resolution at perihelion, SDO/HMI resolution and SO/PHI-FDT
resolution, also at perihelion. The spatially averaged value of BLOS is inscribed at the
lower-right in each panel. The black squares outline the region considered in Fig. 5.7.

pixels), and the original MURaM (288×288 pixels). The binning is performed via a local
mean down-sampling.

We note that for simplicity we do not consider the spatial PSFs of the various
instruments when binning to different pixel sizes. Nor do we take into account that the
magnetographs sample the observed spectral line at only a very limited number of wave-
length points, or the spectral PSF (i.e. filter profile).

For µ < 1, the pixel count, for a desired resolution, along the foreshortened y-
axis, is calculated by dividing the foreshortened length, 6×µ Mm, by the instrument pixel
resolution. The x-axis pixel count remains constant independent of µ. For either axis, if
the desired pixel count is not an integral factor of the original 288, the Stokes grid is first
interpolated linearly in the spatial dimensions* to a pixel count, nearest to the original 288,
that is a multiple of the desired instrument pixel count, after which the local mean down-
sampling is applied. In the case of one pixel over the entire domain, the Stokes maps are
spatially averaged over its entirety, regardless of the µ value. The negative viewing angles
are treated as independent measurements from the positive angle, because a snapshot can
present a rather different picture when observed from the two directions.

An example of these processed Stokes profiles is displayed in Fig. 5.2. Here we
show maps of I/Ic and V/Ic in the 6173.3 Å spectral line for four different resolutions
at µ = 1. Also displayed are the maps for µ = 0.5 with foreshortening applied. The
I/Ic maps are shown at dλ = −0.35 Å, i.e. basically in the continuum, while the V/Ic

maps are at dλ = −0.07 Å, i.e. in the flank of the line. It is clear that as the resolution
decreases beyond that of SO/PHI-HRT the fine structure is lost. The black rectangular
outline denotes the physical extent of one SO/PHI-FDT pixel at the origin at µ = 1. The

*https://scikit-image.org/docs/stable/api/skimage.transform.html#skimage.

transform.resize
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5.6 Inference of the line-of-sight magnetic field

profiles from this region are investigated in Sect. 5.7.

5.6 Inference of the line-of-sight magnetic field

We inferred the LOS magnetic field with an inversion code: MILOS† (Orozco Suárez
and Del Toro Iniesta 2007b, Orozco Suárez 2024). This inversion technique solves the
radiative transfer equation by assuming a Milne Eddington atmosphere. This atmosphere
assumes that the physical parameters (B, vLOS , η0,∆λD: i.e. magnetic field vector, LOS
velocity, ratio of absorption coefficient at line core, continuum, and Doppler width of the
spectral line) are independent of optical depth, while the source function is linear in op-
tical depth. While we know this not to be case in the solar atmosphere, this assumption
enables an analytic solution to be found, resulting in a simple and fast method to infer
the physical conditions. Furthermore Milne-Eddington inversion codes have been shown
to be very reliable (Borrero et al. 2014b) and therefore widely used. This code is cur-
rently employed by the SO/PHI instrument (Solanki et al. 2020) and SDO/HMI employs
a similar Milne-Eddington inversion code: VFISV (Borrero et al. 2011a). As input the
complete Stokes vector: I,Q,U,V was used with the full spectral sampling of 14 mÅ.
The LOS magnetic field, BLOS , was determined via B cos(γ), where γ is the magnetic
field inclination relative to the line-of-sight. A filling factor of unity was used, the same
as in the inversion routines of SO/PHI and SDO/HMI.

When inferring the LOS magnetic field, we have neglected all other instrumental
effects, such as filter profiles, discrete wavelength sampling and photon noise. The wave-
length sampling and range in particular affect the retrieval of strong split profiles. To fully
understand all these effects, end-to-end simulations are required, such as a study already
completed for the GONG telescopes (Plowman and Berger 2020a,b,c). An end-to-end
simulator for SO/PHI exists (SOPHISM, see Blanco Rodríguez et al. 2018), but results
from tests across a range of µ values has not been reported yet.

As validation of the method and its behaviour when inverting Stokes profiles with
inclined lines of sight, a test case with a 1D plane parallel atmosphere with a homogeneous
vertical field of 200 G was used. The CLV of the inferred BLOS followed the expected
200 × µ G straight line very closely: the mean (vertical) separation from the 200 × µ line
is 1.0 ± 0.3 G. For more details see Appendix A.1.

Maps of the retrieved BLOS , via the MILOS inversion, from the Stokes profiles
underlying the images displayed in Fig. 5.2, are shown in Fig. 5.3. As illustrated by the
spatially averaged BLOS values overlaid on each panel, one notes that the spatial average
decreases with decreasing resolution at µ = 1. The same, however, is not the case at
µ = 0.5, where ⟨BLOS ⟩ is approximately independent of the pixel resolution. The analysis
of this behaviour is presented in Sect. 5.7.
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Figure 5.4: ⟨BLOS ⟩(µ) retrieved from the λ0 = 6173.3 Å line at the five tested resolutions.
From the top left panel clockwise: results for simulations with ⟨BZ⟩ = 30, 50, 100, 200 G
respectively. At each µ the retrieved ⟨BLOS ⟩ quantities are averaged over all snapshots and
the two employed viewing directions. The shaded regions denote the standard deviation
over the range of snapshots. The legend in the upper left panel is valid for all panels.
The dashed black lines indicate the expected µ-dependence under the assumption that the
‘ground truth’ ⟨BZ⟩ is retrieved at µ = 1.

5.7 ⟨BLOS ⟩ centre-to-limb variation

5.7.1 Fe i 6173.3 Å

We determined the mean LOS magnetic field, ⟨BLOS ⟩, for the different spatial resolutions
to compare how accurately the known ‘ground-truth’ ⟨BZ⟩ in the MHD simulation is re-
trieved. Importantly, this was done for the full range of µ values. The centre-to-limb
variation of ⟨BLOS ⟩ for the 6173.3 Å spectral line is illustrated in Fig. 5.4. The 4 sepa-
rate panels show that the ⟨BLOS ⟩ CLV is strikingly similar regardless of the mean vertical
field strength in the MHD simulation (the main difference is that the standard deviation of
points becomes smaller as the average strength of the field in a simulation box increases).
The most obvious point that one draws is that the CLV, irrespective of the resolution, is

†https://gitlab.com/SOPHI1/milos
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5.7 ⟨BLOS ⟩ centre-to-limb variation

Figure 5.5: Same as Fig. 5.4 but for ⟨BLOS ⟩/(⟨BZ⟩ × µ) instead of ⟨BLOS ⟩ plotted vs. µ.
The dashed black line indicates the result if the BLOS CLV is linear with µ and the ‘ground
truth’ ⟨BZ⟩ was retrieved at µ = 1.

almost entirely below the ⟨BZ⟩ × µ curve, indicated by the black dashed lines, that is ex-
pected by the radial field assumption. This is further illustrated in Fig. 5.5, which displays
the same curves in Fig. 5.4 but divided by the ⟨BZ⟩ × µ dashed black line also shown in
Fig. 5.4, to clearly indicate the fraction of the magnetic flux density that is underestimated.

