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Abstract

For space missions, especially those in deep space, communication band-
width plays a pivotal role. Information is not transmitted instantaneously
across vast distances, and the rate at which the spacecraft communicates
with Earth is influenced by the distance, antenna diameter and the avail-
able power for the communication. These factors collectively determine
the available communication bandwidth. This constraint in the data band-
width has significant implications. Not only does it affect the speed at
which transmitted data becomes available, but it also restricts the volume
of data that can be communicated to Earth from remote spacecraft.
In this thesis, we design, implement, and validate a system, that addresses
this communication problem by reducing the necessity of transmitting
extensive data in the first place. This system processes the data on board
the spacecraft, and as a result, we are able to transmit representations of
physical properties to Earth rather than raw measurements. It is imple-
mented for the Polarimetric and Helioseismic Imager on the Solar Orbiter
mission (SO/PHI), the first solar spectropolarimeter that orbits the Sun in
deep space. This approach is novel for solar spectropolarimetry, success-
fully maximising the scientific potential of the instrument by reducing the
amount of data that must be transmitted by nearly 80%.
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Zusammenfassung

Bei Weltraummissionen, insbesondere bei solchen im tiefen Weltraum,
spielt die Kommunikationsbandbreite eine entscheidende Rolle. Infor-
mationen werden über große Entfernungen nicht sofort übertragen und
die Geschwindigkeit, mit der das Raumfahrzeug mit der Erde kommu-
niziert, hängt von der Entfernung, dem Antennendurchmesser und der
verfügbaren Leistung für die Kommunikation ab. Diese Faktoren bestim-
men zusammen die verfügbare Kommunikationsbandbreite, wobei die
Einschränkung der Datenbandbreite erhebliche Auswirkungen hat. Sie
beschränkt nicht nur die Geschwindigkeit, mit der die übertragenen Daten
zur Verfügung stehen, sondern limitiert auch das Datenvolumen, das von
entfernten Raumfahrzeugen an die Erde übermittelt werden kann.
In dieser Arbeit planen, implementieren und validieren wir ein System, das
dieses Kommunikationsproblem umgeht, indem es die Notwendigkeit der
Übermittlung umfangreicher Daten von vornherein reduziert. Das System
verarbeitet die Daten an Bord der Raumsonde, so dass wir in der Lage sind,
anstatt der Rohdaten, direkt die berechneten physikalischen Eigenschaften
an die Erde zu übermitteln. Diese Technik wird für den Polarimetric and
Helioseismic Imager auf der Solar Orbiter Mission (SO/PHI) eingesetzt,
dem ersten Sonnenspektropolarimeter, das die Sonne im tiefen Weltraum
umkreist. Dieser Ansatz ist ein Novum in der Sonnenspektropolarimetrie
und maximiert das wissenschaftliche Potenzial des Instruments, indem die
zu übertragende Datenmenge erfolgreich um fast 80% reduziert wird.
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1. Introduction

Humanity’s innate urge to explore not only advances our understanding
of the world but also pushes our technological boundaries. From ancient
times, we have been striving to explain what we see around us. Our fascina-
tion with the cosmos has persisted throughout our history, gazing at the sky,
pondering the nature of what we observed above us. Among ourmost capti-
vating cosmic neighbours is the one that governs life on Earth: the Sun. It’s
no surprise that evidence of solar eclipse observations dates back to before
1200BC, and of sunspots records to as early as 800BC.
Our quest for answers has led us to expand our horizons in various ways.

We have improved our observational capabilities through technological ad-
vancements. Galileo directed his telescope at the Sun already in 1609, and
we have not stopped ever since. Today, we build observatories that enable
us to capture unprecedented high-resolution images of our closest star, one
image pixel equivalent to as little as 25 km on its surface (such as the SuFi
instrument on the Sunrise balloon-borne observatory, Barthol et al., 2011;
Gandorfer et al., 2011; Solanki et al., 2010). Through spectrometry and po-
larimetry, we extract every known piece of information encoded in the Sun’s
light. We even journey into space to observe what lies beyond the reach of
earthbound observers. Here we can intercept and analyse the particles that
it emits, we avoid Earth’s atmosphere, as well as we can observe it from new
angles.
The presence in space, that we built up purely in the name of scientific

exploration of our planet and skies, is remarkable. We have constructed a
vast fleet of spacecraft dedicated to studying our neighbours in the solar
system and to looking into the depths of space. As an illustration of a
fraction of our advances, Figures 1.1 and 1.2 showcases the space missions
launched or planned by the European Space Agency (ESA), all dedicated to
scientific ventures.
In our tireless quest to push the boundaries of space exploration, we con-

front a formidable challenge: communication with our robotic explorers
becomes increasingly difficult as we journey deeper into space. The farther
we are from Earth, the greater is the demand for power to transmit and
receive information, as we build our antennas already as large as practi-
cal. This swiftly transforms missions to the most extraordinary and unique
places into data-starved endeavours. Furthermore, we struggle with severe
constraints on time-critical operations: the further we venture, the longer
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it takes for the signals to arrive, and at many captivating vantage points, our
spacecraft becomes temporarily silent to us.

Given these substantial limitations to communication, it becomes evi-
dent that, in our pursuit of further expanding the horizons of space ex-
ploration, we must tackle this challenge. One potential approach involves
enhancing the capabilities of our systems to operate autonomously, without
the need for frequent or extensive human intervention. This approach has
long been employed for time-sensitive operations in spacecraft, an impera-
tive for the success of our space missions. However, the realm of scientific
data analysis has seen less exploration in this regard. Several factors con-
tribute to this shortfall: scientific observations are often exploratory, lead-
ing to diverse and intricate analyses; trade-offs such as simplified instru-
ment designs or alternate orbit design are often preferred solutions; and
finally, the loss of unexplored potential in the data through automation is
often unattractive.

In the present research landscape, equipping our scientific instruments
with autonomy in both operations and data analysis opens up unprece-
dented avenues. Our efforts in autonomous operations and scientific data
analysis for astronomy and space science are still in their infancy, both in
ground-based observations (see Reardon et al., 2009) and for space-based ob-
servatories (see Curtis et al., 1989; Scherrer et al., 1995). This work represents
a new effort in this direction, enabling the Polarimetric and Helioseismic
Imager (Solanki et al., 2020) on board the ESA-NASA Solar Orbiter mission
(Müller et al., 2020) to autonomously perform instrument characterisation
and process scientific data on board the spacecraft. The calculations car-
ried out on board include instrument characterisation, scientific data cal-
ibration, and the inversion of the radiative transfer equation, which trans-
forms spectropolarimetric data (measurements of light spectrum and po-
larisation) into physical parameters (magnetic field vector and line-of-sight
velocity). This project marks a pioneering effort to achieve autonomous,
on-board data reduction for solar spectropolarimetry.
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2. About this work

The main objective of this project was to establish onboard processing
capabilities for the Polarimetric and Helioseismic Imager instrument on
board the Solar Orbiter spacecraft (SO/PHI, see Solanki et al., 2020). As a re-
sult, SO/PHI is capable of autonomously performing three tasks: (1) deter-
mining the optimal operation parameters, such as the optimal focus posi-
tion, (2) determining instrumental effects, including instrumental response
to uniform illumination (referred to as the flat field), and (3) applying the
results of the instrument characterisation to calibrate science data, demod-
ulate the polarisation states, which then enables us to estimate the compo-
nents of the magnetic field vector and the line-of-sight velocity through the
inversion of the polarised radiative transfer equation. Executing this last
step on-board is a novel approach. The inversion of the radiative transfer
equation is a non-linear step, meaning that the data prior to executing it
cannot be recovered, and therefore its accuracy is critical. However, it ef-
fectively reduces the data volume encapsulating the information from 24
images to 5, that is, by a factor of 4.8. Additionally, it is important to note
that the execution of all these steps requires minimal interaction from the
ground.
To attain this objective, we carried out a series of tasks, which collectively

make up the work presented in this thesis (see also fig. 2.1).
(1) We started by studying methods used on the ground for calibrating

and analysing solar spectropolarimetric data. In this process, we sim-
ulated data from certain (more complex) operational steps, to under-
stand how much we can simplify the methods, and to adapt them
to our specific needs. We also created an inventory of the necessary
mathematical operations for each of the methods, and of the neces-
sary parameters that the methods must receive.

(2) Mostly parallel to step (1), we initiated the design of the framework
in which the necessary methods could be seamlessly integrated.
Within this framework, we defined various organisation levels for
the processing software, considering the desired abstraction levels
and paying special attention to information hiding (that is, defining
a clear purpose and scope for each organisational level, and making
sure that they encapsulate all necessary information with minimal
interfaces). In the process, we established well-defined interfaces with
lower-level software components and articulated the requirements
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Figure 2.1. Summary of the main activities that form the work presented in
this thesis, and the corresponding publications.
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for functions that necessitated hardware implementation in field
programmable gate arrays (FPGAs). Simultaneously, we designed
robust error-handling mechanisms, and we defined the information
that must be embedded into the data to trace all executed steps
and their parameters, to which we refer to as metadata. The metadata
management system emerged as the central pillar of the data process-
ing framework, facilitating information transmission, thus ensuring
synchronisation among all processing steps. Furthermore, it assumes
a crucial role in recording essential information that enables trou-
bleshooting on the ground, and ensure the traceability of on-board
processes. Throughout this phase we prioritised considerations such
as the simplicity and adaptability of instrument operation. This work
is presented in the conference proceedings Albert et al., 2018 and
Albert et al., 2020a, as well as in the peer-reviewed publication Albert
et al., 2020b.

(3) The validation of the data reduction system has been a high priority,
due to the many constraints encountered during the design and im-
plementation phases. We began evaluating the achieved accuracy as
soon as critical data processing steps became available. Initially, we
used data from the Helioseismic and Magnetic Imager on-board the
Solar Dynamics Observatory (SDO/HMI, see Schou et al., 2012), which
is presented in the conference proceeding Albert et al., 2019. As the
data processing system reached amore complete implementation and
some existing steps were revised, we conducted a more thorough ac-
curacy assessment. To distinguish processing inaccuracies from ob-
servational effects, we used artificial data frommagnetohydrodynam-
ics (MHD) simulations. This study is reported in Albert et al., 2023a.

(4) Shortly after the launch of the Solar Orbiter, we initiated the com-
missioning of the onboard data processing system. This undertak-
ing, to ensure the instrument’s capability to autonomously generate
science-ready data, has required extensive collaboration from the en-
tire SO/PHI team, as well as from the operations team at ESA. In its
current state, SO/PHI autonomously determines operational parame-
ters for each telescope and supporting subsystem, such as focus posi-
tion and exposure time. It also conducts instrument characterisation,
including the measurements of flat and dark fields. These calibration
data are then applied to the science observations, which consequently
can undergo the radiative transfer equation inversion. Our ongoing
efforts involve continuous assessment of data quality received from
orbit. In combination with on-ground simulations, we continue to



8 2. About this work

refine the existing processes to maximise data quality.
(5) Concluding the work presented in this thesis, we applied SO/PHI data

processed on board the spacecraft in a study. We utilised the unique
vantage point provided by the instrument and, in conjunction with
SDO/HMI data, conducted observations of facular and network con-
trast near the solar limb. The relationship between intensity, mag-
netic field, and observation angle of bright features, such as faculae
and network, is important in understanding andmodelling them. Ad-
ditionally, it contributes to the study and modelling of variations in
solar irradiance across various time scales. Previous research encoun-
tered challenges when exploring regions near the solar limb due to
measurement uncertainties in these areas. In our study, detailed in
Albert et al., 2023b, we demonstrated that a multi-angle approach can
improve our understanding of facular and network contrast near the
limb, yielding valuable preliminary results.

In summary, activities (1) and (2) encompass the design phase of the on-
board data processing system, in which SO/PHI’s data processing pipelines
are described. Tasks (3) to (5) comprise the implementation, validation, and
commissioning of the system. Finally, task (6) concerns the application of
the data generated by the system in a scientific project. These six steps
are presented in six publications: three of these are first-authored, peer re-
viewed works, and the remaining three are first-authored conference pro-
ceedings. See their reprints in the appendices. Figure 2.1 illustrates the
different steps of the project, and the corresponding publications.

The research conducted in this thesis enabled the SO/PHI instrument
to deliver science data to the scientific community. Consequently, it con-
tributed to numerous studies and publications, with various leading au-
thors. As of the current date, these include: Bailén et al., 2024; Calchetti
et al., 2023; Janvier et al., 2023; Kahil et al., 2023, 2022b, 2022a; Loeschl et al.,
2024; Nölke et al., 2023; Schou et al., 2023; Sinjan et al., 2023; Valori et al.,
2023; Yang et al., 2023; Yardley et al., 2023; Yeo et al., 2023.
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2.1. Scientific contributions
The scientific contributions resulting from this work can be summarised
as follows:

We implemented, for the first time, an autonomous science data re-
duction system for a deep space spectropolarimeter, that can deliver
science-ready data directly from orbit (see Albert et al., 2018; Albert et
al., 2020b).
We calibrated, for the first time, a spectropolarimeter on-board a
spacecraft for dark and flat fields, without any on-ground processing
involved in the process (see Albert et al., 2018; Albert et al., 2020b).
We have designed and implemented a metadata system for the on-
board data processing system of SO/PHI that helps interpret the sci-
ence data and assists instrument operations inmonitoring processing
steps (see Albert et al., 2020a; Albert et al., 2020b).
We demonstrated that the on-board data reduction system of SO/PHI
effectively processes data with the required accuracy, despite that it is
implemented under various restrictions impacting numerical preci-
sion (see Albert et al., 2019; Albert et al., 2023a).
We applied data that arrived as a science-ready data product fromorbit
in a solar physics topic, investigating the intensity contrast of faculae
and network features (see Albert et al., 2023b).
We showed that combining data from two instruments observing the
Sun from different points of view, helps in more accurately determin-
ing the magnetic field of features close to the solar limb, thereby de-
scribing their behaviour in relation to their magnetic field better (see
Albert et al., 2023b).
We also demonstrated, that with the second point of view of the Sun,
we can also identify faculae and network features better, allowing us to
includemore of them in the analysis, particularly extending the range
towards those associated with lower magnetic fields (see Albert et al.,
2023b).





3. Background

The Sun is a variable star. On its surface, sunspots emerge and dissolve,
and it exhibits eruptive coronal mass ejections. It changes its radiative out-
put, and produces a dynamic solar wind, thereby creating an ever-changing
heliosphere – almost uniquely due to its magnetic field.
Themagnetic nature of the Sun, however, is far fromunique; in fact, mag-

netism appears to be a fundamental aspect of our Universe. Magnetic fields
are observed everywhere from Earth and our Solar System, to other stars, in-
terstellar space and far-away galaxies, and they often influence the processes
around them. Magnetic fields influence the evolution of gas clouds, and
through magnetic pressure they contribute to balancing gas disks against
gravitation. Magnetic fields also remove angular momentum throughmag-
netic breaking which is an essential component of star formation during
protostellar cloud collapse, but they can also slow down stellar rotation.
Magnetic fields control the density and distribution of cosmic rays, and can
protect planets from this hazardous-to-life radiation. Magnetic fields seem
to be woven into the fabric of our Universe; therefore, we must study and
understand them if we hope to understand our world.

3.1. Solar magnetism and its photospheric
manifestations

3.1.1. A brief overview

The global solar magnetic field is believed to originate in a large-scale
dynamo mechanism, which is generally thought to be located in deeper
layers of the Sun. From here, as we understand it today, magnetic field
strands break out, emerge to the surface and continue further out into
the corona and heliosphere. The magnetic field manifests itself in a wide
range of spatial and temporal scales through this journey as the balance
of forces governing its behaviour change. Understanding the behaviour of
these manifestations can answer key questions about the origin of the solar
magnetic field, the nature of the physical processes that are involved in its
evolution, and ultimately about the past, present and future of our Sun.
The large-scale dynamo mechanism is often considered to be located

between the radiative and convective zone, and to be created by a two-step



12 3. Background

process. Helioseismic investigations show that there is a large variation
in the rotation in the solar interior, with a rotational shear layer (called
the tachocline) located at approximately the bottom of the convection
zone. This is a dynamic region, that couples the solar interior, which
rotates approximately as a rigid body, with the convection zone that has a
strong differential rotation depending on latitude (Christensen-Dalsgaard,
2002; Howe et al., 2000). Today it is often thought, that this rotationally
induced velocity shear is the first necessary step to generate the dynamo,
which changes the poloidal magnetic field into a toroidal one by what is
known as the Ω-effect. To produce a dynamo, however, a second step is
needed, to disturb the symmetry of the toroidal field and turn this newly
generated toroidal field back into poloidal one. We do not yet know the
exact mechanism responsible for this. Several proposals (and their com-
binations) have been put forward, including that the small scale turbulent
motions twist the toroidal field into the poloidal one (the so-called α-effect,
Parker, 1955), that the transformation is achieved by emergingmagnetic flux
(Babcock-Leighton effect, Babcock, 1961; Leighton, 1969), or that it occurs
through instabilities in the toroidal magnetic field (Dikpati and Gilman,
2001; Ferriz-Mas and Schüssler, 1994; Ossendrijver, 2000). The different
models are successful in reproducing various aspects and manifestations
of the solar dynamo (discussed in the next paragraphs); however, they do
not yet offer a comprehensive picture.

Figure 3.1.The global photospheric line-of-sightmagnetic field at the height
of solar activity, in two subsequent solar cycles. Yellow colour indicates
positive polarity, while the blue colour shows negative polarity. Image
credit: D.Hathaway, NASA/MSFC.
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As the toroidal magnetic field amplifies, it becomes unstable to magnetic
buoyancy. Consequently, some magnetic flux rises from the lower layers of
the Sun towards the photosphere (the favoured physical image for this is
in the form of flux ropes), where it surfaces (see also Centeno et al., 2017).
From there, it continues further out into the corona and heliosphere. At the
point where it surfaces in the photosphere, we observe bipolar magnetic
regions (see fig. 3.1). These areas of flux emergence vary from large active
regions, forming sunspot groups (withmagnetic flux, ΦB ∼ 1023 Mx, lasting
for months), to the smallest ephemeral regions, detectable only through
magnetograms (with ΦB < 1019 Mx, living for less than a day). They emerge
at mid to low heliographic latitudes (Lat. < 45◦), with an 11-years periodic
change in their emergence latitude from high to low (see, e.g. Solanki
et al., 2006). As a consequence of this, plotting the latitude of sunspot
emergence over time, results in a plot called the butterfly diagram (see
fig. 3.2). Active regions are generally oriented in a rough East-West direction
(with some tilt in their latitude), creating a leading and a following part with
respect to the solar rotation. The tilt angle has a strong relationship to
the heliographic latitude where it emerges, approximately corresponding
to half of it. This proportionality is called Joy’s law. The leading spots have
the same magnetic polarity in each hemisphere; however, they are opposite
from one hemisphere to the other. They also stay the same for 11 years,
after which they reverse (see figures 3.1 and 3.2). These regularities in the
two hemispheres are referred to as Hale’s Polarity law (Hale, 1908).

Figure 3.2. Butterfly diagram (also called time-latitude diagrams or synoptic
magnetogram), showing four 11-year cycles. The positive and negativemag-
netic fields are shown with yellow and blue, respectively. It illustrates Hale’s
polarity laws, Joy’s law, and polar field reversals. Image credit: D.Hathaway,
NASA/MSFC.
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Figure 3.3. Sunspot numbers from the early 1600-s to 2022. Periods of
remarkably low or nearly no magnetic activity are marked as Maunder and
Dalton minima. Image credit: D.Hathaway, NASA/MSFC.

The variation of solar activity over a longer time-scale is shown in Fig.
3.3. While it clearly displays the 11-year activity cycle, we can also observe
that the strength of the cycle varies over longer time scales as well. Within
the 11 years of the activity cycle, during periods of low solar activity, the
solar magnetic field arranges itself into a dipole configuration. At these
times, we find stronger field concentrations in the polar regions, and the
lower latitudes exhibit predominantly small-scale magnetic fields. These
small-scale magnetic fields are distributed in a way that results in lower
flux density. In contrast, at the height of the solar activity, the magnetic
field is weaker at the poles and has larger scale, strong features at lower
latitudes. At the end of each active period, the polarity at the poles of the
Sun changes with respect to the previous low-activity period, creating a 22-
year magnetic cycle. This change is thought to be driven by the dynamo,
however a number of its details are still unclear (see, e.g., Cameron and
Schüssler, 2007; Cameron and Schüssler, 2015; Gizon et al., 2020; Solanki et
al., 2006). Regardless of the phase within the solar cycle, terms like quiet Sun
and active regions are commonly used to describe regions with the absence
or presence of strong magnetic fields, such as sunspots or their remnants
after decay (see also section 3.1.3).

Modelling indicates, that the evolution of magnetic flux after its emer-
gence may largely be a surface phenomenon (see Solanki et al., 2006). This
implies that to understand the forces governing the evolution of the mag-
netic field, we must understand the fundamental interaction of the mag-
netic field with the plasma flows of the surface. In other words, we need a
brief introduction to magnetohydrodynamics (MHD).
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3.1.2. Shortly about magnetohydrodynamics
The solar plasma is a conducting, globally neutral fluid, composed of
charged particles. If we now impose a magnetic field (B), then by moving
the conductor relative to B (the equivalent of plasma flows within the mag-
netic field), we create a change of flux density, which according to Faraday’s
law, gives rise to an electric field. This, for a volume of conducting plasma,
can be expressed as:

∇× E = −∂B
∂t

, (3.1)

where B is the magnetic field vector, E is the electric field vector, and ∇×
is the curl operator. This electric field, in turn, induces a current density, J,
according to Ohm’s law:

J = σ(E + v × B), (3.2)

where σ is the conductivity of the fluid, and v is the velocity field of the
plasma flow. The direction of this induced current density is perpendicular
to the magnetic field.
This newly induced current density J must induce its own magnetic field

as well, according to Ampère’s law:

∇× B = µ0J + µ0ε0
∂E
∂t

, (3.3)

where µ0 is the magnetic constant (i.e. the magnetic permeability of vac-
uum), and ε0 is the electric constant (i.e. the vacuum permittivity). The
term µ0ε0

∂E
∂t is necessary for wave propagation in free space, however in

MHD calculations it is approximated to 0. This newly induced field adds
to the imposed magnetic field, opposing it (in adherence with the laws of
energy conservation). Expressing E (equation 3.2) and J (equation 3.3), and
substituting it in equation 3.1, leads to:

∂B
∂t

= ∇× (v × B)−∇× (η∇× B), (3.4)

where η = (µ0σ)−1 is the magnetic diffusivity of the fluid. If we assume,
that η is constant in the plasma, and consider the fact that∇· B = 0, i.e. the
divergence of a magnetic field is always 0, meaning that there are no sinks
or sources (or in other words magnetic monopoles do not exist) we arrive to
the most commonly used form of themagnetic induction equation:

∂B
∂t

= ∇× (v × B) + η∇2B, (3.5)
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where ∇2 is the Laplacian operator. This equation describes the change
in an imposed magnetic field that happens due to motion of the plasma,
and it is the sum of an induction term due to plasma flows (first term
on right-hand side), and a diffusion term (second term on the right-hand
side). Possible mechanisms for diffusion could be particle collisions or the
motion of the plasma across the field lines.

The combined imposed and induced magnetic field interacts with the
induced current density, and gives rise to the Lorentz force:

F = J × B. (3.6)

This force acts on the plasma generally in the opposite direction of v, to
inhibit the relative movement of the fluid and the magnetic field. Thus, it
is necessary to apply a force in order to move the plasma in the presence of
the magnetic field.

Considering themagnitudes of the imposed and inducedmagnetic fields,
with a simple approximation, we can state that the strength of the imposed
magnetic field is proportional to the induced current density. This, in turn,
is proportional to the imposedmagnetic field, the velocity (and let us define
here a characteristic velocity of the flow, u), and the conductivity of the
fluid, σ. We can also state that the magnitude of the induced magnetic
field is also proportional to the length scale of the flow, expressed through
a characteristic length scale, l. The reason for this is, that the induced
current density would induce magnetic fields of different magnitudes over
different lengths. With these considerations we arrive to the approximation
Binduced/l ∼ σuBimposed. If we now express the ratio of the newly induced
and the imposed magnetic field, we can conclude that it is proportional
to uσl. This product is called the magnetic Reynolds number and is typically
denoted as Rm.

In the case that Rm is infinite, the induced magnetic field is infinitely
larger than the imposed one, meaning that the magnetic field will appear
to move together with the plasma. This is the so-called frozen-in condition,
orAlfvén’s theorem, implying that themovement of themagnetic field and the
plasma will happen together. Whether the plasma will follow the magnetic
field lines, or the magnetic field lines will follow the plasma, is determined
by the relation of the magnetic and the plasma pressure: the one that has
higher pressure will influence the motion. The ratio of these two quantities
is the so-called plasma-β:

β = pplasma/pmagnetic, (3.7)

where p symbolises pressure.
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In solar plasma, although we naturally do not reach infinitely large mag-
netic Reynolds numbers, in most cases, Rm � 1. As a consequence, in most
cases the diffusion term in eq. (3.5) is also negligible (i.e., as the plasma can-
not cross the field lines, the most efficient way of diffusion is excluded).
This, in the solar photosphere, manifests in the field lines following the
plasma flows as a consequence of the dense atmosphere where β > 1. In
contrast, in the corona, it is the plasma flows that align with the magnetic
field lines as a consequence of the fairly low density plasma and in compar-
ison strong magnetic fields, resulting in β < 1.

3.1.3. Magnetic flux evolution, and the variety of magnetic
structures

Let us now return to the journey of magnetic flux that emerged to the surface
and formed bipolar active regions. These strong magnetic structures decay
over time. The mechanisms that are responsible for the decay are magnetic
diffusion and fragmentation (see Harvey and Harvey, 1973). Fragmentation
is a consequence of the various flows moving the flux tubes and breaking
them up into parts (see, e.g. Strecker et al., 2021). The mechanism of
diffusion is thought to possibly be due to turbulent, as well as convective
motions, spreading the flux gradually (Galloway and Weiss, 1981; Meyer et
al., 1974; Peng et al., 2024; Petrovay and Moreno-Insertis, 1997). The full
process is still notwell understood, seeMartínez Pillet, 2002 for an overview.
Generally, as the active regions decay, the flux is spread out, decreasing the
flux density.
Let us now consider low, and evenly distributed vertical magnetic flux

on the solar surface, and consider what would happen to it in the presence
of the convective surface flows. The accelerating or breaking effect of the
Lorentz force upon the motion in the vertical direction can be neglected
(i.e. the diffusion term of equation 3.5 is negligible); however, horizontal
flows transport the magnetic flux. As a consequence, in a convection cell
(or on a larger scale, in a supergranule), the horizontal components of the
convective motion carry the magnetic flux with them. As these flows are
directed towards the edges of the granules (and supergranules), they create
concentrations of magnetic field in the intergranular lanes - in areas that
harbour gas downflows as a consequence of convection. If the fields that
concentrate in these regions have opposing polarities, they cancel each
other out (i.e. magnetic reconnection occurs); otherwise, if they are of the
same polarity, they intensify.
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Once a mechanism for increasing the magnetic flux density exists, we
must consider a limit where the Lorentz force becomes strong enough to
counteract the convective motion, leading to equipartition between kinetic
and magnetic energy densities. The magnetic field necessary for this state
(i.e., the photospheric equipartition field) is a few hundred Gauss (∼ 500G).
This is the point where the magnetic field starts to suppress convection in
the region.

The gas within this region, in the growing absence of convection, be-
comes a thermal insulator and hence behaves adiabatically. The surround-
ing atmosphere, however, is a superadiabatic environment. Thismeans that
the temperature gradient outside this region is higher than inside it.

We now assume that the gas is already flowing downwards due to con-
vective motion at the edge of granules and supergranules – a necessary as-
sumption for the ensuing effects. As the gas descends inside this region,
it becomes cooler than its surroundings at the same height. This gas then
will also be denser than its surroundings; therefore, in order to maintain
hydrostatic equilibrium it must be removed from this area. As it cannot
move across the field lines, gravity creates a downdraft, accelerating the al-
ready existing downflow. As there is no newmaterial delivered by convective
motion, the region becomes partially evacuated.

As a result of this partial evacuation, the magnetic concentration com-
presses, causing the magnetic field to increase in order to restore the hor-
izontal pressure balance between its interior and the external atmosphere.
As a result, magnetic strengths in the kilogauss range are reached (see also
Parker, 1978 for theoretical description, Nagata et al., 2008; Utz et al., 2014
for observation andDanilovic, Schüssler, and Solanki, 2010a for simulations
of this process). Such concentrations are generally referred to as kilogauss
flux tubes (or simply flux tubes). Due to their partially evacuated nature,
flux tubes are buoyant in the surrounding plasma, and they generally have
a surface-vertical orientation (see Buehler et al., 2015; Jafarzadeh et al., 2014).
The same process, but assuming plasma upflows instead of downflows is
thought to achieve the exact opposite effect, that is, disperse the magnetic
field (see, e.g. Bellot Rubio et al., 2001; Spruit, 1979).

Such small flux tubes of kilogauss magnetic field concentrations are
abundant on the solar surface. They can be called faculae, which are espe-
cially abundant in active regions, where they form so-called plages. Plage
areas are rich in various manifestations of small scale magnetic fields, and
exhibit structures creating abnormal granulation, micropores, ribbons,
flowers, and strings (see Narayan and Scharmer, 2010). Kilogauss strength
magnetic concentrations also appear in the quiet Sun, where supergranular
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flows create the so-called magnetic network, roughly outlining the super-
granular cells (see Buehler et al., 2019 for a comparison of magnetic field
concentrations associated with plage and magnetic network, respectively).
These small features behave dynamically, constantly deformed by the gran-
ulation and supergranulation, fragmented by shear, and driven against
other nearby concentrations where they predominantly merge or cancel,
depending on their respective polarities, or more rarely dissolve and fade
away (see Bellot Rubio et al., 2001; Keys et al., 2014; Schrijver et al., 1997).
Moreover, they have a large contribution to the photospheric radiative
output (see Krivova et al., 2006).
Small magnetic concentrations are also found, however, in supergranular

interiors, which we call internetwork (see Bellot Rubio and Orozco Suárez,
2019; Sánchez Almeida et al., 2010). The abundance of these structures,
as well as the fact that they evolve on time scales shorter than the typical
lifetime of active regions, hints at the likelihood that these structures are
not the result of decaying active regions (Cattaneo, 1999; Sánchez Almeida
et al., 2003). Moreover, their dependence on the solar cycle has been highly
debated, see, e.g. Buehler et al., 2013; Faurobert andRicort, 2015, 2021; Korpi-
Lagg et al., 2022; Meunier, 2018. Whether these structures are at all related
to the global large scale dynamo, or if they are produced by a separate small
scale dynamo, and to what extent such a small scale dynamo would interact
with the large scale one, is highly debated in the literature (see, Brandenburg
and Subramanian, 2005; Cattaneo, 1999; Danilovic, Schüssler, and Solanki,
2010b; Rempel, 2014; Vögler and Schüssler, 2007; Warnecke et al., 2023).
Outside these strong magnetic concentrations, the magnetic field is

much weaker and more horizontal with respect to the solar surface, cover-
ing the majority of it (see deWijn et al., 2009 for a review).
Some of these variousmagnetic structures leave an imprint on the photo-

sphere, making them not only visible due to a change in the magnetic field,
but also due to changes in the solar intensity. In order to understand how
these various magnetic features look like, we must first discuss what solar
intensity is, and what influences it.
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3.1.4. The brightness of the Sun
Describing how the Sun and its features look is equivalent, with the help
of modern day detectors, to discussing how many photons we intercept.
Since each photon carries a certain amount of energy (dependent on its
wavelength), we can equate the intercepted number of photons to the inter-
cepted energy. Let us now explore whatwe need in order to use the radiation
coming from the Sun as an observational method, that helps us understand
various physical processes.

We define intensity (Iλ, also known as brightness or specific intensity),
as the amount of energy transported through an area dA at the location r
(could also be defined by x, y, z coordinates), in a given direction l (which
could also be defined by azimuth and elevation θ, and Ω), in the solid angle
dΩ, in a time interval dt, and within a certain wavelength band-pass dλ:

Iλ(r, l, t) =
dEλ

µdAdtdλdΩ
. (3.8)

In the above equation, µ ≡ cos(θ) scales the intensity with the projection
of the propagation direction compared to the surface normal, θ being the
angle between the normal to dA, and the direction l.

This means, that if we can measure the energy that we receive, and we
know all the other variables from the set-up of the measurement, we can
calculate the specific intensity. Intensity is a useful quantity, because on the
one hand, it describes the radiation field fully, and on the other hand, as
long as there are no intensity sources or sinks along its path, it does not
change with distance. Generally speaking, in the context of observations,
we discuss the observed intensity. However, often, we discuss rather relative
intensity of various features, – a dimensionless quantity that describes ratio
of the intensity of a certain feature to the mean intensity of the quiet Sun
(generally) at the centre of the solar disc at a defined wavelength.

