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SUMMARY: The Sun, our host star, plays a fundamental role in astrophysics due to its vicinity.
To understand the processes taking place in the outermost layers of the Sun, but also, indirectly, in
its interior, we conduct high spectral and spatial resolution, high cadence observations of diagnostically
important spectral lines. The intensity and the polarization of the electromagnetic radiation in the
observed spectral lines are a result of the joint action of absorption, emission, and scattering processes,
further altered by the Zeeman and Hanle effects. Spectropolarimetric inversions are the techniques
devised for the inference of the physical parameters in the solar atmosphere through the interpretation
of spectral line shapes and line polarization. This review aims to provide a pedagogical overview of the
necessary radiative transfer formalism and cutting-edge techniques, and to help interested readers enter
the field and use some of the concepts in their own research. The secondary aim is a critical assessment
of the emerging directions for the development of spectropolarimetric inversions, namely, to discuss the
friction between physical realism, numerical efficiency, and modeling of the instrumental effects.
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1. INTRODUCTION

Compared to other stars, the Sun is extremely
close to the Earth. This has direct implications
for Earth’s habitability and for solar influences on
the magnetosphere and space weather (e.g. Temmer
2021). At the same time, it means that the Sun plays
a special role in stellar astrophysics, being the only
star where we can study the interplay between par-
tially ionized plasma, radiation, and magnetic field in
a spatially resolved way. To illustrate that, consider
the diffraction limit of the largest solar telescope,
Daniel K. Inouye Solar Telescope (DKIST, Rimmele

© 2026 The Author(s). Published by Astronomical Ob-
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BY-NC-ND 4.0 International licence.

et al. 2020), which, according to the Rayleigh crite-
rion:

θ0 = 1.22
λ

D
, (1)

can resolve details down to 20 km on the solar sur-
face thanks to its 4-m primary mirror1. Here, λ is
the wavelength of the observed light, and D is the di-
ameter of the primary aperture of the telescope. Just
for the sake of comparison, a 10-m telescope, located
at Proxima Centauri, would not be able to resolve
any detail on the surface of the Sun. This simple ar-
gument should emphasize that the Sun is, indeed, a
precious source of information about the structure of
stars and their atmospheres.

1The solar radius is approximately 7×105 km, and the Sun
is about 1.5 × 108 km away.
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The focus of this review is the solar atmosphere,
that is, the Sun’s outermost layers that can be di-
rectly observed. While the atmosphere does take
up a minuscule amount of solar mass (and, if we
focus on the solar photosphere and chromosphere,
of its radius), it is of primary interest because it
hosts a plethora of interesting physical phenomena
(e.g., sunspots, flares, CMEs, various other ener-
getic events, see e.g. Fletcher et al. 2011, Carlsson
et al. 2019, Temmer 2021) but also because it is the
only, albeit indirect, diagnostics of the events tak-
ing place in the solar interior, via the techniques of
helioseismology (for a classical review of the topic,
see Christensen-Dalsgaard 2002). From the author’s
point of view, the solar atmosphere is also extremely
interesting and valuable as a natural laboratory for
testing radiative transfer models and developing com-
prehensive techniques for radiative diagnostics (see
e.g. de la Cruz Rodŕıguez and van Noort 2017).

Apart from a few specific cases, the information
on physical conditions in astrophysical bodies is ob-
tained indirectly, employing some form of remote
sensing to infer the temperature, plasma velocity,
and magnetic fields from observations of the electro-
magnetic spectrum of the given body. Despite its
vicinity, this is also true for the lower solar atmo-
sphere. However, as the Sun is an extended source,
we can interpret not only the received monochro-
matic flux, but also the angular distribution of the
received monochromatic intensity, and consequently
the spatial distribution of the emitted radiation. Ad-
ditionally, solar observations typically exhibit excel-
lent spectral (often of the order of R = λ/∆λ = 105

or more) and temporal resolution (seconds to min-
utes).

The last few decades witnessed a series of suc-
cessful solar missions and ground-based telescopes fo-
cused on observing visible, ultraviolet (UV), and in-
frared (IR) parts of the spectrum, which continuously
advanced our understanding of the Sun and its at-
mosphere. In space, Hinode Solar Optical Telescope
(Hinode/SOT, Tsuneta et al. 2008), Solar Dynamics
Observatory (SDO, Pesnell et al. 2012), Interface Re-
gion Imaging Spectrograph (IRIS, De Pontieu et al.
2014), and Solar Orbiter (SO, Müller et al. 2020)
provide an uninterrupted insight into the Sun’s ever-
changing atmosphere, while the large ground-based
and balloon-borne telescopes provide exceptional spa-
tial resolution and versatility in terms of instruments
for analyzing the light. Telescopes like the Dunn
Solar Telescope (DST, Dunn 1969), Swedish Solar
Telescope (SST, Scharmer et al. 2003), SUNRISE
(Solanki et al. 2010), GREGOR (Schmidt et al. 2012),
and Goode Solar Telescope (Cao et al. 2010) have
continuously increased the resolving power, eventu-
ally culminating with the Daniel K. Inouye Solar
Telescope (DKIST, Rimmele et al. 2020), which is ex-
pected to further unveil specifics of energy transport
and release in the atmosphere of the Sun. This ex-
cellent spatial resolution is complemented by the tar-

geted experiments like the CLASP sounding rocket
(Narukage et al. 2016). The fundamental role in
these observational developments is played by the
wide range of imaging spectrographs and spectropo-
larimeters described in an excellent review by Iglesias
and Feller (2019).

This review article aims to showcase the theoreti-
cal and numerical formalism needed to interpret these
magnificent spectropolarimetric observations. The
formalism that we use to model the radiation emerg-
ing from the solar atmosphere is known as the theory
of polarized radiative transfer. Particular focus is on
the spectral lines, regions of the spectrum that corre-
spond to bound-bound transitions in atoms, ions, and
molecules. The stark differences in the strengths of
different lines, as well as the strong dependence of line
opacity on wavelength, allow us to probe the solar at-
mosphere in depth (see the next section). At the same
time, the spectral lines are sensitive to the magnetic
field and plasma velocity, opening additional diagnos-
tic approaches. Both of these advantages are natu-
rally accounted for in the numerical methods known
as spectropolarimetric inversions.

We want to provide a concise but complete intro-
duction to polarized radiative transfer and spectropo-
larimetric inversions and to outline some of the future
directions for the development of the field. The fo-
cus is on the interpretation of the observations with
very high spatial and spectral resolution. Of course,
the text represents the author’s unavoidably biased
opinion, and any omissions and mistakes are entirely
their responsibility. An interested reader is also di-
rected to other recent reviews on the interpretation of
spectropolarimetric observations, like: del Toro Ini-
esta and Ruiz Cobo (2016), de la Cruz Rodŕıguez and
van Noort (2017), and Trujillo Bueno and del Pino
Alemán (2022).

2. RADIATIVE TRANSFER FORMALISM

The term radiative transfer denotes the formalism
that describes the change of the radiation field as the
radiation propagates through an absorbing, emitting,
and scattering medium. Here, we use it to calculate
the intensity and polarization in spectral lines from a
given model of the atmosphere and to devise the tech-
niques that fit a model atmosphere to the observed
polarized spectrum.