Fig. 5.4 and Fig. 5.5 imply that there is almost always an underestimation of
flux density from unipolar regions when inferred via the µ-correction, regardless of the µ
value, ⟨BZ⟩ in the MHD simulation, or spatial resolution. For µ > 0.5 the amount by which
⟨BZ⟩ is underestimated increases with decreasing spatial resolution, whereas at µ ≤ 0.5
the resolution plays a smaller role. Below µ = 0.6 at least 25% of the flux density is
‘missing’ when the µ-correction is applied. the amount of missed flux increases to at least
40% as we consider simulation snapshots with lower average flux (more representative of
coronal holes).

At or near disc centre, at SO/PHI-HRT and the native MURaM resolution, ⟨BLOS ⟩
exceeds ⟨BZ⟩ by approximately 3 − 10%: at the MURaM resolution the values are: 221 ±
2, 109 ± 1, 53 ± 1, 31 ± 1 G for ⟨BZ⟩ = 200, 100, 50, 30 G, respectively. This increase
can be attributed to the fact that we observe the photosphere on an optical depth surface,
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instead of a geometric one. In regions of high magnetic flux, the plasma is evacuated such
that we can ‘see’ deeper into the Sun, into regions where the magnetic field is enhanced.
Schlichenmaier et al. (2023) presented a similar effect; Milic et al. (2024) reported a
10% increase for ⟨BZ⟩ = 30 G at µ = 1, compared to the 3% increase we find, but this
small difference is most likely due to the somewhat different formation heights of the
6301.5 Å and 6302.5 Å line pair that they investigated and 6173.2 Å.

Above µ = 0.5, ⟨BLOS ⟩ decreases as the spatial resolution decreases, which was
already visible in the ⟨BLOS ⟩ values written in Fig. 5.3. This appears to be caused by two
effects. The first is flux cancellation: for example, in the top left quadrant of Fig. 5.3 for
µ = 1, there are several patches with negative BLOS close to positive, i.e. upward pointing,
flux concentrations. When the pixel size increases, and these positive and negative flux
patches are included in the same pixel, the Stokes V profiles partially cancel, such that an
overall lower flux density is inferred. In order to minimise this well-known and expected
behaviour, we have started the simulations with purely unipolar field initial conditions.
Therefore we assume that this is a minor effect compared to the other factor: as the
pixel sizes increase, the strongest field regions (magnetic elements or flux tubes) are no
longer adequately resolved. It is due to the non-linear behaviour of radiative transfer
and the differences in properties, such as the thermal profile, between structures with and
without magnetic fields, that when they are considered together in a low spatial resolution
element, the inferred magnetic field does not accurately represent the true underlying
physical structures.

An extreme example of this effect is illustrated in Fig. 5.6. A pixel from a snap-
shot with ⟨BZ⟩ = 200 G was selected with a BLOS of approximately 2000 G and low
inclination (< 0.1◦ to the vertical) at the solar surface. The Stokes I and V profiles arising
at µ = 1 from this pixel are shown in blue in the top and middle panels of Fig. 5.6, respec-
tively. In orange the profile of an atmosphere with a BLOS of 100 G (and low inclination
of < 0.1◦) at τ = 1 is also depicted. Doppler shifts were removed for simplicity. When the
profiles from these two atmospheres, strong and weak, are combined with equal weights
(i.e. with a filling factor of 0.5 each), the inferred BLOS is only 274 G, just under 4 times
less than the true BLOS in the area from which the combined profiles arise: approximately
1035 G. This is an extreme case, as the 1970 G profile is strongly split, so much so that the
dips in Stokes I lie almost outside the wings of the weak field Stokes I profile, and hence
are largely ignored by MILOS when inferring BLOS . The fact that strong concentrations
of magnetic field are typically hot leads to weaker line profiles, at least of neutral atomic
lines (e.g. Solanki 1986). This weakening also contributes to underestimating BLOS . An-
other effect that helps explain the underestimate of the retrieved BLOS from the combined
profile is the presence of Zeeman saturation for strongly split spectral lines (Stenflo 1973).
The removal of the Doppler shifts shows that this discrepancy is not a result of Doppler
shifts, in agreement with the findings of Milic et al. (2024). Tests were also completed
where the strong fields considered were weaker, 1000 G and 500 G. Here too the dis-
crepancy remained although it was lessened. Using completely independent techniques,
similar results for the different spatial resolutions near µ = 1 are found (see Sect. 5.7.3
and Appendix A.3& A.4)

This suppression of the strong fields, and how this changes with spatial resolution
is clearly observed in our results. In Fig. 5.7 the Stokes I and V profiles from the region
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Figure 5.6: Combination of Stokes signals from weak and strong magnetic regions for
λ0 = 6173.3 Å. Top panel: Stokes I profiles for a ≈ 2000 G pixel and a 100 G pixel. The
combined profile, a simple average of the individual profiles, is depicted by the dashed
green line, while the fit to the combined profile is the dashed red line. Bottom panel: same
as the top but for Stokes V .
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outlined in black in Fig. 5.2 and Fig. 5.3 is shown for 4 different resolutions. This region
is equivalent in area to one pixel at SO/PHI-FDT resolution, but 1296 pixels at the original
MURaM resolution. The profiles spatially averaged over the region are shown by solid
thick black lines. If we are at original resolution, then we retrieve a BLOS value for the
area considered that corresponds to the average of the BLOS values obtained from the
individual pixels. This ⟨BLOS ⟩ is written in the lower right of the top panels of Fig. 5.7,
while the averaged Stokes I and V profiles (in black) are much weaker and result in a
significantly lower retrieved BLOS , which is given in the lowest panels of the same figure.
As indicated in Fig. 5.7, the spatial average of BLOS from the constituent pixels decreases
with decreasing pixel resolution, with the BLOS retrieved at SO/PHI-FDT pixel resolution
being a factor of 4 lower than at the original MURaM resolution. The spatially averaged
BZ in this region, close to the average height of formation, is 415 G‡ This shows that
MILOS retrieves the vertical magnetic field well at high spatial resolution, while at low
resolutions it does not. This difference of the average profile to that from any one pixel
in the underlying area is consistent with the discussion by Leka and Barnes (2012) and
a worse spatial resolution is expected to dilute the polarisation signal such that a lower
magnetic field strength is inferred Leka (1999), Orozco Suárez et al. (2007).