Let us now consider what kind of variations we may observe in the inten-
sity, and how we can interpret them. As the radiation that emerges from the
Sun passes through the solar atmosphere, it is absorbed and re-emitted sev-
eral times before reaching the solar surface. As radiation passes through a
gas, it interacts with its atoms, and there are two possible outcomes of these
interactions: intensity can be attenuated through absorption or intensified
through emission. Both these processes involve the interaction of atoms
with energy.
Absorption is the result of such interactions when a photon is either ab-

sorbed, and the energy is disposed of in a way that does not emit a photon,
or that the wavelength or direction of the emitted photon is altered, such
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that it does not contribute any longer to the observed intensity. When the
direction of a photon is altered, it is called scattering. Similarly, emission
is the result from interactions where new photons are emitted, or the wave-
length or direction of a photon has changed in a way that it now contributes
to the observed intensity.
We now consider radiation travelling through a volume of gas, which,

in the case of the Sun, could be the solar atmosphere. The change to the
intensity of the radiation occurring henceforth, can be characterised by
the emission and absorption introduced by atomic interactions with the
gas. Accordingly, we can introduce corresponding emission and absorption
coefficients. The emission coefficient (ελ) is defined as the intensity added
along the beam by local emission over a path length ds:

ελ =
dIemitted

λ

ds
. (3.9)

Meanwhile, the absorption coefficient (κλ, often also called opacity) as the
portion of the intensity that is removed from the beam of light, per unit of
path length:

κλ = − 1
Iλ

dIabsorbedλ

ds
. (3.10)

With these definitions, we can express the transfer of radiation through the
gas volume over a path s as the change in its intensity over this path:

Iλ(s)
ds

= ελ(s)− κλ Iλ. (3.11)

From these coefficients, let us now define a few parameters useful for ob-
serving radiation. We begin with a quantity called the monochromatic op-
tical depth, which describes how far the observer’s view penetrates into the
gas. This quantity combines the absorption coefficients and the path length
of the beam through the gas (which would be very difficult to determine on
its own) into one value, as:

dτλ ≡ −κλ(s)ds. (3.12)

Another valuable quantity is the source function, which characterises
with a single parameter, the intensity change induced by the gas, combining
the emission and absorption coefficients:

Sλ ≡ ελ

κλ
. (3.13)
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In other words, the source function describes the intensity added to the ray
per unit optical path, connecting the local physical quantities of the gas with
the intensity perceived by the observer.

Using the monochromatic source function, Sλ, and the monochromatic
optical depth, τλ, we can express the equation of radiative transfer in its
most commonly used form:

Iλ(s)
dτλ

= Iλ(s)− Sλ. (3.14)

The formal solution to this equation, assuming no interaction between
the radiation and the coefficients in the equation, and subject to the bound-
ary conditions of intensity I0

λ and I+λ , is expressed as:

I+λ = I0
λe−τλ +

∫ τλ

0
Sλ(t)e−tdt, (3.15)

where the integration variable t represents the extent to which our view
traverses from 0, that is the top of the atmosphere, to τλ, our optical depth. It
is important to note that this solution is applicable only when the emission
and absorption coefficients are known.

To find practical solutions to the radiative transfer equation, various as-
sumptions are made. One of the common approximations is axial symme-
try, assuming that the observed gas consists of parallel layers, known as the
plane parallel approximation. This assumes that the gas varies only along
the z axis, and not along the x and y axes, effectively reducing the three spa-
tial dimensions to a single one. With this assumption, we can express the
radiative transfer equation with the help of µ ≡ cos(θ), where θ is the devi-
ation of our observation angle from the perpendicular, as:

µ
dIλ

dτλ
= Iλ − Sλ, (3.16)

to which the formal solution is:

I+λ (µ) = I0
λe−τ′λ/µ +

∫ τ′λ/µ
0 Sλ(t)e−tdt

µ
, (3.17)

where τ′
λ is the optical depth at µ = 1.

Another, realistic approximation for the solar photosphere is that the
incident light, I0

λ, is negligible, meaning, that our object is semi-infinite. In
other words, we assume that the Sun is opaque enough so that no radiation
from its other side will influence our observations.



3.1. Solar magnetism and its photospheric manifestations 23

Another common approximation for the solar photosphere is the so-
called Eddington-Barbier approximation, which assumes that Sλ varies
linearly with τλ. In this case, we arrive at:

I+λ ' Sλ(τλ = µ). (3.18)

This implies that the radiation emerging at the surface is determined by
the conditions at τλ = µ. In other words, the photons escaping the surface
collectively represent the value of the source function Sλ at τλ = µ.
Let us now define a spectral line, as a variation in intensity with respect

to the continuum intensity, over a narrow wavelength range. It is called an
emission line when its intensity surpasses that of the continuum, and an
absorption line when it is lower, both as consequences of atomic processes.
We can now examine the source function of the spectral line, Sl

λ, and
of the continuum, Sc

λ. Let us assume local thermodynamic equilibrium
(LTE), which means that matter locally is in thermodynamic equilibrium
and its properties are governed by it; however, radiation may deviate from
that.1 In LTE, the effects of the line formation on the source function can be
neglected (see e.g, Jefferies, 1968), resulting in both Sl

λ and Sc
λ being equal to

the Planck function, Bλ. However, Sλ varies along the depth of themedium.
Additionally, the atomic processes which create the line create a shallower
depth of formation of the line intensity compared to that of the continuum.
In other words, at the line wavelength, the view of the observer is obscured,
and the observed region lies further outward. Considering now LTE, where
Sl

λ(z) = Sc
λ(z), one observes a spectral line only if the source function varies

with depth.
The characteristics of spectral lines, including their profile and the spe-

cific wavelength at which they appear, can undergo changes due to various
physical processes. These changes serve as indicators that allow for moni-
toring and understanding different aspects of these processes. For instance,
the Doppler shift reflects the atmospheric motions along the line of sight
of the observer by shifting the spectral lines to higher or lower frequencies.
Magnetic fields exert an influence on the polarisation of light, thereby alter-
ing the shape of the line profile when observing its polarised components.
For a more in-depth discussion of the effects of magnetic fields on spectral
lines, see section 3.2.1.
1LTE is often assumed in the modelling of photospheric absorption lines; however, in
many lines non-LTE effects are introduced by various phenomena. Studies examining
these effects include Athay and Lites, 1972; Bruls et al., 1992; Holzreuter and Solanki,
2015; Lites, 1972; Rutten and Kostik, 1982; Rutten, 1988; Shchukina and Trujillo Bueno,
2001; Smitha et al., 2023.
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3.1.5. What magnetic features look like

After presenting what influences the observed intensity, we are now
equipped to discuss the appearance of magnetic structures. We restrict
the discussions to their appearance at the continuum wavelength intensity.

In section 3.1.4, we have established that the source function of the contin-
uum (in local thermal equilibrium, LTE) is the Planck function (Bλ). There-
fore, when considering the continuum intensity of various solar structures,
the underlying question to be answered is always what is the temperature at
the observed optical depth, and often related, at what height does the optical
depth τ = 1 lie.

Let us now discuss the various patterns that emerge (see section 3.1.3), and
start with the feature that covers most of the solar surface: granulation. The
granules are convection cells, with hot plasma emerging in their centres,
and cooler plasma descending at their boundaries. Therefore, we observe
them as bright features with darker edges (see Bray et al., 1984, 2009; Nord-
lund et al., 2009 for more details).

The kilogauss strength flux tubes, that form faculae and the magnetic
network, are generally described as the bright features of the solar photo-
sphere (see the bright areas surrounding the active region in Fig. 3.5 and
the bright points between the granules in Fig. 3.6). Their brightness varies
strongly with their size, and the angle of observation. Firstly, let us consider
that we look straight into a flux tube. Because convection is suppressed by
the strong magnetic field, and hence convective energy transport is inhib-
ited, flux tubeswould basically have lower temperature than their convective
surroundings. This is indeed the case for larger flux tubes at a zero-degree
angle, just as in the case of sunspots or pores (discussed later). Due to the
lower temperature, these larger flux tubes appear darker than the mean in-
tensity of the surrounding granulation – despite the fact that we consider
faculae and network generally the photospheric bright features (see also Ri-
ethmüller and Solanki, 2017). However, unlike the larger flux tubes, thinner
flux tubes are optically thin to radiation streaming in from the sides, which
also heats the gas remaining inside them. At the same time, as a conse-
quence of the lower plasma density, inside the flux tube the optical depth
τ = 1 lies deeper in the atmosphere (see, e.g. Danilovic, Schüssler, and
Solanki, 2010a discussing also the relation of flux tube size and the height
of τ = 1). As a consequence of the higher temperature in the deeper layers,
small flux tubes reach higher temperatures through radiative heating from
the sides compared to the mean surface temperature, making them appear
brighter than their surroundings. See also Wiehr et al., 2004 for a discus-
sion on the sizes of flux tubes. The diameter of the flux tube is directly
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Figure 3.4. The wineglass model of flux tubes, which explains their bright-
ness variation in relation to the angle of observation. The thick line marks
the τ = 1 optical depth, that lies lower inside the flux tube due to the lower
gas pressure. The walls of the flux tube are hot due to the surrounding con-
vection. θc marks the point, where the line of sight meets the lowest (i.e.
hottest) part of the wall. Figure adapted from Solanki et al., 2006.

related to the magnetic pressure inside it, that is, the amount of magnetic
flux that is concentrated in the area that it occupies. Studies, investigating
the relationship of magnetic flux density and facular or network brightness
include Kahil et al., 2019; Kobel et al., 2011. Studies observing the bright-
ness variation of a flux tube during its lifetime are Nagata et al., 2008 and
Utz et al., 2014.
Let us now consider various angles of observations. When we look at flux

tubes from an angle, our line of sight will meet the hot walls of the flux
tubes. Increasing our observation angle increases the observed intensity,
until we reach θc, which is where we see directly the wall that is at the deepest
point in the photosphere; therefore, it is the hottest. As illustrated in fig. 3.4,
the value of θc is influenced by the diameter of the flux tube. At angles
larger than θc, we again observe a decrease in intensity, until (possibly)
the surrounding granules obscure our line of sight. The exact reasons
for the change in the brightness at high observation angles is still not
well understood, mainly due to observational constraints. An opportunity
for improving observational data is presented in Albert et al., 2023b, see
appendix F. The relationship between the intensity of faculae and network
to both the observed magnetic flux density and the observation angle has
been studied, for instance, also in Ortiz et al., 2002; Yeo et al., 2013.
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Let us now discuss the appearance of flux emergence regions. The small-
est of them, the ephemeral regions, induce no observable change in the con-
tinuum intensity, while the larger sunspots are the most prominent photo-
spheric features. Sunspots on the large scale have a cool umbra (over 1000K
cooler than the quiet Sun on average), and a somewhat warmer penumbra
(still about 300K cooler than the quiet Sun; see Borrero and Ichimoto, 2011
for a detailed overview of sunspot structure). Figure 3.5 shows an active re-
gion, recorded by the high resolution telescope of the SO/PHI instrument.

Dark features that only have umbra, and show no penumbra, are called
pores (also sometimes naked sunspots, if the pore evolved through a
sunspot loosing its penumbra). Pores are often observed in active regions
( just as in fig. 3.5), and can be associated with flux emergence (see, e.g.
García-Rivas et al., 2024), or with sunspot decay (see Strecker and Bello
González, 2022). The magnetic conditions of pore formation is studied in
García-Rivas et al., 2021. The ”counterpart” to pores also exists in the Sun:
penumbrae can form also without umbra, which are usually referred to as
orphan penumbrae. Studies that observed these structures include Buehler
et al., 2016; Jurčák et al., 2014; Zuccarello et al., 2014, while Hirzberger
et al., 2005; Jurčák et al., 2017 show the interaction of pores and orphan
penumbrae.

On the small scale, inside the dark umbra, we often observe light bridges
(see the bright lines dividing a sunspots in fig. 3.6). These bright features
are connected to the penumbra, protruding into the sunspot, sometimes
dividing it all the way through. Their fine structure can look like filaments,
or can look more like granules. Often, but not necessarily, light bridges
are the sign of sunspot decay. Other small scale features in the umbra are
small bright points, so-called umbral dots, which appear as a consequence
of magneto-convection (see fig. 3.6, and Schüssler and Vögler, 2006). These
features are bright compared to the umbra. While their brightness is not
straightforward to determine due to their small size, to date it is thought
that while they appear bright, most of them are still darker than the undis-
turbed quiet Sun (see Solanki et al., 2006).

In the penumbra, we find a filamentary structure, which is most often
radially aligned. We find two distinct brightness distributions among fila-
ments: brighter ones, named intraspines, and darker ones, named spines
(the darker and brighter relationship holds only locally).

The angle of observation also influences how a sunspot appears. When a
sunspot is observed close to the limb, the umbra, and often part of the disc
centre-side of the penumbra is not visible. This is known as theWilson effect.
It is best explained to be due to a 400 to 800 km difference in optical depth
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Figure 3.5. An active region, consisting of two sunspots and a few pores,
close to the solar limb. The surrounding bright structures belong to a plage
region, surrounding the sunspots. In the closer sunspot we can observe a
light bridge, that divides it. Data from the SO/PHI instrument, by the high
resolution telescope.
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Figure 3.6. High resolution image of a sunspot. On the large scale, we can
clearly identify the umbra (dark region) and the penumbra of the sunspot
(the filamentary transition region between the granulation and the umbra).
On the small scale, we can see several examples for light bridges of various
widths, some that divide the sunspot, and one that just extends into it.
The small bright point details inside the umbra are umbral dots; while the
small bright points between the granules are faculae. Data from the GRIS
spectropolarimeter at theGREGOR telescope (Collados et al., 2012), courtesy
of J. S. Castellanos Durán.
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of the umbra, compared to the quiet Sun, with a rather abrupt change at
the umbral boundary. This difference is called the Wilson depression (see
Wilson and Maskelyne, 1774).
Studying the intensity of photospheric features helps us not only in un-

derstanding their nature, but as the abundance of these features is strongly
related to solar activity, their study also aids us in understanding solar vari-
ability. An important aspect of solar variability research, naturally, is the
influence of the variations on Earth (see e.g., Foukal et al., 2006; Foukal and
Milano, 2001; Haigh, 2007; Lean et al., 2002; Solanki and Krivova, 2004). In
this context, we define the total solar irradiance (TSI) as the wavelength-
integrated radiation flux illuminating Earth at its average distance from the
Sun, characterising the Earth-facing hemisphere of the Sun. The TSI is ob-
served directly since 1978 by space-borne radiometers, and these observa-
tions are complemented by models in order to further our understanding
of the nature of its variations. Generally, surface magnetism is considered
to be the main driver of TSI variations, see e.g, Domingo et al., 2009; Fröh-
lich, 2006; Solanki et al., 2005; Yeo and Krivova, 2019; Yeo et al., 2014, 2023.
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3.2. Observing photospheric magnetism

3.2.1. Effects of magnetic field on radiation
Until now, we have considered the intensity of the light at various wave-
lengths, how its interaction with atmospheric particles can change the in-
tensity, and how various magnetic structures appear at continuum inten-
sity. However, physical phenomena, such as the Zeeman and Hanle effects,
in certain spectral lines formed in the presence of magnetic fields, influ-
ence the polarisation of the light. Observing these changes in polarisation
allows us to infer the magnetic conditions at the formation height of the
observed spectral line. Let us begin by establishing the basic concepts and
notations of polarisation, before we continue discussing magnetic effects
on the radiation.

Basics of polarimetry

When discussing the polarisation of light, we are referring to the orienta-
tion of the planes in which the electromagnetic wave oscillates with respect
to the direction of propagation. In this context, when we use the term polar-
isation, we are referring to the orientation of the electric field oscillations,
implying the presence of magnetic field oscillations in the orthogonal plane
as well.

The orientation of the oscillation plane in unpolarised lightmaybe in any
of the directions, without preference to any of them. A beam of light may
contain waves with all possible directions. The light is said to be polarised,
when the direction of oscillation is well defined. Linear polarisation occurs
when the wave oscillates in a single plane. To an observer looking in the
direction of propagation, the wave oscillates linearly. Circularly polarised
light consists of two waves that are 90◦ out of phase with each other and
perpendicular, both having the same amplitude. When observed in the
direction of propagation, the oscillation plane of the wave appears to move
on a circle. Elliptical polarisation is similar to the circular one, but the
amplitude of the two waves may not be identical, and their phase may be
different from 90◦. As a result, they appear to bemoving on an ellipse rather
than a circle.

The polarisation of an electromagnetic wave can be described using var-
ious formalisms. The one most commonly used in solar photospheric ob-
servations is the Stokes formalism. The Stokes vector describes the wave
train in terms of idealised filters, without providing information about the
phase. It comprises four parameters: I, Q, U and V, where I represents total
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intensity, Q is the intensity difference between the horizontal and vertical
polarisation, U denotes the intensity difference between the linear polari-
sation at+45◦ and−45◦, and V is the intensity difference between the right
and left-handed circular polarisation.
Let us first consider the theoretical case of a single, monochromatic wave

train of electromagnetic radiation propagating in the z direction. If the
electric vector from the x, y plane is expressed as:

Ex = ξxcosφ, Ey = ξycos(φ + ε), (3.19)
where ξx and ξy is the amplitude of the wave, the phase is φ = ωt − kz
(where ω is the angular frequency and k is the wave number), and ε is the
phase difference between Ex and Ey, then the Stokes vector (I) is defined as:

I =


I
Q
U
V

 =


ξ2

x + ξ2
y

ξ2
x − ξ2

y
2ξxξycosε
2ξxξysinε

 . (3.20)

When expanding this definition to the real case, where a light beam is a
superposition of light trains, with various wavelengths within a small spec-
tral width, various amplitudes and phases, the Stokes parameters become
temporal averages over an observation period:

I =


< ξ2

x + ξ2
y >

< ξ2
x − ξ2

y >
2 < ξxξycosε >
2 < ξxξysinε >

 . (3.21)

To describe changes in the polarisation of the light that passes through
a medium, that is, how the Stokes vector changes, we use the characteristic
Mueller matrix of the medium:

Iout
Qout
Uout
Vout

 =


M11M12M13M14
M21M22M23M24
M31M32M33M34
M41M42M43M44

 ·


Iin

Qin
Uin
Vin

 , (3.22)

where “·” denotes matrix multiplication, M denotes the Mueller matrix,
and the subscripts “in” and “out” mark the interface of the system, i.e. the
incoming and transformed light. With this formalism, we may treat several
effects as one system, described by a single Mueller matrix:

Mtotal = M1 · M2 · ... · Mn, (3.23)
where Mtotal is the Mueller matrix of the system, and M1 to Mn are the
Mueller matrices of the different parts of the system.
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The Zeeman effect and the radiative transfer of polarised light

The polarisation of the light can be changed through light-matter inter-
actions and by magnetic field. Light-matter interactions are reflection,
transmission, scattering, dichroism (i.e. the physical effect of asymmetric
absorption of two orthogonal polarisation states of an incoming beam),
or birefringence (i.e. polarisation-dependence of the refractive index of a
medium). Effects that change the polarisation of the light in the presence
of a magnetic field include the Hanle effect (depolarisation effect through
scattering), Zeeman effect (the magnetic field-induced splitting of atomic
energy levels), Faraday rotation (a rotation of the polarisation under mag-
netic field, caused by circular birefringence) and Faraday depolarisation
(depolarisation caused by the Faraday rotation). In the following, we restrict
the discussion to the Zeeman effect, and consider the other effects out of
scope for this work (see for more details del Toro Iniesta, 2003; Stenflo,
1994; Trujillo Bueno et al., 2017).

The Zeeman effect is the physical phenomenon, where themagnetic field
breaks the symmetries of the oscillation frequencies of electrons in an atom
in the different spatial components. To describe the phenomena, let us
introduce a few quantum physical notions.

To describe the orbitals of electrons in an atom, we define four quantum
numbers: principal (n), angular (l), magnetic (m), and spin (s). The principal
quantum number describes the size of the orbital, the angular quantum
number describes its shape, the magnetic quantum number describes its
orientation in space, while the spin quantum number describes the spin
angular momentum of the electron. As electrons orbit and spin around the
atomic nucleus, we can define three couplings inside the atoms: coupling of
orbital angularmomenta due toCoulombic repulsion of electrons, coupling
of their spin angularmomenta due to spin statistics, and the coupling of the
spin and orbital momenta, referred to as LS-coupling. We consider now an
electron with an orbital angular momentum L, spin angular momentum S,
and total angular momentum under LS-coupling J = L + S. Themagnetic
dipole moment of the electron (µ) is the magnetic moment resulting from
the angular momentum J, and depends on the orbital quantum number l:

µ = µB

√
l(l + 1), (3.24)

where µB is the Bohr magneton. For a given value of l, the magnetic
quantum number m takes values from −l to l, including zero, resulting in
2l + 1 orbital orientations in a subshell.

When the atom is exposed to a weak magnetic field (weak in comparison
to the LS-coupling), the magnetic field discernibly disturbs the magnetic
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moment of some of its electrons.2 It exerts a torque on the magnetic dipole
moment of electrons in open shells, directing them towards alignment with
themagnetic field. The work applied in rotating the electrons in that orbital
alters its energy level, resulting in a change in the energy levels proportional
to m. Consequently, the 2l + 1 orbital orientations result in the splitting of
the energy levels into 2l + 1 sub-levels. The energy shift between the sub-
levels (and also the resulting Zeeman wavelength splitting, λB) increases
proportionally with the field strength B, influenced by two factors: the
magnetic quantum number m and the Landé g-factor, gLS. The change in
the energy levels can be expressed as:

∆E = −gLSµBmB. (3.25)

The Landé g-factor depends on the quantumnumbers, and can be expressed
as:

gLS =
3
2
+

s(s + 1)− l(l + 1)
2j(j + 1)

, (3.26)

where j ≡ l + s is the total angular momentum quantum number. When
j = 0, the Landé factor loses its meaning, because the levels do not split.
The ∆E keeps its linear increase with the increase of B until the magnetic
field strength becomes comparable to the internal field of the atom. This
is the strong field limit of the Zeeman effect. Magnetic fields stronger than
the internal field of the atom disrupt the coupling between the spin and
orbital motions, leading to the Paschen-Back effect.
When the transition occurs between an energy level with quantum num-

ber j = 0 (unsplit) and j = 1 (with three sub-levels), it is referred to as the
normal Zeeman effect. Any other case, involving the splitting of both levels
in the transition, is termed the anomalous Zeeman effect, see Fig. 3.7.
The Zeeman components, that arise from the splitting of the energy

levels, contribute to the absorption and dispersion effects of light. They
create the Zeeman pattern, that is the alteration of absorption lines in the
presence of magnetic field (see more details in del Toro Iniesta, 2003).
Therefore, we need to account for these effects in the radiative transfer
equation, arriving to the radiative transfer of polarised light. We describe it
in the Stokes formalism, by using the so-called propagation matrix, K (for its
derivation see del Toro Iniesta, 2003). K is somewhat similar to a Mueller
matrix (see Eq. 3.22), and it describes the impact of the Zeeman effect on the
radiative transfer.
2While the magnetic field affects the magnetic moment of the entire atom, its effect on
the nucleus is negligible.
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Figure 3.7. Transitions between the lower level j = 2 and upper level j = 3
in the presence of an external magnetic field, due the Zeeman effect. Levels
with quantum numbers 2 and 3, in the presence of magnetic field are split
into 5 and 7 sub-levels, respectively. The left and right sides of the figure
show the absence and presence of magnetic field, respectively. The vertical
arrows show the possible transitions between energy levels (marked σb for
∆m = +1, π for ∆m = 0, σr for ∆m = −1). These various transitions
are inversely correlated with different wavelengths at which they occur,
indicated by the lower axis. Figure adapted from del Toro Iniesta, 2003.
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With K, similar to equation 3.14, the radiative transfer equation for po-
larised light becomes:

dIλ

dτλ0

= K(Iλ − Sλ), (3.27)

where Iλ is the Stokes vector at the wavelength λ, τλ0 is the continuum
optical depth, Sλ = (Bλ, 0, 0, 0)T is the source function vector, with Bλ being
the Planck function. This holds under several approximations, including
that the continuum radiation is unpolarised (see del Toro Iniesta, 2003 for
the full extent of approximations).

3.2.2. Spectropolarimeters
Observing the Zeeman pattern is possible with spectropolarimeters, which
observe the intensity of light as a function of wavelength and polarisation.
These observations can be single points (unresolved stars or integrated light
of the Sun as a star), or spatially resolved in 1 to 2 dimensions. These
observations are often complementedwith a temporal dimension to create a
three to five dimensional data cube, allowing also the study of the evolution
of the observed features.
Due to the high dimensionality of the data, it is very challenging to si-

multaneously image it on a 2-dimensional space (a detector). To address
this challenge, numerous instrument designs have emerged, each involv-
ing a trade-off between the extent or resolution of different dimensions (see
also Iglesias and Feller, 2019 for an overview). Despite the variety of imple-
mentations, all spectropolarimeters rely on a common set of basic building
blocks: components for analysing the polarimetric and spectral properties
of the light. These components can be treated as distinct entities within the
instrument.
To measure the polarisation of the incoming light, we must transform

the polarisation signals into light intensities before they reach the detec-
tor. This is necessary because, detectors rely on the photoelectric effect, and
therefore can only measure light intensities, not directly polarisation. It
should be noted that there are developments in the direction of creating
micropolarisers, that can be integrated into the detector, thereby creating a
component that directly measures the polarisation (see for a review Iglesias
and Feller, 2019, as well as Zhou et al., 2021), however the underlying princi-
ple remains the same: the conversion of polarisation signals to intensities
prior to imaging. For this conversion, two components are required in the
optical train: a modulator and an analyser. The modulator changes the po-
larisation of the incoming signal, producing modulation states, in which it
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combines the elements of the Stokes vector with different (known) ratios.
Following the modulator, the analyser filters or splits the linearly polarised
parts of the light. This entire system is acting on the incoming Stokes vec-
tor and transforms it with its characteristic Mueller matrix. For an overview
of various elements used for this purpose, see del Toro Iniesta, 2003; Gan-
dorfer, 2002; Stenflo, 1994.

In addition to the polarisation intentionally induced by the optical ele-
ments in the spectropolarimeter, we must also consider unintentional po-
larisation caused by other optical components, such as entrance windows,
lenses, andmirrors, or even the atmosphere in the case of ground-based ob-
servations. In the Stokes formalism, we treat the whole system (including
the atmosphere, telescope and polarising elements) as one, defined by the
product of the Mueller matrices of each of these elements.

The fact that detectors record only the intensity levels means that we can
record only the first row of the Mueller matrix. Therefore, to determine
all four unknown incoming Stokes parameters, at least 4 measurements are
necessary, with different Mueller matrices. Recording these four measure-
ments is possible through temporal or spatial modulation, or a combina-
tion of the two methods. Temporal modulation is achieved by combining
the modulator and analyser into a single device, which can be switched be-
tween various polarisation states, and allows differently polarised compo-
nents of the light to be imaged at different times. Spatial modulation splits
the incoming wave into its differently polarised components, simultane-
ously imaging them on multiple sensors or different regions of the same
sensor. This technique is known asmultiple-beam spectroscopy, made pos-
sible with the use of polarising beam splitters. Multiple beam spectroscopy
is typically combined with temporal modulation, allowing the recording of
two states at a time (called dual-beam).

The relationship between the incoming Stokes vector and the recorded
intensities is described by the modulation matrix of the system. In the case
of four different measurements, this can be expressed as:

Im =


I(1)m

I(2)m

I(3)m

I(4)m

 =


M(1)

1 M(1)
2 M(1)

3 M(1)
4

M(2)
1 M(2)

2 M(2)
3 M(2)

4
M(3)

1 M(3)
2 M(3)

3 M(3)
4

M(4)
1 M(4)

2 M(4)
3 M(4)

4

 ·


Iin

Qin
Uin
Vin

 = M′ · Iin, (3.28)

where the subscript m indicates measurement, and in marks incoming
light. M(i)

1 to M(i)
4 is the first row of the Mueller matrix describing the

polarimetric system for each of the four differentmeasurements that results
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in the recorded intensities Im = I(i)m , with index i = {1 · · · 4}. M′ is the
modulation matrix, and Iin is the incoming Stokes vector.
The polarimeter portion of the instrument may be combined with any

spectrometer. We can, for example, record the spectrum in the function
of one spatial direction along a slit (called a slit spectrometer). Addition-
ally, we can also scan the second spatial dimension with the slit, achieving
two-dimensional images. This method prioritise spectral resolution over
spatial resolution. Another approach is to scan the spectral line using a
tunable narrowband filter, enabling the simultaneous recording of the two
spatial dimensions. This is usually referred to as an imaging spectrometer.
Spectrometry is well discussed in a great number of textbooks, see e.g. Léna
et al., 2012.
We obtain themagnetic field vector from thesemeasurements (in the case

of the Zeeman effect) through an inverse method. This method involves
synthesising spectropolarimetric line profiles by solving the polarised RTE,
with an initial guess of the magnetic field. Subsequently, an iterative min-
imisation method is used to match the measured profiles based on a merit
function (typically χ2), until a satisfactory fit is achieved. For a detailed de-
scription of this process, see del Toro Iniesta, 2003. An overview of different
techniques is given in de la Cruz Rodríguez and van Noort, 2017.

3.2.3. Solar spectropolarimeters on ground, in space and
in-between

The first proposal on the magnetic nature of sunspots came from George
E. Hale, in his paper Hale, 1908, based on observations conducted at the
Snow telescope on Mount Wilson. He extended a slit spectrograph into
a spectropolarimeter, in which he could adjust the length of the slit by
covering potions of it, to selectively transmit light from selected features.
Initially, only light from the umbra was chosen, and then, for reference, the
nearby quiet Sun areaswere imaged. The exposure times of the photographs
of the sunspots ranged from a few minutes to over an hour (during which
the alignment was maintained by a clock). Figure 3.8 shows a section of the
photographs taken using this instrument. These images show the Zeeman
splitting that he observed in the 5918.77Å spectral line in the sunspot (and
its lack in the quiet Sun), suggesting that sunspots have a magnetic nature.
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Figure 3.8 Five photographs (num-
bered 1-5) of sunspot spectrum, taken
by George E. Hale at the Snow tele-
scope on Mount Wilson. In each im-
age, the central portion displays the
sunspot spectrum, while the edges
depict the quiet Sun, captured in close
proximity to the sunspot. (1) and (4)
show spectra at circular polarisation
in one direction, (2) and (3) show spec-
tra with circular polarisation in the
other direction. (5) is the total in-
tensity, imaged by removing the po-
larimeter from the light path. These
observations, for the first time, mea-
sure the circular polarisation in a
sunspot (see the Zeeman splitting in-
dicated by the red arrows), proving
the magnetic nature of the umbra.
Adapted from Hale, 1908.
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The improvements in spectropolarimeters have been primarily driven
by the demand for higher spatial and spectral resolutions, as well as the
need for higher polarimetric accuracy in the data. For a visual comparison
of this evolution, see fig. 3.9 in contrast to fig. 3.8. In fig. 3.9, data from
Spectro-Polarimeter on-board the Hinode spacecraft (see Ichimoto et al.,
2008; Kosugi et al., 2007; Lites et al., 2013; Tsuneta et al., 2008) illustrates
how high spatial resolution reveals intricate structural details within the
observed active region. It also provides the full Stokes profiles with a
well-sampled wavelength dimension, allowing for the fitting of complex
atmosphericmodels to themeasurements (themodel atmosphere shown in
fig. 3.9 is from the MODEST catalogue, see Castellanos Durán et al., 2024).

Generally, in spectropolarimetry, we strive towards increasing resolution
in the spatial, spectral, and time dimensions of the data, to allow for more
precise measurements. We can imagine, however, that an infinitely small
sample in any of these dimesions would have no photons. This means,
that the amount of photons is inversely proportional to the resolution, and
therefore, our observations will always remain photon starved. To make
due with the light that we receive, the trends in instrument development
is towards better efficiency, more precise optical elements, more advanced
sensors, as well as techniques to recover weak signals from measurement
noise. Telescope size can also be increased to the same effect, as long as we
do not intend to profit from the now newly possible higher resolution. In
combination with these efforts, different approaches emerged for recording
the four-dimensional spectropolarimetric data on two-dimensional image
detectors, giving rise to a variety of approaches. Tables 3.1 and 3.2 give an
overview of ground-based solar spectropolarimeters operating in the visible
and infrared portion of the spectrum, which offer full Stokes polarimetry.
These instruments are operated at various observatories, see Fig. 3.10 for
their locations. Table 3.5 shows spectropolarimeters that operate in space,
or have been launched on stratospheric balloons and sounding rockets.
Tables 3.3, 3.4, and 3.6 offer a glance into the variety of implementations
of these instruments, presenting some of their details. For more detailed
overviews of spectropolarimetry, and some major scientific advances that it
contributed to, as well as for prospects on future projects see Iglesias and
Feller, 2019; Kleint and Gandorfer, 2017; Lagg et al., 2017.