2.1. Unpolarized Case

In the case of the Sun, which is an extended
source, the observed quantity to be interpreted is
the emergent specific monochromatic intensity (e.g.
Hubeny and Mihalas 2014):

I(x, y, λ, t) =
dE

dAdt dΩ dλ cos θ
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where dE is the radiative energy transported through
the area dA in time dt in the cone dΩ = sin θdθdφ in
the wavelength interval (λ, λ+ dλ). The direction of
the cone in the local reference frame is defined with
the angles θ, φ. In the following discussion, we assume
that the observed intensity can be measured and then
compared with the numerically predicted one. The
goal of forward modeling is to predict the values of
the observables from the given model atmosphere:

T, p, ρ,~v, ~B(x, y, z, t)→ I(x, y, λ, t). (2)

This equation already suggests that the
z−dependence (z being the atmospheric normal) of
the physical quantities translates into the wavelength
dependence of the emergent intensity. For simplicity,
we have assumed here that the observations are
performed along the direction parallel to z, but the
generalization is straightforward. Apart from de-
pending on the physical structure of the atmosphere,
the emergent intensity also depends on chemical
abundances and atomic constants like the values
of energy levels, oscillator strengths, and magnetic
Landé factors. In the subsequent discussion, we will
assume that these constants are known, but their
knowledge is paramount. The elemental abundances,
specifically, are the key to understanding the stellar
and galactic evolution (e.g. Asplund et al. 2006,
Grevesse et al. 2007). Furthermore, high-resolution
observations can be used to infer atomic constants
like transition energies and line oscillator strengths
(see Trelles Arjona et al. 2021, Vukadinović et al.
2024, for recent advances).

The mapping described by Eq. 2 includes several
modeling stages:

1. Understanding the ionization and excitation
state of the solar atmosphere, which is needed to
calculate the so-called level populations. These
are the number densities of the atoms (or
molecules) responsible for the absorption and
emission processes in the considered spectral
range.

2. Modeling the relevant microphysics that de-
scribes absorption, emission, and photon scat-
tering processes, as well as the atomic level split-
ting, and spectral line polarization introduced by
the Zeeman (Zeeman 1897) and Hanle (Hanle
1924) effects.

3. Numerically solving the radiative transfer equa-
tion along the given lines of sight and at given
wavelengths to calculate the emergent spectrum.
While this point is conceptually the simplest, it
can be coupled to the state of the gas through
the so-called non-local thermodynamic equilib-
rium (non-LTE) effects. This substantially com-
plicates the calculation of the spectra and espe-
cially their interpretation.

Over the last century, great efforts have been ded-
icated to the modeling of the solar and stellar spec-
tra, taking into account all the relevant atomic and

molecular physics. We will not exhaustively describe
neither the specific physics nor the numerical tech-
niques used to solve the general problem of spectra
formation. Instead, we direct the reader toward clas-
sical monographs of Athay (1972), Rutten (2003), or
Hubeny and Mihalas (2014) for the discussion of at-
mospheric modeling and a general solution of non-
LTE spectral line formation, and to Stenflo (1994),
del Toro Iniesta (2003), and Landi Degl’Innocenti and
Landolfi (2004) for descriptions of the polarized ra-
diative transfer and magnetic field diagnostics. From
now on, we will refer to the problem of calculating
the spatial and spectral distribution of the radiation
intensity from the given atmospheric model as the
forward problem.

2.2. Radiative transfer equation

Mathematically, the emergent intensity is given as
the solution of the radiative transfer equation (RTE),
which, for the unpolarized light, reads:

∂I(~r, ~n, λ, t)

c∂t
+ ~n · ∇I(~r, ~n, λ, t) =

j(~r, ~n, λ, t)− χ(~r, ~n, λ, t)I(~r, ~n, λ, t). (3)

Here:

~r = (x, y, z), (4)

and:
~n = (sin θ cosϕ, sin θ sinϕ, cos θ). (5)

The time derivative is usually omitted, assuming
that the problem is stationary, i.e., that the light
propagates fast compared to the typical timescale of
changes in the solar atmosphere. In the upcoming
discussion, some of the dependencies might be omit-
ted for brevity, but should be clear from the context.
Quantities j and χ are the macroscopic coefficients of
emission and absorption, respectively, and they can
be calculated from the state of the gas by accounting
for the relevant absorption, emission, and scattering
processes (recall items 1 and 2 from the previous sub-
section).

The typical approach in many analyses is to treat
each (x, y) location (i.e., each pixel) in the image sep-
arately, and to solve the radiative transfer equation
along the line of sight (z, but recall that other ori-
entations are possible). Furthermore, Eq. 3 is often
divided by the opacity χ to yield:

µ
dIλ
dτλ

= Iλ − Sλ, (6)

where we have defined the source function as Sλ =
jλ/χλ, monochromatic optical depth as dτλ =
−χλdz, and µ = cos θ. The outgoing intensity is then
obtained by numerically integrating the above equa-
tion. Most approaches rely on the so-called integral
formal solution of the radiative transfer equation:

I+λ =

∫ ∞
0

Sλ(τλ)e−τλ/µ dτλ/µ (7)
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where we have used superscript + to denote the out-
going intensity at the top of the atmosphere. This
formulation leads to the approach termed short char-
acteristics, which can also be used for polarized ra-
diation (e.g. Olson and Kunasz 1987, de la Cruz
Rodŕıguez and Piskunov 2013, Štěpán and Trujillo
Bueno 2013). Other approaches for integration of
Eq 7 are also possible, as shown by Janett et al.
(2017), Janett et al. (2018), and other recent works
by the same research group. This might seem like a
lot of work to solve a simple one-dimensional integral,
but we must recall that the radiation often strongly
couples with the ionization and excitation state of the
plasma, which requires a robust and fast formal so-
lution of RTE (as convincingly pointed out by Auer
2003).

Before proceeding to discuss specific ingredients of
RTE, let us show that our foreshadowing that λ some-
how maps onto z (recall Eq. 2) is justified by Eq. 7.
Namely, if Sλ slowly varies with τλ (say, linearly), the
formal solution can be approximated with:

I+λ ≈ Sλ(τλ = 1), (8)

known as the Eddington-Barbier approximation (e.g.,
Hubeny and Mihalas 2014). It states that the outgo-
ing intensity in an optically thick atmosphere can be
approximated as the value of the source function at
that wavelength, at the physical location where the
monochromatic optical depth, again at that wave-
length, is equal to one. Note that the solar atmo-
sphere is essentially infinitely optically thick at all
the wavelengths, i.e. τλ � 1. Given that spectral
line opacity varies dramatically with wavelength, in-
tensity at different wavelengths effectively probes dif-
ferent geometrical locations in the solar atmosphere.
While Eq. 8 is not explicitly used in the interpreta-
tion, it provides us with a conceptual understanding
of how spectral lines enable multi-height diagnostics.
To illustrate these points further, consider the mo-
saics obtained by the Interferometric BIdimensional
Spectrometer (IBIS, Cavallini 2006), a Fabry-Pérot
spectropolarimeter mounted at the DST (Dunn 1969)
shown in Fig. 1. The first panel shows a contin-
uum image that probes the quiet Sun photosphere
and a sunspot. The next two panels show the inten-
sity in the core of the chromospheric Ca II 854.2 nm
and Hα (656.3 nm) spectral lines. Solar atmosphere
is several orders of magnitude more opaque at these
wavelengths than in the continuum, and thus the
observations at the cores of these strong spectral
lines probe layers some 1000-2000 km above the pho-
tosphere (lower and middle chromosphere, respec-
tively). The difference between these two panels and
the first one, that is, between the chromospheric and
photospheric structure, is evident and rather striking.
See Cauzzi and Reardon (2012) and Reardon et al.
(2011) for more details on these specific observations.