We have explained the reason why a much lower LOS flux density is inferred
when the spatial resolution is low at high µ but the curves converge at µ = 0.5, and the
LOS flux density is always below the expected linear dependence, even when the spatial
resolution is at the native MURaM resolution. We believe that this is due to a combination
of mainly two factors, which have been already mentioned in Sect. 5.2. Firstly, the pas-
sage of the inclined rays through both magnetic and non-magnetic regions significantly
affects the inferred LOS flux density. Audic (1991) and Solanki et al. (1998) described the
effect on the polarised profiles by the absorption in both magnetic and non-magnetic re-
gions, and concluded that it is highly dependent on the temperature difference between the
magnetic flux tubes and the non-magnetic surroundings, and at what geometrical height
the absorption takes place. Especially if the magnetic concentrations are hotter than their
surroundings, which is generally the case, then the lines get more strongly absorbed in
the field-free or weak-field surroundings than in the concentrations themselves. Absorp-
tion in the field-free region leads to the reduction in the strength of the polarised Stokes
profiles relative to Stokes I. This reduces the signal of the magnetic field and mimics
a weaker field, leading MILOS to underestimate BLOS . Because this reduction is due to
effects happening along each line-of-sight, it is independent of the spatial resolution of
the observations. The same figure but for µ = 0.5 is shown in Appendix A.2 and demon-
strates the lack of dependence on the spatial resolution. Solanki et al. (1998) also found
that Stokes V amplitudes were more strongly reduced at µ < 1 for narrower flux tubes.
This could explain the larger underestimation at smaller µ of regions with low ⟨BZ⟩ vis-
ible in Figs. 5.4 and 5.5 as such regions tend to have narrower magnetic concentrations.
Furthermore, narrow flux concentrations have a stronger tendency to be hidden behind a
neighbouring granule, further reducing the polarised Stokes signals.

‡The average BZ in this sub-region of the MURaM cube was found by converting geometrical height
to optical depth and averaging over both the spatial (x, y) and 21 optical depth planes (log(τ) = −2 to
log(τ) = 0, with a step size of 0.1 log(τ) and all optical depth planes weighted equally). We used response
functions to the magnetic field to guide this choice. We note that this step is undertaken only for the purpose
of illustration and applied only to the small sub-region of the simulation cube.
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The second reason why we suspect the curves to converge is due to the projection
effect. As µ decreases, the extent of the Sun’s surface that is covered by a pixel, even at
the native MURaM resolution, increases to the point that little to no strong field regions
are resolved, and for those that are, the LOS component is diminished. Indeed we find
that at µ = 0.5 at the MURaM resolution and ⟨BZ⟩ = 200 G, no pixels in any snapshot or
viewing direction have an inferred LOS field larger than 950 G.

The shaded areas in Fig. 5.4, colour matched with the corresponding ⟨BLOS ⟩ CLV
curve, indicate one standard deviation of ⟨BLOS ⟩ from the distribution of the multiple MU-
RaM snapshots and two viewing directions. These shaded areas reveal that the lower the
⟨BZ⟩, the larger the spread in ⟨BLOS ⟩ from one snapshot to the next, and from one viewing
direction to the other. This large spread in the low mean field regions could be because
there are fewer and smaller flux concentrations, thus leading to more relative variation be-
tween each granule turnover time. Furthermore, as these flux concentrations are smaller
the viewing geometry also has a larger impact on the inferred ⟨BLOS ⟩, as from one viewing
point a flux concentration might not be visible behind a neighbouring granule, but it may
well be from another. This larger variation also validates our consideration of a longer
time series for the lower field strength cases.

An extreme example is found for one quiet Sun snapshot, ⟨BZ⟩ = 30 G, ‘ob-
served’ at µ = 0.15. While, as expected, a positive ⟨BLOS ⟩ was retrieved when viewing
from the positive direction, a negative ⟨BLOS ⟩ is retrieved when viewing from the ‘nega-
tive’ direction regardless of the spatial resolution, illustrating the high variability of ob-
serving the weakest quiet Sun at extreme angles. Such an apparent change in polarity
may be produced by the fact that in the quiet Sun even the strong-field magnetic features
are not quite vertical, so that they can be pointing towards or away from an observer ob-
serving at very small µ. When there are few magnetic features in the FOV, their random
inclinations need not average out.

From Fig. 5.5 we find a tendency at low µ that at high resolutions approximately
2 − 10% lower ⟨BLOS ⟩ is inferred than at low resolutions. This is the opposite behaviour
to the much more striking dependence on resolution seen at large µ. The dependence on
resolution increases with ⟨BZ⟩ and only becomes statistically significant for ⟨BZ⟩ = 200 G,
since at lower ⟨BZ⟩ the shaded regions associated with the curves for various resolutions
overlap significantly. We suspect that this difference arises as the Stokes profiles in the
resolved pixels become increasingly anomalous at low µ, for instance the Stokes V profiles
often have more than two lobes, and do not exhibit the ‘normal’ opposite polarity between
the lobes: for example some profiles only have a positive signal. When MILOS then fits a
profile to these anomalous profiles, ⟨BLOS ⟩ inferred from these anomalous pixels is lower
than that obtained when it fits profiles corresponding to a low spatial resolution, which
tend to be more normal in shape. Then the contribution of these anomalous profiles are
averaged out or at least suppressed, and hence MILOS fits profiles that infer a larger BLOS .

One more finding is the maximum of ⟨BLOS ⟩ for the lowest resolution, for the
6 × 6 Mm case is at µ = 0.8 and not at µ = 1 (see Fig. 5.4). Naively, one would expect
⟨BLOS ⟩ to decrease with µ as is the case for the other resolutions. We also find that the
area and amplitude asymmetry of the Stokes V profile, averaged over the entire domain,
is largest at µ = 1, and decreases with µ. It is due to this asymmetry, which is positive
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in both amplitude (≈ 15%) and area (≈ 3%) at µ = 1 (positive in the sense that the blue
lobe is larger than the red lobe, see Solanki and Stenflo (1984) and Solanki (1993) for a
definition), and the inability of a Milne-Eddington inversion to fit asymmetric profiles that
this maximum in ⟨BLOS ⟩ at µ = 0.8 exists. As the asymmetry decreases, the retrieved BLOS

increases, but this is offset by the overall decrease in the polarisation signal as µ decreases,
such that a maximum exists. This is a well known limitation of Milne-Eddington inference
schemes and the resulting differences of the retrieved physical parameters with the ground
truth from MHD simulations has already been presented (e.g. Borrero et al. 2014b).

We take away several key results from our work so far: the retrieved ⟨BLOS ⟩
is much lower than expected everywhere on the solar disc except for the very highest
resolution observations. Close to disk centre the retrieved ⟨BLOS ⟩ depends strongly on
spatial resolution, such that at low spatial resolution, the true ⟨BZ⟩ is not retrieved at
µ = 1. This result has also been reported by Milic et al. (2024), although restricted strictly
to µ = 1, who synthesised the line pair sampled by Hinode SOT/SP. This dependence
on spatial resolution decreases as away from disc centre and is very weak for µ < 0.5.
Nonetheless, also at smaller µ the ⟨BLOS ⟩ is significantly underestimated.

5.7.2 5250.2 Å versus 6173.3 Å

In Fig. 5.8 the relative difference, in %, between the 6173.3 Å ⟨BLOS ⟩ CLV curves pre-
sented in Fig. 5.4 and those for the 5250.2 Å line are shown for the four different initial
vertical magnetic fields in the MHD simulations. Across all four panels, we see a similar
trend; at high µ, compared to Fe i 6173.3 Å, up to 9% lower mean LOS field is retrieved
from Fe i 5250.2 Å. The converse is true at low µ: a larger mean LOS field is inferred
from Fe i 5250.2 Å, between 10% and 23% at the very lowest µ values.