The most convenient place to build and operate a solar telescope is on
the ground. We can build large buildings to house them, and we encounter
the least amount of constraints in their size, weight, flexibility and lifetime.
However, by doing so, we have a significant challenge: atmospheric seeing.
By atmospheric seeing we mean rapid local changes to the refractive in-



3.2. Observing photospheric magnetism 41

dex of the air due to atmospheric turbulence. This degrades image quality
by smearing out the scene, and it induces polarimetric cross-talk (i.e., the
uncontrolled mixing of the Stokes signals). Mitigating the effects of atmo-
spheric seeing is possible on telescope level, on instrument level, or in post-
processing. Strategies for telescopes include careful site selection, domeless
or open designs (e.g. the DutchOpen SolarTelescope), evacuated light paths
(e.g. the Domeless Solar Tower Telescope), adaptive optics (e.g. the Swedish
Solar Telescope). The ideal instrument-level solution is freezing the mo-
tion of the atmosphere by increasing the time resolution of the data (see
the Fast Solar Polarimeter, Iglesias et al., 2016), or short of that, reducing
the seeing-induced polarimetric cross talk by the simultaneous recording
of the Stokes vector (see the ZIMPOL instruments, Povel, 2001). Post-facto
enhancement of data is possible with image reconstruction techniques (e.g.
speckle reconstruction, seeWeigelt, 1977, Multi Frame BlindDeconvolution
and its variations, see van Kampen and Paxman, 1998, and its full generali-
sation, the Multi Object Multi Frame Blind Deconvolution, MOMFBD, see
van Noort et al., 2005).
Overcoming seeing altogether is only possible by elevating the observa-

tories above the atmosphere. The minimum elevation needed is into the
stratosphere, which can be achieved by balloons and sounding rocketmis-
sions. Balloon experiments can provide several days of uninterrupted solar
observations when launched from polar regions during summer. A highly
successful balloon experiment has been Sunrise, launched from Kiruna,
Sweden, in 2009, 2013, and 2024 (see Barthol et al., 2011; Berkefeld et al.,
2011; Gandorfer et al., 2011; Solanki et al., 2010, 2017). Both the 2009 and
2013 Sunrise missions carried a spectropolarimeter (see Martínez Pillet et
al., 2011), which delivered many important results (see, e.g., Bello González
et al., 2010; Borrero et al., 2010; Danilovic, Beeck, et al., 2010; Lagg et al., 2010;
Martínez González et al., 2011; Steiner et al., 2010, tomention but a few). The
fully reconfigured instrument suit, that had flown successfully in 2024, car-
ried three spectropolarimeters operating at various wavelengths (see Álvarez
Herrero et al., 2022; Feller et al., 2020; Katsukawa et al., 2020). To men-
tion but just one successful rocket experiment equipped with spectropo-
larimeters, the Chromospheric Lyman-alpha Spectropolarimeter (CLASP,
see Narukage et al., 2011, 2016) imaged Lyman-alpha lines in the UV portion
of the spectrum, inferring solar magnetic field properties from the Hanle
effect (see Ishikawa et al., 2023). A summary of these instruments is given in
tables 3.5 and 3.6.
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Another way of elevating the observatory above the atmosphere is by plac-
ing it in space. Space observatories are significantly more expensive than
their ground-based or balloon-borne counterparts, however they are unri-
valled in that they are able provide nearly or continuous 24-hour observa-
tions for decades, depending on their orbit design (such as the SDO/HMI,
see Schou et al., 2012, or the planned Vigil/PMI, see Staub et al., 2020). They
can also ensure access to unique vantage points (such as SO/PHI, see Solanki
et al., 2020), as well as enable the observation of wavelengths that are inacces-
sible from the ground (see Stenflo, 2013 for a discussion). However, it must
be noted, that at the present time, space missions offer far less flexibility
compared to ground-based observations. Instrument concepts cannot be
easily tested, replaced with improved versions, or repaired in space. In addi-
tion, there are stringent constraints on parameters likemass, volume, power
consumption, telemetry data rates, and operational flexibility. Instrument
designs tend to be simplified to ensure smooth operation, and often require
special components that are capable of withstanding the launch and space
environment. Furthermore, the diameter of the telescopes on space obser-
vatories are typically much smaller than their ground-based counterparts
due to the high costs and technological limitations. As such, they can be
seen as complementary to their ground-based counterparts.

To date, four space observatories have been launched with spectropo-
larimeters for studying the Sun. The Solar and Heliospheric Observatory
(SOHO, launch date: 1995, see Domingo et al., 1995) orbits the L1 Sun-Earth
Lagrangian point, enabling continuous observations. Among its instru-
ments is theMichelson Doppler Imager (MDI, Scherrer et al., 1995), primar-
ily designed as an imaging spectrometer for studying the manifestations of
solar oscillations in the photosphere, however it has the possibility to insert
polarisers in the light-path, enabling the measurement of the line-of-sight
magnetic field. The Hinode mission (Kosugi et al., 2007) orbits Earth in a
sun-synchronous orbit. It carries two spectropolarimeters for full Stokes
polarimetry: the Spectro-Polarimeter (SP, see Ichimoto et al., 2008; Lites et
al., 2013; Tsuneta et al., 2008), and the Narrowband Filter Instrument (NFI,
see Ichimoto et al., 2007). The SolarDynamicsObservatory (SDO, see Pesnell
et al., 2012) orbits Earth in geosynchronous orbit, carrying the Helioseismic
and Magnetic Imager (HMI, see Schou et al., 2012), performing polarimet-
ric measurements with unprecedented coverage since its launch. The latest
space-observatory with a spectropolarimeter is the Solar Orbiter (seeMüller
et al., 2020). The mission has a heliocentric orbit, which during its lifetime
gradually leaves the ecliptic plane. It carries the Polarimetric andHelioseis-
mic Imager (SO/PHI, see Solanki et al., 2020, and also section 3.2.4), the first
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spectropolarimeter on a deep space probe. SO/PHI is the first spectropo-
larimeter to offer a point of view that is out of the Sun-Earth line, and from
2025 also out of the ecliptic plane. See also tables 3.5 and 3.6 for a summary
of these instruments.

The various space observatories have different operational concepts. For
example, SDO/HMI provides unprecedented observational coverage. This
not only facilitates long-term studies (see, e.g., Barekat et al., 2016; Irbah
et al., 2019; Komm et al., 2020; Korpi-Lagg et al., 2022), but also serves as
a reliable source to complement observations from ground-based or other
space-based instruments (see, e.g., Albert et al., 2023b; Guglielmino et al.,
2016; Huang et al., 2014; Schou et al., 2023; Scullion et al., 2014, among
others). In contrast, SO/PHI provides data more sparsely, however, these
data sets are unique due to Solar Orbiter’s unprecedented orbit, enabling
new studies (see, e.g. Albert et al., 2023b; Loeschl et al., 2024; Schou et al.,
2023; Valori et al., 2023; Yang et al., 2023).

3.2.4. The Solar Orbiter / Polarimetric Helioseismic Imager
Solar Orbiter is a deep space mission for helioscience, launched in 2020,
with unique orbit design. It carries a complementary suite of in-situ and
remote sensing instruments to work together in studying the Sun (see
Auchère et al., 2020; Müller et al., 2020; Zouganelis et al., 2020, and refer-
ences therein, while fig. 3.11 shows an illustration of the spacecraft and its
payload). The spacecraft orbits the Sun in highly elliptical orbits, approach-
ing it as close as 0.28 Astronomical Units (AU). It leaves the ecliptic plane, to
reach 25◦ heliocentric latitude during the nominal lifetime, and a final 34◦

angle in its extended mission phase. Figure 3.12 illustrates the evolution of
the orbits during the lifetime of the mission.

As coordinated science is one of the main objectives of the Solar Orbiter
mission, strong efforts are made to produce data sets overarching the dif-
ferent methods used in solar physics. This influenced decisions from the
selection of the instrument suite, to the operating concept of the spacecraft
and instruments. The unprecedented combination of measurements, and
their unique vantage point enables newways to study the Sun. Data fromSo-
lar Orbiter, beside combining the instruments it carries, is also used jointly
with data from other space observatories and ground based telescopes (see
Auchère et al., 2020; Velli et al., 2020 for discussions, and e.g., Albert et al.,
2023b; Janvier et al., 2023; Kahil et al., 2022b; Yardley et al., 2023 for already
published studies).
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The Polarimetric and Helioseismic Imager (PHI) is the imaging spec-
tropolarimeter on Solar Orbiter. It takes images of the Sun in the light of
the FeI 617.3 nm absorption line, at six different wavelengths and four dif-
ferently modulated polarisation states (one of the wavelengths sampled is
at the continuum close by the line). We have a solar spectropolarimeter on
a deep space mission for the first time, which besides the exciting science
prospects, brings also a number of new challenges.
As it is sometimes the case for space-borne remote sensing payloads, the

term instrument refers to both what is technically the telescope and the in-
strument itself, fully integrated into one system. SO/PHI can toggle bew-
teen two telescopes: the Full Disk Telescope (FDT) and the High Resolu-
tion Telescope (HRT, see Gandorfer et al., 2018), with aperture diameters of
17.5mm and 140mm, respectively. Both the telescopes ensure diffraction
limited imaging at an angular resolution of a few arcseconds for FDT, and
1 arcsec for HRT. The image is critically sampled by a sensor, resulting in
plate scales of 3.52 arcsec and 0.5 arcsec for the FDT and HRT, respectively.
The HRT light path includes an additional image stabilisation system to
compensate for spacecraft jitter, consisting of a camera, a tip-tilt mirror,
and dedicated processing firmware inside the digital processing unit, col-
lectively forming the correlation tracker. The instrument switches between
the two telescopes with a feed-select mechanism. Light enters the instru-
ment through the heat rejection entrance windows (HREWs), located in the
heat shield of the spacecraft, allowing less than 4% of the total energy to pass
the window through spectral filtering. See fig. 3.13 for the optical scheme of
the SO/PHI instrument.
The polarimetric modulation of the light is done separately for the two

telescopes, by two identical but separate polarisation modulation packages
(PMPs). The modulator consists of two anti-parallel nematic liquid crystal
variabler retarders (abbreviated NLC hereafter), oriented with their fast axes
45◦ with respect to each other. The NLCs contain anisotropic molecules,
which can be oriented by an electric field. The analyser is a linear polariser,
aligned with the fast axis of the first NLC.
The spectral tuning of the instrument is based on a Fabry-Pérot interfer-

ometer, and an order sorting prefilter. The light, at its entrance into the
instrument, is filtered by the HREW, and only a 30 nm band is admitted,
centred around the science wavelength. The order sorting prefilter is a 3-
cavity interference filter, with a transmission profile with 0.28 nm full width
at half maximum, designed to allow for the spacecraft orbital motion. The
narrow band filtering is an opto-electrical, LiNbO3 Fabry-Pérot etalon. The
etalon crystal changes its refractive index when voltage is applied to it with
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Figure 3.13. The optical design of SO/PHI. It is composed of two telescopes,
a high resolution and a full disk telescope, switched with the feed select
mechanism (marked as FSM on figure). Both light paths have a polarisation
modulation package, containing both the modulator and analyser. They
feed a common filtergraph, and record the image on the same focal plane
assembly. Based on Figures 6 and 10 in Solanki et al., 2020.

0.3513nm/V, called the tuning constant. See fig. 3.14 for the profiles of the
filters.

The focal plane assembly of SO/PHI uses an active pixel sensor to record
images. The sensor utilises CMOS technology and reads out pixels in
rolling shutter mode. After the read-out, the data is transmitted to the Data
Processing Unit.

The Data Processing Unit (DPU, Bubenhagen et al., 2013; Fiethe et al.,
2007, 2012), illustrated in fig. 3.15, consists of the following processing com-
ponents:

1. a Leon-3FT System Controller Microprocessor, responsible of decod-
ing telecommands, system command, and telemetry packaging,

2. two Xilinx Virtex-4 Reconfigurable Field Programmable Gate Arrays
(RFPGA-s), which are reconfigured for various functions in flight dur-
ing data processing (see also Lange, 2020; Lange et al., 2017),

3. aMicrosemi RTAX System Supervisor Field Programmable GateArray
(FPGA), which is radiation hardened and has a triple modular redun-
dant design, supervising the dynamic reconfiguration of the system.
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Figure 3.14. The SO/PHI spectrometric filter profile. The red line shows the
solar spectrum in the vicinity of SO/PHI’s working wavelength (see Neckel
and Labs, 1984). The yellow line shows the profile of the order sorting
prefilter (∆λOSPF denoting its full width at half maximum), while the blue
lines show the tunable filter profiles (∆λFWHM denoting its full width at
half maximum). The FSR denotes the free spectral range between the peaks
of the tunable filter. Figure adapted from Solanki et al., 2020.

Figure 3.15. Main components of the SO/PHI Data Processing Unit (DPU).
The green elements show the processing units, while the orange ones show
the memory elements. Figure adapted from Albert et al., 2020b.
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The DPU is complemented with a large non-volatile storage (512 GiB) for
storing data at the instrument level. The microprocessor is equipped with
256 MiB processing memory, while one of the RFPGA-s is assisted with a 1
GiB processing memory in the image processing.

SO/PHI operations

Solar Orbiter implements an off-line commanding strategy, which means
that all instrument commands must be defined before operations begin,
in an iterative process. The commands are refined at various time scales,
starting 6 months in advance, and finally specifying the commands 2 weeks
prior to observations. This iterative process allows for coordination be-
tween the various instruments. Occasionally, short-termpointing decisions
are made with as little as 3 days in advance, however these are only affecting
the spacecraft attitude. This opportunity is given to be able to react to the
unpredictable and dynamic solar scene. The operational constraints of the
spacecraft require knowledge of the power requirements, telemetry needs,
and Electromagnetic Compatibility (EMC) budget at the time of planning.
This eliminates the possibility of autonomous on-board decision-making
regarding instrument operations.

Many of the SO/PHI observations are placed at strategic points in each
orbit. At these times of interest, the instrument can be operated within a
handful of standard operation modes, observing time series at various ca-
dences and for various time lengths. These are complemented with regular,
single data sets of the full solar disc at a daily cadence. Observations and
calibrations and data processing are all planned in coordination. It is made
sure, that close condition calibration data is available for all the observa-
tions, and the science data sets are matched up with appropriate calibration
data by the ground operations team. Operations are supported by a lim-
ited amount of low-latency data (with a maximum latency of 24h), aiming to
provide an insight into the solar scene and assist with short-term decision-
making regarding pointing.

Besides the regular observations, engineering tasks are also carried out
regularly in the orbits. These times provide an opportunity to update and
test the firmware and software of the instrument, as well as opportunity
to perform other necessary engineering tests. Furthermore, there are also
windows for servicing activities, such as detector annealing, that is, the
heating up of the sensor to restore its state prior to the accumulated effects
of radiation.
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3.3. Science data reduction pipelines

3.3.1. Pipeline design
Data reduction is the process through which we transform raw observations
into data that is ready for scientific use. It involves the removal of the effect
of themediums through which light passes (e.g., effects of the telescope and
the instrument), as well as the elimination of data from sources outside of
the scope of the observations (e.g. traces of highly energetic particles on the
detector). This process consists of two main steps: first, determining the
calibration data, which defines how we can correct instrumental effects, and
second, applying this data to calibrate the science data sets. Additionally, data
reduction canmodify the data to better suit certain scientific purposes, such
as, pixel binning or averaging of data sets.
Understanding the required steps for data reduction, along with their

specific details, demands an understanding of both the instrument itself
and the scientific objectives of the data.
The data reduction approach is shaped by key questions:
1. Who are the users of the data?

a) Instrument team. During the prototype phase, data can undergo
varied processing tailored to current instrument development
needs. Standardised data pipelines may not be used.

b) Observers. Observers may be utilising data to aid subsequent
observations or analyse the data sets themselves. While a good
level of instrument knowledge is present, a readily available,
customisable pipeline is valuable for observers, as it reduces
effort and improves the documentation of the data analysis.

c) Scientific community. Broad user bases require standardised and
well-documented data reduction for consistent data quality. Ad-
vanced usersmay access intermediate data levels and source code
for added flexibility.

2. How much data is reduced?
a) Low data rate. Manual reduction suits short time series or infre-

quent observations. Data sets can be processed individually, or
in small batches, with the flexibility to specify various input files,
including the calibration data.

b) High data rate. Automation is crucial for data volumes that sur-
pass what can be treated individually. Such processing involves
minimal or no operator interaction, and it often includes the
automated selection of the correct calibration data, or the au-
tomatic initiation of the processing.
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3. How diverse is the data?
a) Unique. During instrument development, observations are often

performed with specific goals, and then each observationmay be
treated individually.

b) Various. Adaptable data reduction pipelines are necessary when
our data is from various targets, locations, or with varying data
quality. In such cases different methods may be necessary for
different data sets.

c) Comparable. Highly efficient data reduction is possible when data
sets exhibit little variation. Such systems, however, must include
robust Failure Detection, Isolation, and Recovery capabilities to
manage unexpected failures without significant disruptions to
the data reduction.

4. How is communication with the instrument established?
a) Direct. Ground-based observatories in accessible locations often

allow on-site operations and data processing. Alternatively, data
can also be transferred to off-site clusters.

b) Indirect. Data from distributed telescope arrays or remote loca-
tions, raises questions about where different parts of data reduc-
tion should occur. Transferring large data amounts is generally
feasible with the ever-developing ground infrastructure.

c) Limited. Balloon-borne, sounding rocket missions, and space
observatories face severe data transfer constraints. In the first
two cases, large storage can allow for full data access after the
recovery of the mission. In the case of deep space missions, the
data budget is often a very important limiting factor.

5. How much time is available for data reduction?
a) Post-observations. Data reduction timelines are flexible for many

branches of astronomy, prioritising high-quality results over
quick processing. As long as data remains relevant, the process-
ing may take months without significant consequences.

b) (Near) real time. Data can be time-critical when it is used immedi-
ately in decisions regarding observations or provided as a service,
such as space weather monitoring. Such cases demand dedi-
cated, quick-look data reduction pipelines, even if some accuracy
and fault tolerance are sacrificed for speed. Processing may also
be time-sensitive due to storage limitations, for example that the
processing of the current data set must be completed before the
next one is acquired. In such cases, pipelines are optimised for
speed, potentially trading off complexity and data quality tomeet
time requirements.
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3.3.2. State of the art in data reduction pipelines
We present a selection of the currently implemented data reduction
pipelines in table 3.7. These pipelines are designed to process scien-
tific data, offering a diverse range of implementations that exemplify the
key questions guiding their design, as discussed in section 3.3.1. It is impor-
tant to note that the categorisation presented here is qualitative, primarily
serving as an indicator of what can be expected from the bibliographic
references. The list is organised by the communication method with the
instrument.
Science data reduction pipelines are typically executed on large compu-

tational resources, such as computing clusters. Prior to the Solar Orbiter
mission, only three space science instruments were identified in the lit-
erature that performed scientific data reduction in orbit, utilising limited
computational resources. These instruments are the Ion Release Module
(IRM) on the Active Magnetospheric Particle Tracer Experiment (AMPTE),
the Rème Plasma Analyzer on the Giotto Halley’s Comet mission (see Cur-
tis et al., 1989 for both of these instruments) and the Michelson Doppler
Imager (MDI) on the Solar and Heliospheric Observatory (SOHO) (Scherrer
et al., 1995). In all three cases, this approach was implemented to minimise
the necessary data download and maximise the science return.
The AMPTE/IRM and the Giotto Halley’s Comet mission/Rème Plasma

Analyzer computed moments and calculated electron and ion pitch angle
distribution of the analysed plasma on-board. The data reduction was
carried out in real-time for both these instruments, with the time available
for calculations determined by the measurement cadence. To meet the
requirement with the available hardware, all operations were meticulously
accounted for and partially coded in Assembly language. These were early
attempts, during which the computing technology used dates back to the
period between 1979 and 1982. While they were partially successful, they
faced notable challenges, particularly concerning instrument calibration,
and did not set a precedent for similar approaches in the following years.
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In solar spectropolarimetry, the pioneer in on-board data processing was
SOHO/MDI. Due to telemetry limitations, it performs some initial data re-
duction steps before the telemetry downlink. Using arithmetic operations
and look-up tables, it calculates part of its data products on-board. This
process is supplemented by additional processing on the ground. Calibra-
tion data processing is also performed on the ground, and the results are
uploaded to the instrument for use in data reduction, resulting in a data re-
duction pipeline that is distributed between ground and on-board systems.
Despite the fact that it has been regarded as a successful approach, when
planning the successor instrument, the Helioseismic and Magnetic Imager
(HMI) for the Solar Dynamics Observatory (SDO), the advantages of the geo-
stationary orbit, with the ability to download all data for ground processing,
were considered significant (see Schou et al., 2012).

3.3.3. Data processing on-board SO/PHI
The on-board data processing capabilities of SO/PHI are significantly more
advanced than those implemented by similar instruments in the past. It
performs on-board instrument calibration, it applies calibration data on the
science data, it prepares the science data for the inversion of the Radiative
Transfer Equation (RTE), followed by the inversion process itself.

Motivation

One SO/PHI observation comprises 24 images (4 polarisation states at 6
wavelengths). Each image contains 2048× 2048 pixels and each pixel has 32
bits accuracy (in a 24.8 fixed point notation); therefore, one data set amounts
to 402MiB. Some usual observing programs require an observation every
minute for up to six hours.
Moreover, for spectropolarimetric measurements, it is crucial to accu-

rately determine the instrumental properties to avoid biases in the results.
Some of these properties depend heavily on the instrumental environment,
such as temperature. Given the highly elliptical orbits of Solar Orbiter (SO),
the environment experienced by SO/PHI changes significantly within each
orbit. Consequently, the classical approach of measuring several of these
properties on the ground before launch would not provide sufficient accu-
racy. Instead, theymust be determined from data collected in orbit, as close
to operating conditions as possible. These properties, determined in flight,
include the dark field of the sensor, the flat field of the instrument for both
the HRT and FDT telescopes, and the polarimetric cross-talk coefficients from
Stokes I to Q, U, and V, and Stokes V to Q and U.
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Solar Orbiter’s orbits, which are in resonance with Venus, result in con-
stantly changing distances to Earth, leading to fluctuations in the available
communication bandwidth. The guaranteed telemetry for SO/PHI is about
6GiB in each orbit. Although, in practice the telemetry is two to four times
the guaranteed amount, this would still only allow us to download less than
100 raw data sets in each orbit, a significant discrepancy from the desired
amount. This challenge is further compounded by the necessity for calibra-
tion data, which is also collected in orbit.

To address this challenge, we extended the on-board processing scheme.
The SO/PHI is characterised in flight through dedicated observations con-
ducted for this purpose. From these observations, we derive the calibration
data on-board, which is used to correct the raw science observables directly
in orbit. This on-board correction aims to eliminate the need for download-
ing calibration data, and prepares the data set for the inversion of the po-
larised RTE.The science data reduction pipeline produces the sought phys-
ical parameters: the three components of the magnetic field vector (magni-
tude, azimuth, and elevation), and the line of sight velocity, complemented
by the continuum total intensity image.

Overview of the processing

The SO/PHImust execute all on-board data reduction with a high degree of
autonomy. SolarOrbiter’s orbit design is such, that at times, the spacecraft is
behind the Sun from Earth’s point of view, providing an additional vantage
point for solar observations. However, this position interrupts communi-
cations for a few days time and increases data latency to up to six months.
These are periodswhen the instrument collects both science and calibration
data, necessitating the capability to execute all functions without operator
intervention. The data processing does not occur in real-time but during in-
tervals when the instrument is not actively observing. Therefore, in theory,
data processing could be limited to times when user interaction is possible;
however, it would both use valuable telemetry volume, and severely compli-
cate operations. Therefore, all data processing is implemented to execute
autonomously.

The on-board processing scheme generates various data products at its
different stages. The DPU initiates all data processing at the read-out stage
by accumulating multiple frames into a single image. These images are
acquired according to the commanded data acquisition scheme, scanning
the six wavelengths and four polarisation states, and are organised into a
data set, referred to as raw data set. These can be science data, or collected
for instrument calibration and characterisation with separate observation
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programs. The observed data sets are subsequently transferred to the non-
volatile memory, where they can be stored for later processing.
Any further processing can be executed at a later point in time, starting

by reading these data sets from the non-volatile memory. We have three
types of processing pipelines: (1) calculation of operational parameters, (2)
instrument characterisation, and (3) science data processing. For the cor-
rect functioning of SO/PHI, the operational parameters need to be deter-
mined. These are the optimal focus position, exposure time, and the correct
filtergraph voltages for the adequate sampling of the absorption line. Based
on data observed for this purpose, we calculate these parameters, and ap-
ply the necessary changes to the instrument, which must precede any other
observation. The calibration data processing routines determine the dark
and flat fields. Once they are determined, they are stored for later usage,
serving as input for the science data processing. The results of the science
data processing pipeline are also stored in the non-volatile memory, await-
ing a command that initiates their compression and packaging into telemetry
packets, and then their transfer to the spacecraft platform, from where they
will be transmitted to ground.
For the detailed description of SO/PHI’s on-board data processing sys-

tem, see Albert et al., 2018; Albert et al., 2020b; Albert et al., 2020a, presented
in appendices A to C. For details on the verification of the system, see Albert
et al., 2019; Albert et al., 2023a, shown in appendices D, and E. For the appli-
cation of the results from the on-board pipeline, see Albert et al., 2023b in
appendix F.





4. Conclusions and outlook

The Polarimetric and Helioseismic Imager on-board the Solar Orbiter
spacecraft is the first spectropolarimeter to fly on a deep space mission,
and as a pioneer, it has faced various challenges. One of these challenges is
the large discrepancy between the produced data volume, and the available
telemetry. To address this problem, we implemented full on-board data
reduction, including the inversion of the radiative transfer equation, done
for the very first time for a solar spectropolarimeter. This work presents the
design, implementation and verification of the high level software system
that performs the scientific data reduction.
The data reduction system of SO/PHI has successfully delivered physi-

cal parameters from orbit that could be used in studies of solar phenom-
ena. While the system works successfully, another significant upgrade is
currently underway to maximise the data quality it delivers. A consider-
able effort has been invested in understanding the behaviour of the data re-
ceived from SO/PHI, and in finding methods to further improve its quality.
Many of these procedures are well consolidated on ground, and can be in-
corporated into the on-board processing. This means, adding further data
processing steps both to the instrument characterisation and the science
data reduction pipelines. Another essential aspect to be investigated during
this period is the optimisation of the pipeline run-time to ensure that the
planned increase of complexity does not delay data processing beyond the
available time.
SO/PHI’s data on-board processing system represents a new step in the

context of on-board processing of scientific data. While its implementation
presented a significant effort, its success demonstrates the viability of this
option for future instruments. As an example, the Photospheric Magnetic
Field Imager (PMI) on-board the Vigil mission (see Staub et al., 2020), cur-
rently in implementation, is facing similar challenges as SO/PHI did due
to the limited telemetry volumes. The PMI implements a similar approach,
basing its processing scheme on that implemented for SO/PHI, with the
increased requirement for near real-time results. In a different application,
the eXTP mission, that is an X-ray astronomical observatory in develop-
ment, also opted for on-board processing to maximise data rate for two of
their instruments (see Xiong et al., 2022). The aforementioned instruments
are by far not unique in facing severe telemetry limitations, and the process-
ing of the science observations on-board can be a powerful tool to enable
missions and instruments that would not be feasible otherwise.
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A. Report on the design and
implementation efforts of the
data processing pipeline

In our contribution to the Society of Photo-Optical Instrumentation En-
gineers (SPIE) conference for Astronomical Telescopes + Instrumentation
in 2018, titled ”Autonomous on-board data processing and instrument cal-
ibration software for the SO/PHI” (see Albert et al., 2018), we presented the
design of the software, emphasizing its key features and considerations. We
showcased the current state of the pipeline and demonstrated its capabili-
ties by processing data acquired by the SDO/HMI instrument, adjusted to
represent SO/PHI observations.
Contributions to the publication: K. Albert took a primary role in the

design of the data reduction software, collaborating closely with the teams
that worked on the lower level software and firmware on the one end, and
the instrument science team, on the other end. She prepared and analysed
the data, and prepared the manuscript.
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ABSTRACT

The extension of on-board data processing capabilities is an attractive option to reduce telemetry for scientific
instruments on deep space missions. The challenges that this presents, however, require a comprehensive software
system, which operates on the limited resources a data processing unit in space allows.
We implemented such a system for the Polarimetric and Helioseismic Imager (PHI) on-board the Solar Orbiter
(SO) spacecraft. It ensures autonomous operation to handle long command-response times, easy changing of the
processes after new lessons have been learned and meticulous book-keeping of all operations to ensure scientific
accuracy. This contribution presents the requirements and main aspects of the software implementation, followed
by an example of a task implemented in the software frame, and results from running it on SO/PHI.
The presented example shows that the different parts of the software framework work well together, and that
the system processes data as we expect. The flexibility of the framework makes it possible to use it as a baseline
for future applications with similar needs and limitations as SO/PHI.

1. INTRODUCTION

Many state of the art scientific space instruments produce more data than what is possible to download to
ground. This discrepancy is especially significant when, due to the orbit design, the mission can only ensure
a low amount of telemetry. One way to reduce the necessary telemetry is to extend the on-board processing
capabilities of the instrument.
This strategy is adapted for the Polarimetric and Helioseismic Imager (PHI).1 PHI is the first imaging solar spec-
tropolarimeter on-board a deep space mission: the Solar Orbiter (SO). It will image the solar photosphere in the
light of the Fe I 617.3 nm absorption line, at six wavelengths and in four polarisation states of light. This spectral
line is sensitive to the magnetic field (through the Zeeman effect) and to the line of sight (LOS) velocities in the
photosphere (due to the Doppler effect). Through the measurements described we can determine characteristics
of the magnetic field and the LOS velocity at the average of the formation height for the absorption line. To
retrieve these quantities the polarised radiative transfer equation (RTE) must be inverted.2

SO/PHI implements on-board autonomous instrument calibration and on-board autonomous science data anal-
ysis including RTE inversion. This means that the calibration data can be directly applied on-board to the
science observables without adding to the telemetry volume. Therefore the necessary telemetry is reduced to
the continuum intensity, the magnetic field vector and the LOS velocity instead of the raw science observables.

Further author information: (Send correspondence to K.A.)
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Figure 1: The data processing of SO/PHI is distributed between a Leon-3FT microprocessor and Xilinx Virtex-4
RFPGAs. These units are aided by memories of different capacities. Data is stored in the non-volatile memory.

These functions are implemented for the first time on this type of instrument with the limited computational re-
sources a space instrument offers. Comparable systems have been implemented on the AMPTE IRM 3D Plasma
Instrument, the Giotto RPA Experiment3 and the SOHO/MDI.4 However, all these cases are considerably more
limited in capability than the system implemented for SO/PHI.
The hardware available for data processing5,6 integrates a system controller microprocessor, a system supervisor
Field Programmable Gate Array (FPGA), and two dynamically reconfigurable FPGAs (RFPGAs). See fig. 1.
The processing is aided with a 1 GiB processing memory connected to one of the RFPGAs, and a much smaller,
256 MiB memory connected to the microprocessor, of which only a part is available for image processing. A
non-volatile storage of 512 GiB is available for storing data in the instrument. The in flight reconfigurability of
the two Xilinx FPGAs enables us to take a time-sharing approach, saving volume, mass and energy.
SO/PHI captures science images during dedicated observation windows along the orbits, each lasting for 10 days.
An in-orbit calibration campaign is associated with each observation window with the aim of characterising the
instrument in the observational conditions. The data processing is done after the observation window, using
the data collected in the calibration campaign. The planning of the operations and the data processing is done
together and on long term, well ahead of the time of their execution. This includes the specification of all input
and output addresses, as well as the selection of the correct calibration data for the reduction of the dataset.
In the following we describe the software frame for the on-board data calibration and on-board data pre-processing
steps performed before the inversion of the RTE.

2. REQUIREMENTS OF THE DATA PROCESSING SYSTEM

The data processing system of SO/PHI performs three different tasks. It:

• determines the optimal operational parameters for the instrument (e.g. focus position) from dedicated
datasets, refining the result in a second observation,

• calculates the calibration data from datasets obtained during dedicated observations,
• processes the raw science observables by removing the instrumental effects, inverting the RTE and com-

pressing the data.

The processing tasks involve computationally demanding image processing steps. To shorten run time, these
functions are implemented in one of the two RFPGAs. However, a back-up solution, implemented in the micro-
processor is also required to facilitate early testing during development, as well as to contribute to fault tolerance.
This results in the need of ensuring that the same task can run on two platforms with different amount of pro-
cessing memory.
To reduce the implementation complexity of the RFPGA functions, a fixed point notation has been adapted for
the processing system. To maintain the requirements for scientific accuracy the images are rescaled before the
processing steps are applied to them.
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Due to the novelty of the mission a number of questions related to the data processing steps may only be an-
swered after first light. This requires the possibility for easy changes in the task implementations.
Due to the autonomous execution and no access to the intermediate results, the only record of the operations is
kept in a processing log file, as part of the metadata of each dataset. The metadata recording therefore must be
integral and secure, as well as provide data that facilitates error search and improvement of the algorithms.