2.3. Spectral line absorption and emission

In addition to the high opacity that allows the
multi-height atmospheric sampling, the diagnostic
power of spectral lines also comes from their sensitiv-
ity to temperature, pressure, velocity, and the mag-
netic field. To understand these sensitivities better,
we will briefly recall the expressions for spectral line
emissivity:

jλ = nuAul
hc

4πλ
φλ (9)

and opacity:

χλ = (nlBlu − nuBul)
hc

4πλ
φλ. (10)

Here nu and nl are the number densities of the
atoms in the upper and lower state of the transition
(level populations), respectively, φλ is the line absorp-
tion/emission profile, and Aul, Bul, and Blu are the
Einstein coefficients for spontaneous emission, stim-
ulated emission and absorption, respectively. Note
that here, for simplicity, we have assumed that the
absorption and emission profiles are identical (the
so-called assumption of complete frequency redistri-
bution, CRD). Some strong chromospheric spectral
lines require a more general treatment: partial fre-
quency redistribution (PRD, Hummer 1962, Pale-
tou and Auer 1995, Uitenbroek 2001). The differ-
ence between the two can be specifically dramatic in
modeling scattering line polarization (see below). In
Eqs. 9 and 10, Einstein coefficients must be theoret-
ically calculated or measured, being constant for a
specific transition.

Now, the sensitivity of the spectral line radiation
to the physical parameters comes from the level popu-
lations and the line absorption profile φλ. The latter
depends on the temperature (via thermal broaden-
ing), pressure (via collisional damping), velocity (via
systematic Doppler shifts), and magnetic field (via
Zeeman splitting). For more details on the calcu-
lation of the line absorption coefficient, see standard
textbooks like Rutten (2003), del Toro Iniesta (2003),
Gray (2005), or Hubeny and Mihalas (2014). The
level populations depend on the ionization and exci-
tation state of the solar atmosphere, which are often
jointly referred to as the equation of state. This is
because one needs to solve for the ionization and ex-
citation state of the gas to find the relationship be-
tween pressure, temperature, and mass density (see
Hubeny and Mihalas 2014, for more details). We will
now discuss briefly how to calculate the level popu-
lations.

2.4. Ionization and excitation state of
the solar atmosphere

In the state of thermodynamic equilibrium, the
ionization and excitation state of the gas, as well
as the velocity distribution of particles, are all de-
termined by a single temperature and governed by
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Fig. 1: Observations of the solar photosphere and chromosphere at the Dunn solar telescope using the IBIS imaging

polarimeter. Left: continuum image at around 430 nm; Middle: image around the core of the Ca II 854.2 nm (lower

chromosphere); Right: image around the core of the Hα spectral line (middle chromosphere). Each image is created

from 3× 3 mosaics and covers roughly 200× 200 arcseconds.

the Saha, Boltzmann, and Maxwell equations, re-
spectively. A common assumption in stellar atmo-
sphere modeling is that such an equilibrium holds
locally, yielding the term local thermodynamic equi-
librium (LTE). In such a state, the ionization and
excitation are completely determined by the local val-
ues of temperature and pressure, while the radiation
field (i.e., the specific monochromatic intensity) is
still non-local2. That is:

ni(~r) = f (T (~r), p(~r)) . (11)

A far more realistic, hence more complex and, nat-
urally, more interesting case is the state of the non-
LTE. Non-LTE refers to any state of the gas that
departs from LTE; that is, the non-LTE is defined by
what it is not (Rybicki and Hummer 1991, Heinzel
1995, Rutten 2003). The main cause of such a depar-
ture in a stellar atmosphere is the significant contri-
bution of the radiation to the ionization and excita-
tion processes. Namely, as the pressure drops approx-
imately exponentially with height, at some point, the
collisional rates that establish the LTE will drop be-
low the radiative rates. This competition between the
collisional and radiative transitions will then cause
the decoupling between the local ionization and ex-
citation, and the local temperature. Formally, in
the interpretation of the observed (polarized) spec-
tra, this coupling is treated through the assumption
of statistical equilibrium (SE), which states that the
population of a given level i stays constant in time.
This means that the total rate of transitions that pop-

2Some sources, somewhat misleadingly, state that in LTE,
matter and radiation are in equilibrium. That is certainly not
completely true, as the spectrum of such a star would then be
a blackbody spectrum. In LTE, the local source function is
assumed to be equal to the local Planck function (Bλ), which
simplifies the calculations and interpretations, whereas the spe-
cific intensity is to be obtained as the solution of RTE (Eq. 6).

ulate the level i is equal to the total rate of the tran-
sitions that depopulate it, that is:∑
j 6=i

(njRji + njCji)− ni
∑
j 6=i

(Rij + Cij) = 0. (12)

where ni is the population of level i, and Rij , Cij de-
note the radiative and collisional rates, respectively.
For the case of spectral line (i.e., bound-bound) tran-
sitions, the radiative rates are:

Rij = Aij +Bij J̄ij ,

Rji = Bji J̄ij , (13)

where we have assumed that i > j. Finally:

J̄ij = J̄ji =

∮ ∫
φλJλ dλ sin θdθdϕ (14)

is referred to as the scattering integral. It is evident
from Eqs. 12 - 14, that, in non-LTE conditions, the
intensity and the collisions jointly determine the level
populations and, in turn, the absorption and emission
coefficients. The absorption and emission coefficients,
however, are needed to calculate the intensity and the
scattering integral. We are now dealing with a two-
way coupling between the matter and radiation, i.e.,
we need to solve the SE equations for all relevant
species at all relevant atmospheric depths simultane-
ously with the radiative transfer equation. The main
difficulty is that RTE now must be solved in direc-
tions and in the atomic transitions that could con-
tribute to the level populations between which the
observed line forms, which implies that we need to
model even the transitions we are not observing. This
immediately leads us to the multilevel non-LTE ra-
diative transfer problem. As an example, if one needs
to interpret observations of the commonly analyzed
Ca II 854.2 nm spectral line that probes the lower so-
lar chromosphere (see e.g., Kianfar et al. 2020, Mo-
rosin et al. 2022, for some recent results), to model
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the line behavior, one must also model the forma-
tion of the two blue resonant lines of ionized calcium
(Ca II H&K), even though these two lines were, per-
haps, not even observed, or, in general, might not
even be observable with the given instrument.