We see little dependence on the difference between the spectral lines due to the
spatial resolution, only at high µ do the spatial resolutions deviate, and even in this regime
the difference is only a few per cent. It is difficult to ascertain a trend in spatial resolution
in this regime, especially with the large shaded areas that indicate one standard devia-
tion of the differences across all snapshots§. Consistent with the previous figures, such
as Fig. 5.5, the statistical spread of the results across all the snapshots increases with
decreasing ⟨BZ⟩ in the MHD simulations.

There are various physical factors to consider here when comparing these two
spectral lines, which becomes increasingly complex when inclined viewing angles are
included. The Fe i 5250.2 Å spectral line has a larger absorption coefficient in the quiet
Sun and it probes slightly higher in the atmosphere when viewing at disc centre (Quin-
tero Noda et al. 2021). This could explain the slightly lower retrieved values at high µ,
due to the higher temperature contrast between magnetic features and the non-magnetic
atmosphere at these layers. Finally, due to the much lower first excitation potential of
Fe i 5250.2 Å, there is a large difference in temperature sensitivity of the two spectral
lines. As mentioned in Sect. 5.7.1, when viewing at inclined angles the polarised profiles
are highly affected by the temperature difference between the magnetic flux concentra-
tions and the non-magnetic surroundings. Therefore, the difference in the temperature

§Using the standard error propagation formula for y = f (a, b, ...): σ2
y = (∂y/∂a)2σ2

a + (∂y/∂b)2σ2
b
+ ....
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Figure 5.7: Stokes profiles, normalised to the spatially averaged disk centre Ic, from the
physical region that is encompassed by the single SO/PHI-FDT pixel at [0, 0] at µ = 1, as
outlined by the black square in Fig. 5.3. First column: Stokes I/Ic, second column: Stokes
V/Ic. From top row down: the original MURaM resolution, SO/PHI-HRT resolution,
SDO/HMI resolution, SO/PHI-FDT resolution. The number of considered pixel(s) in this
region for the original MURaM resolution are 1296, SO/PHI-HRT: 49, SDO/HMI: 4 and
SO/PHI-FDT: 1. The average line-of-sight magnetic field of the pixels in this region,
⟨BLOS ⟩, is shown for each resolution.
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Figure 5.8: Relative differences of ⟨BLOS ⟩, in %, between the 5250.2 and
6173.3 Å spectral lines. From the top left panel clockwise: for ⟨BZ⟩ = 30, 50, 100, 200 G
respectively. At each µ the retrieved ⟨BLOS ⟩ quantities are averaged over all snapshots
and viewing directions. The shaded regions denote the propagated standard deviation of
the difference. The y axis is saturated from −20% to +30%. The legend in the upper left
panel is valid for all panels. The dashed black line indicates the zero level.

sensitivity of these two spectral lines may contribute to a difference in the Stokes profiles
and hence the inferred LOS magnetic field. The challenge lies in disentangling all these
effects to understand the behaviour we find here: to do so properly requires further study
which is out of scope for this paper. Nonetheless the centre-to-limb variation of ⟨BLOS ⟩
retrieved via Fe i 5250.2 Å is qualitatively the same: ⟨BLOS ⟩ is underestimated at all µ val-
ues, at high µ it is more strongly underestimated if the spatial resolution of the synthetic
observations is lower, while for µ < 0.5 there is little dependence on spatial resolution.

5.7.3 Other BLOS retrieval methods

To avoid that the obtained results are distorted by any bias inherent to the Milne-Eddington
inversion or the MILOS code, other methods to retrieve the BLOS were also investi-
gated. These included the MDI-like algorithm (a Fourier Tachometer technique used
byt the Michelson Doppler Imager on board the Solar and Heliospheric Observatory
Couvidat et al. 2012a), currently also employed for the production of the LOS observ-
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Figure 5.9: Same as Fig. 5.5 but derived via the MDI-like algorithm instead of with
MILOS.

ables by SDO/HMI, the weak-field approximation (WFA) (e.g. Landi Degl’Innocenti and
Landolfi 2004) and the centre-of-gravity (COG) method (Rees and Semel 1979, Stenflo
1994). The WFA is implemented via a linear least-squares minimisation method follow-
ing Martínez González and Bellot Rubio (2009). These methods were validated on a one
dimensional plane parallel atmosphere, as was done for MILOS, and the results of the
validation are shown for λ0 = 6173.3 Å in Appendix A.1.

When applied to the synthetic Stokes profiles from the MURaM simulations,
the WFA method retrieves results most similar to those obtained via MILOS inversion.
However, the approximation breaks down as expected when applied to the Stokes profiles
at higher spatial resolutions at high µ, as the method fails to retrieve physically sensible
results in pixels with the strongest fields (BLOS > 1000 G). The COG technique and
MDI-like algorithm retrieved very comparable results to each other, both of which were
akin to those retrieved via MILOS: with ⟨BLOS ⟩ underestimated for all µ. However the
underestimation is less (i.e. the retrieved ⟨BLOS ⟩ values are larger), particularly at low
resolution and high µ values. The COG technique struggled in cases where the profiles
were particularly anomalous, i.e. mainly at low ⟨BZ⟩ and low µ. The results obtained
by applying the WFA and COG method are given in Appendix A.3 and A.4 for the two
spectral lines.
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Given this smaller underestimation of ⟨BLOS ⟩ by the COG and MDI-like tech-
nique, and that the MDI-like algorithm performed more robustly, we present the ⟨BLOS ⟩
CLV derived by the MDI-like algorithm for the 6173.3 Å line in Fig. 5.9. The MDI-like
algorithm infers 30 − 60% more ⟨BLOS ⟩ compared to MILOS for the low resolution cases
at high µ. Nevertheless it exhibits the same trend as in Fig. 5.4, with a convergence of the
different spatial resolution-based curves around µ = 0.5 and larger variance for the lower
⟨Bz⟩ simulations.

As described in Hoeksema et al. (2014), the MDI-like algorithm estimates the first
Fourier coefficients, and from their phase derives the Doppler velocity (as they are pro-
portional) for both circularly polarised components. From the difference of the Doppler
velocity of these two components the line-of-sight magnetic field can be determined. This
method makes several assumptions, chief among which is that the iron spectral lines are
Gaussian, which we know to be only approximately correct leading to errors in the results.
However, we stress that a correction for the known Fe i line profile (see Couvidat et al.
2012a) is implemented in the SDO/HMI LOS pipeline, which we have not considered.
The MDI-like method does not appear to be as sensitive to the Stokes V asymmetry as
MILOS, with no maximum for the 6 × 6 Mm pixel resolution at µ = 0.8.