3. IMPLEMENTATION OF THE DATA PROCESSING SYSTEM

We take a unified approach to the tasks, implementing them in the form of pipelines. A pipeline is defined to
be a series of operations executed on the same target (a dataset or a subset of a dataset). All pipelines start
with loading the target from the non-volatile memory into the processing memory, and end by either storing the
result dataset in the non-volatile memory, or by returning a calculated parameter.
To implement the computationally demanding functions on the RFPGAs we define several FPGA configurations,
each of them containing dedicated hardware logic that implements parts of the on-board processing (e.g. RTE
inversion, or a group of different image processing functions), and load them into the RFPGAs as needed.7

To fulfil the requirement on easily changing the pipelines a block approach is taken. The blocks access the image
processing functions running on the RFPGAs, or the microprocessor in back-up implementation, and combine
them into useful steps. To facilitate changing their order, they have a unified interface. Within the pipeline all
blocks have the same target, loaded as the first step of the pipeline into the processing memory. The blocks
ensure that the target at their interface is scaled to be represented on the maximum number of available bits.
All blocks may load additional data necessary for the processing steps, which are discarded at their termination.
Each block must also determine the dataset history, to facilitate their free ordering. The parameters necessary
for this are not passed as variables in-between the blocks, instead they are transferred through the metadata.
All blocks are executed sequentially, and a pipeline is manipulating the target only through blocks.
Due to the requirement on executing the pipeline both with and without the RFPGAs, the pipeline must run
with different amounts of processing memory. In the back-up solution, the memory cannot hold a full dataset.
Therefore, the pipeline is parametrised and can be configured to run on a subset of the full dataset. In many
steps the pipeline needs one image of the dataset. However, there are exceptions in which corresponding pixels
from multiple images are necessary. Consequently, we split the pipeline into an image linear and image parallel
part, each running on a part of the full dataset: a number of images or a number of rows from all images.
Error handling is done with two error levels: errors and warnings, based on their severity. Errors interrupt the
processing, while warnings are checked on ground to evaluate the correctness of the results. Both are marked in
the return value of all operations, blocks and pipelines. In order to log multiple warnings and errors detected,
the return values are defined as bit masks.
The metadata of a dataset contains all relevant information and is recorded at different times: at image acquisi-
tion, and at data processing. The information is organised by entries, containing parameters that form a logical
unit (e.g. the return value and parameters of the image processing functions), and the metadata file is treated
as a log.

4. EXAMPLE PIPELINE AND ITS RUN

To demonstrate how the system works, we take an example of a science data pre-processing pipeline, consisting
of 3 steps: dark field subtraction, flat field division, and polarimetric demodulation. This is the minimum that
is needed for pre-processing, and would be followed by RTE inversion for full on-board analysis.
Each step becomes a block, and the whole pipeline is split into the image linear and image parallel part. Each
of these starts with the loading of the target dataset, and ends with the storage of the result (see fig. 2). Each
block scales the datasets to adapt to the defined scaling interface between them, and to calculate the results at
the required accuracy. The blocks also check the history of the target dataset and adapt the calibration data
applied to them. Additional verifications generate warnings to determine possible problem-sources on ground.
Each pipeline is inside a loop and is executed the number of times necessary to process the whole dataset, when
this is split into sub-parts.
The input data for the demonstration is generated from images taken by the SDO/HMI instrument,9 transformed
into Stokes images with the SO/PHI instrument simulator, SOPHISM.8 See fig. 3a to 3d.
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Verify: pipeline input parameters

Load (ID, target address, ni)

If scale factor 1 0 1:

Multiply (target address, scale factor 1)

Write metadata Block 1:
Load target

Load (ID, dark address)

Verify: dark field correctness

Verify: int. time target - int. time dark < th

If target was cropped:

Crop (dark address, SX, EX, SY, EY)

Multiply (dark address, scale factor 1)

Subtract (target address[i], dark address), O x ni

Write metadata Block 2:
Correct dark

Load (ID, flat address, ni)

Verify: flat field is correct

Verify: int. time target - int. time flat < th
& focus target - focus flat < th:

If target was cropped:

Crop (flat address, SX, EX, SY, EY)

Divide (target address[i], flat address[i]), f x ni

Multiply (target address, scale factor 2)

Write metadata Block 3:
Correct flat

If scale factor 3 0 1:

Multiply (target address, scale factor 3)

Write (target address, ID, ni)

Write metadata Block 4:
Write target

Write metadata x nl, Pipeline 1 a:
Image linear part

Verify: pipeline input parameters

Load (ID, target address, SX, EX, SY, EY)

If scale factor 4 0 1:

Multiply (target address, scale factor 4)

Write metadata Block 1:
Load target

Load (ID, DM address, SX, EX, SY, EY)

If target bin factor 0 0:

1

Bin (DM address, target bin factor)

If target was cropped:

Crop (DM address, SX, EX, SY, EY)

Multiply (target address, scale factor 5)

Mult. matr. (target a.[i:j], DM a.[i:j]), 0xnA

Multiply (target address, scale factor 6)

Write metadata Block 2:
Pol. dem.

If scale factor 7 0 1:

Multiply (target address, scale factor 6)

Write (target address, ID, ni)

Write metadata Block 3:
Write target

Write metadata f x np, Pipeline lb:
Image parallel part

(a) Image linear part. (b) Image parallel part.

Figure 2: Example science data processing pipeline. In (a): the parameter ni denotes the number of images
processed at a given time, while nl is the number of times the image linear portion of the pipeline has to run to
process the whole dataset. In (b): nλ denotes the number of wavelengths processed at a given time, while np
denotes the iterations of the image parallel part of the pipeline necessary for the full processing of the dataset.
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Figure 3: Test dataset at line centre. (a) - (d): Stokes images from SOPHISM.8 (e) - (h): Input to the pipeline,
Stokes images modified according to eq. (1). The input images show the dark field (the stripes), and the flat
field (smudges and dust grains). These effects are compensated by applying the calibration data shown in fig. 4,
then demodulated to arrive at the Stokes images once again.

(a) Dark field. (b) Flat field.

(c) DM Uniformity across FOV.

Figure 4: The calibration data used in the test run is recorded in the laboratory. (a): The dark field shows
the characteristic sensor pattern: four distinct vertical stripes and row-to-row horizontal variations. (b): The
flat field used in the tests is the same for all wavelengths and modulation states. (c): The variation of the 4×4
demodulation matrix elements across the FOV, treated as a dataset of 16 images.
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Figure 5: Result dataset at line centre. (a) - (d): Input images corrected for the effects of dark and flat field. (e)
- (h): Result of the demodulation of the images in fig. 5a to 5d. (i) - (l): The difference after demodulation when
executing the pipeline in floating point representation on a desktop, and executing it in fixed point representation
on SO/PHI. The differences occur inside the solar disk in form of quantisation noise. (The units are in fixed
point DN-s.)
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Table 1: The metadata from the image linear pipeline portion shows all executed blocks, ending with the entry
by the pipeline. Parameter 1 shows the ID of the Target Dataset (TD), Dark Field (DF), Flat Field (FF) and
Result Dataset (RD). The dataset is processed in the RFPGA, treating all 24 images (see image start (S) and
end (E)), and the full field of view (see row and column start (S) and end (E)) at once. The flat correction block
generates a warning about produced NaN-s, which is also shown in the pipeline return.

Return value Function ID param. 1 param. 2 image S image E row S row E col. S col. E

Correct Load TD ID 0 0 23 0 2047 0 2047

Correct Correct Dark DF ID 0 0 23 0 2047 0 2047

W: NaNs Correct Flat FF ID 0 0 23 0 2047 0 2047

Correct Store RD ID 0 0 23 0 2047 0 2047

W: NaNs Linear ppln. RD ID 0 0 23 0 2047 0 2047

These images are further manipulated to represent the raw observables, according to the following equation:

I input
λ (x, y) = c1c2[M(x, y) · IStokes

λ (x, y)]IFlat(x, y) + IDark(x, y), (1)

where ”·” stands for matrix multiplication, λ denotes the wavelength, x and y denote the image row and column
size, I input

λ is the created test dataset, a 1×4 matrix of images at 6 different wavelengths, IStokes
λ is the 1×4 matrix

of Stokes images created with SOPHISM at 6 wavelengths, which can be expressed for any of the wavelengths
as:

IStokes = [I,Q, U, V ]T ,

M is the instrument Modulation Matrix, a 4×4 matrix of images, describing how the instrument transforms the
sought Stokes images into practically measurable light levels for each pixel of its field of view (FOV), applied for
all wavelengths, c1 is the constant that scales the normalised images to represent the number of incident photons
in 20 ms exposure time, c2 is the constant that converts the pixels from number of photons accumulated on the
detector to Digital Numbers (DN-s), IFlat is one image, the normalised flat field of the telescope, applied to all
wavelengths and polarisation states, and IDark is the dark field image of the sensor at 20 ms integration time in
DN-s, the same for all wavelengths and polarisation states.
The pipeline removes the dark field and the flat field from the input images, then demodulates them to arrive to
the Stokes images. The calibration data applied by the pipeline is recorded in the laboratory, using the SO/PHI
Flight Model (see fig. 4). The dark field is the offset of the image detector, while the flat field shows the gain
variations across the FOV caused by the optics. The Demodulation Matrix is the inverse of the Modulation
Matrix used in eq. (1). The test is run on a model of SO/PHI, which is representative in its data processing
unit.
We compare the output of the pipeline run on SO/PHI to results produced on the desktop with floating point
calculations on the same input data. We expect these to give similar results with differences within an error
margin, coming from the pixel quantisation in fixed point notation. The differences are as we expect them,
appearing as quantisation noise over the solar disk. The standard deviation of the differences is 0.05% for the
Stokes I/Ir image, and 6%, 5.3% and 1.8% for Q/Qr, U/Ur and V/Vr, respectively, where Ir, Qr, Ur and Vr
denote the resulting Stokes images from the reference pipeline. The polarimetric errors coming from the fixed
point representation are 0.017%, 0.015% and 0.016% for Q/Ic, U/Ic and V/Ic, respectively, where Ic is the Stokes
I at continuum wavelength. These values are within the SO/PHI scientific requirements, and may be further
optimised by adjusting the scaling parameters.
The metadata entries, recorded to summarise the blocks and pipelines executed on the dataset, contain their ID,
given parameters and return values. See table 1. To keep a complete record, in addition to these, entries from
other sources are also logged (e.g. entries from the image processing operations, or describing the dataset).
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5. CONCLUSIONS

SO/PHI is the first solar imaging spectropolarimeter to perform autonomous on-board instrument calibration
and autonomous data reduction. The data processing involved with these tasks is implemented in a software
framework distributed between a microprocessor and two RFPGAs. The microprocessor controls the RFPGAs,
which implement functions with long computational times to accelerate them (e.g. image processing functions).
The framework is designed to ensure the implementation of a large variety of algorithms, and their easy modifi-
cation when necessary, while operating with limited memory resources. To ensure that the autonomous process
can be fully recovered on ground, a metadata log is kept about all operations performed, their parameters and
return values. A warning system is implemented for supporting the scientists on ground to find possible errors
in the processing. The presented results demonstrate the integrity of the system and its ability to process the
data.
The data processing software frame has the following key features:

• block approach,
• pipeline implementation of tasks,
• parametrised pipelines for processing data in sub-sets,
• wide error detection and handling,
• a system for maintaining required accuracy during fixed point operations,
• extensive metadata logging.

The software system was developed for the specific needs of the SO/PHI instrument on-board the Solar Orbiter,
to cope with the telemetry limitations. However, due to the adaptability of the system, it is planned to serve
as basis for on-board data processing systems for future instruments in similarly challenging orbits. A more
detailed description of the SO/PHI data processing system will be given in a paper currently in preparation.
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B. Details of the data processing
pipeline

In the peer-reviewed publication titled ”Autonomous on-board data pro-
cessing and instrument calibration software for the Polarimetric andHelio-
seismic Imager on-board the Solar Orbitermission” (see Albert et al., 2020b),
we provided an in-depth description of the software system responsible for
processing SO/PHI data. This publication builds upon our earlier work in
Albert et al., 2018, presenting a consolidated design and a data processing
pipeline encompassing all essential functionalities. We aimed to provide a
reference for the scientific community, describing the process from the raw
to the science-ready data. Moreover, we also aimed to introduce the sys-
tem’s design to the engineering community, offering insights into on-board
processing options and potential solutions. The publication details the re-
quirements of the on-board data processing system, the strategies used to
meet these requirements, and the trade-offs made in the process. Addition-
ally, we demonstrated the system’s efficiency by analysing the time taken
to process data, and additional insights are offered by a look at the corre-
sponding CPU load during the process.
Contributions to the publication: K. Albert took the main role in design-

ing the data reduction software, which can work with the lower software
and firmware levels, and fulfils the scientific requirements. She designed
the main features of the data reduction system, such as, the block approach,
the interfaces between the blocks, the structure of the metadata, the error-
handling concept, and the data precision management with the fixed point
number representation. She also worked together with the firmware team
to define the necessary functionalities, their requirements, and worked on
the high level validation of the firmware. She also worked on the imple-
mentation and testing of the data reduction software, as an integral part of
a three-member team. She prepared the test data, implemented the timing
measurements in the data reduction pipeline, ran the data processing, and
analysed the results. She also prepared the manuscript.
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Abstract. A frequent problem arising for deep space missions is the discrepancy between the
amount of data desired to be transmitted to the ground and the available telemetry bandwidth.
A part of these data consists of scientific observations, being complemented by calibration data
to help remove instrumental effects. We present our solution for this discrepancy, implemented
for the Polarimetric and Helioseismic Imager on-board the Solar Orbiter mission, the first solar
spectropolarimeter in deep space. We implemented an on-board data reduction system that proc-
esses calibration data, applies them to the raw science observables, and derives science-ready
physical parameters. This process reduces the raw data for a single measurement from 24 images
to five, thus reducing the amount of downlinked data, and in addition, renders the transmission
of the calibration data unnecessary. Both these on-board actions are completed autonomously.
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1 Introduction

Today’s space missions are progressing in ambition and complexity, and the state-of-the-art
instrumentation that they carry can produce vast amounts of data. This is especially true for
remote sensing instruments, often producing multi-dimensional, high-resolution data products.
In addition to that, the required precision and orbits with highly variable environments often
require calibration data to be acquired on board as well. However, all raw observables and cal-
ibration data often cannot be transmitted to the ground due to low amounts of telemetry, espe-
cially in the case of deep space missions. These can, however, be processed on-board to result in
calibrated, science-ready data that are more compact, hence increasing the science return of the
mission. This processing often requires a high degree of autonomy, due to the limited telemetry
and telecommand, which sometimes is also paired with long turnaround times.
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Solar Orbiter1 (SO) is a mission for helioscience. It will follow unique, highly elliptical orbits
around the Sun, with the closest approach at 0.28 astronomical units, and it will move out of the
ecliptic plane during its lifetime to reach an inclination of 33° (including the extended mission
phase). This provides a view of the polar regions of the Sun. To achieve the science goals, the
spacecraft will carry a suite of four in-situ and six remote sensing instruments.

The Polarimetric and Helioseismic Imager2 (SO/PHI) is part of the remote sensing package.
It is a spectropolarimeter imaging the solar photosphere in the light of the Fe I 617.3-nm Zeeman
sensitive absorption line. It takes images of the Sun in four polarization states of the light at
six different wavelengths. Due to the Zeeman and Doppler effects, these observables carry infor-
mation about the magnetic field vector and the flow velocities at the formation region of the
spectral line in the solar atmosphere. Through the inversion of the radiative transfer equation
(RTE), the magnetic field vector and the line of sight (LOS) velocity can be determined.3

SO/PHI is the first imaging spectropolarimeter to fly on a deep space mission, facing unprec-
edented challenges. It has an extremely low amount of guaranteed telemetry, it will see highly
variable environment (especially large changes of temperature and radiation), and experience
long command-response turnaround times. To cope with these restrictions, unprecedented for this
type of instrument, SO/PHI implements autonomous on-board data reduction and autonomous
on-board instrument calibration. The on-board data reduction consists of data pre-processing, i.e.,
the removal of instrumental effects and the inversion of the RTE4–6). The on-board instrument
calibration includes both the characterization of the instrument (i.e., calculation of the flat and
dark field) and the determination of the optimal operational parameters (e.g., integration time).

In the domain of on-board data processing, we most often find cases for data characterization:
data are sorted into different categories, or they identify features, such as ice or clouds.7–9 In these
cases, the necessary accuracy is determined by the algorithms used, without the goal of produc-
ing data for further scientific analysis, posing a different set of challenges. There are few prece-
dents for scientific on-board data analysis. The Active Magnetospheric Particle Tracer Explorers
Ion Release Module 3D Plasma Instrument and the Giotto RPA Experiment, three decades ago,
computed moments of the distribution function and calculated pitch angle distribution on-board
to minimize telemetry.10 The reduction was done in real time for both these instruments, with
severe resource limitations compared to today’s state of the art, therefore the efforts were mainly
concentrated on meeting the timing requirements. The solar wind analyzer on-board the SO
calculates the moments of particle velocity distribution functions on-board through look-up-
tables and implements an intelligent telemetry management system to meet the limitations set
by the mission.11 Another instrument, more comparable to SO/PHI, also implementing on-board
data processing, is the Michelson Doppler Imager on-board the Solar and Heliospheric
Observatory.12 Due to telemetry limitations, it performs some of the initial steps of the data
reduction prior to data downlink. It uses arithmetic operations and look-up-tables to calculate
part of the observables, complemented by additional processing and calibration on ground.
Instrumental effects are entirely determined on ground and uploaded to the instrument to be
used in the data processing.

Typical calibration of an imaging spectropolarimeter13–15 is based on extensive ground mea-
surements. However, the precise calibration parameters (e.g., gain tables, dark current levels, and
instrumental polarization parameters) are expected to change during the lifetime of most instru-
ments, therefore calibration data are collected regularly. The calibration images are then analyzed
and processed by the scientists operating the instrument on ground. The highly elliptical orbits of
the SO mission introduce changes in several of the instrumental properties due to their temper-
ature dependence (especially strong for the dark and the flat fields) and brings challenges due to
changing Doppler shift and image scales. These dynamic changes render ground measurements
insufficient and requires SO/PHI to collect calibration data from orbit as close to observational
conditions as possible. To avoid the download of these data, SO/PHI processes them on-board,
autonomously.

SO/PHI’s data processing software is a first in multiple aspects. It implements complete
autonomous on-board processing for spectropolarimetric solar data from the instrument char-
acterization to the calculation of the final science data products using the inversion of the RTE.
These steps distribute their calculations between hardware and software and are integrated seam-
lessly into a software framework, which runs on the SO/PHI data processing unit (DPU) with
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limited computational resources. As the system’s objective is to reduce data volume and increase
science return, intermediate data products in nominal operations will not be available. Therefore,
the robustness of the software is essential.

2 The SO/PHI Instrument

To provide an overview of the SO/PHI instrument, we describe its working principle, the avail-
able hardware for data processing and its operation concept.

2.1 Instrument Principle

SO/PHI images the Sun with two different optical paths.16 One of the paths images the full solar
disk at any point along the orbit, called the full disk telescope [with a 2° field of view (FOV)],
while the other collects data with high spatial resolution, named the high-resolution telescope
(HRT, with a 0.28° FOV).17 The optical path of the HRT is additionally equipped with an image
stabilization system, consisting of a correlation tracker camera and a tip-tilt mirror. Each optical
path has its polarization modulation package, containing nematic liquid crystal variable retarders
and a linear polarizer, to transform the polarization signals into intensity levels.18 Both paths
scan the photospheric line through a common narrow-band tunable filter system.2,19 Finally, they
lead to the common focal plane assembly (FPA), where the images are recorded on 2048 ×
2048 pixels by a custom-built active pixel sensor (also referred to as CMOS sensor). Both aper-
tures penetrate the heat shield of the spacecraft and are protected by a heat rejection entrance
window, which filters out all spectral components of the solar light outside of a 30-nm passband
around the observed absorption line.

A science data set recorded by SO/PHI can be described by the following equation:

EQ-TARGET;temp:intralink-;e001;116;428Iobs:m ðλ; x; yÞ ¼
��

c
X4
p¼1

Mmpðλ; x; yÞSpðλ; x; yÞ
�
� Amðλ; x; yÞ

�
Iflatm ðλ; x; yÞ þ Idarkðx; yÞ; (1)

where “*” stands for convolution. The indicesm and p run over the four polarimetric modulation
states, λ denotes the wavelength, and x and y are the spatial image coordinates in pixels. Iobs: is
the recorded data set, a four element vector of images at six different wavelengths, while S is a
four element vector (Stokes vector) which describes the polarimetric state of the incoming
sunlight20 and which can be expressed as

EQ-TARGET;temp:intralink-;sec2.1;116;315Sðλ; x; yÞ ¼

2
6664

Iðλ; x; yÞ
Qðλ; x; yÞ
Uðλ; x; yÞ
Vðλ; x; yÞ

3
7775:

M is the polarimetric modulation matrix, a 4 × 4 matrix of images, describing how the instru-
ment transforms the polarization degrees of incoming sunlight into practically measurable light
levels (intensities) for each pixel of its FOV, A are optical aberrations SO/PHI introduces, Iflat are
the flat fields (gain tables) of the telescope, depending both on wavelength and polarization states,
c is a constant gain factor that converts the pixels from number of photons accumulated on the
detector to digital numbers (DN-s), and Idark is the dark field of the sensor in DN-s, the same for
all wavelengths and polarization states. For further details on solar spectropolarimetry see Ref. 3.

2.2 Data Processing Hardware

All data processing in SO/PHI is implemented in the DPU,21–23 see Fig. 1. The DPU integrates a
Leon-3FT microprocessor inside a GR712RC as central processing unit (CPU) which is a radi-
ation-hardened processor by Gaisler, a Microsemi RTAX field-programmable gate array (FPGA)
and two static random-access memory-based Xilinx Virtex-4 FPGAs, communicating through a
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SoCWire24,25 network. The microprocessor is designated as the system controller, running the
Real-Time Executive for Multiprocessor Systems26 operating system, in version 4.10, implement-
ing communications with the spacecraft, controlling image processing and memory transfers. The
Microsemi FPGA is radiation hardened, and it implements the essential functions for the instru-
ment (e.g., communication interfaces). It also acts as the system supervisor for the configuration
of the reconfigurable Xilinx Virtex-4 FPGAs (RFPGAs) that are reconfigured dynamically during
processing. The RFPGAs are used for data processing, compression, data accumulation and
image stabilization in a time-sharing approach, saving volume, mass, and energy.

The memory budget of the DPU consists of memories aiding processing and non-volatile
memory facilitating storage. A 256-MiB memory is attached to the system controller, of which
128 MiB are available to use for image processing. A 1-GiB fast synchronous dynamic random-
access memory (SDRAM) supports the RFPGA designated for data pre-processing. A 512-GiB
non-volatile NAND-Flash image data storage is available for storing the raw images awaiting
processing, and the final products waiting for the last steps performed by the instrument: com-
pression, packaging of telemetry packets, and transmission to the spacecraft platform.

2.3 Instrument Operations

SO implements an off-line commanding strategy. This strategy places the outline of commands
and the establishment of final command parameters ahead of operations. They are defined in an
iterative process, in a time frame of seven months to one week prior to their execution.
Nominally, SO/PHI acquires data during three observation windows along one orbit, each of
these windows lasting for 10 days. These windows are placed at special points of interests: clos-
est approach and maximum and minimum solar latitude. There is a calibration campaign asso-
ciated with each observation window, and a dedicated data processing campaign, taking place
after the observations, and may last for the rest of the orbit. The operational constraints of the
spacecraft require SO/PHI to anticipate its power, produced telemetry, electromagnetic compat-
ibility, and time budget for all its operations. Consequently, all operations are planned and com-
manded from ground without autonomous decisions regarding the processing steps.

3 Requirements of the Data Processing System

The data processing system of SO/PHI is required to perform three different functionalities:
process the raw science observables, calculate the calibration data from dedicated observations,
and determine the optimal operational parameters for observations.

Microsemi RTAX

FPGA

System Supervisor

Leon-3FT

Microprocessor

System Controller

RAM #1
(256 MiB)

Non-volatile storage
(512 GiB)

Xilinx Virtex-4

FPGA

In-flight reconfig. #1

Xilinx Virtex-4

FPGA

In-flight reconfig. #2

RAM #2
(1GiB)

Fig. 1 The data processing of SO/PHI is performed on the DPU hardware. It runs distributed
between a Leon-3FT microprocessor and two Xilinx Virtex-4 FPGAs. These processing units are
aided by memories of different capacities. For long term data storage, a large capacity non-volatile
memory is available.
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A typical science data processing pipeline for a spectropolarimeter is composed of pre-
processing, the inversion of the RTE, and compression (see Fig. 2). The main aim of the
pre-processing is to remove instrumental effects that appear in the recorded images [see Eq. (1)].
To achieve this in the simplest case, the following equations are applied:

EQ-TARGET;temp:intralink-;e002;116;687Icorr:m ðλ; x; yÞ ¼ ½Iobs:m ðλ; x; yÞ − Idarkðx; yÞ�∕Iflatðx; yÞ; (2)

EQ-TARGET;temp:intralink-;e003;116;644Spðλ; x; yÞ ¼
X4
m¼1

Dpmðx; yÞIcorr:m ðλ; x; yÞ; (3)

where D is the demodulation matrix, expressed as

EQ-TARGET;temp:intralink-;e004;116;603Dðλ; x; yÞ ¼ Mðλ; x; yÞ−1: (4)

During pre-processing, we consider the term A (optical aberrations) negligible, and the
dependence of D on λ, and the dependence of Iflat on λ and p [see Eq. (1)]. The pipeline, how-
ever, must be able to correct the images without the simplifications as well, if found necessary in
the future. This implies adding a number of optional steps. In addition, we know, based on
experience that D usually deviates slightly from the real polarimetric behavior of the instrument.
Therefore, further corrections are applied to remove the so-called cross-talks3 (linear depend-
encies between the Stokes images). Furthermore, we may bin or crop the data sets to discard
unused FOV (e.g., a full disk image not filling the entire detector) and to balance the downlink
capabilities with the requirements of different science cases.

The implemented RTE inversion method is based on the Milne–Eddington approximation.27

It is an iterative process, operating on all the 24 images at once, pixel by pixel. We shorten its
run-time by estimating the starting conditions for the inversion through numerical calculations,

Image Acquisition

Dark Field Correction

Flat Field Correction

Impaired pixels detection Binning Cropping ...

Correction of PSF
Correction for interference fringes

and other effects
...

Polarisation
demodulation

Cross-talk correction

Classical estimates
and RTE inversion

Compression

Data processing pipeline

Data pre-processing pipeline

Primary processing

Deconvolution

Basic steps

Optional steps

Fig. 2 The on-board science data processing on SO/PHI follows the typical ground processing
used for spectropolarimeters. It consists of mandatory (basic, shaded green in the figure) and
optional steps (shaded light gray). Some of the optional steps will be used in specific science
cases, for others we decide during instrument commissioning whether they are necessary.
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called classical estimates.20,28,29 The final step is the compression of the resulting images with the
Consultative Committee for Space Data Systems (CCSDS), CCSDS 122.0-B-1 algorithm, which
only takes place before download.30 This compression is only applied on the images, compres-
sion of metadata is possible with Zlib’s31 deflate algorithm on the already prepared telemetry
packets. The saving of intermediate data products must be possible at certain steps of the process-
ing. This is foreseen to be used extensively in the instrument commissioning phase to aid error
search, and it adds opportunities for the extension and modification of processing for certain
science cases (e.g., time averaging of pre-processed data sets, before the inversion of the RTE).

On-board instrument characterization involves dedicated observations, from which we derive
the instrument characteristics. Some of these characteristics (e.g., the dark field) are computed
regularly and determined on-board, while others are expected to be calculated more sporadically
on ground and uploaded to the instrument (e.g., the optical point spread function). The on-board
characterization process does not allow the interaction of scientists with the collected data, there-
fore it has to be autonomous.

The calculation of operational parameters requires immediate processing of the data after the
observations in near real time. This is to calculate the starting point for a second iteration refining
the results. They all require calculation of image qualifying parameters (e.g., contrast) for a series
of images, and the methods have widely varying complexity.

The users of the system can be assigned to two categories: the scientists that describe the
functionalities to be performed (e.g., defining what must be done to the science data before
inversion) and the scientists operating the instrument (e.g., defining which pipeline to be
executed on which data set and its parameters). A well-structured, simple definition of the
processing functions is required to avoid user mistakes and to optimize on-board software
updates. The main goals are describing the functions in an easily modifiable way, reducing code
duplication, and creating standard error checks.

The computational demand of the performed functionalities is high due to the many image
processing functions they contain. We shorten run-time by running the image processing func-
tions in the RFPGAs. However, a back-up solution for the pre-processing portion of the pipeline,
implemented in software is also required, excluding the RTE inversion and the CCSDS 122.0-B-1
compression (obtaining the physical parameters in the back-up solution would be possible with
the classical estimates). The back-up solution with its significantly reduced implementation time
aids the software development and testing and increases to the fault tolerance of the instrument by
being able to take over these functionalities if necessary.

The number representation of the data has been chosen to be a fixed-point format during the
processing, wherever possible. While the fixed-point format saves RFPGA resources, it comes
with a significant overhead: all data must be scaled during the processing operations to avoid
precision loss in decimals.

A metadata log associated with each data set must be created, recording the steps performed
on the data set in full integrity. This is necessary both for scientific purposes and to offer a
possibility for error search and improvement of the algorithms.

4 Implementation of the Data Processing System

To present the implemented system, we show its high-level structure and how a pipeline is con-
structed in the defined frame (Secs. 4.1 and 4.2). Later we describe the data scaling necessary to
achieve the required scientific accuracy with the fixed-point representation in Sec. 4.3. Next, we
show the implemented error handling (Sec. 4.4) and finally we describe the metadata logging
system (Sec. 4.5).

4.1 Software Architecture

The data processing software is organized on three layers, see Fig. 3. The lowermost layer (prim-
itives) implements the image processing functions, e.g., addition of images or Fourier transform
of an image. These are implemented both as RFPGA functionalities32 and as software functions
running on the system controller microprocessor. Due to the large number of functions one
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RFPGA configuration is not sufficient, therefore the RFPGA is reconfigured on demand, during
the processing. The necessity for reconfiguration is determined by the on-board software when
there is a call to a function that is not available in the currently loaded configuration.

The second abstraction layer (operations) hides hardware details from the application and
implements other lower-level functionalities. It integrates the primitives into image processing
operations, hiding the hardware details. The image processing operations record metadata
directly from this layer to improve metadata collection completeness by removing the full
responsibility from the application developer. This layer also provides the functions for data
transfer between different memories, and the functions for recording and storing metadata.

The application layer is where the processing functionalities are described, through user
defined programs (UDPs). The UDPs are a special category of applications that are not compiled
into the on-board software but handled by a UDP manager. Therefore, uploading a new UDP
does not require a full on-board software exchange (on-board software is possible through UDP
exchanges, full on-board software exchange, or FPGA configuration exchanges). The applica-
tion layer further logs metadata, containing information that is only known on higher layers (e.g.,
the division of images performed is part of the flat fielding of the data set with a given ID).

We use three different languages in the architecture. On the primitives layer, the RFPGA
firmware is described in Very High-Speed Integrated Circuit Hardware Description Language.
The corresponding software functions in the same layer, and the operations layer is written in C.
The application layer is written in On-board Command Language (OCL),33 a high-level pro-
gramming language based on C implemented for space instrumentation.

4.2 Pipeline Construction

To unify the approach to data processing, all of its three functionalities (science observables
processing, calibration data calculation, and determination of operational parameters) are imple-
mented in form of pipelines. We extend the definition of a pipeline to a series of changes done to
a target (a data set, a number of data sets, or a subset of a data set), resulting either in parameters,
or a new data set and their associated metadata. Observed data sets are available in the non-
volatile data storage. The data sets are identified by a data set ID and each has a metadata file
associated with them. They may contain multiple images, e.g., different wavelengths and polari-
zation states in the case of a science observation, or different focal positions in case of a focusing
observation. The pipelines are implemented in the application layer, and therefore are written in
the form of UDPs. A block approach is adapted in its definition to achieve the required flexibility.