Here, we analyzed a simplified case of the spec-
tral lines only. In general, the non-LTE conditions
also extend to continuum processes (see e.g., Rybicki
and Hummer 1991). That is, the ionization state of
the gas also departs from the LTE, which implies that
we must also model the continuum processes in de-
tail to interpret the formation of some lines. For ex-
ample, neutral iron in the photosphere exhibits over-
ionization (Shchukina et al. 2005, Smitha et al. 2020),
which has implications for the strength of neutral iron
lines. This again necessitates simultaneous model-
ing of the observed transition with a comprehensive
set of other emissivity and opacity sources, to get
the correct ionization state (this complex modeling is
sometimes approximated by using the so-called opac-
ity fudge, e.g., Busá et al. 2001, Vukadinović et al.
2022).

This coupling between the matter and radiation
has another important consequence. Namely, in the
diagnostics process, when the observed spectrum is
assumed to be formed under LTE, the solution of
RTE (Eq. 3) is done along the line-of-sight (LOS),
and, due to the assumption of LTE, only the phys-
ical conditions along the line of sight contribute to
the observed radiation. In non-LTE, the calculation
of the scattering integral requires a calculation of the
specific monochromatic intensity in directions other
than the line-of-sight, which requires that we account
for the contribution of other points in the atmosphere
apart from those lying on the LOS. This then leads to
a three-dimensional coupling of the matter and radi-
ation, which is notoriously hard to solve in a general
case (see Leenaarts and Carlsson 2009, Štěpán and
Trujillo Bueno 2013, Osborne and Sannikov 2025).
The importance of these 3D effects for the quantita-
tive interpretation of the observations of the non-LTE
lines is evident, but somewhat underexplored and not
often quantified (for a pioneering effort, see de la Cruz
Rodŕıguez et al. 2012).

The solution of the non-LTE problem has been
explored in detail over the last several decades
and presents a fascinating synthesis of techniques
and concepts from atomic, molecular, and quantum
physics, linear algebra, numerical calculus, and op-
timization methods. Groundbreaking work was laid
down in the 1970s and 1980s, (see, e.g. Rybicki 1972,
Scharmer and Carlsson 1985), followed up by works
of Rybicki and Hummer (1991), Trujillo Bueno and
Fabiani Bendicho (1995), Atanacković-Vukmanović
et al. (1997), and Uitenbroek (2001), to name a few.
It is probably fair to say that we currently under-
stand the non-LTE spectral line formation to a great
detail, but that computational limitations still signif-
icantly hamper our possibilities to routinely solve the
non-LTE line formation in 3D.

Determining the ionization and excitation state of
the atmosphere to calculate the opacity and emissiv-
ity and to solve the radiative transfer equation al-
lows us to calculate the spectrum in a given direction
at given wavelengths, and to compare the result to
the observations. The following two subsections will
introduce us to the physical phenomena responsible
for polarization of the spectrum, while the next sec-
tion will deal with techniques that routinely extract
physical information by comparing the observed and
calculated spectra.

2.5. Polarized radiative transfer

The polarization state of the observed light is de-
scribed by the Stokes formalism, introduced to radia-
tive transfer calculations by Chandrasekhar (1950).
The specific monochromatic intensity is now replaced
with the monochromatic Stokes vector:

~Iλ =


I
Q
U
V


λ

(15)

where I component describes the total intensity of the
light, Q and U components describe the linear polar-
ization, and V the circular polarization (for more de-
tails, reader is directed to standard optics textbooks,
e.g., Born and Wolf 1999). The radiative transfer
equation now turns into a system of four coupled
differential equations (del Toro Iniesta 2003, Landi
Degl’Innocenti and Landolfi 2004):

d~Iλ
dτλ

= − K̂λ
~Iλ + ~Sλ, (16)

where K̂λ is the 4× 4 polarized propagation matrix,

and ~Sλ is the polarized source function. The specific

terms of K̂λ and ~Sλ depend on the specific physics
processes responsible for absorption and generation
of polarized light. In the lower solar atmosphere, at
visible, UV, and IR wavelengths, these physical mech-
anisms are the Zeeman effect (or, in a more general
case, Paschen-Back effect), scattering line polariza-
tion, and the Hanle effect.

2.6. Zeeman effect

The Zeeman effect (Zeeman 1897) describes the
splitting of atomic energy levels in the presence of
an external magnetic field. A level with total angu-
lar momentum quantum number J splits into 2J + 1
components, where each component exhibits an en-
ergy shift of:

∆E = µB gLmB. (17)

In this expression, µB = e~
2me

is the Bohr magneton,
gL is the Landé factor of the level, m is the magnetic
quantum number associated with the projection of
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the total angular momentum onto the quantization
axis, and B denotes the magnetic field strength.

In the general case, both the upper and the lower
levels of the spectral line transition are split into mul-
tiple components, enumerated with m and often re-
ferred to as the Zeeman sub-levels. Only the transi-
tions between those sub-levels with ∆m = 0,±1 are
allowed. These three cases are typically denoted as
three components: π, σ+, and σ−, and correspond to
different polarizations of the absorbed/emitted pho-
ton. In the case where the levels are populated ac-
cording to LTE, and there is no Zeeman splitting, the
spectral line transitions do not change the polariza-
tion state of the light. Introduction of the magnetic
field then shifts the transitions corresponding to dif-
ferent polarization states, thus resulting in spectral
line polarization. Fig. 2 depicts the formation of a cir-
cular polarization profile (longitudinal Zeeman effect)
and a linear polarization profile (transversal Zeeman
effect), as a sum of multiple components with differ-
ent signs of polarization. This figure already suggests
that the circular polarization (Stokes V ) is sensitive
to the LOS component of the magnetic field, while
the linear polarization (Stokes Q and U) is sensitive
to the component of the field perpendicular to the
LOS.

The action of the Zeeman effect is introduced
through the elements of the absorption matrix ~Kλ,
which has the following form (del Toro Iniesta 2003,
Landi Degl’Innocenti and Landolfi 2004):

~Kλ =


ηI,λ ηQ,λ ηU,λ ηV,λ
ηQ,λ ηI,λ ρV,λ −ρU,λ
ηU,λ −ρV,λ ηI,λ ρQ,λ
ηV,λ ρU,λ −ρQ,λ ηI,λ

 , (18)

where the η terms describe the selective absorption
terms:

ηI,λ = η0

[
φp,λ sin2 θ + 1

2

(
φb,λ + φr,λ

)
× (1 + cos2 θ)

]
, (19)

ηQ,λ = η0

[
φp,λ − 1

2

(
φb,λ + φr,λ

)]
sin2 θ cos 2χ, (20)

ηU,λ = η0

[
φp,λ − 1

2

(
φb,λ + φr,λ

)]
sin2 θ sin 2χ, (21)

ηV,λ = η0

[
φr,λ − φb,λ

]
cos θ, (22)

and the ρ terms describe the so-called anomalous dis-
persion effects:

ρQ,λ = η0

[
ψp,λ − 1

2

(
ψb,λ + ψr,λ

)]
sin2 θ cos 2χ,

(23)

ρU,λ = η0

[
ψp,λ − 1

2

(
ψb,λ + ψr,λ

)]
sin2 θ sin 2χ, (24)

ρV,λ = η0

[
ψr,λ − ψb,λ

]
cos θ. (25)
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Fig. 2: Top: Formation of the Stokes V profile as the

sum of two shifted, oppositely polarized Stokes V profiles

resulting from the σ+ and σ− components. Bottom: For-

mation of the Stokes Q profile as the sum of three Stokes

Q profiles resulting from the π, σ+, σ− components. The

σ components are shifted, negatively polarized, and have

a two times smaller amplitude than the π component.