5.8 Discussion

In this section we discuss implications regarding the work presented in this study. One of
our main results is that, even for relatively vertical unipolar fields organised in flux tubes,
we infer the wrong magnetic flux density at disc centre, with the derived flux density
being clearly too low for synthetic observations having spatial resolutions worse than 200
km on the Sun.

This result has also been reported by Milic et al. (2024), but our work is com-
plementary and goes beyond what those authors have presented. We can confirm this
result for multiple flux densities ranging from the very quiet Sun to a reasonably strong
active region plage, while Milic et al. (2024) only investigated one flux density. We find
very similar behaviour across all tested flux densities, but with less variance between
different MHD simulation snapshots at higher flux densities. Additionally, unlike Milic
et al. (2024), we did not solely rely upon the retrieval of the line-of-sight magnetic field
by a Milne-Eddington inversion. We also investigated three additional widely used tech-
niques, the weak-field approximation (linear least-squares minimisation implementation),
an MDI-like algorithm and the centre-of-gravity technique. The weak-field approxima-
tion generally gave results closest to the Milne-Eddington inversion, but, unsurprisingly,
broke down at locations where strong fields were spatially resolved. With the MDI-like
algorithm and centre-of-gravity technique the inferred flux density was found to be some-
what closer to the ground truth, but it was still significantly underestimated at low spatial
resolutions. Finally, we demonstrated that this result holds also for two widely used spec-
tral lines Fe i 6173.3 Å (used e.g. in SDO/HMI and SO/PHI) and Fe i 5250.2 Å (used
e.g. by Mt. Wilson and Kitt Peak observatories and the IMaX, TuMag instruments on the
Sunrise balloon-borne observatory), which were not investigated by Milic et al. (2024).

Another key result is that we retrieve LOS magnetic fields that are much lower

126



5.8 Discussion

than expected by the radial field assumption also off disc centre, in fact at any angle down
to µ = 0.15. The centre-of-gravity technique struggled at low µ due to the increasingly
anomalous profiles, while the other methods were more robust. These results have strong
implications for total flux measurements, of both open and closed magnetic field regions,
irrespective of the technique used to infer the magnetic field. The Fe i 5250.2 Å and
Fe i 6173.3 Å spectral lines have both been extensively employed by past and present
observatories. Hence our results support the case that a significant amount of magnetic
flux is missed by Zeeman-effect based flux measurements. This includes magnetic fluxes
reported by long term monitoring programs such as Mount Wilson and Kitt Peak (Arge
et al. 2002, Wallace et al. 2019), which have relatively low spatial resolution, but also
more recent observations by, for example the widely used SDO/HMI instrument. This
applies also to regions such as unipolar plage within active regions and coronal holes.

In the final paper of a series of papers that describe the end-to-end simulation
of the GONG telescopes, Plowman and Berger (2020c) report that GONG too underesti-
mates the magnetic flux, although they sample a different line: Ni i 6768 Å. As mentioned
in Sect. 5.2, they explain their results through convective blue-shift, in contrast with our
argument at disc centre of the non-linear behaviour of the spectral lines in the combina-
tion of structures with and without magnetic fields (thermal effects, Zeeman saturation,
and details of the fitting of complex line profiles), which is qualitatively in agreement
with Milic et al. (2024). Near the limb, we attribute the decrease to the strong absorption
in the nearly field-free gas between magnetic flux concentrations through which each ray
passes, even those that pierce the magnetic concentrations, an effect proposed by Audic
(1991) and Solanki et al. (1998). Since the latter effect acts along individual rays, it is
expected to be almost independent of spatial resolution, which is what our computations
show. Gosain and Uitenbroek (2024) also reported an underestimation of the magnetic
flux across a range of µ values down to 0.3, when synthesising Stokes profiles from the
Ni i 6768 Å spectral line from MHD simulations.

Together, our work, that of Plowman and Berger (2020c) and of Milic et al. (2024)
suggest that the underestimation of magnetic flux due to low spatial resolution near disc
centre is independent of the spectral line sampled, although this needs to be confirmed in
future work. Whether the difference in result between our work and that of Plowman and
Berger (2020c) is partly due to the different spectral lines studied, needs further analysis.

We have restricted ourselves to unipolar regions for two reasons. Firstly, we
expected the spatial resolution of observations to play a much smaller role for unipolar
fields than for mixed polarity fields, where flux cancellation is known to play a large role
in reducing the deduced magnetic flux for lower spatial resolution (at all µ). Secondly,
unipolar fields are associated with coronal holes and open magnetic flux. Hence our
study may shed some light on whether effects such as Zeeman saturation, thermal line
weakening in magnetic features, saturation effects due to radiative transfer along rays
passing through both magnetic concentrations and the nearly field-free gas in between,
and spatial resolution effects could help explain the mismatch between the open magnetic
flux seen in coronal holes and the heliospheric magnetic flux measured in situ (Linker
et al. 2017).

Our analysis is valid for unipolar regions on the Sun, that is for typical coronal
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holes (for relatively low ⟨Bz⟩) and plage (larger ⟨Bz⟩). Near the boundaries of such fea-
tures, however, ⟨Bz⟩ is generally not independent of height, so that although qualitatively
correct, we expect there to be quantitative departures from our results.

Since at activity minimum the coronal holes are mainly found in the polar regions,
and hence are located close to the solar limb as seen from Earth, it is important to not just
restrict such a study to µ = 1, but to consider the full centre-to-limb-variation. Here
we do not aim to provide a quantitative estimate of how much of the observed mismatch
can be explained by the effects we have found. That will be the topic of a follow-up
investigations.

Combined observations by the SO/PHI instrument and SDO/HMI may provide a
route to observationally test the results of the present study for µ < 1. This will also be
the subject of a future study.

5.9 Conclusions

We have used MHD simulations of unipolar magnetic regions representing a range of
solar features from the quiet Sun to active region plage in the photosphere to test how re-
liably various methods retrieve the LOS magnetic field from Stokes profiles. To this end,
Stokes profiles of two commonly used spectral lines, Fe i 6173.3 Å and Fe i 5250.2 Å,
were synthesised in sets of simulation snapshots covering a range of magnetic flux densi-
ties. The synthesis was repeated for a range of viewing angles corresponding to synthetic
observations ranging from solar disc centre down to µ = 0.15. We have binned these
Stokes profiles to different spatial resolutions and inferred the line of sight magnetic field
using a variety of techniques. We have shown that the mean line-of-sight magnetic field
is underestimated in nearly all cases at all µ. The only exception is close to disc centre,
where high resolution observations that resolve the strongest field regions, which return
roughly the correct averaged magnetic flux density. We also find that for µ less than ≈ 0.5
the retrieved averaged flux density is nearly independent of spatial resolution of the syn-
thetic observations and is always well below the expected value. This underestimation
was consistently found regardless of the inference method used.

Our results also suggest the inferred line-of-sight flux density does not depend
linearly on µ, but rather shows a more complex dependence and lies too low. Hence, when
applying the µ-correction (i.e. dividing BLOS by µ), there is a significant discrepancy be-
tween the inferred radial magnetic field and the true radial field in the simulation. This
discrepancy is enhanced with low resolution for µ > 0.5, as the mixing of the strongest
flux regions with neighbouring weak flux regions results in a much lower than expected
inferred flux density (due to effects such as thermal line weakening in the magnetic fea-
tures and Zeeman saturation, etc.).