A pipeline block is defined as a unit that executes a number of functions on its input data,
forming a logical unit and writes dedicated metadata. The abstraction level of a block is decided

Image processing
operations

Metadata
management op.-s

Image memory
management op.-s

RFPGA functions S/W functions

UDP

TC Task descriptor
user interface

Operator user
interface

Operations

Application

Primitives

Fig. 3 The data processing software is organized on three layers. This organization facilitates
information hiding, and the removal of responsibilities from the application developer (task
descriptor).
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from case to case. In respect to Fig. 2, some blocks are defined as much smaller functionalities
that are performed more often, e.g., store data to non-volatile memory and can be added any-
where in the pipeline. In other cases, some of the separate blocks are combined, e.g., all Fourier
space operations are performed in one block to avoid multiple Fourier transforms of the data set.
To support their combination in multiple ways, a unified block interface is defined. Within a
pipeline, blocks have a common target: a data set or part of a data set that is loaded into the
processing memory. A block may load additional data for the processing step as needed (e.g.,
demodulation matrix), which is not written back to the non-volatile memory or passed to further
blocks. Therefore all changes done to it are lost after the block. Due to the possibility of different
combination of the blocks, the history of the data set inside each block must be determined, for
which the interface is through the metadata file (e.g., if we cropped our data set in the first step,
we also need to crop our dark field to the same area of the detector).

Load target data set

Correct dark field

Correct flat field

Store target data set

Write metadata

Pipeline: Image linear

Load target data set

Polarimetric demodulation

I Q,U,V cross-talk correction

V Q,U cross-talk correction

Normalisation of Stokes vector

Reorder Data set for RTE inv.
& convert to floating-point

RTE inversion

Reorder Data set after RTE inv.
& convert to fixed-point

Store data set

Write metadata

Pipeline: Image parallel

Load (dark ID, dark address)

Verify: dark field correctness

Verify: integration time target - integration time dark < threshold

If target was cropped:

Crop (dark address, SX, EX, SY, EY)

Multiply (dark address, scale factor)

Subtract (target address[i], dark address),

Write metadata

Block: Correct dark field

Fig. 4 Example science data processing pipeline. The pipeline is split into two parts to enable its
execution with memory budget restriction. The image linear part processes a number of images
at a time, the image parallel part processes a number of rows of all 24 images at the same time.
The parameters nl and np are the number of times the image linear and image parallel portion of
the pipeline has to run to process the whole data set, respectively. In the implementation detail
of the dark field, ni denotes the number of images processed.
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All pipelines are built by combining pipeline blocks into a processing sequence. They
execute the blocks sequentially, i.e. continuing to a new block is possible only once the previous
block is finished. Each pipeline also writes metadata specific to it and finally stores the metadata
file into the non-volatile memory. The way pipelines are built is also specific to their memory
needs and available memory on the two different platforms we run them on (RFPGA or only
system controller). In some cases, this means running the sequence of blocks several times, with
different subsets of the data set, and in some other cases to split a pipeline into parts, executed
one after another.

To show how a pipeline is formed in the system described, we take an example for a science
data processing pipeline (see Fig. 4). To cope with processing memory limitations, the pipeline is
split into two parts: an image linear part, which processes a number of images of the data set at
once, and into an image parallel part, which processes a number of rows of all images of the data
set. This is necessary because we have operations that require the full image (e.g., a Fourier
transform), and operations that require pixels from several images at once (e.g., polarimetric
demodulation, RTE inversion). The two pipelines are executed nl and np times, respectively,
both being equal to 1 in the nominal case, when we use the RFPGAs. We also show the imple-
mentation details of the dark field correction block, as an example.

4.3 Data Scaling

As a method for saving resources, a 24.8 fixed-point notation has been adapted for number
representation during data processing, wherever possible (i.e., using a fixed number of 24 bits
for the integer part, and 8 bits for the decimal part). Due to this, in all operations performed on the
data, the accuracy must be optimized, considering the number of bits on which both the input and
the result are represented. This varies from case to case; therefore, a uniform interface is defined
for all pipeline blocks (target is scaled up to the most possible bits). All scaling necessary for
maintaining accuracy in the process is performed inside the blocks, returning to the same scaling
in the end. The obtained accuracy with this scheme is investigated in Ref. 34.

The single frames are obtained from the FPA in 12-bits digital depth, filling the detector well
to a predefined level. The correct filling of the detector well is ensured by the exposure time
calibration. A number of frames are accumulated into an image (the number of accumulations is
determined by the required signal-to-noise ratio), then the image is shifted to the left by 8 bits,
which are the decimal part of the numbers, all 0 at this time. Therefore, a raw data set is rep-
resented effectively on 12.8-bits digital depth, multiplied by the number of accumulations. This
value is written into the metadata, and based on this, at the beginning of the pipeline we calculate
the shift necessary to have all its images effectively represented on 23.8 bits (reserving a bit for
sign). This scaling is already applied during the loading of the data set into the processing
memory, ensuring the correct block interface.

There are three instances during the data processing, where the 24.8 fixed-point notation is
abandoned: Fourier domain operations, the RTE inversion, and the compression. The Fourier
domain operations are performed in floating-point, as the required accuracy could not be achieved
by fixed-point implementation. The same is true for the RTE inversion. Both modules use IEEE
754 single-precision floating-point format. The reason for using 32 bits during the processing is to
maximize the computational accuracy in the performed operations (e.g., divisions), however a 16-
bit representation of the final results fulfils our requirements. Therefore, the images of the final
result are represented on 16 bits, which is also the input to the compression module.

In the case of calibration data, the optimal scaling is ensured by the pipeline creating it. It is
always represented on the fewest bits possible, while maintaining its required accuracy. The
scaling is written into the metadata and read from there in the processing blocks that apply them
to the science data set.

4.4 Error Handling

Error handling is done on all software layers. The guiding principle is to find errors on the lowest
possible levels, to isolate them, and to aid error search in case of failures. Table 1 summarizes
the detected error types.
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On the layer of the Primitives, it is ensured that the image processing functions do not return
overflows as valid numbers. This is done by replacing these pixels with a value defined as not a
number (NaN), assigned to the lowest negative number on 32 bits (0 × 80000000, in two-s com-
plement). On the same layer, it is also made sure that these values are not treated as numbers
(e.g., division of a NaN with any number results in NaN). NaN-s may be replaced later through
the interpolation of surrounding pixels; therefore, we keep track of all generated NaN-s in a bit
mask image, along with other information regarding the data set (e.g., magnetic signal strength,
pixels outside solar disk). This mask in the end is encoded into the final results of the pipeline
through pixel values that could otherwise not appear (e.g., negative or NaN values) to obtain the
information on ground without adding to the data volume.

In the operation layer, it is made sure that the inputs to the primitive functions are valid. For
example, we check that we do not address any invalid memory positions by calculating the end
address of a data set based on the start address and the size of the data.

The application layer is responsible for ensuring that the data sent to the lower layers is
meaningful, e.g., that the target image has the same integration time as the dark field or that
the flat field had no errors during its generation. It is also on the application layer that the param-
eters received in the pipeline are verified, e.g., that the target data set of the science data process-
ing pipeline is raw data and contains the expected number of images. Additionally, also on this
level, errors related to the solar scene are detected (e.g., when a flat field with the required pre-
cision cannot be obtained due to a sunspot in the FOV during the calibration window).

Each function has a return parameter, indicating warnings and errors detected by it. Warnings
are small failures that do not affect the execution of the pipeline and are only recorded in the
metadata of the data set for evaluation on ground. Errors are problems that make it impossible or
meaningless for the pipeline to continue (e.g., no data set with the specified ID was found). In
case of error, the execution is interrupted, the metadata is saved, and the instrument continues
with the execution of the next command that was received from ground.

4.5 Metadata Management

The metadata of a data set comes from different sources.

• The planning process at which time we assign identifiers to the data sets acquired during
the calibration campaign.

• The calibration campaign at which time we calculate values that are part of the calibra-
tion data.

Table 1 Error detection and handling on the different software organization layers. Each organi-
zation layer (see Fig. 3) implements error detection, with the objective of finding the errors as low in
the hierarchy as possible. Based on the severity of the error, they are classified into Errors and
Warnings, and different actions are taken at their detection.

Software
layer Scope Handling Action

Primitives Detection of overflow and marking them as NaN-s Warning Continue

Correct handling of NaN-s in operations None Continue

Operations Correct memory addressing Error Abort

Application Correct input parameters Error Abort

Data matching (e.g., focus) Warning Continue

Calibration data quality Warning Continue

Operation errors (e.g., calibration method disturbed
by solar scene)

Warning Continue
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• The instrument, recording all the current settings at the time of the data set acquisition.

• The data processing, recording all steps performed, their parameters, and return values.

The information from the planning process and calibration campaign is collected in a so-
called Processing Environment, describing all information necessary for processing a science
data set. This is written into the metadata of the data set at the time of its acquisition, also com-
plemented by the instrument parameters. It is this metadata that is read and appended during the
processing of the data set. Furthermore, we may override the Processing Environment written
into the data set with the current one set on-board, if the processing plan changes later on.

The metadata generated during processing is created on multiple organization levels to
ensure completeness. It is always recorded into metadata entries, each entry being part of one
of the following categories.

• Operation entry, recorded by the operation layer functions.

• UDP entry, recorded on application layer, either by a pipeline block or a pipeline.

• Data summary entry, containing target parameters that are dynamic during the execution of
the pipeline, recorded at the end of each UDP.

Each metadata entry starts with an ID, marking its category. In the case of the first two cat-
egories, the data that follows indicate the operation or UDP executed, its target, the input param-
eters, and return value. The data summary entry records the start and end indices of processed
images within the target data set, and information about which part of the sensor the data belongs
to, how it was binned and scaled, and data type and format. At the recording of each metadata
entry a time-stamp is added automatically.

More information and an example on the usage of the metadata are detailed in Ref. 35.

5 Execution of a Science Data Processing Pipeline

To illustrate the operation of the data processing system, we run the pipeline presented in Fig. 4.
The tests are performed on the flight spare model of SO/PHI. The target data set and all necessary
calibration data are loaded into the non-volatile memory, as if they had been acquired previously
by the instrument.

The interaction with the on-board software is through the Ground Support Equipment
Operating System (GSEOS) software package.36 GSEOS is used for all interactions with the
instrument, modeling telecommands, and monitoring and displaying the values of the house-
keeping telemetry packets.

5.1 Input Data

Data from the Helioseismic and Magnetic Imager on-board the Solar Dynamics Observatory
(SDO/HMI)12 is used to generate the input data set to the pipeline. SDO/HMI investigates the
same absorption line, and the data are further processed with the SO/PHI Software siMulator
(SOPHISM),37 to produce a Stokes vector as similar as possible to one that SO/PHI would
obtain, in 2048 × 2048 pixel resolution, see Fig. 5. There is one important difference, however,
that the wavelength sampling of HMI is different, which is not taken into consideration during
the pipeline execution. Therefore, the results are expected to contain some errors due to this
approximation. Furthermore, the data set used is of a lower level, and neither the filter profiles
nor the spacecraft velocity is removed, therefore, we expect an error in the vLOS. These images
are further manipulated to represent the raw observables, approximating Eq. (1), according to
the following equation:

EQ-TARGET;temp:intralink-;e005;116;135Iinputm ðλ; x; yÞ ¼
�
c · c 0 X4

p¼1

Mmpðx; yÞSpðλ; x; yÞ
�
Iflatðx; yÞ þ Idarkðx; yÞ; (5)

where S is created with SOPHISM, and c 0 is the constant that scales the normalized images to
represent the number of incident photons in 20-ms exposure time.
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The calibration data applied is recorded in the laboratory, using the flight model of SO/PHI,
and is shown in Fig. 6. The dark field, acquired in a dark chamber, shows the characteristic
sensor pattern: the four distinct horizontal stripes, created using four different channels for image
read-out. The flat field has been recorded with the use of a lamp to ensure the most uniform
illumination possible. It shows a gradient pattern and a number of dust grains inside the instru-
ment. It has been normalized to its mean intensity, then scaled to be represented on 10 bits total,
translating to 2 bits integer and 8 bits decimal part in the fixed-point notation. The demodulation
matrix has been determined during the ground calibration campaign with the use of a polari-
zation calibration unit (described in Ref. 38). Its field dependence varies with a standard
deviation between 5 · 10−9 (for D1;3) and 1.12 (for D4;1).

5.2 Output Data

We execute the full pipeline on the data set in the nominal configuration, processing all images at
the same time. As we do not induce any cross-talk effects into the test data, we set the corre-
sponding parameters to 0, and in consequence, the two cross-talk correction blocks from Fig. 4
do not execute. In this test, we configure the RTE inversion to determine all possible output
images it can provide. In regular operations, we set the output of the inversion to be only the
four images of interest (B = (jBj, γ, ϕ), and vLOS), however, the inversion module is able to return
nine parameters in total. For comparison, we also execute the image linear part of the pipeline in
back-up configuration, processing four images at a time. This run creates six different output data
sets, each containing a subset of the full result.

The result of the pre-processing [see Fig. 7, calculated according to Eqs. (2) and (3)] is S,
which will be the input to the RTE inversion. After the dark- and flat-field correction, the solar
scene is undisturbed by instrumental artefacts. In areas of low illumination levels (e.g., dust
grains on the sensor, or areas masked by a field stop), NaN-s are produced during the flat-field

Fig. 5 Test data set at the third wavelength sample. (a) The input to the pipeline are the Stokes
images from SO/PHI Software siMulator (SOPHISM).37 (b) The input images are obtained apply-
ing Eq. (5) and show similar light levels in all polarization states as a result of the modulation.
The data also show the effect of the dark field (stripes) and the flat field (smudges and dust
grains).
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correction through division by zero. In an ideal flat field, all pixels located behind the field stop
would be 0, resulting in an area of uniform NaN-s in the corners after the division. However, due
to the imperfection of the dark-field correction, some pixels reach sufficiently large values to not
produce a NaN. The Stokes vector, obtained after the polarimetric demodulation, differs slightly
from S in Eq. (5) due to the limited numerical accuracy. These images already show the presence
of the magnetic field, which will be quantified by the inversion of the RTE.

The final results of the pipeline are the continuum intensity and the results of the RTE inver-
sion: the magnetic field vector B ¼ ðjBj; γ;ϕÞ, described through its magnitude, azimuth and
inclination, and vLOS (see Fig. 8). All values outside of the solar disk are meaningless for the
RTE inversion, therefore, it cannot converge, resulting in noise as output. The jBj is stronger in
the umbra of the active region and weaker in the penumbra as expected. In γ, we can see the
opposing polarities that compose the active region, while ϕ shows the fan-like pattern, origi-
nating in the center of the round magnetic features, consistent with the orientation of the mag-
netic field in such features. The vLOS over the full disk shows the spectral shift due to the rotation
of the Sun and the spacecraft velocity, on top of the intrinsic shifts due to plasma motion. The
slight bias to one side is due to the lack of filter profile corrections in the used SDO/HMI data set.
The vLOS in the active region shows strong flows of opposing directions in the penumbra, known
as Evershed flows,39 driven by the magnetic activity. We analyze the accuracy of the pipeline
in Ref. 34.

On ground, the image data and associated metadata are converted into files according to the
Flexible Image Transport System.40 While the metadata on-board is written into a continuous
unit, the converter separates the header entries into separate American Standard Code for
Information Interchange tables based on their origin. The metadata associated with the process-
ing, recorded from UDP level, reflects the steps taken by the pipeline, its parametrization, and
shows the success of the blocks (see Tables 2 and 3). Based on this table, we also have an

Fig. 6 The calibration data used in the test run were recorded in the laboratory. (a) The dark field
shows the characteristic sensor pattern: four distinct vertical stripes due to the four different read-
out channels. (b) The flat field used in the tests shows a gradient across the FOV, and a few dust-
grains. (c) The 4 × 4 demodulation matrix, D, depends on the FOV. To show this dependence in
the plot, we subtract from each of the elements their spatial mean.
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overview of any warnings or failures during the execution. The metadata recorded during the
dark fielding block from operation level reflects the implementation shown in Fig. 4, giving an
insight into the lower-level information that we can access (see Table 4). See Ref. 35 for more
detail on the usage of metadata.

Fig. 7 Step-wise results of the pre-processing on the input data set from Fig. 5. (a) The third wave-
length sample in the four different polarization states (4 out of 24 images) after dark- and flat-field
correction of I recordedλ ðx; yÞ, see Eq. (2). The white pixels in the image corners are NaN-s produced
during the processing through division by sufficiently small numbers to produce an overflow.
(b) Result of the pre-processing, the third wavelength sample of the normalized Stokes vector
(4 out of 24 images), see Eq. (3).

Fig. 8 (a) The five resulting images from the full pipeline, continuum intensity (Ic ), the components
of the magnetic field vector B = (jBj, γ, ϕ), and the LOS velocity, vLOS. vLOS is plotted on a scale
centered around the spacecraft velocity, −0.9 km∕s (hvLOSi at disk center). The circular contour
marks the solar limb, and the square shows the region magnified in the next row. (b) Detail of the
full FOV, showing the active region. The vLOS was corrected for the mean quiet Sun intensity in this
region.
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Table 2 Excerpt of metadata recorded from UDP level, during nominal execution of the pipeline,
showing all steps taken, and their parameters. In cases where we have more parameters than
what can be recorded in one entry, several entries are added by the same UDP. The timestamp
shows the on-board time during the execution. The return value shows success in most cases (0),
with some steps creating NaN pixels in the result (10). The start and end indices show that the full
data set is processed at once, and how the number of images changes during the processing
through extension with the mask, the inversion, and the encoding of the mask into the Ic image.

Explan.a

Timestamp

Re.b UDPc
Data
ID In 1d In 2

S
#e

E
#f

S
rowg

E
row

S
col.h

E
col.

December
20, 2019

Loadi 13:45:21 0 1351 90030 512 0 0 23 0 2047 0 2047

Dark c.j 13:45:28 0 1363 90070 8388608 0 0 24 0 2047 0 2047

Flat c.k 13:46:07 10 1365 90080 4 0 0 24 0 2047 0 2047

Lin. p.l 13:46:38 0 7002 90030 90070 90080 0 24 0 2047 0 2047

Lin. p. 13:46:38 0 7002 90030 0 24 0 24 0 2047 0 2047

Lin. p. 13:46:38 0 7002 90030 24 65535 0 24 0 2047 0 2047

Load 13:52:44 0 1351 92030 1 0 0 24 0 2047 0 2047

Demod.m 13:55:06 10 1366 90060 512 0 0 24 0 2047 0 2047

Norm.n 13:55:42 10 1371 0 49868192 2048 0 24 0 2047 0 2047

NaN en.o 13:55:55 0 1356 0 0 0 0 24 0 2047 0 2047

Reord.p 13:56:18 0 1372 0 0 0 0 24 0 2047 0 2047

Inv.q 15:05:06 0 1374 0 511 1 0 10 0 2047 0 2047

Reord. 15:05:28 0 1375 0 0 0 0 9 0 2047 0 2047

Par. p.r 15:05:36 0 7003 92030 90060 25 0 9 0 2047 0 2047

Par. p. 15:05:36 0 7003 92030 2048 5 0 9 0 2047 0 2047

Par. p. 15:05:36 0 7003 92030 −3803904 1779456 0 9 0 2047 0 2047

Par. p. 15:05:36 0 7003 92030 73216 4096 0 9 0 2047 0 2047

Par. p. 15:05:36 0 7003 92030 −256 −445 0 9 0 2047 0 2047

Par. p. 15:05:36 0 7003 92030 128 49868192 0 9 0 2047 0 2047

Par. p. 15:05:36 0 7003 92030 2048 511 0 9 0 2047 0 2047

Par. p. 15:05:36 0 7003 92030 1 115 0 9 0 2047 0 2047

Note: UDP identifiers: 1351, Load data set; 1363, Subtract dark field; 1365, Divide by flat field; 1366,
Polarimetric demodulation; 1371, Stokes vector normalization; 1356, NaN encoding; 1372, Reorder images
for RTE inversion; 1374, RTE inversion; 1375, Reorder images after RTE inversion; 7002, Image linear pipe-
line; 7003, Image parallel pipeline. Data set ID-s: ID 90030, the science data; I inputλ ðx; yÞ; ID 90070, IDarkðx; yÞ;
ID 90080, IFlatðx; yÞ; ID 90060, demodulation matrix; Dðx; yÞ.
aAdditional explanation (not part of metadata).
bReturn value.
cUDP identifiers.
dFirst input parameter (var. content).
eStart index.
fEnd index.
gStart row.
hStart column.
iLoad data set.
jDark field correction.
kFlat field correction.
lLinear pipeline.
mPolarimetric demodulation.
nStokes vector normalization.
oNaN encoding.
pImage reordering (before and after RTE inversion).
qRTE inversion.
rParallel pipeline.
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5.3 System Metrics

The CPU load during the processing reflects the pipeline implementation and the underlying on-
board software (see Figs. 9 and 10). These profiles are dominated by the memory transfers and
the image processing operations, together with the necessary RFPGA related actions. Whenever
reading the non-volatile memory, the DPU used 100% due to a background task that polls the
queue of the non-volatile storage to transmit the next data chunks. As soon as everything is in the
queue, the load drops to a lower level, until the transfer is finished. In case of writing to the non-
volatile memory, the system controller is in full control of the data transfer, eliminating the need
for synchronization. Therefore, it can write at 100% capacity, which is also the reason that it
takes shorter time than reading. This is the reason for the nominal configuration to show 100%
load at memory transfers between the non-volatile storage and RAM #2. Transferring from non-
volatile memory to RAM #1 shows a different load profile due to the different implementation of
the data transfer. In this case, the non-volatile memory controller waits for a confirmation from
the system controller before transmitting a new chunk, resulting in a slower transfer (the case
of the back-up configuration). During RFPGA configurations, the CPU load is high (∼95%),
creating peaks at each reconfiguration. The system controller runs the image processing pipeline
in parallel with a scrubbing task, that uses all idle time to rewrite the RFPGA configurations part
by part to defend against radiation effects. This keeps the CPU load high even during times when
a low load would be expected otherwise (e.g., during the RTE inversion, performed by the
RFPGA, the combination of the scrubbing and the memory transfers keeps the load high).
In the case of the back-up configuration, image processing functions run on the DPU, and use
its full capacity.

The run-time of the pipeline is significantly shorter in the nominal configuration than in
back-up mode. We measure it by extracting the number of processor ticks occurred during the

Table 3 Excerpt of metadata recorded from UDP level, during the execution of the linear part of
the pipeline in back-up configuration. In this configuration we process four images at a time and
obtain six output data sets. Here we show the metadata of the first one of the six. The entries
indicate that the first four images have been loaded (indices 0 to 3) with full FOV (0 to 2047),
extended during the processing with the mask image, index 4.

Explan.a

Timestamp

Re.b UDPc
Data
ID In 1d In 2

S
#e

E
#f

S
rowg

E
row

S
col.h

E
col.

December
21, 2019

Loadi 11:15:52.0000 0 1351 90010 512 0 0 3 0 2047 0 2047

Dark c.j 11:18:10.0000 0 1363 90070 8388608 0 0 4 0 2047 0 2047

Flat c.k 11:21:39.0000 0 1365 90080 4 0 0 4 0 2047 0 2047

Lin. p.l 11:23:14.0000 0 7002 90010 90070 90080 0 4 0 2047 0 2047

Lin. p. 11:23:14.0000 0 7002 90010 0 24 0 4 0 2047 0 2047

Lin. p. 11:23:14.0000 0 7002 90010 4 65535 0 4 0 2047 0 2047

Note: UDP identifiers: 1351, Load data set; 1363, Subtract dark field; 1365, Divide by flat field; 7002, Image
linear pipeline; Data set ID-s: ID 90030, the science data; I inputλ ðx; yÞ, ID 90070, IDarkðx; yÞ, and ID 90080,
IFlatðx; yÞ.
aAdditional explanation (not part of metadata).
bReturn value.
cUDP identifiers.
dFirst input parameter (var. content).
eStart index.
fEnd index.
gStart row.
hStart column.
iLoad data set.
jDark field correction.
kFlat field correction.
lLinear pipeline.
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execution, where one tick corresponds to 2.5 ms. To execute the image linear pipeline in nominal
mode takes just over 2 min, while the image parallel pipeline takes a little over 90 min. The
majority of the processing time is made up by RTE inversion block, the duration of which varies
based on the science mode it operates in. The configuration used during this test writes all nine
possible outputs, while if we choose only the four results of interest (as aimed to be configured in
nominal mission phase), it runs ∼30 min faster. Moreover, the desired implementation of the
inversion is to read the data from the RAM #2 and write the results to the non-volatile memory,
from where they will be read back to the RAM #2 to continue their processing. However, the
current implementation writes the data in chunks from the RAM #2 to RAM #1, the RTE inver-
sion module reads the input from here and writes the results to the same memory, which are then
read back to the RAM #2. This implementation introduces additional data transfer operations of
the input data, transfers between different memories which have longer transfer time and pro-
hibits parallel read and write operations which would be possible if the input and output were
transferred between different memories. In this setup, the time of the inversion itself (together
with reading and writing RAM #1) is 71.41 min, the time of the input data transfer from RAM #2
to RAM #1 is 10.88 min, while the time of the output data transfer from RAM #1 to RAM #2
is 2.7 min.

The RFPGA configurations are optimized to reduce the execution time by minimizing the
number of reconfigurations during science data processing (each reconfiguration takes between

Fig. 9 CPU load during the execution of the (a) image linear and (b, c) image parallel pipelines in
nominal configuration. The colours show the execution of different pipeline blocks (see Fig. 4). The
red dotted lines with diamonds indicate the times of RFPGA reconfigurations. During the polari-
metric demodulation, there are 12 reconfigurations, which will be entirely removed in the future.
The full pipeline takes little over 1.5 h to complete.
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2 and 4 s). There is none necessary during the linear pipeline, while in the parallel pipeline, there
are five reconfigurations outside of the polarimetric demodulation block, which has twelve. This
latter block requires such a high number, because the matrix multiplication is in a separate con-
figuration. However, this operation will be re-implemented in the future as a UDP, calling other
low-level operations, eliminating all reconfigurations in the polarimetric demodulation block.
Time wise, this will save the reconfiguration times (12 times 3 s on average), this final imple-
mentation has been measured to execute in 92 s for a full data set.41

Running the full pipeline in the nominal mode with all nine possible outputs, on the full FOV,
requires a little over 1.5 h. This time is reduced to close to 1 h when we store only the four
outputs of interest: the three components of the magnetic field vector and the flow velocities.
This is the time required for processing each of the acquired data sets, which may amount to
several hundred in each orbit. This time may further be reduced by cropping and binning,
depending on science case.

In contrast, the linear pipeline runs in over 90 min in back-up configuration. This increase
originates both from the longer execution time of the primitive functions and the longer memory
transfer times (between the non-volatile memory and RAM #1). This large increase indicates that
the execution of the full pre-processing in back-up configuration would have a significant in-
fluence on the science operations.

6 Summary and Conclusions

We have detailed the implementation of the on-board data processing system of SO/PHI: the
requirements and the different parts that implement them. To show the synergy of its compo-
nents, we defined and ran a science data processing pipeline. The partial and final results are as
expected from the input data set, reducing the 24 raw images into five images of scientific inter-
est. The recorded metadata show all steps performed on-board, which is used both on-board as
integral part of the system, and on ground: for verification, possible error search and during
scientific analysis.

We also showed system metrics for a more detailed view of the system, and we assess the
time frame in which different parts of the pipeline run. The processing of a full data set takes a

Fig. 10 CPU load during the image linear pipeline execution in back-up configuration. The colours
indicate the execution of different pipeline blocks (see Fig. 4). In back-up mode, we only process
four images of the full data set at a time, due to the size limitation of RAM #1. Therefore, the pipe-
line executes a loop, repeating the block sequence “Load target, Subtr. dark, Divide flat, and Store,
Metadata rec.” six times in total (only three shown). The image linear part runs in a little over 1.5 h
in back-up mode, a significant time increase compared to nominal mode.
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little over 1.5 h, the majority of the time being used for the inversion of the RTE. Several points
of improvement have also been pointed out, planned for the next version of the on-board
software.

The main challenge that SO/PHI’s on-board data reduction system faces is to implement
complex scientific data analysis in the lack of human interaction. The most important tools
in overcoming this challenge are the metadata- and the error handling systems. Moreover, it
was necessary to adapt algorithms that are routinely ran on computer clusters on ground, to
a space-qualified computing system. This is achieved by the custom hardware design, the use
of distributed processing between a CPU and RFPGA-s, the custom firmware that the RFPGA-s
use, and the software architecture. Due to the limitations, we use fixed-point number represen-
tation wherever possible, which has proven to require significant effort to maintain the required
accuracy during scientific processing.

While the lower layers of the software are hardware specific, the two highest layers can be
embedded into different systems. We are currently working on integrating it with our instrument
simulator, SOPHISM37 to enable the running of our pipelines on a desktop. Furthermore, the
flexibility of the pipeline definition promises the possibility of using the system for future
missions.

This data processing system takes the full science data reduction of a solar spectropolarimeter
for the first time on-board the spacecraft. It enables new avenues for future missions with chal-
lenging orbits that can provide new points of views, at the cost of reduced telemetry volumes.
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C. Discussion on the importance of
metadata for the pipeline

Our contribution to the Astronomical Data Analysis Software & Systems
(ADASS) conference series in 2019, titled ”Metadata and Their Importance
in SO/PHI’s On–Board Data Processing” (see Albert et al., 2020a), delved
deeper into the metadata recording system, an integral component of the
software framework. Metadata, serving as a bridge between various process-
ing steps and encompassing information from commanding to download,
plays a pivotal role in the data processing system. This publication explored
the multifaceted use of metadata on-board and its significance for both the
operations team on the ground and scientists utilising the science-ready
data products. We presented an illustrative example of metadata usage in
detecting and understanding an on-board processing error. Contributions
to the publication: K. Albert took the primary role in designing the meta-
data recording system, and defined the way that it integrates into the data
processing system. She prepared the test data, ran the test, and prepared
the manuscript.
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Abstract. To cope with the telemetry limitations, the Polarimetric and Helioseismic
Imager on Solar Orbiter does full on–board data processing. Metadata are central to
the autonomous processing flow, crucial for providing science ready data sets to the
community, as well as important in the blind debugging process that will occur in the
commissioning phase. We designed a custom metadata logging system for SO/PHI.
This paper shows how the logged information is used in the blind debugging scenario.

1. Introduction

State of the art scientific instrumentation, especially those deployed in deep space, of-
ten produce more data than can be downloaded. This is the case for the Polarimetric
and Helioseismic Imager (PHI, Solanki et al. 2018) on–board the Solar Orbiter (SO,
Müller et al. 2013) spacecraft. SO/PHI is an imaging spectropolarimeter, recording
four–million–pixel images at six wavelengths in four polarisation states to retrieve five
physical quantities: magnetic field strength, inclination, azimuth, line–of–sight veloc-
ity and temperature map. The limitations on telemetry from Solar Orbiter would allow
downloading ≈30 raw science data sets in each orbit. An orbit (≈160 days) typically ac-
commodates 30 days of observations at strategic points, therefore this would mean little
data return. In addition, due to accuracy requirements of SO/PHI, instrument charac-
terisation must be done in orbit, right before the observations, a significant addition to
the necessary telemetry.

To maximise science return and cope with telemetry constraints we implemented
full on–board data processing in SO/PHI (see Albert et al. 2018a; Lange et al. 2017).
The instrument calculates operational parameters for data acquisition, determines cali-
bration data, which is then applied to the science data sets, before reducing them to the
final physical quantities of interest by inverting the radiative transfer equation (RTE,
see Fig. 1). These steps are done for the first time in orbit, with severely limited hard-
ware when compared to ground processing (see Albert et al. 2018b), without free entry
points for verification and without full access to partial results.

Metadata play a central role in the design of the on–board data processing system.
Each data set has its own associated metadata file, created at image acquisition, con-
taining all hardware parameters and processing plans. All processing steps add their
own entries to this information, generating a full log of the processing. This file is then
used both on–board and on ground.
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Figure 1. Typical processing pipeline for spectropolarimetric science data with
compulsory and optional steps.

2. The metadata system

Metadata are crucial to the success of SO/PHI. Due to the on–board processing, the
most important source of information on the data reduction details is what we record
in the process. As the data are for the wide scientific community, the metadata must
describe the data sets in their entirety, including all information necessary for their
scientific use.

2.1. Recording

There are four different sources of metadata: the planning process, the calibration cam-
paign, the instrument, and the data processing system. In the planning process we
define processing parameters, such as the data set identifiers for calibration data. We
write these into the so called processing environment, which is a file located on–board.
The processing environment is further extended during the calibration campaign with
other calculated values. It is then written into the metadata of the data set at acquisition,
together with the instrument parameters. During the processing we enlist all operations
performed with their parameters and return values, followed by higher level informa-
tion regarding the reason for those steps, as well as a data set summary, showing the
current parameters of the data set. Additionally, at steps where we load additional cal-
ibration data, the hardware parameters at the recording of the two data sets are also
cross–checked to generate warnings for ground review. For pixel–wise information we
use an additional image, treated as bit mask, to encode the pixels that reached a NaN
value during processing at any point in time, and other areas of interest. Before data
download this mask is encoded into the temperature image, where we do not loose
unrecoverable information by doing so.
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2.2. On–board use

The processing pipeline can be executed with the parameters recorded in the metadata
of the data sets, or with the current processing environment. Each step of the processing
is also based on metadata. We check the basic parameters of the data set: how many
images does it contain, which area of the detector is it from, was it binned, and how is
it scaled. These values determine further actions, e.g. how will we scale the data set
to ensure accuracy in the upcoming operations, or the necessity of cropping or binning
calibration data. The fact that this information is carried in the metadata ensures that
no additional information must be passed from one step of the pipeline to the next, and
the data set can be understood at any time independently from the pipeline.