Here φ and ψ denote the absorption and disper-
sion profiles (given by the Voigt function and its first
derivative), and θ and χ are, respectively, the inclina-
tion and azimuth of the magnetic field with respect
to the LOS. Subscripts p, b, r denote transitions with
∆m = 0,+1,−1, respectively.

Fig. 2 displays a significantly simplified case where
only selective absorption is present. Full modeling
(and interpretation) treatment must take into ac-

count the full form of K̂ (that is, Eq. 18) and numer-
ically solve the polarized RTE (Eq. 16) to obtain the
emergent polarized spectrum from a given model at-
mosphere. To illustrate the complexity of an observed
Stokes profile, in Fig. 3 we show observations con-
ducted with the Swedish Solar Telescope (Scharmer
et al. 2003), using Microlensed Hyperspectral Imager
(MiHI, van Noort et al. 2022, van Noort and Doerr
2022). These spectropolarimetric observations con-
tain two magnetically sensitive spectral lines of neu-
tral iron around 630 nm and have been recently pre-
sented and analyzed by Liu et al. (2025). The Stokes
profiles exhibit notable asymmetries in all four com-
ponents. Also, note the significantly larger amplitude
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of the Stokes V component compared to the Stokes
Q and U .

We shall digress here a bit and remark on the
amount of photon noise present in these observations.
Despite the Sun’s vicinity, the noise is unavoidable in
the observations with very high spatial and spectral
resolution, and high cadence, especially when image
restoration techniques are used (see, e.g. van Noort
et al. 2005, van Noort and Doerr 2022). The com-
bination of different sensitivities of different Stokes
components and the presence of photon noise leads
to notable biases when inferring orientation of the
magnetic field pervading the solar atmosphere (see,
e.g., Borrero and Kobel 2011, 2012). These noise ef-
fects can be significantly mitigated by employing spa-
tial and temporal regularization (see the discussion in
Section 4).

2.7. Scattering line polarization and Hanle
effect

The Zeeman effect leaves an imprint on the po-
larization through the energy shift of the Zeeman
sub-levels. It affects both the spectral lines formed
in the LTE and non-LTE conditions and often im-
plicitly assumes that the Zeeman sub-levels are pop-
ulated according to their equilibrium distribution3.
Scattering line polarization, on the other hand, is
a consequence of an uneven population of the Zee-
man sub-levels. This can only happen in non-LTE,
when the absorbing/emitting atoms are illuminated
by an anisotropic radiation field (often referred to
as the anisotropic radiation pumping, e.g. Trujillo
Bueno 2003). The fully-fledged approach requires
the so-called density matrix formalism, which can be
found in quantum physics textbooks (e.g. Blum 2012,
Landi Degl’Innocenti 2014) and is presented com-
prehensively in the “Bible” of the solar spectral line
polarization, the monograph of Landi Degl’Innocenti
and Landolfi (2004). Here, we opt to capture the gist
of the problem following the simplified, pedagogic ap-
proaches from Rees (1987) and Trujillo Bueno (2006).

We consider a simple model for the scattering line
polarization in the absence of a magnetic field. Up-
per panel of Fig. 4 shows the process of the so-called
selective absorption due to the law of conservation of
angular momentum. Namely, the photons traveling
along the quantization axis for the angular momen-
tum carry the angular momentum of either −1 or 1.
This, in turn, means that the absorption of the pho-
ton can only excite the ∆m = ±1 transitions4. This
selection rule leads to an overpopulation of specific
excited states. In the case of LTE, the collisions are
frequent enough to redistribute electrons in the ex-

3In the non-LTE case, it is often assumed that the fractional
distribution of populations of the sub-levels is the same as in
LTE.

4This can already be seen from Eq. 19, where substituting
θ = 0 leads to the presence of only two components.

cited state and remove this uneven population. In
non-LTE, however, the emission rate competes with
the collisional rates, and the population remains un-
even, leading to preferential emission of photons with
specific polarization states. This, in turn, causes the
linear polarization of the photons emitted at an an-
gle with respect to the quantization axis. An exam-
ple of the resulting profile is given in the lower panel
of Fig. 4. Note that, in the absence of the magnetic
field, the natural choice for the quantization axis is
the z axis, because, in one-dimensional atmosphere
models, the radiation field is axially symmetric with
respect to z. When we introduce the magnetic field
to the problem, the magnetic field vector becomes the
natural choice for the quantization axis.

Notice that the Zeeman effect only influences the

polarized propagation matrix ~K and the thermal
emissivity. In the pure Zeeman case, the emission
is such that the source function is unpolarized. In-
terestingly, the emission is still polarized, but fulfills
Kirchhoff’s law. At first, this can be somewhat con-
fusing (refer to Eq. 26 below). The scattering polar-
ization in spectral lines, on the other hand, stems
from the anisotropy of the scattered radiation, sim-
ilar to classical Rayleigh scattering (Rayleigh 1871).
This will result in a non-zero source function for po-
larized terms Q and U in Eq. 16. Building up on the
example from Fig. 4, we can write the polarized emis-
sion term for Stokes Q component as (Trujillo Bueno
2006):

jQ =
hc

4πλ
Aul

3

2
[ρ1(0, 0)φp,λ

−ρ1(−1,−1)φr,λ + ρ1(1, 1)φb,λ
2

]
sin2 θ

(26)

where ρ(M,M) is the population of the upper Zee-
man sub-level with magnetic quantum number M
(note that we swapped from m to M , to stay con-
sistent with the literature). In the case when levels
are equally populated and profiles are unshifted, the
polarized emission is zero. The equal population of
the shifted profiles leads to the polarized emission
in concordance with Kirchhoff’s law (del Toro Iniesta
2003, Trujillo Bueno 2006). Unequal population with
unshifted profiles leads to the rise of scattering line
polarization.

In the more general case, ρ(M,M ′) are the ele-
ments of the atomic density matrix, which describes
the so-called orientation and alignment of the atomic
levels. It can be decomposed using the multipole
components ρKQ (Landi Degl’Innocenti 2014):

ρ(M,M ′) =
∑
K,Q

(−1)J−M
√

2K + 1

(
J J K
M −M ′ −Q

)

× ρKQ (J) . (27)
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Fig. 3: Stokes profiles of neutral iron lines at 630.15 and 630.25 nm, in a solar plage photosphere. The observations

are obtained using the MiHI integral field unit at SST and exhibit very high spatial and spectral resolution and fast

cadence. Blue line: observations; Orange line: fits obtained with the FIRTEZ code. Dashed vertical lines denote

nominal centers of the lines.
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Fig. 4: Formation of the linearly polarized profile due

to spectral line scattering. Top: Uneven population of

the upper level due to the selective absorption of an

anisotropic radiation field. Bottom: A plot analogous to

the Fig. 2, but instead of the shift of Zeeman sub-levels,

we consider their uneven population.

where the tensors ρKQ depend on the irreducible spher-

ical tensors of the radiation field, JKQ , which describe
the anisotropy of the radiation field in the given point
and given transition. Finally, the spherical tensors of
the radiation field are given by:

JKQ =
1

4π

∫
φλdλ

∮
dΩ

3∑
i=0

TKQ (i,Ω) Ii,λ(Ω). (28)

Here TKQ are the spherical tensors for polarimetry

(see Landi Degl’Innocenti and Landolfi 2004), angle
Ω describes the direction of propagation of radiation,
and Ii counts the components of the Stokes vector of
the local radiation field.