At or below µ = 0.5 there is little to no variance in the inferred mean magnetic
flux density with spatial resolution. This is due to radiative transfer effects that act on
individual light rays passing through both magnetic and non-magnetic regions. The large
projection effect overwhelming any possibility of resolving the strongest field features
may also play a role.
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We do find non-negligible differences between the two spectral lines,
Fe i 6173.3 Å and 5250.2 Å, considered in this study. At high µ, an up to 9% lower
mean line-of-sight flux density is inferred from Fe i 5250.2 Å relative to Fe i 6173.3 Å.
The difference is particularly striking at low spatial resolution. At low µ, however, the
opposite is true where instead an up to 23% larger mean flux density is inferred from
Fe i 5250.2 Å. Nonetheless, this line significantly underestimates BLOS everywhere as
well.

These results were consistently found for all µ values irrespective of the exact
employed magnetic field inference technique and of the mean vertical flux density of the
simulated region. A small dependence on the mean flux density in the MHD simulations
is found, with the synthetic measurements applied to simulations with lower magnetic flux
typically falling short more severely. All this suggests that the main results are robust, and
hence have significant implications for a broad range of reported solar observations.

The results presented here have a potential to contribute substantially to the reso-
lution of the open flux problem (Linker et al. 2017), as the magnetic flux is underestimated
everywhere on the solar disk in unipolar fields such as those underlying coronal holes,
even at the spatial resolution of SDO/HMI. Turning this into estimates of the amount of
"missing" magnetic flux will be the subject of a follow-up paper.

129





6 Conclusions and Outlook

The Polarimetric and Helioseismic Imager on Solar Orbiter (SO/PHI) is providing the
first ever opportunity to infer the photospheric magnetic field from a new vantage point.
Of interest for this thesis is the first direct opportunity to test the hypothesis whether part
or all of the missing open magnetic flux arises from an underestimation of the magnetic
field when observing near the limb and the poles. I have focused on the High Resolution
Telescope (HRT) of SO/PHI, which due to the combination of its high spatial resolution
and close approaches to the Sun, provides incredibly rich information of the photospheric
magnetic field. To exploit this opportunity the first three chapters of my thesis cover
crucial steps to make the analysis of SO/PHI-HRT data possible:

• The development and implementation of a data reduction pipeline for the SO/PHI-
HRT instrument applicable to raw data that is downlinked to Earth.

• A comparison between the magnetic field data products of SO/PHI-HRT with its
very similar space-based counterpart that orbits Earth: SDO/HMI, when the two
host spacecraft are at a near identical viewing position.

• An evaluation of the pointing information of the SO/PHI-HRT data, and first at-
tempt of comparing magnetograms from two different positions with different in-
struments.

The development of the SO/PHI-HRT data reduction pipeline, Chapter 2, yielded
these results from raw data taken during the commissioning phase and early part of the
nominal mission phase:

• Through unsharp masking artefacts in the flat fields could be removed when quiet
Sun regions are observed.

• With a flat field created near the observation date, the polarimetric ghosts are re-
duced to below the 10−3Ic level.

• With ideal calibration files SO/PHI-HRT achieves a polarimetric noise of 10−3Ic or
better. The noise is limited by the compression of the raw data before transmission
to Earth.

• The first SO/PHI-HRT data products of the quiet Sun and an active region contain-
ing a sunspot were produced, highlighting the instruments performance.

• The noise in the magnetograms ranges between 6.5 − 8.5 G dependent on the ca-
dence and modulation scheme of each observation. The lowest magnetogram noise
is achieved with a cadence of 96 − 100 seconds and [4, 5] modulation scheme.
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On 7 March 2022, Solar Orbiter crossed the Sun-Earth line and allowed for an
opportunity to compare the inference of the photospheric magnetic field with Earth-based
assets such as SDO/HMI. On this date SO/PHI-HRT observed an active region and the
line-of-sight magnetic field as well as the vector magnetic field were compared with those
from SDO/HMI, presented in Chapter 3, obtaining the following results:

• The line-of-sight component of the vector magnetic field inferred by SO/PHI-HRT,
on a 60-second cadence, agreed remarkably closely with the line-of-sight magnetic
field inferred by SDO/HMI via a Fourier tachometer technique. This close agree-
ment was consistent for both the 45-second and 12-minute cadence data product
produced by SDO/HMI, with offsets below 1 G and a slope and Pearson correlation
coefficient of 0.97.

• The vector magnetic field inferred by both however did not agree as closely:

– SO/PHI-HRT inferred a stronger magnetic field strength in the weak-field
regime (|B| < 600 G), while it inferred weaker field strengths in the strong-
field regime compared to SDO/HMI. This was consistent when compared
to both the 90-second and 12-minute data products produced by SDO/HMI.
There were also offsets of 118 G and 178 G respectively when compared to
the two different cadence products from SDO/HMI.

– SO/PHI-HRT inferred magnetic fields which were more horizontally inclined,
however a closer agreement was found with the 90-second data product from
SDO/HMI. When only comparing the inclination in the strong field regime
with the 90-second SDO/HMI data, the agreement was much closer, with a
Pearson correlation coefficient of 0.98.

– Restricting the comparison of the azimuth to strong-field pixels to avoid in-
fluence from noise, a close agreement was found between SO/PHI-HRT and
the SDO/HMI azimuth data products at both cadences, with a few degrees of
offset. Part or all of the offset could be attributed to the 3◦ angle between the
two spacecraft.

– When comparing the line-of-sight component of the two instrument’s vector
magnetic fields, the offset remained minimal at 1 G, while slopes of 0.83 were
determined when comparing to both the 90-second and 12-minute SDO/HMI
data products.

Hoeksema et al. (2014) reported that the BLOS determined via the Fourier tachometer
technique is underestimated when compared to the BLOS determined from the Milne-
Eddington inversion. With the BLOS from SO/PHI-HRT as an intermediary the a similar
inconsistency between the two BLOS products from SDO/HMI was found, regardless of
the cadence of SDO/HMI. The reason why the LOS components of the two instrument’s
vector magnetic field differs is mainly due to the observed difference in |B|, asthe incli-
nation is well correlated for strong fields. All these results from comparing the vector
magnetic fields suggest that any differences are mainly due to differences in noise in the
data from the two instruments. Given SO/PHI-HRT observed at a much faster cadence,
the photon noise was greater, and was further increased by the pointing inaccuracy of
the spacecraft which unfortunately could not to be compensated. Therefore, much closer
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agreement was found when comparing SO/PHI-HRT data to the non-standard 90-second
data as opposed to the readily available 12-minute data from SDO/HMI.