2.3. On–ground use

After the data download we check whether there are any errors or warnings, and at
which step did they occur, if any. At the time of commissioning we may do "blind de-
bugging": find any error that occurred without direct access to the pipeline parameters
at runtime. In such a case the metadata will provide us with information necessary to
find the error source. During this period partial results will also be available to repro-
duce any problem encountered in flight on a ground instrument model.

Once the data set is available to the science community, some of the interests
are the steps taken during the on–board processing, and the accuracy of the data set
(reconstructed from the logs). In addition, pixel–wise information is also available
from the masks to ensure that potentially new discoveries are not instrument artefacts.

3. Example for blind debugging

During blind debugging we use the higher level metadata. These contain an entry by
each pipeline block, with name, time of execution, operation target, input parameters,
data set dimensions, and return value. In addition to this we also have lower level
metadata and data set summaries available.

An example for erroneous results is shown in Fig. 2, alongside the expected results
for comparison. The metadata associated with the results is shown in Fig. 3. From this
information it is possible to assess that there was a Feed Select Mechanism (FSM)
mismatch between the processed image and the demodulation matrix, indicating that
the two optical paths are not identical. It is also visible that the OperandID, referring to
the ID of the demodulation matrix is not the expected one, hence there was an operator
error.

4. Conclusions

Metadata are central to the success of SO/PHI. We have custom designed our metadata
collection system, making it not only contain all essential information for ground use,
but also be the central source of information for the processing pipelines. An example
of ground use in blind debugging is presented, to illustrate how the recorded data give
clues on what could have gone wrong during processing.

Acknowledgments. Workframe: International Max Planck Research School (IM-
PRS) for Solar System Science. Solar Orbiter: ESA, NASA. Grant: DLR 50 OT 1201.
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Figure 2. Top: Expected results. Bottom: Obtained, erroneous results. Data is
from magnetohydrodynamics simulations (Riethmüller et al. 2017), prepared with
our instrument simulator (Blanco Rodríguez et al. 2018). For testing purposes the
RTE is inverted with HELIX+ . (Lagg et al. 2004).

Figure 3. Excerpt of recorded metadata. Top: From the expected results, indicat-
ing that the result contains NaNs, as expected. Bottom: From erroneous results, with
warning regarding the Feed Select Mechanism, and incorrect OperandID.
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D. First report on the scientific
accuracy of the pipeline in
development

Our contribution to the ADASS conference series in 2018, titled ”Perfor-
mance Analysis of the SO/PHI Software Framework for On-board Data Re-
duction” (see Albert et al., 2019), marked the start of our accuracy analysis for
the science data reduction pipeline. While the on-board pipeline is based
on typical ground-based pipeline implementations, the unique challenges
of on-board operation (detailed in Albert et al., 2020b) necessitated the anal-
ysis of the achieved precision during the on-board processing. Although the
pipeline was still in development at this stage, we offered a preliminary as-
sessment of its accuracy by comparing results obtained with the on-board
pipeline to those from a reference ground-based implementation. We also
used an independent but comparable method for inverting the radiative
transfer equation, called HELIX+(see Lagg et al., 2004), providing context for
our results.
Contributions to the publication: K. Albert implemented the on-ground

reference pipeline, that processes data with the same scaling as the on-board
system (and hence enables one to one comparison). She prepared the test
data, conducted the test (excluding the inversion of the radiative transfer
equation), analysed the results and prepared the manuscript.
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Abstract. The Polarimetric and Helioseismic Imager (PHI) is the first deep-space
solar spectropolarimeter, on-board the Solar Orbiter (SO) space mission. It faces: strin-
gent requirements on science data accuracy, a dynamic environment, and severe lim-
itations on telemetry volume. SO/PHI overcomes these restrictions through on-board
instrument calibration and science data reduction, using dedicated firmware in FPGAs.
This contribution analyses the accuracy of a data processing pipeline by comparing the
results obtained with SO/PHI hardware to a reference from a ground computer. The
results show that for the analyzed pipeline the error introduced by the firmware imple-
mentation is well below the requirements of SO/PHI.

1. Introduction

The Polarimetric and Helioseismic Imager (PHI) is one of ten instruments to orbit the
Sun on-board Solar Orbiter (SO; see Müller et al. 2013). SO/PHI (Solanki et al. 2018),
is an imaging spectropolarimeter, probing the photospheric Fe I 6173 Å absorption line.

SO/PHI records data in five dimensions: time series of data sets containing 2048×
2048 pixel images of the Sun, sampling the target absorption line at six wavelengths,
recording four different polarization states at each wavelength. These polarization states
contain linear combinations of the Stokes parameters (S = [I,Q,U,V]T ), a formalism
to describe the polarization of light in terms of four ideal polarization filters. To arrive
to the Stokes images (the input for scientific analysis), the recorded polarization states
are demodulated with the demodulation matrix. These images, complemented with a
wavelength dimension, encode the magnetic field vector at the mean formation height of
the absorption line and the line of sight (LOS) velocity due to the Zeeman and Doppler
effects. Arriving to these quantities is possible by the inversion of the Radiative Transfer
Equation (RTE). See del Toro Iniesta (2003) for more details on spectropolarimetry.

SO/PHI is the first spectropolarimeter on a deep space mission, facing an unprece-
dented dynamic environment and telemetry limitations. These challenges are met with
a full and autonomous on-board data analysis system: it determines the instrument
characteristics, applies them to the science data, then derives the targeted physical pa-
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rameters. This system is implemented on a data processing unit with two Field Pro-
grammable Gate Arrays (FPGAs), reconfigured in flight to perform image processing
functions (Fiethe et al. 2012; Lange et al. 2017), and a microprocessor running a data
processing framework that combines these functions into pipelines (Albert et al. 2018).
This contribution analyses errors induced by the on-board processing.

2. The on-board data analysis software

The science data processing comprises of preprocessing and RTE inversion. The pre-
processing primarily corrects the images for the dark and flat field of the instrument,
and does the polarimetric demodulation. Depending on science case and the instrument
parameters determined at instrument commissioning, it may have additional steps (e.g.
spatial cropping or deconvolution from image artifacts). The RTE inversion transforms
the 24-image spectropolarimetric dataset into 5 images of interest: azimuth, inclination
and magnitude of the magnetic field, the LOS velocity and the total intensity at con-
tinuum wavelength. See Cobos Carrascosa et al. (2016) for details on SO/PHI’s RTE
inversion scheme. To save FPGA resources, the preprocessing functions use fixed point
number representation on 24.8 bits, while the RTE inversion is on 32 bits floating point.

The most basic preprocessing pipeline for a data set from an imaging spectropo-
larimeter contains dark and flat field correction and polarimetric demodulation:

Sλ(x, y) = D(x, y) · [(Iobs
λ (x, y) − Idark(x, y))/I f lat(x, y)], (1)

where "·" denotes matrix multiplication, λ marks wavelength dependence, x and y are
spatial dimensions. The Stokes parameters are contained in S, D is the demodulation
matrix, Iobs contains the observed data in the four modulation states. The dark field of
the sensor is Idark, I f lat is the telescope flat field, neither depending on wavelengths and
modulation states (may change for the flat field after instrument commissioning).

To implement Eq. 1, we use four blocks, combined into a pipeline (see Fig. 1).
The raw data is integer, represented up to 22.8 bits after accumulation (14.8 assumed
in test). As the exposure time is calibrated to fill a defined percentage of the detector
full well, the recorded data is ideally represented. To process the data at the highest
resolution, we shift the pixel values of these images to the top of the full range (×29),
arriving to 23.8 bits (one bit is sign). This representation is the block interface, however
some blocks re-scale the images to optimize the output accuracy.

We quantify the errors introduced through on-board processing by running the
pipeline on a SO/PHI ground reference model and on a ground computer (using float-
ing point in Python). The test data is from the Solar Dynamics Observatory / Helioseis-
mic and Magnetic Imager (see Schou et al. 2012), run through the SO/PHI instrument
simulator, SOPHISM (see Blanco Rodríguez et al. 2018). This data is modulated into
measured intensities, then degraded with flat and dark field obtained during ground
calibration (also used by the pipeline). We compare the results of the preprocessing
after flat field correction, and polarimetric demodulation (no errors are expected from
subtraction). The RTE inversion is done on a ground computer, with the He-Line In-
formation Extractor inversion code (HELIX+; see Lagg et al. 2004). HELIX+ assumes
a Milne-Eddington approximation of the atmosphere, the same as SO/PHI’s on-board
inversion scheme, however the profile fitting method is different. The differences in
physical parameters only indicate the expected error induced by numerical inaccura-



Performance of the SO/PHI Data Reduction System 153

Figure 1. The studied pipeline. The preprocessing controls accuracy by scaling.

cies in preprocessing, due to the differences in the algorithms, the innate uncertainty in
the results of the inversion.

3. Results

The errors from the division are below 10−3 (compared to the reference results), apart
from a few outliers in the divisor, with Root Mean Square (RMS) around 5 × 10−5.

SO/PHI requires the accuracy of the polarization signals (i.e. S) to be better than
10−3. Figure 2 shows the error histogram at one wavelength sample. All pixels comply,
with their RMS in the order of 10−6, leaving a large margin for other error sources. The
errors decrease from the previous step due to the nature of polarimetry: it calculates the
difference between signals, partially canceling previous errors. Furthermore, the error
in Q is larger than in the rest of the Stokes images, due to a small term in D.

The errors after RTE inversion are only an indication of what is expected due
to numerical inaccuracies. The RMS error of the magnetic field strength, azimuth,
inclination (calculated in a region with strong signals) and LOS velocity (calculated in
the entire solar disk) due to numerical errors are 33.64 G, 1.92◦, 2.56◦, and 19.00 ms−1,
respectively. The inversion process for this type of data set, statistically, has error RMS
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Figure 2. Histogram of polarimetric errors, showing requirement compliance.

21.9 G, 1.37◦, 1.34◦ and 14.5 ms−1, respectively. What is introduced on top of this by
the numerical inaccuracies amount to 53%, 40%, 91% and 31% of the inversion error.

4. Conclusions

SO/PHI is the first instrument of its kind to perform on-board data analysis, including
data preprocessing and the inversion of the RTE. These steps use computationally de-
manding image processing functions, implemented on FPGAs. The fixed point number
representation in the on-board preprocessing was motivated by resource limitations.

The errors induced by the preprocessing conform with requirements, with a good
margin for other sources. This is achieved by keeping full control over data accuracy, a
significant overhead. Errors in Fourier domain processing are currently being analyzed.
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E. Analysis of the scientific accuracy
of the pipeline in development

In our peer-reviewed work titled ”Accuracy analysis of the on-board data
reduction pipeline for the Polarimetric andHelioseismic Imager on the So-
lar Orbitermission” (see Albert et al., 2023a), we expanded upon the accuracy
analysis initiated in Albert et al., 2019. This time, we assessed our (further
improved) data processing pipeline using magnetohydrodynamics (MHD)
simulations of a sunspot as input data, from which we synthesised a data
set representative of SO/PHI observations. We performed a statistical anal-
ysis of differences across distinct features of the simulated scene, including
umbra, penumbra, and quiet Sun. We examined errors introduced at each
processing step, and showed that their impact is negligible on the polari-
metric sensitivity and accuracy expected of the methods used (in particular
that of the Milne Eddington approximation of the photosphere during the
inversion of the radiative transfer equation).
Contributions to the publication: K. Albert implemented the on-ground

data processing pipeline, prepared the test data (starting from synthetic
observations), ran the data processing pipeline, analysed the results, and
prepared the manuscript.
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Abstract
Context: Scientific data reduction on-board deep space missions is a powerful approach to
maximise science return, in the absence of wide telemetry bandwidths. The Polarimetric
and Helioseismic Imager (PHI) on-board the Solar Orbiter (SO) is the first solar spectropo-
larimeter that opted for this solution, and provides the scientific community with science-
ready data directly from orbit. This is the first instance of full solar spectropolarimetric data
reduction on a spacecraft.

Methods: In this paper, we analyse the accuracy achieved by the on-board data reduction,
which is determined by the trade-offs taken to reduce computational demands and ensure
autonomous operation of the instrument during the data reduction process. We look at the
magnitude and nature of errors introduced in the different pipeline steps of the processing.
We use an MHD sunspot simulation to isolate the data processing from other sources of
inaccuracy. We process the data set with calibration data obtained from SO/PHI in orbit, and
compare results calculated on a representative SO/PHI model on ground with a reference
implementation of the same pipeline, without the on-board processing trade-offs.

Results: Our investigation shows that the accuracy in the determination of the Stokes vec-
tors, achieved by the data processing, is at least two orders of magnitude better than what the
instrument was designed to achieve as final accuracy. Therefore, the data accuracy and the
polarimetric sensitivity are not compromised by the on-board data processing. Furthermore,
we also found that the errors in the physical parameters are within the numerical accuracy
of typical RTE inversions with a Milne-Eddington approximation of the atmosphere.

Conclusion: This paper demonstrates that the on-board data reduction of the data from
SO/PHI does not compromise the accuracy of the processing. This places on-board data
processing as a viable alternative for future scientific instruments that would need more
telemetry than many missions are able to provide, in particular those in deep space.

Keywords Spectropolarimetry · On-board processing · Data pipeline · Data reduction
accuracy
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1. Introduction

The Polarimetric and Helioseismic Imager (PHI; Solanki et al., 2020) is one of the instru-
ments on-board the Solar Orbiter mission (SO; Müller et al., 2020). Solar Orbiter is fol-
lowing heliocentric orbits, that incline relative to the ecliptic plane to access higher solar
latitudes. SO/PHI is a spectropolarimeter scanning the photospheric Fe I 617.43 nm absorp-
tion line at two different spatial resolutions through two telescopes: the Full Disc Telescope
(FDT) and the High Resolution Telescope (HRT). The HRT is stabilised with an image sta-
bilisation system that corrects for spacecraft jitter and follows the observed features, coun-
teracting solar rotation. SO/PHI samples the spectral line at six wavelengths, recording four
polarisation states at each wavelength, from which the full Stokes vector (I , Q, U and V ),
describing the polarisation of the light, can be derived. To obtain a data set with a reliable
signal-to-noise ratio (S/N), and offer possibilities for trade-offs between S/N and acquisition
time, the instrument can parametrise its acquisition scheme. The two most commonly used
acquisition schemes are: (i) scanning through the absorption line, while recording each of
the four polarisation states five times, and accumulating four images in each state, which
is completed in less than 100 s or (ii) scanning through the spectral line and polarimetric
states a single time, accumulating 16 images in each state, completed in less than 60 s (see
Solanki et al., 2020). Each data set results in twenty-four images and provides information
about the magnetic-field vector and the line-of-sight velocity at an average formation height
of the spectral line. We arrive at these quantities, describing the solar atmosphere, on-board
the spacecraft through a full data reduction pipeline, including the inversion of the radiative
transfer equation of polarised light (RTE), assuming a Milne-Eddington approximation of
the solar atmosphere. We complement the output of the inversion with the total intensity
image from the continuum region next to the absorption line, as well as with metadata about
all the details of the data reduction, forming the science-ready data product that is made
available to scientists.

In order to facilitate on-board processing, SO/PHI has a custom designed Digital Pro-
cessing Unit (see Solanki et al., 2020) on which we implemented a data processing software
system (see Albert et al., 2020; Lange et al., 2017). There were three major drivers in the
design of the data processing system: the resource limitations of the hardware, the need
for autonomy of the data processing due to the long telecommand to telemetry turnaround
times, and the need for the robustness of the system (i.e., to ensure complete and correct
data reduction on images from different orbital positions and different solar scenes). To
meet the needs with the limited resources, we had to trade off algorithm complexity and
computational accuracy.

In this paper, we analyse the effect of these trade-offs on the accuracy of the data re-
duction pipeline. We compare processing results of a synthetic data set on a representative
hardware model of SO/PHI with a reference implementation of the data reduction without
trade-offs, which represents the best possible results for the data set. We use synthetic data
to exclude errors from sources outside the processing pipeline; these are crucial to analyse,
however, they lie outside the scope of this paper. We show that errors accumulated during the
processing are negligible and therefore we achieve the desired quality for the reduced data.
We analyse the quality of the Stokes vector achieved by the on-board processing pipeline,
the final accuracy of the output data, and the errors introduced during the processing.

2. The On-board Data Processing

The baseline data processing of SO/PHI consists of the standard spectropolarimetric data
reduction steps (see Figure 1). The processing pipeline operates on data loaded from mass
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memory where we store the acquired raw data. This is also where we store the results of the
pipeline, while they wait for data compression and download.

The pipeline starts with dark-field and flat-field correction. For both of these steps, we
determine the calibration data (i.e., the dark- and flat-fields) on-board by two separate pro-
cesses and store them in the mass memory prior to the initiation of the data reduction. Hence,
the only action performed by the pipeline is their loading and their application to the data.

The following step is the prefilter correction. The exact prefilter profiles have been deter-
mined on ground at 49 different wavelengths, given in 49 different voltages of the Filtergraph
(see Solanki et al., 2020; Dominguez-Tagle et al., 2014), and uploaded to SO/PHI. The or-
bits of SO induce a continuous change in the radial velocity of our instrument with respect
to the Sun, therefore we determine the voltages for data acquisition as part of instrument
calibrations, on-board. This is done such that a reference wavelength λ0, falls close to the
minimum of the spectral line and one sample falls into the nearby continuum. At the time
of the data processing, we calculate the corresponding values of the prefilter profile for the
data set by linear extrapolation of the measured ones, and then apply them to the data.

The polarimetric demodulation is the step that recovers the Stokes vector from the ob-
servations. For this step, the pipeline can either use a field-dependent demodulation matrix
or one that is uniform across the field of view (FOV; see Solanki et al., 2020). Preliminary
analysis performed on data retrieved up to date from SO/PHI shows that the results are
more accurate with a uniform demodulation matrix. Hence, the on-board pipeline currently
uses the average of the FOV-dependent demodulation matrix, which was measured during
the ground testing prior to launch. This is also the demodulation matrix used in this pa-
per. Further improvement to the data demodulation is possible through polarimetric ad-hoc
cross-talk correction between the different components of the Stokes vector (see Sanchez
Almeida and Lites, 1992; Schlichenmaier and Collados, 2002). After the demodulation and
the cross-talk correction, the pipeline normalises the resulting Stokes vector, using the disc
centre continuum intensity. The latter is determined on ground and uploaded to SO/PHI.

To retrieve the physical quantities, we execute the RTE inversion on the normalised
Stokes vector. The RTE inversion implemented on-board uses the Milne-Eddington model
atmosphere and the Levenberg-Marquardt minimisation method (see Cobos Carrascosa
et al., 2016). The RTE inversion operates on a pixel basis and needs all values of a pixel
from the 24 different images. The pipeline performs this pixel sorting prior to the RTE in-
version. The initial conditions for the inversion can be provided in a configuration file, or
through numerical calculations, called classical estimates (Semel, 1967; Rees and Semel,
1979; Landi Degl’Innocenti and Landolfi, 2004). After the inversion, we arrive at the phys-
ical quantities: the magnetic vector, �B = (| �B|, γ,φ) where | �B| stands for the field strength
and γ and φ for the inclination and azimuth of the field, respectively, and line-of-sight veloc-
ity, vLOS. They are then sorted back into images. Finally, the pipeline attaches the continuum
intensity to them and stores them into the mass memory as the result of the data reduction.

This baseline can be further extended with other modules, such as binning and cropping,
used to balance the telemetry volume with the needs of each science case. We also have the
capability to further extend the pipeline in the future, e.g., with Fourier filtering to restore
the data from optical effects, such as a known point spread function (PSF).

SO/PHI combines different number representations in the data processing (see Figure 1).
Wherever it was possible, we opted for fixed-point representations as a method to reduce
resource usage, trading off accuracy, which is one of the most important sources of accuracy
loss in the pipeline. We use floating-point calculations where the accuracy of fixed-point
computations did not fulfil the requirements (for instance, the inversion of the RTE). In con-
trast to floating-point, where number normalisation is inherent in the notation and therefore
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Figure 1 The current baseline
data processing of SO/PHI,
executed on-board the spacecraft.
To enable the calculations on the
limited on-board resources, we
combine fixed-point and
floating-point number
representation in the pipeline.

the precision is better preserved, in fixed-point representation the decimal point is always in
the same place, resulting in effectively different number of bits used for the representation
of different magnitudes, with 0-padding. For instance, two irrational numbers differing only
by a scale factor of 2, both within the range of possible numbers on the allocated bits (i.e.,
none of them produces overflow), would have an accuracy difference of a bit in fixed-point
representation, while in floating point they would have the same accuracy. Maximising the
accuracy of fixed-point representation is possible through scaling up values to effectively
use as many bits as possible. SO/PHI uses in its data processing 24.8 fixed-point notation,
where 24 bits are for the integer part and 8 for the decimal, and single precision, 32 bits
floating point.

In order to maximise SO/PHI’s processing accuracy, we must make sure that we effec-
tively use all the available bits in the fixed-point notation by controlling the magnitude of
our data in all steps of the data processing. We always scale the full data set together to
maintain the information in all dimensions of the data: spatial, spectral, and polarimetric.
The individual pixel values in the images have no physical meaning throughout the pipeline,
it is the normalisation of the Stokes vector by the disc centre continuum quiet Sun intensity
(denoted simply as Ic) that creates the suitable input to the RTE inversion module.

Our starting point for scaling the data through the pipeline is in the detector. The exposure
time adjusts the brightness of the solar scene such, that it is reliably represented on 12 bits
read out from the detector. Then, we accumulate a number of detector readouts to increase
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the signal-to-noise ratio of the solar data, and pad the result with zeros after the decimal, to
reach the 24.8 fixed-point notation. Then, we calculate the largest possible integer number
that we can obtain through these operations, called from here on maximum range, and place
it into the metadata of the data set for further reference. For instance, for 20 accumulations,
the maximum range would be 20 × 212. At the start of the data processing, just after load-
ing our raw data set from the mass memory, we scale up the data to use all the available
bits. This is achieved by multiplying with a scale factor, calculated as the ratio of 223 (the
largest possible integer in two’s complement on 24.8 fixed-point notation) and the current
maximum range. In each operation that follows, we aim to preserve this largest possible
maximum range in the result, by considering the magnitude of the operands and that of the
result. For simplicity, we only keep track of the maximum range. However, in few cases the
minimum range of the absolute value of the data is also relevant, for instance, when we per-
form divisions like that necessary to correct the flat field or the prefilter. Here, the smallest
value in the divisor determines the maximum range of the result. Since these are not tracked,
we make assumptions about the divisor, with the consequence that any pixels with smaller
values will create an overflow and the resulting pixel will become not-a-number (NaN).

We scale all calibration data to no higher value than to represent the precision with which
they are determined (e.g., in the case of the flat fields, we only use 3.8 bits). In those cases
where the accuracy of the calibration data is high, we do a trade-off between the accuracy
of the data and that of the calibration data. We decide all trade-offs on a case-by-case basis,
based on simulations to verify which scaling gives the best precision results.

3. Test Setup

To compare the accuracy of the on-board processing pipeline to what could be achieved
on-ground, and isolate it from other sources of errors (e.g., solar evolution and the accuracy
of the calibration), we have chosen to process a synthetic data set. We process these data
with the pipeline described in Section 2 on the Qualification Model (QM) of SO/PHI, which
is fully representative in terms of the Data Processing Unit of the Flight Model. We com-
pare the QM results to a reference pipeline run in a PC in double precision floating point,
representing the best possible processing accuracy. The one exception is the RTE inversion,
which is performed on the QM in both cases. In the case of the reference pipeline, we up-
load the RTE input data in floating point and download directly the floating point results
that it produces. The data processing pipeline uses the same calibration data that we apply
in the data preparation, therefore we have no inaccuracy originating from the determination
method and processing of the calibration data. This means that all errors presented in this
work are inaccuracies originating in the data reduction pipeline.

The test data set is a magnetohydrodynamic (MHD) simulation of a sunspot (Rempel,
2015). From this MHD cube, we synthesized the Fe I 6173 Å spectral line profiles, applying
a wavelength sampling of 14 mÅ, with the SPINOR code (Frutiger et al., 2000). SPINOR
relies on the STROPO routines to solve the RTE (Solanki, 1987). The simulation is 1024 ×
1024 pixels, with a pixel size of 48 km. The pixel size of the HRT telescope of SO/PHI, at
closest approach, corresponds to 101 km, however the dataset is not resampled in order to
provide more pixels in the umbra and penumbra for statistical analysis.

We degrade the synthesized spectral line profiles in several steps, starting by convolv-
ing the wavelength dimension of the synthesised data with the transmission profile of the
SO/PHI Filtergraph (see Solanki et al., 2020; Dominguez-Tagle et al., 2014):

Sconv
p (λ, x, y) = Ssynth

p (λ, x, y) ∗ F(λ), (1)
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where ∗ denotes convolution, the index p runs over the four polarimetric modulation states,
λ denotes the wavelength, x and y are the spatial image coordinates in pixels. Ssynth are the
Stokes profiles synthesized from the MHD cube, F denotes the filter profile, and Sconv is
the Stokes vector from the synthesis, convolved with the spectral profile. We then select the
samples for SO/PHI from the resulting spectral profiles. The samples are defined relative to
a reference wavelength (λ0, which we chose for this test to be 6173.371 Å). λ0 is placed in
the vicinity of the absorption line minima:

Ssamp
p (λ, x, y) = Sconv

p (λs, x, y), (2)

where λs denotes the sample wavelengths in reference to λ0:

λs = [λ0 − 300 mÅ, λ0 − 140 mÅ, λ0 − 70 mÅ, λ0, λ0 + 70 mÅ, λ0 + 140 mÅ],

and �Ssamp is the Stokes vector sampled in wavelength.
After spectral sampling, we convolve each individual image of the data set (the 24 im-

ages, six wavelength samples and four modulation states) with the spatial PSF in the shape
of a Lorentzian function, configured with the theoretical parameters of the HRT telescope,
adjusted to the plate scale of the simulation:

Sp(λ, x, y) = Ssamp
p (λ, x, y) ∗ A(x,y), (3)

where A represents the PSF of the SO/PHI HRT.
The convolution with the PSF reduces the continuum quiet Sun root-mean-square (RMS)

contrast of the synthetic data from 22.83% to 7.9%. The next step is the polarimetric mod-
ulation of the synthetic data:

Imod
m (λ, x, y) = k

4∑

p=1

Mmp(λ)Sp(λ, x, y), (4)

where index m denotes modulation states, Imod
m is the modulated data set, Mmp is the po-

larimetric modulation matrix, and Sp is the Stokes vector from Equation 3. The constant
k adjusts the quiet Sun continuum mean intensity (Ic) of the data to what is representative
of the SO/PHI HRT, converts the number of photons collected by the detector to digital
numbers, read out from the electronics. This constant, furthermore, accounts for the frame
accumulations that we perform in order to increase the signal-to-noise ratio of the data,
which we adjust to 20 frames for the tests. Due to the higher RMS contrast in the test data
and therefore higher dynamic range, we adjust the Ic slightly below the level observed in
the SO/PHI HRT data. The ratio of Ic for the observed to the test data is 1.08. It is important
to remark that this difference in Ic creates a slightly worse case from the point of view of
accuracy: as the values in the test data are somewhat lower, they are represented on fewer
bits when compared to SO/PHI observations. We remark, that the order in which we apply
the instrumental degradation to the synthetic data has been established for the sake of conve-
nience and to be able to correct the data in the same order with the pipeline. For instance, we
have applied the polarimetric modulation here, even though the modulation package in the
instrument is right after the entrance window following the beam direction. Since only the
order of linear operations has been exchanged (only the dark field application is non-linear,
which we apply according to the optical path), this does not affect the resulting input data.
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Once we have modulated the input Stokes vector and converted the data to digital num-
bers, we apply the prefilter profiles, dark and flat fields to the synthetic data:

I obs
m (λ, x, y) = Imod

m (λ, x, y)I p(λ, x, y)I f
m(λ, x, y) + I d(x, y), (5)

where I obs
m is the data set produced to match SO/PHI observations, i.e., the input to the

processing pipeline, I p is the prefilter profile, which is different for each wavelength and
pixel, I f

m are the flat fields, depending both on wavelength and polarisation states m, and I d

is the dark field of the sensor, the same for all wavelengths and polarisation states.
It is worth noting that the addition of the flat field and dark field to the data further

reduces its RMS contrast to 6.4%. During the first months of SO/PHI operations, we have
observed the RMS contrast in SO/PHI HRT observations of the quiet Sun to be around 4.5%
to 5%, which is expected to change further as SO/PHI changes its distance to the Sun. The
smaller the dynamic range in the data (i.e., lower the RMS), the closer we could take all
values of it to the maximum possible range, hence achieving a better overall computational
accuracy. For this, we could do an adjustment to the exposure time or in the maximum
range assumptions at data acquisition. This is, however, not done in the case of our test data.
Therefore, the results are representative of what we would achieve on SO/PHI data. Also
note, that the dark and flat fields that we apply here were calculated on ground from SO/PHI
data, and calculated on-board SO/PHI, respectively. These data we downloaded during the
commissioning phase of the mission. We produced these early calibration data with methods
that we will improve further, however, these are representative of the flat and dark fields that
we expect after fine-tuning. Furthermore, it is important, that in order to not introduce further
uncertainty into the process, and be able to assess the effects of the numerical errors on the
RTE inversion, we omit several effects that would appear in real data. We do not introduce
noise to the data in the course of its degradation. Likewise, we use the data as instantaneous
snapshots of the solar scene without considering the evolution of the solar scene, rotation of
the Sun or spacecraft jitter.

We show the effects of the data degradation at the continuum wavelength in Figure 2. The
most obvious effect is the reduction of the image RMS contrast. In the line profiles of the
data (see Figures 3, and 4) we can see that the complex profiles from the MHD simulations
smooth out significantly as a result of the convolution with the transmission profiles of
the SO/PHI Filtergraph. The same operation also lowers the amplitude of the polarisation
signals. The sampling of the data further removes details of the spectral shape by reducing
the available information. This effect is especially strong in the sunspot profiles, due to
the complex shapes. The spatial PSF convolution strongly changes the Stokes I intensity,
especially in the umbral profile, as usually stray light does in real observations. We do not
expect the RTE inversion to perfectly reconstruct the resulting profiles, producing especially
large differences in the umbra, as it does not account for the stray light. The spatial PSF can
lower the amplitude of the polarisation signals further (e.g., in quiet Sun areas), although it is
not always the case (as shown here in the umbral profiles), since the final effect on each pixel
depends on the surrounding signals. Note that the final degraded profiles appear different
with respect to the synthesised data. This is mainly an effect of the wavelength sampling.
While we sample the absorption line with symmetric offsets, the reference wavelength does
not necessarily coincide with the centre of the line, causing a shift in the sampling and
introducing an apparent asymmetry even in the case of symmetric profiles. This, however,
does not affect the performance of the RTE inversion. The relatively few samples (only five)
also contribute to the strong difference.
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Figure 2 The data set used in the tests contains an MHD simulated sunspot (Rempel, 2015). We synthesised
the spectral line and its nearby continuum from the MHD cube (left) and degraded, as described in the main
text, to what we would expect from SO/PHI (right) shown here at the continuum intensity sample wavelength,
λ0 − 300 mÅ. The most obvious result of the degradation is the loss of RMS contrast. The size of the data is
1024 × 1024 pixels, each pixel corresponding to 48 km on the Sun. The spatial sampling is larger than what
SO/PHI achieves at closest approach. However, it is preserved to provide more pixels for statistical analysis.
The arrows indicate pixels for which the Stokes profiles are plotted in Figures 3 and 4.

Figure 3 The spectral line profile of the input data set shows the degradation of the synthesised MHD data.
We first convolve the synthesised profile with the filter profiles of SO/PHI (shown in the top left panel),
then select the correct wavelength samples, followed by the convolution of the resulting images with the
theoretical PSF of the instrument. This is a bright pixel from the quiet Sun. The convolution with the filter
profiles significantly reduces the spectral line complexity. We indicate the location of the plotted pixel in
Figure 2.

We analyse how the data pipeline changes the accuracy of the data throughout each step
of the pipeline, grouping them into three categories: the input and the first steps of pre-
processing, the polarimetric errors, and the physical parameters. In the first category, we
start by analysing the input errors introduced by the data quantisation to fixed-point notation.
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Figure 4 Same as Figure 3, for a pixel from the umbra. This dark pixel is surrounded by bright structures,
therefore after applying the PSF, there is a large change in the intensity level at continuum from neighbouring
pixel contributions. There is also a significant change in the U profile. This is an extreme case, with neigh-
bouring pixels being significantly different from the one selected. Here, the PSF convolution has a much
stronger effect on the final profiles, when compared to Figure 3. We indicate the location of the plotted pixel
in Figure 2.