Here, we witness a kind of generalization of the
non-LTE problem defined in Section 2.4. Indeed,
Eq. 28 resembles Eq. 14 with the same difficulties in
modeling. This problem is known as the non-LTE
problem of the second kind (Landi Degl’Innocenti
1983, Manso Sainz and Trujillo Bueno 2003). Cal-
culation of JKQ values requires knowledge of the full
angular dependence of the whole Stokes vector, which
in turn often requires a detailed 3D radiative transfer
modeling (Štěpán and Trujillo Bueno 2013). These
calculations can often become prohibitively expensive
and require efficient ways to solve the polarized radia-
tive transfer equation and to iterate the huge system
of equations toward a stable solution (e.g. Benedusi
et al. 2021). An interesting consequence of the 3D ef-
fects is that scattering polarization in inhomogeneous
media can be non-zero even for forward scattering
geometries, i.e., at the disk center. Accurate model-
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ing was performed by del Pino Alemán et al. (2018),
and several observational works attempted to confirm
these predictions (Zeuner et al. 2018, 2020, 2025).

The presence of an external magnetic field fur-
ther alters the scattering polarization. This effect is
known as the Hanle effect (Hanle 1924), and it opens
interesting new diagnostic techniques. The magnetic
field alters the ρKQ quantities described above (Tru-

jillo Bueno 2009):

ρKQ =
1

1 + iQΓu

[
ρKQ
]
B=0

. (29)

Here:

Γu = 8.79× 106
Bgu
Aul

(30)

is known as the Hanle parameter, and it parametrizes
the line’s sensitivity to the magnetic field B. Aul is
the Einstein coefficient of spontaneous emission and
gu is the Landé factor of the upper level. Looking at
Eq. 29, we can surmise that the Hanle effect will de-
crease the values of ρKQ and thus decrease the amount
of polarization. A less obvious result is that it will
also rotate the plane of polarization. Finally, the
Hanle effect can create polarization in some scatter-
ing geometries that would not exhibit the polariza-
tion otherwise, such as the forward scattering (polar-
ization at the disk center, observed and discussed for
example by Bianda et al. 2011, Belluzzi et al. 2024).
Note that the scattering polarization is also affected
by depolarizing collisions (e.g. Derouich et al. 2003),
which affects the sensitivity of the line to the Hanle
effect. Furthermore, the lines can be, at the same
time, affected by both the Zeeman and the Hanle
effect. Particularly interesting case is the modula-
tion of the scattering polarization of the wing via the
so-called magneto-optical (MO) effects, which opens
interesting diagnostic capabilities, as pointed out by
Alsina Ballester et al. (2016). Another interesting
aspect is the sensitivity of the scattering polarization
to the plasma velocities. These effects can dramati-
cally change the anisotropy of radiation illuminating
the scattering atoms and thus significantly change the
amount of scattering polarization (e.g., Carlin et al.
2012).

The general treatment of scattering polarization
and the Hanle effect requires an approach that takes
into account polarization of both the lower and the
upper level, a multi-level or a multi-term treatment,
that also takes into account PRD where needed (e.g.,
Bommier 1997, Belluzzi et al. 2012). Note that the
general case of polarized line formation in a multi-
level atom with PRD is still not satisfactorily de-
scribed. For a recent development of a unified po-
larization formalism for electric and magnetic mul-
tipole interactions, see Casini et al. (2025). Finally,
3D radiative transfer effects are known to be criti-
cal, both in the photosphere (del Pino Alemán et al.
2018) and in the chromosphere (Štěpán and Trujillo
Bueno 2016).

2.8. Concluding remarks on radiative
transfer modeling

Before we move to diagnostics and spectropolari-
metric inversions, it is important to note that, while
the problem of the spectral line formation is relatively
well understood, its numerical solution in a general
case is still not routinely performed. The reason for
that is a strong non-linearity in the radiative trans-
fer problem, which often leads to instabilities in nu-
merical solutions. These instabilities are particularly
severe when synthesizing spectra from large, high-
resolution numerical simulations, which often expe-
rience strong vertical gradients. Furthermore, atoms
with many levels are often needed (for example, to
describe ionization and optical pumping properly),
leading to slow and poorly-converging solutions. The
other difficulty is the lack of reliable atomic data,
such as the Einstein coefficients, and line broadening
or depolarizing parameters. Finally, detailed time-
dependent radiative transfer calculations that go be-
yond the assumption of statistical equilibrium (e.g.
Leenaarts 2020) are also not routinely done. We
should keep these difficulties in mind when we discuss
the spectropolarimetric inversions and other diagnos-
tics.

3. INVERSION APPROACHES

The previous section formulated the forward prob-
lem. That is, the calculation of generally polarized
spectra from the three-dimensional structure of the
solar atmosphere:

~I+λ (x, y) = F
[
T, p, ρ,~v, ~B.. = f(x, y, z)

]
. (31)

Here, the functional F encompasses the whole process
of radiative transfer modeling we have just described.
We will sometimes refer to it as the generative model.
Note that some of the atmospheric parameters can,
in principle, be calculated from the others (e.g., the
mass density can be calculated from the temperature
and pressure), or that some parameters might not
be needed at all (for example, we might only care
about the line-of-sight component of the velocity).
The complexity of the atmosphere model also might
vary: from a single “slab” to 3D atmosphere mod-
els. Furthermore, the specific physics involved in F
might vary from case to case. For some spectral lines,
the LTE approximation and Zeeman effect will suffice
to describe the line polarization satisfactorily, while
others might require complex three-dimensional non-
LTE calculations with scattering polarization treat-
ment and the Hanle effect.

The instrumental effects deserve a special men-
tion. Given that Eq. 31 describes the generation
of our observations, F must also involve modeling
of changes of the observed intensity introduced by
our instruments. The spatial smearing of the inten-
sity, caused by the point spread function (PSF) of
the telescope and the Earth’s atmosphere, and the
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spectral smearing of the intensity caused by the lim-
ited spectral resolution of imaging spectropolarime-
ters are probably the most important. A few other,
field-specific terms are usually encountered in the dis-
cussions on the spectropolarimetric diagnostics. Far
wings of the PSF, that are hard to eliminate with
adaptive optics or image restoration approaches, are
usually termed stray light (sometimes also called false
light). The observed intensity is then polluted by
the stray light, a wavelength-dependent contribution
to the observed intensity, that slowly varies in the
(x, y) plane. If observations contain large, unipolar
regions, the stray light can even be polarized. Scat-
tered light, on the other side, is usually a wavelength-
independent offset in spectra caused by the imper-
fections inside the wavelength discriminator. Con-
trary to the stray light, this effect is often relatively
straightforward to remove. Note that the usage of
these two terms varies across the literature, so here
we adopt the particular choice used by the author.
Another important observational aspect is the photon
noise (and of course systematic measurement errors,
which in the most general sense stem from an imper-
fect knowledge of the generative model F). For more
detailed discussion of observational aspects of high-
resolution spectropolarimetry, we refer the reader to
the recent review by Iglesias and Feller (2019).