In Chapter 4 a first attempt at comparing magnetograms from vastly different
viewing angles in the ecliptic plane was made with data taken two weeks after the Sun-
Earth alignment presented in Chapter 3:

• Six dates of co-temporal co-spatial observations were selected across a range of
Earth-Sun-Solar Orbiter angles from 28◦ to 51◦, with a broad range of photospheric
features covered, including an active region with two sunspots, plage and quiet
Sun. SO/PHI-HRT observed these features near disc centre, with the exception of
one day of observations, while these features were observed closer to the limb by
SDO/HMI.

• The standard reprojection algorithm used by the Python solar physics commu-
nity (DeForest 2004) was found to be inappropriate when reprojecting and down-
sampling magnetograms, as the algorithm is designed to achieve good photometric
performance when applied to filtergrams. Unable to overcome these shortcom-
ings through different input parameters to the algorithm, I was restricted to use the
algorithm to purely evaluate the alignment of the respective magnetograms after
reprojection.

• Using SDO/HMI as a reference the pointing information of the SO/PHI-HRT mag-
netograms could be corrected to first order. After reprojecting the SO/PHI-HRT
magnetograms onto the SDO/HMI coordinate frame and down-sampling to account
for the different pixel sizes and foreshortening, a good alignment was found with
residual shifts in the plane of the sky on the order of 1 or 2 SDO/HMI pixels. These
residual shifts however increased when the viewing angle between the two host
spacecraft increased and when one or both instruments were viewing very close to
the limb.

• Restricting the comparison to the umbrae from one set of co-observations mitigated
the unwanted effects of the reprojection algorithm, and a cautious comparison of
the LOS magnetic flux was made:

– Due to viewing the sunspots closer to disc centre SO/PHI-HRT inferred more
unsigned LOS magnetic flux compared to
SDO/HMI

– After applying the µ-correction the unsigned LOS magnetic flux agreed re-
markably well, which remained consistent throughout the 1 hour time series.

• Analysis of umbral fluxes revealed complex details. First near the centre of the
umbrae, SO/PHI-HRT inferred much greater BLOS /µ values, up to 530 G more.
This is most likely due to the spectral line forming at greater depth for SO/PHI-
HRT, where the magnetic field is stronger, as it viewed the sunspots closer to disc
centre. Secondly, as the underlying SO/PHI-HRT magnetograms have a greater
spatial resolution, SO/PHI-HRT was able to better determine the umbral boundary,
and hence several pixels in fact lay outside the umbra in SO/PHI-HRT, where it
inferred much weaker LOS fields. These two effects offset each other after the
µ-correction was applied. The differences found between the two BLOS /µ values
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likely also stem from the fact that umbral magnetic fields are not perfectly radial.
In some areas the magnetic field will be preferentially inclined to one of the two
instruments.

In Chapter 5, I carried out a theoretical exploration into the radiative transfer
effects of inferring the photospheric magnetic field at an inclined viewing angle, such as
the change in formation height of the spectral line alluded to in Chapter 4. I synthesised
Stokes profiles from µ = 1 to µ = 0.15 of two commonly used photospheric spectral
lines from 3D MHD simulations. These simulations had mean vertical magnetic fields of
different strengths which represented unipolar regions in the quiet Sun, network and plage.
I applied several commonly used methods to infer the line-of-sight magnetic field from
the synthetic Stokes profiles. These synthetic Stokes profiles were additionally resampled
to different spatial resolutions to test the impact on the LOS magnetic field inference. This
simulation-driven work produced the following results:

• The spatially averaged LOS magnetic field is underestimated in nearly all cases
(vertical magnetic field strength in the simulation and spatial resolution of the syn-
thetic Stokes profiles) at all µ values. Only at µ = 1, and at a high spatial resolution,
was roughly the ‘ground truth’ spatially averaged LOS magnetic field retrieved from
the simulation.

• At µ ≤ 0.5 the spatial resolution had little to no effect on the underestimation of the
spatially averaged LOS magnetic field.

• The retrieved spatially averaged LOS magnetic field clearly did not exhibit the ex-
pected linear dependence on µ.

• These results were consistently found for four different methods of inferring the
LOS magnetic field: a Milne-Eddington Inversion code, the Fourier tachometer
technique used by SDO/HMI, centre-of-gravity method and weak-field approxima-
tion. The weak-field approximation did produce erratic results near disc centre as
the approximation broke down for the strong fields present in magnetic concentra-
tions.

• We found non-negligible differences between the two spectral lines. At high µ the
5250.2 Å spectral line inferred a lower flux density compared to 6173.3 Å, while
this was reversed at low µ where the 5250.2 Å spectral line inferred significantly
more spatially averaged LOS magnetic flux density.

The underestimation of the spatially averaged LOS magnetic field was due to a combina-
tion of effects. One large effect was the passage of inclined rays through both magnetic
and non-magnetic regions. Another effect was the combination polarimetric signals from
strong and weak magnetic features. It was shown that the Milne-Eddington inversion
code, which is the method primarily used by current space-based magnetographs, could
not extract the true average field of neighbouring strong and weak magnetic features. This
played a role at low spatial resolutions and when the photosphere is foreshortened due to
inclined viewing angles.
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6.1 Implications and further work

The work presented in this thesis is motivated by the desire to investigate if there are in-
accuracies in magnetograms which are input as the boundary condition for models that
calculate the total solar open magnetic flux. Most of these models rely on synoptic pho-
tospheric magnetograms; these capture a picture of the entire photospheric magnetic field
during one rotation. This is achieved by combining vertical cutouts around the central
meridian from magnetograms over the 27 days, and performing large-scale temporal av-
eraging (and often spatial down sampling). In these synoptic magnetograms the high lat-
itudes are therefore the region where magnetograms could suffer from inclined viewing
angles.

I have shown from the results in Chapter 5 that the flux from unipolar regions,
which is representative of open flux regions in coronal holes, is indeed greatly under-
estimated when viewing at an inclined angle. This however would mostly contribute to
missing open magnetic flux near solar minimum when coronal holes are near the poles
and could not explain missing open flux near solar maximum, where the coronal holes are
closer to the equator. The results from Chapter 5 however also indicate that the LOS mag-
netic flux is underestimated in unipolar regions everywhere on the disc where we do not
observe at high spatial resolution and even then only at µ ≥ 0.9. Hence there may also be
open magnetic flux missing when the coronal holes are closer to the equator. Furthermore,
I have made a first attempt of comparing magnetograms from two different directions and
compared the total unsigned magnetic flux from the umbrae of two sunspots and found
a close agreement after applying the µ-correction. However while the total µ-corrected
fluxes agreed, large differences in the BLOS /µ distributions were found. These mostly
stemmed from preferential inclination of the magnetic field, different spectral line forma-
tion heights and the Wilson depression.