Next, we look at the early pre-processing errors, which are introduced by the first three
pipeline steps: dark field, flat field and prefilter correction. The next category comprises
the polarimetric sensitivity, where we evaluate the errors in the determination of the Stokes
vector during the demodulation process and the cross-talk correction. Achieving a good
polarimetric sensitivity of the Stokes vector is the most important requirement of SO/PHI.
Finally, in the third category, we give a glimpse into the resulting physical parameters, in
which we analyse the results of the inversion. These results correspond to the science ready
data obtained directly on-board.

4. Analysis

For the analysis, we separate the data into three zones, based on the Stokes vector signal lev-
els: the umbra, the penumbra and the quiet Sun. The regions are defined on the conservative
side with preference on excluding pixels from them rather than including pixels that do not
clearly belong. We consider > 10000, > 81000, and > 94000 pixels in the three regions,
which corresponds to 1%, 7.8% and 90.5% of the full field of view, respectively. We follow
this definition in the rest of the paper and mark these regions in the figures.

4.1. Input and First Steps of Pre-processing

The first source of error is the quantisation error of the input data to the pipeline. After
calculating them in double precision floating-point, according to the description in Section 3,
we transform the data set to the fixed-point representation as the raw data would be stored:
detector read-out on 12 bits, accumulated 20 times, and padded with 0-s for the decimals.
This corresponds to a maximum range of 20 × 212. The RMS of the error resulting from
the quantisation, normalised to the image mean intensity, is between 1.55 × 10−7 and 3.5 ×
10−7 across the FOV of the 24 images (the six different wavelengths and four polarisation
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Figure 5 The histogram of errors after data quantisation and the first three steps of the pipeline shows the
accuracy achieved after each step, normalised to the mean of the data. The quantisation and dark field sub-
traction introduces small errors. The errors introduced by the flat field division are very similar to that of the
dark field correction, however, a few outliers show up from dust grains in the FOV. The prefilter correction
produces a residual of the image with very low intensity due to the inaccuracy at the extrapolation of the
prefilter profile to the correct voltage.

states). This is consistent with the 1 ÷ 28 precision of the decimal in the 24.8 fixed-point
representation. The profile of the histogram is flat, as expected for quantisation errors (see
Figure 5), with a systematic bias towards smaller numbers in the quantised data due to using
bit truncation rather than rounding.

The first steps of pre-processing are: the subtraction of the dark field from the data,
the division of the data by the flat field, and the division of the data by the extrapolated
prefilter profiles. After the loading of the data, the pipeline scales it up by 223 ÷ (20 ×
212) = 102, which is also followed by the scaling of the dark field. The errors after this step
originate from data quantisation both in the input (as described before) and the dark field.
The subtraction operation itself does not produce any errors inherently. After this step, we
have an error RMS, ranging between 1.55 × 10−7 to 7.7 × 10−7, normalised to the image
mean in the 24 images of the data set. This step slightly changes the profile of the error
histogram, removing the bias caused previously by bit truncation (see Figure 5).

The following step, the division by the flat field, divides the data with a max range 223,
i.e., effectively using 24.8 bits, by data with max range 23, i.e., effectively using 3.8 bits.
The flat field has been normalised to its mean intensity, scaled by 23, and we assume its
minimum range to be 22. Any number below this may cause an overflow, however, there
is still some room for smaller values, as the data does not fill up the full detector well at
acquisition. After the division, we readjust the magnitude of the result to 223 by multiplying
it with 22. The errors in this step originate from the errors on the input data (as shown in
previous steps), the representation error of the divisor, and the representation errors of the
result. In the histogram, a few pixels with larger errors appear due to dust grains in the FOV
(which translates to very small numbers in the divisor). However, these errors are only in
a handful of pixels, not contributing significantly to the RMS calculated over the full FOV,
which ranges between 1.56×10−7 and 7.7×10−7, normalised to the image mean intensities.

The next step, the prefilter correction, starts with the interpolation of the prefilter. The
pipeline performs this on data scaled to a maximum range of 223, then scales it down to a
maximum range of 210. Furthermore, we assume a 29 minimum range. The interpolation of
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Figure 6 The normalised Stokes
vector, �S/Ic = (I , Q, U , V )/Ic ,
is shown here at the reference
wavelength, λ0 (6173.371 Å),
close to the minimum of the
absorption line. As expected,
Stokes Q/Ic and U/Ic shows the
strongest signals in the
penumbra. This is also true for
V/Ic , which is due to the large
splitting of the line in the umbra,
causing a poor sampling by
SO/PHI. (see Figure 3).

the data creates an error in the divisor compared to what we obtain on ground. Then, through
the division, the error histogram widens: when subtracting the results, a very small amplitude
residual of the data remains. The histogram profile seen in Figure 5 is the histogram of the
test data. After the operation, we scale the result of the division back to 223 by multiplying it
with 29. The RMS of the error across the FOV ranges between 3.1 × 10−6 and 3.75 × 10−6,
normalised to the mean intensity of the images.

4.2. Polarimetric Errors

The Stokes vector is the output of the polarimetric demodulation of the data. The pipeline
is able to do further adjustments with ad-hoc polarimetric cross-talk correction methods.
However, for this study, we will limit ourselves to errors due to the demodulation process.
We scale the demodulation matrix to the maximum range 29, for which we have to account
in the input data. In order to avoid overflow, we divide the input data by 29 × 4, where the
number 4 accounts for the addition of the rows in the 4 × 4 matrix multiplication. The result
of the operation is then on a maximum range of 223. Since the values of the Stokes vector
at this point do not have physical meaning, we normalised them to the mean of the quiet
Sun intensity, Ic , before showing them in Figure 6. The normalisation here is performed
in double precision, to show the results without the error introduced by this step, when
performed on-board.

The polarimetric sensitivity requirement set for SO/PHI is 10−3, which is met during the
processing: the errors accumulated by the end of this step have an RMS across the FOV
between 3 × 10−6 and 4.7 × 10−6 (see Figure 7). This leaves a generous margin to other
sources of error and does not compromise the required polarimetric precision.
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Figure 7 The RMS of the errors in the Stokes parameters varies between 4.0 × 10−6 and 6.6 × 10−5, which
leaves a good margin to meet the 10−3 polarimetric sensitivity requirement of SO/PHI. The errors vary by
6.5 × 10−5 across the Stokes parameters, wavelength, and solar regions, as shown in the table on the bottom.
Their relation in linear scale (bottom bars) shows that Stokes Q, U , and V are very close to each other,
therefore, to better see their differences, we use a logarithmic scale (top).

The errors across the different Stokes parameters, the different wavelengths, and the
different regions of the data (umbra, penumbra, and quiet Sun) differ by a maximum of
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1.7 × 10−6, which is considered negligible. The variation of error is visible for I on a linear
scale. However, for Q, U and V we need a logarithmic scale to illustrate the differences.
The errors in the result depend on four factors: the errors that were accumulated prior to
this step, the magnitude of the input data, the magnitude of the output data, and the terms of
the demodulation matrix. These first and second sources oppose each-other: the so far accu-
mulated error correlates linearly with the intensity (due to the image residual after prefilter
correction), while the input data is better represented where the values are larger, therefore,
it has an inverse correlation. The demodulation matrix has only positive terms in the row
producing Stokes I , however, it has negative terms for Q, U , and V , producing cancellation
effects.

The trend in errors in Stokes I approximately follows the intensity of the output, with
only a slight deviation from this trend along the spectrum (see Figure 7). This is a case
where the intensity in the final results dominates the magnitude of the errors. In Stokes Q,
U and V the intensity of the result does not overpower the trend any more, and there is a
cancellation effect of previous errors due to negative terms in the demodulation matrix. The
result of all these values is a trend in errors that is stochastic.

4.3. Physical Parameters

We reach the final physical quantities through the RTE inverter (Cobos Carrascosa et al.,
2016). The inversion module can be configured in five different modes, depending on the de-
sired outputs, and on the initial model (apart from special debugging modes). The first three
can provide all atmospheric parameters of the Milne-Eddington model (line-to-continuum
absorption coefficient ratio, Doppler width, damping coefficient, source function – its slope
and its value at the top of the atmosphere, magnetic field vector �B = (| �B|, γ,φ), and LOS
velocity, vLOS). These modes are: inversion starting with an initial model, called classical es-
timates, calculated with analytical formulae (centre of gravity technique, see Semel, 1967,
and the weak-field approximation, see Landi Degl’Innocenti and Landolfi, 2004), inversion
with a configurable initial model, and the classical estimates without being followed by
an inversion. Aside from these modes, we have two others which only return line-of-sight
(LOS) parameters: the longitudinal mode, where we only obtain LOS velocity and LOS
magnetic field, and the no polarisation modulation mode, where we only obtain LOS ve-
locity. We select the modes based on the required science return and available telemetry.

The output parameters of the inversion are also configurable. Thus, we can request only
a subset of the full set of output (physical) parameters for a given mode. For the first modes
that calculate all nine Milne-Eddington model parameters, in standard operations we only
request the four parameters of interest: the three components of the magnetic field vector
and the LOS velocity. For the other modes in standard operations, we select all available
outputs.

Before we perform the RTE inversion, we must prepare the data to match the interface of
the inverter. After demodulation, the data are normalised to Ic (Ic is calculated on ground).
The pipeline performs this operation with Ic represented on 12.8 bits (which corresponds to
it being calculated on data with maximum range 212), and scales the result to a maximum
range of 223. We transform these data from fixed to floating point by assuming a 2.30 fixed-
point representation. As part of the preparation of the data, the pipeline also rearranges the
images to provide the inverter with a data stream that it can process (i.e., all 24 values that
the same pixel in the FOV takes in the data set). A similar step takes place after the inversion
to form images again.
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Figure 8 The results of the RTE
inversion, shown here, together
with the continuum intensity
image, form the science ready
data that is transferred to ground.
The results are consistent with
what is expected from such a data
set: | �B|, γ and vLOS show
smooth transitions between the
structures, with magnetic fields
up to 4000 G. In vLOS we can
see the up and down flows of the
solar granulation, as well as of
the Evershed flow. φ is
dominated by noise in the quiet
Sun, however, it does show the
fan-like structure around the
penumbra, as expected.

We use the first mode of the inverter in this study, where we do the full inversion of
the data, with initial conditions calculated through classical estimates. See Figure 8 for the
results of the RTE inversion. These results show smooth transitions of the values over the
FOV in | �B|, γ and vLOS. In | �B| we obtain magnetic fields up to 4000 G. The upper limit
in the inversion module for | �B| is 5000 G, which is not reached. In vLOS we can see the
up- and downflows of the solar granulation, as well as the Evershed flow in the penum-
bra (see Evershed, 1909). The upper and lower limits of the inversion module for vLOS is
[−20,20] km s−1. In φ, the azimuth ambiguity disrupts the smooth transitions and is domi-
nated by noise in the quiet Sun.

The source of the differences that we obtain between the reference pipeline and the
SO/PHI processing pipeline is the small variations of the input data due to the process-
ing. However, the stability of inversion on such a data set (considering the physics of the
MHD simulation, the spectral and spatial convolutions applied, and the spectral sampling
points) also determines the amount of error introduced by these small changes. In case of
real SO/PHI observations, we would have an additional contribution from the inaccuracy
of the calibration data. This is eliminated in this study by using the same data to degrade
and calibrate the synthetic data set. In the following paragraphs, we present the results; we
discuss their magnitude and significance in Section 5.

The RMS of the errors in | �B| introduced by the SO/PHI pipeline vary between 16.9 G
to 5.8 G from the quiet Sun to umbra, see Figure 9). Values below 1000 G show a larger
disagreement as a consequence of lower signal levels, both in the case of the quiet Sun
and the penumbra, showing up as a low-density scatter in Figure 10. We note that pixels
with values 1000 G belong to the outer penumbra, reaching the lower limit of typical field
strengths in penumbral regions. A few outliers appear also in the umbra, particularly above
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Figure 9 The RMS of the errors in the RTE inversion results primarily reflects the stability of the inversion
in the different regions. It shows how the small errors in the input data, introduced through the processing,
affect the final results retrieved with the same method. The error in | �B| and γ is smallest in the penumbra.
The determination of γ and φ is challenging in the quiet Sun, due to low signal levels, which is also reflected
in the error RMS. vLOS in the umbra has higher error due to a shallower line core and more complex profiles.
(The magnitude of the errors is discussed in Section 5).

2500 G, hinting at the difficulty in inverting complex line profiles. These profiles, on one
hand, are sampled by only six points, on the other hand, they are also significantly changed
by the prefilter and spatial PSF convolution (see Figure 3).

The errors in the orientation of the magnetic field vector we present to integer precision.
This is due to the fact, that the RTE inversion truncates these values to integer accuracy,
therefore any sub-decimal precision differences between the errors in the various regions
would be an artefact of this operation. The umbral and penumbral regions show the same
accuracy for both the inclination, γ , and the azimuth: φ, 1◦ and 2◦, respectively. (see Fig-
ure 9). In the quiet Sun, we see an error increase in both angles, a sign of lower signal
strength. This results in noisy vector direction, with the correlation plot showing a large
scatter across all possible values. The RMS of the errors in the quiet Sun regions is 13◦ and
38◦ for γ and φ, respectively. In the analysis of φ, we assume that any difference between
the two results larger than 150◦ is caused by the ambiguity of the angle, and therefore we
change all corresponding pixels to their supplementary angles. This results in the sharp cut
at these errors, showing up as empty corners, in the last panel of Figure 10.

vLOS is calculated with the best precision in the penumbra and the quiet Sun, with an error
RMS between 3.0-3.5 m s−1 (see Figure 9). The increase of the accuracy in the penumbra is
due to the stronger velocities in this region. The calculation of vLOS in the umbra produces
an error with 5.5 m s−1 RMS. These regions with higher magnetic fields produce stronger
Zeeman splitting: the spectral profiles widen, become more shallow and complex. Due to
our spectral sampling (as seen in Figure 4), the representation of these profiles becomes less
accurate, and therefore, the sensitivity of the Stokes vector to the LOS velocity perturbations
diminishes, leading to larger errors.

Using the vector magnetic field that we retrieve from the RTE inversion, we also calculate
the line of sight magnetic field (BLOS), for further insight. The RMS error of the BLOS is
16.9 G, 7.9 G and 5.8 G for the umbra, penumbra, and quiet Sun, respectively. It shows
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Figure 10 The correlation of the reference and SO/PHI processing results for | �B|, γ , φ and vLOS. While the
Stokes vector errors are uniformly distributed in these regions (see Figure 7) the scatter of the results varies
significantly. This is due to the different stability of the inversion in the different regions, discussed in the
main text.

the best agreement in the quiet Sun, significantly better than what | �B| provided. This is
due to the fact that the granules harbour weak transverse fields (see Orozco Suárez and
Bellot Rubio, 2012; Danilovic, van Noort, and Rempel, 2016), which translate to small BLOS

values, lowering their contribution to the RMS of the error. In contrast, in the umbra and
penumbra, we can observe an increase in the error. These regions harbour stronger magnetic
fields, which appear at higher angles, all the way to close to vertical in the umbra. Their
orientation and strength translates to strong BLOS signals, creating a higher RMS error. We
note, that BLOS can also be computed on-board without using an inversion, with analytical
formulae (see above), which is a different approach, and these values cannot be applied to it.

5. Discussion and Conclusions

Our accuracy analysis shows that the on-board processing trade-offs do not compromise
the accuracy of the SO/PHI data. The comparison between the results of the fully on-board
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processed data (with the necessary trade-offs) and the results obtained on-ground (without
the trade-offs of the on-board processing) conveys that the errors in the determination of the
final Stokes parameters are below 7 × 10−5. This leaves a good margin for other sources
of errors (e.g., calibration errors) to fulfil the 10−3 polarimetric sensitivity requirement of
SO/PHI.

We present the errors in the physical parameters to give an idea of how the RTE inversion
results may change by these processing inaccuracies. However, it is important to remark, that
most input data sets intrinsically deviate from Milne-Eddington line profiles, and a tiny error
in the input may cause the inversion to converge to a different local minimum, providing
large differences in the physical parameters.

In Albert et al. (2019), we have done a similar analysis on a data set acquired by the
Helioseismic and Magnetic Imager on-board the Solar Dynamics Observatory (SDO/HMI;
Schou et al., 2012), using an earlier version of the SO/PHI data reduction pipeline. In that
study, we compared the errors from the processing to a statistical analysis performed with
the He-Line Information Extractor inversion code (HELIX+; see Lagg et al., 2004). The sta-
tistical mode of HELIX+ inverts the data with varying starting conditions, and we regard the
variation of the results as a measure of the inaccuracy inherent in the inversion of the data
set, amounting to 21.9 G, 1.34◦, 1.37◦, and 14.5 m s−1 for | �B|, γ , φ and vLOS, respectively.
The errors in the inversion results, introduced to the SDO/HMI data by the on-board pro-
cessing of SO/PHI (Albert et al., 2019), are 33.64 G, 2.56◦, 1.92◦, and 19 m s−1 for the
same parameters, which are slightly higher than what we find in the current study. This is
due to the different input data, as well as the earlier version of the processing pipeline. It
is important to note, that in the Albert et al. (2019) study we determined the errors in the
magnetic field vector limiting the FOV to an area with strong polarisation signals, while for
the vLOS we take the full FOV into consideration.

Cobos Carrascosa et al. (2016), while verifying the implementation of the RTE inverter
on-board SO/PHI, compared inversions with the C and FPGA implementation of the code
for a collection of Milne-Eddington synthetic profiles (considered as ideal input, containing
only symmetric profiles). These profiles were sampled with 5 mÅ steps, and selected to
range between 0 and 1500 G in | �B|, 0 and 180◦ in γ and φ, and −2 and 2 m s−1 for vLOS, to
which they added noise with a magnitude of 10−3 × Ic . The results agree with an error RMS
of 5.3 G, 4.86◦, 5.77◦ and 5.9 m s−1 for | �B|, γ , φ, and vLOS, respectively. However, the same
comparison, performed on observations from the Swedish Solar Telescope, results in RMS
errors of 69.2 G, 6.5◦, 5.47◦, and 79.41 m s−1. This is due to several factors, including higher
noise, instrumental errors, and asymmetric data profiles, which is typical of observed solar
Stokes profiles (see, e.g., Solanki, 1993). The data that we analyse in this paper fall between
the two tests in Cobos Carrascosa et al. (2016): we do not introduce additional noise into
our data, other than what the pipeline produces (which is in the order of 7 × 10−5), however,
we do have asymmetry in some profiles. We find that the error introduced by the on-board
processing pipeline is comparable to the error introduced by the inverter implementation
when tested on synthetic data. The differences between the results on the different data sets
indicate that the error resulting from the RTE inversion is dominated by the noise level of
the data and the input data profiles, which is an inherent property of RTE inversions. This
underlines the fact that the accuracy of the pipeline can be judged best by comparing the
Stokes parameters instead of the results of the RTE inversion. In order to find a context for
the errors of the physical parameters retrieved by the RTE inversion, we must compare them
to a very similar data set.

Borrero et al. (2014) compared different Milne-Eddington inversions using data from
a sunspot simulation described in Rempel (2012), which is very similar to what we used
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in this work. They synthesised two absorption lines (Fe I 630.15 nm and Fe I 630.24 nm)
over the whole MHD cube, and did not introduce any noise. The lines were sampled at 100
wavelength steps, 10 mÅ apart. This sampling provides more information than is available
in SO/PHI observations, consequently a better reconstruction of the absorption lines is ex-
pected. Moreover, the authors cropped the field of view, such that it contains a comparable
number of pixels in umbra, penumbra, and solar granulation (more precisely a ∼ 200 G
plage region surrounding the spot). Using this data set, they found that different Milne-
Eddington inversion codes, executed on one input, produce values within an interval of
35 G, 1.2◦ and 10 m s−1 for | �B|, γ , and vLOS, respectively. In this work, we find that the dif-
ferences in the SO/PHI inversion of on-board and on ground reduced data are smaller than
the differences introduced by different inversion codes executed on a single input in Borrero
et al. (2014). This means, that the accuracy of the on-board processing is higher than the
accuracy of a typical Milne-Eddington inversion. We furthermore note, that Borrero et al.
(2014) does not discuss the errors introduced by Milne-Eddington inversions due to simplifi-
cations in the physics underlying this model. We expect these to be considerably larger than
the numerical uncertainties between different Milne-Eddington codes (see Orozco Suárez
et al., 2010; Castellanos Durán, 2022, and references therein).

In conclusion, the SO/PHI pipeline provides the necessary accuracy to process spectropo-
larimetric data with 10−3 polarimetric sensitivity. We show that the data processing pipeline
does not compromise the accuracy of the inversion results, since it preserves the confidence
interval of the Milne-Eddington RTE inversions. Comparing the results of this study with
others shows that the effect of the on-board pipeline errors on the RTE inversion is below
the errors produced by the RTE inversion inherently on both simulated and observed data.
In this paper, we analyse the errors introduced by the on-board data processing pipeline in
comparison to on-ground processing. However, these errors can be regarded as negligible or
at least small compared with other sources of error.

Similar processing accuracy can be expected in other on-board data processing pipelines
as well (e.g., calculating flat fields or determining polarimetric ad-hoc cross-talk correction
terms), since the restrictions and solutions presented here overarch all on-board implementa-
tions. This study also shows, that while requiring a significant effort, on-board reduction of
solar spectropolarimetric data is a viable option for future instruments, even with stringent
limitations in computational resources. It significantly reduces telemetry requirements for
SO/PHI (from 24 images, to five at most, in addition to obviating the necessity to download
dark and flat fields) and will be particularly valuable for spectropolarimeters on deep-space
missions.
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F. Observing facular and network
contrast from two different points
of view

Our publication titled ”Intensity contrast of solar network and faculae
close to the solar limb, observed from two vantage points” (see Albert et al.,
2023b) demonstrates the results of our on-board processing efforts. Using
data processed entirely on-board, we combined observations from SO/PHI
and SDO/HMI, obtained at an angular separation of approximately 60◦, to
investigate the intensity contrast of facular and network features near the
solar limb. Understanding the intensity variations of these features in re-
lation to their position on the solar disc and the associated magnetic flux
measurements is crucial for flux tube physics studies, and plays an impor-
tant role in solar irradiance calculations. Observing this relationship near
the solar limb poses several challenges, which our approach combining ob-
servations from two vantage points addressed. We presented this method,
showcasing its feasibility. The data used in the analysis was collected during
Solar Orbiter’s cruise phase. Despite the preliminary nature of the data pro-
cessingmethods at this stage of the mission, the results published in Albert
et al., 2023b highlighted that the software design and its implementation
fulfils the expectations, and the that the on-board data processing system
produces data suitable for scientific studies.
Contributions to the publication: K. Albert combined the observations

from SO/PHI and SDO/HMI, conducted the data analysis, and prepared the
manuscript.
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ABSTRACT

Context. The brightness of faculae and network depends on the angle at which they are observed and the magnetic flux density. Close to the limb,
the assessment of this relationship has until now been hindered by the increasingly lower signal in magnetograms.
Aims. This preliminary study aims to highlight the potential of using simultaneous observations from different vantage points to better determine
the properties of faculae close to the limb.
Methods. We used data from the Solar Orbiter/Polarimetric and Helioseismic Imager (SO/PHI), and the Solar Dynamics Observatory/Helioseismic
and Magnetic Imager (SDO/HMI), recorded at an ∼60◦ angular separation of their lines of sight at the Sun. We used the continuum intensity ob-
served close to the limb by SO/PHI and complemented it with the co-observed BLOS from SDO/HMI, originating closer to disc centre (as seen by
SDO/HMI), thus avoiding the degradation of the magnetic field signal near the limb.
Results. We derived the dependence of facular brightness in the continuum on disc position and magnetic flux density from the combined obser-
vations of SO/PHI and SDO/HMI. Compared with a single point of view, we were able to obtain contrast values reaching closer to the limb and
to lower field strengths. We find the general dependence of the limb distance at which the contrast is maximum on the flux density to be at large
in line with single viewpoint observations, in that the higher the flux density is, the closer the turning point lies to the limb. There is a tendency,
however, for the maximum to be reached closer to the limb when determined from two vantage points. We note that due to the preliminary nature
of this study, these results must be taken with caution.
Conclusions. Our analysis shows that studies involving two viewpoints can significantly improve the detection of faculae near the solar limb and
the determination of their brightness contrast relative to the quiet Sun.

Key words. Sun: photosphere – Sun: magnetic fields – Sun: faculae, plages

1. Introduction

The solar photospheric magnetic field is organised into the
mainly weak-field low-lying loops forming the internetwork
(found predominantly in the quiet Sun), which is almost invis-
ible in white light, and kilogauss strength magnetic flux tubes
that manifest themselves as dark sunspots and pores and bright
faculae and quiet Sun network (see, e.g. Solanki et al. 2006). The
brightness of a given flux tube (also often referred to as a mag-
netic element) depends on its size and the angle to the observer.

The horizontal pressure balance with the environment leads
to an evacuation of the magnetic flux-tube interior, in order to
maintain hydrostatic equilibrium in the presence of magnetic
pressure. Therefore, for rays roughly parallel to the axis of the
flux tube, the observable layer at optical depth τ = 1 lies deeper
than the surrounding photosphere. Whereas inside the flux tube
the magnetic field inhibits convective energy transport, the walls
of the flux tubes appear bright due to heating from the surround-
ing convection, the so-called hot wall effect (see, e.g. Spruit

1976). The balance between the lateral radiative heating and
magnetic suppression of convection within a given flux tube
depends on its diameter. Flux tubes tend to be close to solar sur-
face normal due to magnetic buoyancy (see Buehler et al. 2015;
Jafarzadeh et al. 2014). Therefore, the position of a flux tube on
the observed solar disc determines which part of the flux tube we
see, as a consequence of the angle at which we observe it. Going
from the disc centre to the limb, the hot walls of the flux tubes
rotate into view, before the edge closer to the observer starts to
obscure the opposite, observer-facing wall (for extensive discus-
sions, see Solanki 1993; Carlsson et al. 2004; Keller et al. 2004).

The small-scale flux tubes forming faculae and the magnetic
network are typically not resolved by full-disc magnetographs,
while the kilogauss flux tubes in the internetwork have
so far only been resolved in exceptional cases, for exam-
ple by Lagg et al. (2010) who used The Imaging Magne-
tograph Experiment magnetograph on the Sunrise balloon-
borne solar observatory (e.g. Solanki et al. 2010; Barthol et al.
2011; Martínez Pillet et al. 2011). Thus, the size of faculae and
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network elements is difficult to assess. Instead, the magnetic flux
density within the resolution element (pixel) is often used to
describe the fraction of the solar surface covered by strong fields
(often referred to as the magnetic filling factor). The intrinsic
field strength of the flux tubes forming a network and faculae
is roughly unchanged, and their average size increases with the
magnetic flux density. Therefore, it is also an indirect measure
of the size of the magnetic features.

Determining the relationship between facular and network
brightness and the magnetic flux density as well as the distance of
the faculae from the solar limb is important for our understanding
and modelling of the radiant properties and thermal structure of
faculae and the magnetic elements of which they are composed.
This also provides a classic constraint to magnetohydrodynamic
simulations (see Beeck et al. 2015) and is relevant for studying
and modelling the variations of solar irradiance at timescales of
days to millennia, which is driven by the intensity excess cre-
ated by faculae and the intensity deficit resulting from sunspots
(see Krivova et al. 2003; Solanki et al. 2013; Shapiro et al. 2017;
Yeo et al. 2017, 2020). In this study, we treat the facular and net-
work features without differentiation, and refer to them as facu-
lae collectively (Solanki & Stenflo 1984). Criscuoli et al. (2017)
and Buehler et al. (2019) show benefits of treating them sepa-
rately (see also Foukal et al. 2011), and this would be interesting
to address in a future study building on the current one.

Numerous studies examined the intensity contrast of faculae
(i.e. their intensity relative to that of the internetwork) in relation
to their magnetic flux density (see Kobel et al. 2011; Kahil et al.
2019, and references therein), as well as their distance from
the disc centre (see Ortiz et al. 2002; Yeo et al. 2013). For the
magnetic flux density, most studies used the line-of-sight (LOS)
magnetic field (BLOS) observations, which is by far the most reli-
able of the magnetic components obtained from data utilising the
Zeeman effect.

However, analysis of the facular contrast becomes compli-
cated and very uncertain close to the solar limb for multiple rea-
sons. Firstly, foreshortening effects become critical. Thus, since
most of the observed magnetic field is nearly vertical, the BLOS
component becomes weak close to the limb leading to a low
signal-to-noise ratio, which is further reduced due to lower light
levels (limb darkening). In addition, the spatial resolution of
observations is reduced, when approaching the limb, with each
pixel representing an increasingly larger surface area on the Sun
due to foreshortening. Within a pixel with larger coverage, the
contribution of a given spatially unresolved magnetic element
to the magnetogram signal and to the contrast of that pixel is
smaller. Furthermore, the chances of opposite-polarity flux can-
cellation within such pixels are higher, resulting in lower mag-
netic flux density measurements.

Secondly, the µ value of the observation influences the
observed height: closer to the limb, the absorption line in which
the measurements are taken forms higher in the atmosphere than
close to the disc centre (see Schou et al. 2023, for a discussion).
Whereas this change in observation height is part of what we aim
to observe in the intensity, it is an undesired effect in the case of
BLOS measurements, which are different to those carried out closer
to the disc centre, distorting any comparisons between the two.

Thirdly, the incident polarised radiation from the Sun also
depends on the angle of the observation, owing to the proper-
ties of the Zeeman effect. Due to radiative transfer effects and
the finite width and geometry of solar magnetic features, the
Stokes V amplitude need not scale linearly with µ (see
Solanki et al. 1998). These additional effects include, but are not
limited to, the following: (1) changes in the width and strength

(including potential saturation) of the spectral line as a conse-
quence of the lower temperature and increased turbulent veloci-
ties sensed by the line towards the limb; (2) possible changes in
the Zeeman saturation of the Stokes V profile due to changes in
field strength as a consequence of a greater formation height of
the line and the larger inclination of the field relative to the LOS;
and (3) the passage of individual rays through both magnetised
and unmagnetised gas, etc.

Fourthly, the identification and isolation of facular features
is also more challenging close to the limb because the apparent
extension of the magnetic canopy of sunspots increases towards
the limb (Giovanelli & Jones 1982; Solanki et al. 1994). As the
canopy contributes significantly to Stokes V , it can be mistaken
for a facular contribution (see Yeo et al. 2013; Ball et al. 2012).

Because of these restrictions, studies of the contrast of bright
magnetic features are typically curtailed near the solar limb. For
example, Yeo et al. (2013) studied the facular intensity contrast
as a function of distance from the disc centre (in terms of the
cosine of the heliocentric angle, denoted as cos θ = µ) and
the measured magnetic flux density, normalised by µ (BLOS/µ),
using data from the Helioseismic and Magnetic Imager on board
the Solar Dynamics Observatory (SDO/HMI, see Schou et al.
2012). (The normalisation by µ corrects for the geometrical
effects to first order under the assumption that the field is ver-
tical to the local solar surface). Due to the factors discussed
above, weak network features (BLOS/µ < 50 G) could not be
identified in the magnetograms near the limb (µ ≤ 0.4), so that
the centre-to-limb variation (CLV) of facular intensity contrast
in this regime remains unclear.

These restrictions could be overcome (or at least their sever-
ity reduced) if, in addition to a magnetograph on the ground,
or in Earth’s orbit, a second such instrument observing the Sun
from a different viewpoint were available. The Solar Orbiter mis-
sion (Müller et al. 2020) brings this new perspective to solar
observations: it reaches a wide range of positions outside the
Sun-Earth line and it carries the Solar Orbiter/Polarimetric and
Helioseismic Imager (SO/PHI; Solanki et al. 2020), the first
solar magnetograph to provide data with significant angular sep-
arations from Earth. A combined analysis of simultaneous obser-
vations by SO/PHI and on-ground or Earth orbiting instruments
presents an opportunity to examine the Sun from two perspec-
tives simultaneously. In particular, this allows the uncertain BLOS
measurements at the limb to be substituted with more certain
ones, inferred from observations closer to the disc centre, hence
improving on earlier studies of facular contrast.

In this study, we present such an effort. To highlight the
potential of such multi-angle studies to better constrain the
dependence of facular brightness on the measured magnetic flux
density and the distance to the limb, we combined simultaneous
observations from SO/PHI and SDO/HMI (Schou et al. 2012).
We stress that we do not aim to provide final results. Instead,
this study demonstrates that such a combination of viewpoints
can indeed improve our knowledge of facular contrast, in partic-
ular close to the solar limb.

The paper is structured as follows. We present our method in
Sects. 2 and 3 by first detailing the observations from SO/PHI
and SDO/HMI and their processing, and then by describing how
we combined the two vantage points. In Sect. 4, we explain
how we derived the relationship of the facular contrast to µ
and BLOS/µ from the combined data obtained by the two instru-
ments, and from SO/PHI’s perspective alone; we then provide
a discussion. In Sect. 5 we summarise our findings and discuss
how the obtained results can be improved and extended in the
future.