3.1. Parameter inference

We will take a somewhat unorthodox approach
to define spectropolarimetric inversions by starting
from probabilistic inference. Inference of physical pa-
rameters from the observed polarized spectra involves
some probabilistic statement on their values, given
the observations and their uncertainties. Given a set
of observations ~Iobsλ (x, y) and a set of model param-

eters ~θ(x, y, z), where ~θ encompasses all the relevant
atmospheric quantities, we are looking for the prob-
ability density function:

p
(
~θ(x, y, z)|~Iλ(x, y)

)
. (32)

The vertical line in the above equation denotes con-
ditional probability, in the Bayesian sense (see, e.g.
Jaynes 2003), while the probability density function p
is called the posterior probability of the model param-
eters, given the data, or simply the posterior. Given
the high resolution of today’s solar observations, this
probability density function is obviously highly di-
mensional. This renders the traditional sampling
methods unusable and significantly limits the applica-
tion of probabilistic inference in high-resolution solar
spectropolarimetry.

A common approach is to apply Eq. 32 to one pixel
at a time, and then apply the Bayes’ theorem (Bayes
1763), to get:

p
(
~θ(z)|~Iobsλ

)
=
p
(
~Iobsλ |~θ(z)

)
p
(
~θ(z)

)
p
(
~Iobsλ

) . (33)

Here, the first term in the numerator is called the
likelihood (probability of the data given the model),
the second part is the prior probability, and the
denominator is referred to as the evidence. If we
are interested only in the shape of the posterior,
we can neglect the evidence. Calculating the ev-
idence still might be needed for the model selec-
tion (e.g., MacKay 2003). We often assume that

p(~θ(z)) = const, and look only for the maximum of
the posterior. In that case, the maximum of the pos-
terior and the maximum of the likelihood coincide,
and it is enough to maximize the likelihood for the
given realization of the data.

In the presence of the uncorrelated Gaussian noise
(a good approximation for the Poisson noise when
the counts are high), this likelihood has a Gaussian
shape. Writing likelihood for one specific Stokes pa-
rameter s at one specific wavelength l, we get:

p(Iobss,l |~θ(z)) =
1√

2πσs,l

× exp

−
(
Iobss,l − I

syn
s,l (~θ(z))

)2
2σ2

s,l

, (34)

where we have emphasized that the synthetic (pre-
dicted) intensity Isyns,l depends on values of the model
parameters. The likelihood for the whole set of obser-
vations (NS Stokes parameters and NL wavelengths)
is then the product of individual likelihoods. Given
that we are usually interested in the model parame-

ters ~θ that maximize the likelihood, we typically take
the logarithm of it, leading to the definition of the
well-known χ2 metric:

χ2(~θ) =
∑
s,l

(
Iobss,l − I

syn
s,l (~θ)

)2
σ2
s,l

. (35)

Therefore, under the assumption of uniform pri-
ors and Gaussian noise, maximizing the likelihood is
equivalent to minimizing χ2. Discussing the justifi-
cation for these two critical assumptions goes some-
what beyond the scope of this paper, but the assump-
tions should be reconsidered and scrutinized when-
ever possible. Except for a few notable cases, most of
the solar spectropolarimetric diagnostics techniques
rely on a minimization of the χ2 metric for a cho-
sen generative model. Eq. 35 shows that the χ2 met-
ric is a multi-dimensional function of the parameter
values. The goal is then to find the global mini-
mum of this metric in the parameter space. For lin-
ear problems, this minimization can be done analyt-
ically, while for non-linear ones it is often achieved
through derivative-based optimization schemes (e.g.,
Levenberg-Marquardt minimization, see Levenberg
1944, Marquardt 1963), which are never guaranteed
to find the global minimum. Examples of some other
minimization techniques are genetic algorithms (used
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e.g. by Lagg et al. 2004), the Nelder-Mead simplex al-
gorithm (used by Milić and Faurobert 2012) and, very
recently, the trust-region reflective algorithm used by
Janett et al. (2025).

While χ2 minimization can be very efficient, it
does not provide meaningful parameter uncertainties
or any insight into the degeneracy between the pa-
rameters (for an illuminating discussion on the χ2

approaches, see Andrae et al. 2010). A fully Bayesian
approach based on sampling would remedy most of
these problems (for a primer on model-fitting see
Hogg et al. 2010), but these techniques are generally
too numerically demanding to be applied to spec-
tropolarimetric inversion. One of the inspiring ex-
ceptions is an application of hierarchical Bayesian
modeling, which makes use of parametrized priors,
presented in Asensio Ramos and Mart́ınez González
(2014) and Asensio Ramos et al. (2017). In Section 4
we will discuss the Bayesian approaches further in the
light of contemporary machine learning methods.

A key ingredient of Eq. 35 is the measurement un-
certainty σs,l, simply referred to as the noise. Noise,
in principle, should follow from the square root of the
number of photon counts for a given Stokes param-
eter and wavelength. This means that the relative
signal-to-noise level in Stokes Q,U, V should be lower
than in Stokes I because the polarimetric efficiency
is always below unity (Iglesias and Feller 2019). This
is seldom the case in practical applications, mostly
because of various systematic errors in the measure-
ment of the Stokes I component. These systematic
errors often cancel out for other Stokes components,
as these components are measured differentially. Fur-
thermore, various diagnostic approaches additionally
weight specific Stokes components in Eq. 35, to give
more emphasis to specific polarization states. This
approach is, strictly speaking, not justified, but given
the imperfect knowledge of measurement uncertain-
ties and sometimes preference for inferring specific
physical parameters (e.g., magnetic field vector), im-
plementation of weights can significantly help the
spectropolarimetric diagnostics.

To summarize: the majority of inference tech-
niques in solar spectropolarimetry are based on a
choice of a suitable model that generates the ob-
servables and depends on a set of physical quanti-
ties. Such a model is then fit to the data using a
χ2 minimization technique. We will now discuss a
selected set of approaches, ranging from simple mod-
els with only a handful of free parameters to more
complex, depth-stratified, or even three-dimensional
approaches.

3.2. Simple diagnostics

We are often faced with the situation where we
are interested only in a single quantity, or where the
data exhibits large uncertainties or pronounced in-
strumental effects (e.g., poor spectral resolution or
spectral sampling). It can also happen that the for-
mation of the observed spectral lines is so physically

complex that the best we can do is to fix, approx-
imate, or parametrize as many aspects as we can.
In such cases, we cannot reliably use comprehensive
diagnostics that require fully-fledged radiative trans-
fer modeling, described in the previous section, and
we revert to simple solutions. We will briefly review
some of these simple approaches and mention them
again in Section 4, in the context of machine learning-
based approaches. Simplified diagnostics usually fo-
cus on the inference of the LOS velocity or the mag-
netic field vector.