These results, and their possible implications, provide compelling evidence to
investigate the possible underestimation of the photospheric magnetic field further. Start-
ing from the results of this thesis, there are several avenues that can be explored. First,
as the orbital conditions of Solar Orbiter change, such as moving out of the ecliptic, the
data reduction pipeline must be continually updated and refined to produce data of the
highest quality possible. Secondly, there are several SO/PHI-HRT campaigns suitable for
stereoscopic analysis that have been successfully carried out, with more planned in future
operations. One such campaign is the active region long term tracking SOOP performed
in October 2023. In Fig. 6.1 the orbital conditions of Solar Orbiter during this period are
indicated in Geocentric Solar Ecliptic coordinates. Solar Orbiter orbited the Sun from
right to left, and the co-observation campaign started after quadrature. For 5.5 days from
12 October until 17 October 2022, SO/PHI-HRT and SDO/HMI observed an active region
that emerged a few days earlier on the back side of the Sun.

Continuum intensity images and magnetograms from both SO/PHI-HRT and
SDO/HMI from each day (successive rows from top to bottom) are shown in Fig. 6.2.
The continuum images and magnetograms from SDO/HMI are cropped to display only
the active region that was observed by SO/PHI-HRT. The magnetograms are saturated
between ±2 kG and the continuum images are saturated between 0 and 1.4 Ic, where Ic

is the average continuum intensity at disc centre. Additionally, the µ value of the sunspot
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Figure 6.1: The orbital configuration of Earth, the Sun and Solar Orbiter from October
2023 until December 2023 in Geocentric Solar Ecliptic (GSE) coordinates. The orbit of
Solar Orbiter is indicated in the dashed blue line. It starts from the top right and moves
towards the top left. The 6 dates of Solar Orbiter observations during the Active Region
Long Term SOOP are highlighted in different colours.

for the two instruments are overlaid in text, as well as the UTC time of both observations.
SO/PHI-HRT observed throughout this campaign at a 1 hour cadence, providing excellent
temporal coverage. The SO/PHI-HRT data are reduced to a preliminary state with further
improvements to be made. This figure indicates that this active region was at the very edge
of the limb for SDO/HMI at the start; conversely it is at almost disc centre for SO/PHI-
HRT. As the co-observations progress, the active region moves across the solar disc such
that on the last day, SDO/HMI now observed the region at disc centre while it is near the
limb for SO/PHI-HRT. This dataset uniquely provides both cases of observing conditions
that are perfect to investigate the effect of inclined viewing angles.

Investigations are not restricted to only comparing SO/PHI-HRT and SDO/HMI
data. This active region was also observed by Hinode/SOT-SP, another space-based mag-
netograph, that like SDO/HMI orbits Earth. Like SO/PHI-HRT, Hinode/SOT-SP observes
at a high spatial resolution and with a limited field of view. Hence comparisons with data
from these two instruments are another intriguing opportunity for future investigations.
However, as discussed in Chapter 4, to accurately align and account for foreshortening
an algorithm dedicated to the reprojection and resampling of magnetograms must first be
developed.

Finally, the simulation work from Chapter 5 can also be extended. For one, the
inference of the LOS magnetic field at µ < 0.15 can be investigated. At such low µ values
the Sun’s curvature will become more important and hence this should be appropriately
considered. The total missing open magnetic flux that the results from Chapter 5 imply,
can be estimated by applying those results to synoptic magnetograms.
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Figure 6.2: SO/PHI-HRT (preliminary) and SDO/HMI BLOS and continuum images in
October 2023 during the Active Region Long Term SOOP. See text for details.
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A Appendix to Chapter 5

A.1 Validation of BLOS retrieval methods for a 1D atmo-
sphere for all µ

The SPINOR synthesis and BLOS retrieval methods were validated by first generating
Stokes profiles for a 1D plane parallel atmosphere (PPA), where BX, BY = 0 and BZ =

200 G everywhere. The atmosphere was calculated by averaging a snapshot of the
BZ = 200 G MURaM simulation (Riethmüller et al. 2014a), over the horizontal (x, y)
dimensions, and setting vx, vy = 0 km/s. Under these conditions one expects to retrieve
exactly BLOS (µ) = 200 × µ. As shown in Fig. A.1 all tested methods retrieve the input
field well, with MILOS doing somewhat better than the other techniques. The average
(vertical) separation of the retrieved CLV from the expected 200×µ for the 4 methods are
as follows: MILOS 1.0 ± 0.3 G, MDI-like algorithm 5 ± 2 G, WFA 4 ± 1 G and COG
6 ± 2 G. All panels demonstrate that the SPINOR synthesis code generated the negative
angles correctly as they lie on top of the positive viewing angle curves. This proves that
any difference between negative and positive viewing direction presented in this study are
purely the result of the anisotropic nature of the features in the generated photospheres.
This figure also validates the correct implementation of methods and also demonstrates
that any deviation from the dashed line arises from radiative transfer effects.
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A Appendix to Chapter 5

Figure A.1: BLOS CLV retrieved through 4 different methods when applied to a 1D plane
parallel atmosphere, where BZ = 200 G everywhere, for both positive and negative view-
ing directions. Clockwise from top left: MILOS, MDI-like algorithm, linear least squares
weak-field approximation and the centre-of-gravity method.
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A.2 Stokes Profiles at µ = 0.5

A.2 Stokes Profiles at µ = 0.5

At µ = 0.5, this region (the SO/PHI-FDT pixel at the origin) is no longer the same physical
area as that considered in Fig. 5.7. This is due to the foreshortening, which means that
at µ = 0.5, a larger physical region is sampled. At this mu value, the region is twice as
large in the y dimension, equal to two SO/PHI-FDT pixels at disc centre. The spatially
averaged magnetic field along the line of sight in the MURaM simulation from this larger
area, between log(τ) = −2 and 0, is 54 G.

Figure A.2: Same as Fig. 5.7 but for µ = 0.5. The physical region encompassed by this
region, due to the foreshortening, however is not the same. See text for details.
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A Appendix to Chapter 5

A.3 ⟨BLOS ⟩ centre-to-limb variation for Fe i 6173.3 Å derived
by the weak-field approximation and centre-of-gravity
technique.

Figure A.3: Same as Fig. 5.5 but BLOS is inferred by the weak-field approximation.
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A.3 ⟨BLOS ⟩ centre-to-limb variation for Fe i 6173.3 Å derived by the weak-field
approximation and centre-of-gravity technique.

Figure A.4: Same as Fig. 5.5 but BLOS is inferred by the centre-of-gravity technique.

161



A Appendix to Chapter 5

A.4 ⟨BLOS ⟩ centre-to-limb variation for Fe i 5250.2 Å derived
by the MDI-like algorithm, weak-field approxima-
tion and centre-of-gravity technique.

Figure A.5: Same as Fig. 5.9 but Fe i 5250.2 Å and BLOS is inferred by the MDI-like
algorithm.
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A.4 ⟨BLOS ⟩ centre-to-limb variation for Fe i 5250.2 Å derived by the MDI-like
algorithm, weak-field approximation and centre-of-gravity technique.

Figure A.6: Same as Fig. 5.5 but Fe i 5250.2 Å and BLOS is inferred by the weak-field
approximation.
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A Appendix to Chapter 5

Figure A.7: Same as Fig. 5.5 but Fe i 5250.2 Å and BLOS is inferred by the centre-of-
gravity technique.
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