A163, page 2 of 11



Albert, K., et al.: A&A 678, A163 (2023)

Fig. 1. Co-observations of the two instruments. We show Ic (upper row)
and BLOS (lower row) observed by SO/PHI full disc telescope (FDT,
left column) and SDO/HMI (right column), on 6 September 2021. The
two instruments observed the Sun with 59.45◦ angular separation. The
brick-red outlines on the panels show the regions that we combined
for the analysis: Ic from SO/PHI and BLOS from SDO/HMI within the
overlap region of the two instruments, with 0.1 < µSO/PHI < 0.4 and
µSDO/HMI > 0.4.

2. Data and their processing

2.1. Data

The SO/PHI (Solanki et al. 2020) is an imaging spectropo-
larimeter, sampling the photospheric Fe i 617.3 nm absorption
line. It has two telescopes: the Full Disc Telescope (FDT)
and the High Resolution Telescope (HRT, see Gandorfer et al.
2018). As their names suggest, the FDT covers the full solar
disc at all phases of the spacecraft’s orbit (with a pixel plate
scale 3.75

′′

), while the HRT only images a fraction of it (pixel
plate scale 0.50

′′

). The SO/PHI measures the full Stokes vec-
tor (I, Q, U and V) at six wavelength positions: five inside
the spectral line, and one in the nearby continuum. From these,
through the Zeeman and Doppler effects, the vector magnetic
field (B) and the LOS velocity (vLOS) can be determined at
the average formation height of the spectral line. In addition,
the continuum intensity is also returned. In this study, we use
data products obtained in the longitudinal mode of the SO/PHI
instrument. This is a simplified mode, which is applied on
board to reduce processing time and telemetry volume (see
Albert et al. 2020). It provides the continuum intensity (Ic),
and BLOS (instead of B), calculated with analytical formulae
via the centre-of-gravity technique (Semel 1967; Rees & Semel
1979; Landi Degl’Innocenti & Landolfi 2004). These results are
referred to as classical estimates. The measurement duration for
a full data set is approximately 33 s.

The SDO/HMI observes the same absorption line, using the
same principle. Some relevant differences between the instru-
ments are the pixel plate scale (0.505

′′

for SDO/HMI), the sam-
pling wavelengths of the line (SDO/HMI’s six wavelength sam-
ples are uniformly spaced and centred over the line, sometimes
resulting in the continuum not being directly sampled), and
while it provides similar data products, it uses somewhat dif-
ferent techniques to derive them. Here we use the 720 s data
products: the reconstruction of continuum intensity, and the LOS
magnetogram (hmi.M_720s; calculated with the MDI-like algo-
rithm, see Couvidat et al. 2016).

We use 10 pairs of SO/PHI–SDO/HMI observations,
recorded during the cruise phase of SO, one from each day in
the period 1 to 10 September 2021. The SO/PHI data used in
the study is of the full solar disc, recorded with the FDT. During
the observations, the angular separation of the two instruments
changed from 67◦ to 52◦, while SO’s distance to the Sun varied
from 0.58 AU to 0.60 AU. The SO/PHI-FDT at these distances
observes the Sun with a radius of 440 to 453 pixels. The SO/PHI
data have been fully reduced on board the spacecraft, includ-
ing the calibration and the determination of BLOS (for details of
the onboard processing see Albert et al. 2020). Due to the early
phase of the mission, and the novelty of the onboard data pro-
cessing, the calibration data and processes applied during the
reduction of these data sets are preliminary.

Since we are mainly interested in extending earlier studies
of facular contrast to locations closer to the solar limb, we anal-
yse areas that appear at 0.1 < µ < 0.4 in SO/PHI data, and
at µ > 0.4 in SDO/HMI data. As an example, Fig. 1 shows Ic
and BLOS from co-observations of SO/PHI and SDO/HMI on
6 September 2021. The regions that we analyse lie within the
brick-red contours: the Ic at the limb from SO/PHI, and the cor-
responding area in the SDO/HMI BLOS at large µ values. We
remark that combining the data the other way around, that is
taking Ic from SDO/HMI (from the limb), and complement-
ing them with BLOS from SO/PHI (closer to disc centre) would
also be possible. However, such a combination is expected to
be less accurate, as we have higher noise levels in the SO/PHI
magnetograms (due to e.g. the lower amount of temporal
averaging).

2.2. Attuning the observations

To prepare the SDO/HMI data products for combination with
SO/PHI data, we convolve them with the point spread function
(PSF) of the SO/PHI-FDT. As results of more accurate studies
were not yet available, we used a theoretical PSF: the Airy disc
of the telescope. This assumes a perfect telescope, only lim-
ited by the diffraction of light. To arrive at the effective PSF,
we adjust this to the difference in distance to the Sun of the two
instruments. Due to the large difference in aperture size (140 mm
in SDO/HMI vs. 17.5 mm in SO/PHI-FDT) which is not nearly
compensated by the difference in distance to the Sun (1 AU for
SDO/HMI and 0.6 AU for SO/PHI), we consider the SDO/HMI
PSF to be negligible relative to that of SO/PHI. More accurate
PSF estimates, available now (see Bailén et al. 2023; Kahil et al.
2023), will be used in subsequent studies.

Next, we resample the SDO/HMI data to match the spa-
tial sampling of the SO/PHI-FDT observations (i.e. we bin the
SDO/HMI data by a non-integer factor). We achieve this in the
Fourier domain. We crop the convolved data (conserving the
lower frequency regions) to a dimension which after the inverse
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transform will provide the same solar radius in pixels as we
observe in the corresponding SO/PHI data set.

For our analysis, the BLOS values come exclusively from
SDO/HMI observations (degraded and resampled to mimic
SO/PHI), while the intensity contrast values are exclusively from
SO/PHI. Thus, in principle, we do not need to worry about the
magnetic and continuum intensity cross-calibration of the two
instruments. However, the cross-calibration might have an effect
on the comparison of the results obtained from combining the
two viewpoints with those obtained from SO/PHI only, and can
therefore affect our results presented in Fig. 5 (see Sect. 4).
We see a good continuity of the results, and therefore believe
that for the scope of this pre-study we can use data that have
not been cross-calibrated. Efforts to cross-calibrate SDO/HMI
and SO/PHI-FDT data products are underway (Vacas 2022,
priv. comm.), and should be used by future studies.

2.3. Identification of faculae

We identify faculae or network, sunspots or pores, and inter-
network following the method described by Yeo et al. (2013;
for a discussion on the effects of identification methods, see
Centrone & Ermolli 2003). This is done for both instruments
individually. In the case of SDO/HMI, we use the PSF-degraded
and resampled data. Faculae or network are identified in the
magnetograms by their elevated BLOS levels, while sunspots or
pores are identified in the Ic images by lower intensity levels.
Finally, parts of the Sun that do not qualify to be either network,
faculae, sunspot, or pore are counted as internetwork.

We first detect pixels with magnetic signals sufficiently
above the noise level of the BLOS maps:

BLOS(x, y) > 3σBLOS (x, y), (1)

where x and y are detector plane coordinates, BLOS is the mea-
sured LOS magnetic field, and σBLOS is the standard deviation of
BLOS, a measure of the noise in BLOS.

We determined σBLOS following the method described by
Ortiz et al. (2002) and Yeo et al. (2013). This method includes
two steps: (1) a computation of the CLV of the noise, and (2) a
computation of the deviations from the obtained noise CLV pro-
file. Thus, we first calculated the standard deviation, σ, of the
magnetogram signal over concentric rings of pixels at similar
distances from the disc centre and removed outliers, outside 3σ,
iteratively, until convergence. We also fitted a polynomial to the
standard deviation versus distance profiles, thus establishing the
CLV noise profiles. Afterwards, we used a moving window to
determine any deviations from the CLV noise profile, and fitted
a polynomial surface to the result. We note, that if a window con-
tains mostly active region pixels, the standard deviation within it
is higher than for a quiet Sun region. Therefore, our noise lev-
els should rather be considered as an upper limit. We prefer this
conservative approach, where we may miss some facular pixels,
over the potential inclusion of some noise in the analysis.

When we apply this method to the 720 s SDO/HMI mag-
netograms at their original resolution, our approach returns the
noise level 4 to 7 G. This is close to the values of 4.7 to 7.8 G
reported by Liu et al. (2012). We note that the SDO/HMI team
used more accurate methods to determine the noise level than
we do. After changes in the processing of the 720 s magne-
tograms in 2016, these values are expected to be somewhat lower
(Liu 2022, priv. comm.). Through analysing internetwork pixels,
Korpi-Lagg et al. (2022) found ∼5.5 G noise levels prior to 2016,
and ∼4.75 G afterwards.

For the resampled SDO/HMI magnetograms, we find the
noise level in the range from 3.5 to 5.2 G. The downsampling
of the data by nearly a factor of four, that is averaging over
∼16 pixels, does not reduce the noise level by a factor of four.
This reduction would be expected if the photon noise were the
only noise source, however, that is not the case for the 720 s
HMI LOS magnetograms (see Liu et al. 2012). Moreover, at the
resulting resolution, while quiet Sun weak magnetic fields are
visible, they are wrongly classified as noise. This again leads
to a conservative pixel classification, as we potentially exclude
some pixels from the analysis which harbour network magnetic
fields.

In the case of the SO/PHI magnetograms, the variation of
the noise level over the field of view does not show a clear CLV.
Instead, it is dominated by a large-scale gradient across the field
of view, the origin of which is still under investigation. This indi-
cates that also for SO/PHI, the noise level is not driven by photon
noise only. In the absence of a clear CLV of the noise profile for
the SO/PHI magnetograms, we calculate the noise directly with
the moving window. This yields noise levels ranging from 7.1 G
to 10.4 G, which is higher than what we find in the resampled
SDO/HMI data.

Next, we identified the pixels that belong to sunspots or pores
based on Ic. To achieve this, we first calculated the CLV of the
quiet Sun at the continuum wavelength following the method
described by Neckel & Labs (1994). We then found the large-
scale deviations of the quiet Sun Ic from the CLV, which we
consider to be a residual of the flat field correction, following
Yeo et al. (2013). The SO/PHI Ic observations are subject to a
ghost image, which is a faint (∼0.5% of the intensity) duplicate
image of the Sun overlaid on the solar disc with a small spatial
offset. Therefore, we first mitigated the effect of this ghost image
on the sensor, and then determined the residuals on the result.

We normalised Ic by its CLV and the flat field residuals:

Ic,norm(x, y, t) =
Ic(x, y, t)

CLVIc (x, y)RIc (x, y)
, (2)

where t is time (which refers to one of the 10 considered data
sets), Ic,norm denotes the normalised Ic, CLVIc denotes the cen-
tre to limb variation of the quiet Sun intensity, and RIc marks
residuals of the flat field correction, present in the Ic data.

To obtain an intensity threshold for identifying sunspots,
we again followed Yeo et al. (2013). For the 10 data sets, we
derived the quiet Sun Ic,norm standard deviation, which we denote
σIc,QS. The threshold separating sunspots from the internetwork
(Ic,threshold) was set, conservatively, at the mean of the minimum
value of Ic,norm(x, y, t) − 3σIc,QS(x, y, t) for each of the 10 days.
The Ic,threshold is 0.965 in SO/PHI, and 0.975 in SDO/HMI. We
consider all pixels below these values to belong to sunspots
or pores.

As a final step in our pixel segmentation, we found all iso-
lated pixels identified as faculae based on the previous criteria.
We considered these to be false positives, and therefore treated
them as internetwork fields.

Figure 2 shows the distribution of the pixels of interest
derived from the magnetograms of both instruments. The top
panels show BLOS/µ at various µ values, while the bottom pan-
els show Ic. The SO/PHI Ic (bottom left panel) shows a weak
downward trend when approaching the limb, indicating a bias in
the normalisation of Ic. This is a result of imprecision in deter-
mining the radius of the Sun in the images, mainly due to two
factors: low spatial resolution, and the as yet uncorrected distor-
tion of the SO/PHI-FDT. In SO/PHI magnetograms, where the
region was close to the limb, we find 853 facular pixels, which is
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Fig. 2. Classification of pixels within the common area of interest in both instruments. We show pixels from the region 0.1 < µSO/PHI ≤ 0.4 and
µSDO/HMI > 0.4, and their distribution with µ from images recorded on 6 September 2021. In this field of view, we identify 2.2% of the SO/PHI
pixels (close to limb) and 6.2% of SDO/HMI pixels (closer to disc centre) as faculae.

2.2% of all pixels in this area. In the resampled SDO/HMI data,
where the region appeared closer to the disc centre, we iden-
tify 12 041 pixels as faculae, that is 10.7% of all pixels in this
area. The difference in the fraction of pixels identified as facu-
lae is due to the combined effect of three factors. (1) The noise
level in the SDO/HMI data is lower than that in SO/PHI. (2) The
signal-to-noise ratio of the BLOS measured close to the disc cen-
tre is higher than that measured closer to the limb. (3) Due to the
foreshortening effect, pixels close to the limb represent a larger
surface area on the Sun, which leads to more averaging and thus
more potential cancellation of oppositely signed magnetic flux
(in SO/PHI data) as compared to pixels recorded closer to the
disc centre (HMI data).

The produced maps that mark the locations of the facular
pixels were then used for our analysis (see Sect. 4).

2.4. Definition of the intensity contrast

Following Yeo et al. (2013), we calculate the continuum inten-
sity contrast of the facular pixels. We define CIc , as:

CIc (x, y, t) = Ic,norm(x, y, t) − 1, (3)

where Ic,norm(x, y, t) is defined in Sect. 2.3.

3. Combining the two vantage points

Our goal here is to assign to each Ic pixel measured by
SO/PHI at the limb the corresponding BLOS/µ value measured
by SDO/HMI closer to the disc centre. The close-to-centre
SDO/HMI measurements are a ‘super-sampled’ version of what
SO/PHI measured close to limb: due to foreshortening, several
pixels at a large µ value combine into a single one at the limb
(i.e. the spatial coverage of the pixels increases). Thus, to assign
the SO/PHI limb pixels with the BLOS/µ values measured by
SDO/HMI, we first need to cross-match the pixels in the obser-
vations by the two instruments, that is, we have to find which
BLOS/µ pixels in SDO/HMI correspond to the Ic pixels mea-
sured by SO/PHI. To do this co-alignment, we re-projected the
SDO/HMI BLOS/µ data to the coordinate system of SO/PHI,
using the SunPy (see SunPy Community 2020) implementation
of the method described in DeForest (2004). This method uses
a Hanning window to weigh the input pixels in the footprint of

each output pixel, reducing aliasing effects, and producing val-
ues close to the mean. Thereby, the mean of BLOS/µ over the
input pixels is (roughly) preserved in the output pixel. We addi-
tionally correct for the time difference in the data acquisition of
the two instruments and the difference in the light travel time,
by considering the differential rotation of the Sun (method from
Howard et al. 1990, also implemented in SunPy).

To improve data alignment and correct for any shift origi-
nating from small inaccuracies in our knowledge of the observ-
ing geometry (described in World Coordinate System, coordi-
nates, see Thompson 2006), we derive and apply a prelimi-
nary distortion model to the re-projected data. This distortion
model is based on the pixel to pixel local correlation of the
BLOS/µ by SO/PHI and the re-projected measurements of it by
SDO/HMI in the overlapping area. From the cross-correlation
values, we derive a map giving the correct position of each pixel.
Such an empirical method is susceptible to errors due to noise.
Therefore, to minimise these errors, we fitted a second order
polynomial surface to the resulting map. We apply the derived
distortion model to the SDO/HMI data after re-projecting it,
instead of correcting the distortion in the SO/PHI measurements.
This decision was taken here to preserve the intensity contrast
observed at the limb, as methods readily available to correct the
SO/PHI data, based on interpolations, lower it. To illustrate the
quality of the data alignment, Fig. A.1 shows an example of a
co-aligned SO/PHI and SDO/HMI region together with cross-
sections of BLOS/µ through the region.

We also re-project the facular map found in the SDO/HMI
magnetogram close to the disc centre (see Sect. 2.3) with the
method used for BLOS/µ, to SO/PHI’s coordinate system, and
align the result with the distortion model described above. This
re-projected SDO/HMI-based facular map consists of pixels that
have varying amount of contribution from pixels identified as
facular in the original SDO/HMI data (before re-projection). In
order to make sure that we analyse pixels that behave as fac-
ulae (i.e. the facular contribution is not insignificant compared
to the internetwork contribution), we set a threshold based on
BLOS/µ. We included in our analysis only those re-projected pix-
els that have the resulting BLOS/µ above the 3σ noise level of the
SO/PHI-FDT (in line with the identification process of faculae
that we used earlier, see Eq. (1)). This is a conservative thresh-
old, and we might miss some faculae that could be considered,
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Fig. 3. Faculae map identified in SO/PHI (left) and
in SDO/HMI, re-projected to the coordinate sys-
tem of SO/PHI (right). The upper row shows the
area analysed in the study, the lower row shows a
magnification of the area marked by the black rect-
angle on the top. In the magnified view, we also
show the area that was identified as sunspot in the
SO/PHI observations. We indicate the number of
pixels identified as faculae in each figure (853 in
SO/PHI, and 2356 in SDO/HMI, representing 2.2%
and 6.2% of the pixels in this area, respectively).
The data shown here are from 6 September 2021.

however for this study we prioritise the avoidance of false pos-
itives over the inclusion of all facular pixels. At the same time,
we can now consider even stand-alone pixels as correct identifi-
cation, as they were observed in several SDO/HMI pixels close
to the disc centre. Furthermore, we exclude any pixels that have
contributions from sunspots or pores, as the measured intensity
would be strongly affected by these features. The resulting fac-
ular map shows significantly more facular pixels near the limb
than the SO/PHI-FDT magnetogram. Figure 3 compares the fac-
ulae maps obtained at the limb using SO/PHI data and at large
µ from SDO/HMI data, projected in the figure onto SO/PHI’s
coordinates. The 12 041 facular pixels, identified close to the
disc centre in the resampled SDO/HMI magnetograms (from
Fig. 2), convert into 2356 pixels at the limb. The facular features
at the limb, found through the re-projection of the SDO/HMI
facular map, represent 6.2% of all the pixels in this region, com-
pared to 2.2% for those obtained directly from the SO/PHI limb
data. This increase in the percentage of pixels identified close
to limb with the data from disc centre indicates that many fac-
ulae with small flux density have been systematically missed
at the limb in previous studies. However, the re-projection of
the SDO/HMI facular map shows fewer faculae in the close
surroundings of sunspots. This has to do with the extended
magnetic canopies of sunspots. In the near-limb SO/PHI obser-
vations, the magnetic canopy of the sunspot appears particularly
extended (particularly in BLOS), leading to sunspots being sur-
rounded by pixels displaying a high magnetic flux density. These
pixels are falsely identified as faculae in the SO/PHI facular
map, whereas in the SDO/HMI facular maps the same region

is located at high µ, and the canopies produce at most a very
weak BLOS signal close to the sunspot, which is not mistaken for
faculae.

By inferring the BLOS at low µ values from the re-projection
of the same areas measured at a higher µ, we reduce the uncer-
tainty in the BLOS values measured close to the limb. We circum-
vent the problems arising at the limb, including the diminishing
LOS component, lower light levels, increasing pixel coverage,
changes in the formation height of the line, the radiative trans-
fer effects, and the apparently extended sunspot canopy affecting
faculae identification.

Our analysis involves a number of assumptions and approxi-
mations. Firstly, in our re-projection, we approximated the solar
surface as a plane, ignoring any obstructions that occur in our
line of sight due to the undulated solar surface. This could lead
to cases where we identify faculae close to the disc centre, which
are, however, obstructed by solar granulation closer to the limb.
Such possible pixels would exhibit the intensity (and magnetic
field) of internetwork at the limb, and, therefore, could bias the
analysis towards lower contrast levels. Secondly, we considered
the studied flux tubes to be vertical with respect to the solar sur-
face, and therefore assumed that a normalisation by µ accounts
for the foreshortening. Thirdly, we assumed that the different
wavelength sampling of the spectral line, the somewhat different
data reduction codes used to retrieve the BLOS, and the different
observation time (over 720 s for SDO/HMI, and 33 s for SO/PHI)
provide equivalent results. All of these assumptions might have
an effect on our results and should be considered further in future
studies.
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Fig. 4. Facular contrast as a function of BLOS/µ, and the number of pixels in each bin. Top: we computed the contrast curves using the combined
SO/PHI and SDO/HMI data as well as the SO/PHI data alone in two µ intervals (0.1 < µ ≤ 0.3, right column, and 0.3 < µ ≤ 0.4, left column).
We split the data into equal intervals of log(BLOS/µ). The error bars represent the standard deviation of the pixels within each bin. We fitted a third
order curve to the combined data points (continuous green line). Bottom: based on the number of pixels in each bin, we exclude from the plots
SO/PHI-based data with µ < 0.2.

4. Results and discussion

The intensity contrast depends on both the location of the feature
on the disc and the magnetic field strength averaged over the
pixel. To disentangle the dependence of CIc on each of these two
factors, we consider individual µ and BLOS/µ intervals following
Ortiz et al. (2002).

First, we consider the dependence on BLOS/µ. We first split
all data into two µ intervals (0.1 < µ ≤ 0.3 and 0.3 < µ ≤ 0.4)
and look at the dependence of the contrast on BLOS/µ in each
of them. In each interval, we bin the data into 14 equal intervals
of log(BLOS/µ), and compute the bin-averaged CIc (see Fig. 4).
The standard deviation within the bins is shown in the figure as
error bars. The two curves show the intensity contrast derived
exclusively from SO/PHI data (brick-red markers), and from the
combined measurements (i.e. CIc from SO/PHI and BLOS from
SDO/HMI re-projected to the coordinate system of SO/PHI, as
described in Sect. 3, shown in pine-green symbols). We show
data with µ > 0.1 for the combined measurements, and with
µ > 0.2 for SO/PHI-only data. The restriction to µ > 0.2 for
these data is due to the low signal-to-noise ratio in the SO/PHI
magnetograms at µ ≤ 0.2. We plot the number of data points
entering each 〈BLOS〉 bin, separately, in the bottom panels. When
using the SO/PHI data alone, the weakest regions we could
detect at µ < 0.4 were those with roughly BLOS/µ ≈ 80−90 G.
By using the combined data, we could extend our analysis to
regions as weak as BLOS/µ ≈ 20 G.

Earlier studies found that, in regions not extremely near to
the limb, the contrast of facular features initially increases with
BLOS/µ, then usually decreases again at yet higher BLOS/µ values
(see e.g. Ortiz et al. 2002; Yeo et al. 2013). Although the error-
bars are rather high, we see a similar tendency in the top-left
panel of Fig. 4, too. At the same time, closer to the limb, the con-
trast of faculae keeps increasing with increasing magnetic flux
density (see the top-right panel), also in agreement with previous
studies. This behaviour is due to the fact that for larger facular
features (or pores) produced by stronger magnetic fields, we see
increasingly more of the darker central part of the flux tube when
approaching the disc centre, similarly to sunspots. Near the limb,
we see more of the hot walls, so that all features are bright.

Similarly, we then split all the data into six BLOS/µ inter-
vals and derive the dependence of the contrast on µ within each
of these individual ranges (see Fig. 5). Our results suggest that
studies involving two vantage points (such as this one) have the
largest impact on pertaining to faculae with lower flux density.
Therefore, we choose smaller intervals for the lower BLOS/µ
range, and group a larger range into one interval for the higher
flux densities. Another driver of this choice are the few magne-
tograms used in this study, which mean that there are relatively
few pixels showing large flux densities. Within each interval, we
created bins that are ∆µ = 0.05 wide and calculate the mean
intensity contrast in each (for reference, the widest pixel in the
analysed area covers 0.02 µ). Again, by combining data from two
viewpoints (in pine-green), we significantly extend the µ range
beyond what was possible with data from a single perspective
(in brick-red), especially at low BLOS/µ.

The determination of the distance from disc centre, where
the facular contrast is highest (µmax), has been a long-standing
debate in facular studies (see Solanki 1993). To determine the
µmax in our contrast curves, we fitted a third order polynomial to
the bins calculated from the combined SO/PHI and SDO/HMI
observations at µ ≤ 0.4, and from SO/PHI only data at µ >
0.4 (see Fig. 5). We calculated µmax based on the obtained fit,
and compare our values to those reported in earlier studies by
Ortiz et al. (2002) and Yeo et al. (2013) in Table 1. We find the
trends in µmax with changing BLOS/µ to be similar to what earlier
studies observed, which is the increase of µmax with decreasing
magnetic flux density. However, we do not observe the inver-
sion of this trend for the weakest flux densities. Our µmax val-
ues are also on average somewhat lower than those found by
Ortiz et al. (2002) and Yeo et al. (2013). We must consider, how-
ever, that the resolution of our data is lower than of that used in
the compared studies. Another difference to these studies is the
BLOS/µ intervals in which we derive µmax. We note, however, that
repeating the analysis for the intervals used by Yeo et al. (2013)
and Ortiz et al. (2002), yielded no significant difference in
the results.

Our extension of the observed µ range for low BLOS/µ val-
ues compared to the SO/PHI-only contrast curves indicates that
combining two vantage points leads to more accurate µmax in
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Fig. 5. Same as Fig. 4, but now showing facular contrast vs. µ. The data are displayed in six intervals of BLOS/µ, and in bins of ∆µ = 0.05. The
third order fit here is done through the combined points, extended with the points derived from SO/PHI only data where µ > 0.4.

such regions than enabled by single viewpoint observations. To
this end, however, more and higher spatial resolution data are
needed to be analysed than what is considered in the present
study. Due to the large error bars in our results, which are the
consequence of the provisional nature of the data, their low res-
olution, the low statistics (only ten days of observations), and
possible biases related to the normalisation of the Ic as a conse-
quence of the low resolution and distortion, our results must be
considered preliminary.

5. Conclusions and outlook

One of the unprecedented opportunities offered by Solar Orbiter
is that by co-observing together with other spacecraft in Earth’s
orbit, we have the possibility to observe the properties of a given
region on the solar surface from two different vantage points.
In this work, we use co-observations of SDO/HMI and SO/PHI,
with an approximately 60◦ angle between their LOS, to study the
dependence of facular brightness on the magnetic field strength
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Table 1. Values of µmax calculated for various BLOS/µ ranges in this
work, compared to what Yeo et al. (2013) and Ortiz et al. (2002) find.

BLOS/µ [G] This study Yeo et al. (2013) Ortiz et al. (2002)

<40 0.62
<50 0.38 0.50
40–60 0.51
50–80 0.55
60–80 0.50
50–100 0.45
80–120 0.42 0.50
100–180 0.45
120–200 0.33 0.49
180–280 0.40
200–300 0.42
280–380 0.38
300–400 0.42
380–500 0.36
400–500 0.35
200–800 0.25
500–600 0.22
500–640 0.33
640–800 0.29

and µ close to the solar limb. Earlier such studies faced the prob-
lem of strongly reduced magnetogram signals when measuring
the LOS component of the magnetic field close to the limb. This
is because of two main effects. Firstly, most of the field emerg-
ing in facular and network regions is roughly aligned with the
solar surface normal, so that towards the limb its LOS compo-
nent becomes increasingly weak, eventually falling below the
instrumental noise level. Secondly, due to the reduced spatial
resolution at the limb produced by foreshortening, the in-pixel
averaging and cancellation effects of the measured flux den-
sity become more important. The combination of these effects,
together with others (e.g. increased noise near the limb and the
apparent extension of the magnetic canopy of sunspots), make
it harder to detect faculae via their magnetic signature near the
solar limb. Therefore, to measure the continuum intensity con-
trast in facular regions close to the limb, we combined SO/PHI
continuum intensity measured close to the solar limb with the
magnetic field co-observed by SDO/HMI closer to the disc cen-
tre. Based on these data, we derived curves that describe the
intensity contrast of facular pixels in relation to their position on
the solar disc (expressed in µ) and to their magnetic flux density
(observed as BLOS, and normalised to µ to counteract geometri-
cal effects).

The preliminary results presented here highlight the potential
of combining data from different angles. In particular, such a com-
bined approach allows for more reliable BLOS/µmeasurements for
areas with 0.1 < µ ≤ 0.4. As a consequence, we could identify
and analyse faculae near the limb with significantly lower BLOS/µ
values than what is possible from a single vantage point (e.g. that
of SO/PHI), and thus extend the facular contrast curves to lower
BLOS/µ and µ values. This allowed us to include in our analysis
the µ ranges where the maximum of the contrast curves occurs
(µmax, i.e. the position of the turning point of the curves, where
the contrast changes its trend from increasing towards the limb to
decreasing) even for low BLOS/µ values.

Our results mostly confirm the trend of µmax observed by
Yeo et al. (2013) and Ortiz et al. (2002), in that, apart from the

lowest flux densities, µmax increases with decreasing BLOS/µ. For
these ranges we find that µmax might lie closer to the limb than
observations from a single point of view (e.g. that of SO/PHI,
or of SDO/HMI, see Yeo et al. 2013; Ortiz et al. 2002) indicate.
However, the same studies also observed an inversion of this
trend around BLOS/µ ≈ 50 G, which we cannot confirm.

Studies historically disagree on µmax (see, e.g. Solanki 1993)
due to several factors, including (but not limited to), the reso-
lution of the observations, the method of identification of facu-
lar features (see Centrone & Ermolli 2003), and the systematic
exclusion of features that could not be clearly identified as fac-
ulae (see Auffret & Muller 1991). The µmax values computed by
us still have significant uncertainties, as our study is preliminary
and can be improved in multiple aspects listed below. However,
the presented results suggest that analysing more and higher res-
olution data from two vantage points can lead to a more certain
determination of µmax than is possible from a single view point.

To consolidate the results presented here, different aspects of
the present study need to be improved.
1. One obvious task is to extend the investigation using com-

bined data also beyond µ = 0.4, for example to close the gap
in data points between µ = 0.4 and 0.8 seen in Fig. 5 for
〈BLOS/µ〉 ≤ 40 G. This is straightforward with an increasing
amount of available data, although it should be noted that the
advantage of combining two vantage points decreases with
increasing µ.

2. Also, improving the statistics by including more data from
SO/PHI would make the results more robust. Fortunately,
Solar Orbiter is still in a relatively early phase of its sci-
ence mission, holding the promise of many more observa-
tion campaigns from various angles between the spacecraft,
the Sun, and Earth. Therefore, we expect to significantly
improve the statistics compared with the present paper.

3. SO/PHI data with higher resolution would be of great value
to overcome the problem of the large pixels and the poor res-
olution of magnetic features (not just close to the limb). This
can be achieved either by employing data acquired at smaller
distances from the Sun with the SO/PHI-FDT (which also
provides an opportunity for a direct study on the effect of
changing the plate scale), or by using data from the SO/PHI-
HRT, which will allow one to observe at an even higher res-
olution than SDO/HMI, especially when close to perihelion.
Such data (from both SO/PHI telescopes) will be particularly
valuable after deconvolution of the PSF (determined using
phase diversity, see Kahil et al. 2023; Bailén et al. 2023).
For the impact of PSF reconstruction on facular studies
with SDO/HMI, readers can refer to Yeo et al. (2014) and
Criscuoli et al. (2017).

4. The SO/PHI data employed here have been reduced on board
preliminarily. The use of data reduced with improved meth-
ods is imperative. The data reduction methods of SO/PHI
have already been refined beyond what was available at the
time of the processing of the data for this study, and they are
being continuously improved further.

These improvements will be implemented in future studies.
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Appendix A: Re-projection of SDO/HMI data onto
SO/PHI’s coordinate system

Figure A.1 shows BLOS/µ over a selected part of the disc in both
SO/PHI and SDO/HMI data, to illustrate the quality of the data
alignment of magnetic features selected from the solar scene.
The SDO/HMI data has been re-projected from the disc centre
(where it was observed) to the coordinate system of SO/PHI,
and aligned through local correlation of BLOS/µ, as described in
Sect. 3. In the right panels, we show BLOS/µ along cross-sections
marked by the corresponding lines on the maps (panels on the
left). We note, that verifying the alignment is not straightfor-
ward due to the difference in the observation angle, as well as

the smaller pixel size and lower noise levels in the re-projected
SDO/HMI observations.

Misalignment of the pixels would lead to assigning inter-
network or sunspot/pore Ic pixels to facular BLOS/µ pixels.
This would change the derived facular intensity contrast (by
decreasing it and by shifting the curves in µ or BLOS/µ), as
well as increase the standard deviation of the bins, shown in
Figs. 4 and 5. Based on inspection of different areas, as shown
in Fig. A.1, we consider it unlikely that the misalignment of
pixels is a major source of error in the contrast curves. How-
ever, a more robust distortion model allowing a more reli-
able alignment would certainly be of benefit for subsequent
studies.

Fig. A.1. Detailed view (left column) of BLOS/µ for a selected area in SO/PHI data at the limb and in SDO/HMI close to disc centre, after re-
projection to the limb. The right column shows examples of BLOS/µ along cross-sections marked by the lines in the maps on the left. In the right
panels, the different curves are offset by 300 G in ordinate for better visibility (the respective 0 G is marked by the horizontal lines).
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