3.2.1. Velocity inference

A common way to infer the velocity in a simplified
way is to determine the location of the line core, and
calculate the LOS velocity from the Doppler effect
formula, as:

vLOS =
∆λ

λ0
c, (36)

where ∆λ is the shift of the line core position with re-
spect to the unshifted line core λ0, and c is the speed
of light. This inference implicitly assumes that the in-
tensity at the line core is formed at a specific height
(the so-called line formation height) in the solar at-
mosphere, and the location of the line core determines
the velocity at that height. This approach is obvi-
ously extremely fast and simple, but it neglects many
intricacies of the spectral line formation. For exam-
ple, the line formation height is often ill-defined. This
approach is often used to infer the velocities of sec-
ondary absorption or emission peaks coming from the
observed spectral line, the so-called “components”.

Other common approaches to infer the LOS veloc-
ity are the center of gravity (CoG) method and bi-
sector analysis (also used in stellar physics, see, e.g.
Gray 2005). The latter, specifically, provides some
insight into the depth dependence of the LOS veloc-
ity in the atmosphere. Again, such depth dependence
stems from an analysis where each specific line inten-
sity level is formed in some representative part of the
assumed model of the atmosphere. Note that none of
these diagnostics explicitly solves the radiative trans-
fer equation.

3.2.2. Magnetic field inference

The simplest approaches to estimate the magnetic
field from spectral lines are based on a direct mea-
surement of the splitting in the Stokes I component.
Needless to say, such an approach works only for
very strong magnetic fields (e.g. Okamoto and Saku-
rai 2018). Furthermore, the Zeeman effect is degen-
erate with other sources of spectral line broadening.
Still, a rather unique approach was proposed by Asen-
sio Ramos (2014) who was able to infer the magnetic
fields down to 100 G magnitude, by analyzing broad-
ening of many spectral lines simultaneously. All other
approaches we will discuss rely on the observations
and analysis of spectral line polarization.
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The weak field approximation (WFA) assumes
that the Zeeman broadening ∆λB of the observed
spectral line is much smaller than the Doppler width
∆λD. This often happens for broad chromospheric
lines where the Zeeman broadening is also small, both
due to relatively small Landé factors and because of
weak magnetic fields in the chromosphere. If the field
is weak and depth-independent, it can be shown that:

Vλ = −4.69× 10−13λ20glBLOS
∂Iλ
∂λ

(37)

where λ is given in Å, and line-of-sight component of
the magnetic field, BLOS , in Gauss. Here, gl is the
effective Landé factor for the considered spectral line.
The similarity between the derivative of Stokes I, and
Stokes V is evident in Fig. 3. WFA can also be ex-
tended to linear polarization (Stokes Q and U), which
is related to the component of the magnetic field per-
pendicular to the line of sight, B⊥, and its azimuth.
These expressions are defined separately for the line
core and the line wing (see, e.g. Centeno 2018). WFA
diagnostics suffer from the lack of depth context: usu-
ally, it is assumed that the magnetic field retrieved by
the WFA is either the field at some specific depth, or
some kind of average field over a line-forming height
range. An attempt to formalize the determination of
the formation height of the WFA signal was recently
undertaken by Vukadinović et al. (2022).

WFA ceases to be valid already around 1kG for
magnetically sensitive photospheric spectral lines.
The more suitable approximations, then, are the
strong-field approximation and the center of gravity
(CoG) method for the magnetic field (e.g., del Toro
Iniesta 2003). Finally, Auer et al. (1977) provided
expressions for approximate calculations of inclina-
tion and azimuth of the magnetic field, directly from
the observed Stokes vector. This technique is very
robust and is comparable with the results provided
by the Milne-Eddington approximation (see the Sub-
section 3.2.4 below).

3.2.3. Slab models

A slab is typically a one-dimensional object with
finite optical depth and constant temperature (or the
source function), velocity, and the magnetic field vec-
tor. The slab model accounts for rudimentary radia-
tive transfer within the slab, through the solution of
the radiative transfer equation for a constant source
function, which for unpolarized radiation reads:

I+λ = I0λe
−τλ + Sλ(1− e−τλ). (38)

A typical slab model is characterized by a total opti-
cal depth, source function, LOS velocity, line Doppler
width, and sometimes the line damping coefficient.
Slab geometry is the basis for the so-called cloud
model that was used to interpret Hα observations
(e.g. Beckers 1964, Mein et al. 1996). A critical as-
pect of the cloud model, when interpreting on-disk

observations, is the choice of the boundary condition
I0λ, as pointed out by Mein and Mein (1988). Note
that slab models with much more comprehensive ra-
diative transfer approaches exist, and are used to di-
agnose plasma conditions in the prominences (e.g.
Peat et al. 2021) or other chromospheric structures
(Tziotziou 2007).

Another very successful implementation of the
slab model is the Hanle and Zeeman Light (HAZEL),
spectropolarimetric inversion code developed by
Asensio Ramos et al. (2008). In this approach, the
slab model is complemented by the magnetic field
vector, and the source function also contains the po-
larized terms, as described in Section 2.7. This al-
lowed the authors to model the spectral line forma-
tion of 587.76 nm (D3) and 1083.0 nm lines of neutral
helium, taking into account polarization due to the
Zeeman and Hanle effects. The solution of the polar-
ized RTE is again, analytical:

~Iλ = e−K̂λτ ~I0λ + K̂−1λ

(
1− e−K̂λτ

)
~Sλ, (39)

where τ is now the optical depth in the line core, and

the polarized source function ~Sλ is calculated from
the angular variation of the radiation illuminating the
slab from the photosphere (considered to be fixed for
the given height of the slab). HAZEL combines sim-
ple geometry with detailed atomic physics and has
proven to be an outstandingly versatile and robust
code to interpret both Hanle and Zeeman signals in
filaments, prominences, spicules, and active regions.

3.2.4. Milne-Eddington atmosphere

This approach gets its name from the Milne-
Eddington approximation, in which the wavelength-
independent source function varies linearly with the
optical depth in the continuum:

S(τc) = S0 + S1τc, (40)

where τc denotes the source function in the contin-
uum. This solution is motivated by the first ana-
lytical solutions to the Milne problem (problem of
finding the structure of a gray atmosphere in radia-
tive equilibrium, e.g. Mihalas 1978). Spectral lines
can be modeled in this approximation by introducing
the line strength η, and expressing monochromatic
optical depth as:

τλ = τc(1 + ηφλ), (41)

where the line absorption profile φλ depends on
the line Doppler width, dimensionless damping co-
efficient, and constant LOS velocity. One of the
first applications to the inference of the magnetic
fields in the photosphere was presented by Skumanich
and Lites (1987). They assumed that the mag-
netic field is also constant with height. The solu-
tion for the emergent Stokes vector is then analyt-
ical. This allowed them to fit the nine-parameter
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model (B, θB , χB , vLOS ,∆vD, a, η, S0, S1) to the ob-
servations made by the High Altitude Observatory
(HAO) scanning Stokes polarimeter (Baur et al.
1980) using a least-squares based approach.

Milne-Eddington (ME) spectropolarimetric inver-
sion is robust and very efficient. It has no limita-
tions in terms of magnetic field strength or orien-
tation, as the Zeeman splitting and the elements of
the propagation matrix are calculated exactly. The
main limitation is the assumption of constant LOS
velocity and the magnetic field vector. Therefore, it
is often used in the photosphere, where the spectral
lines are formed over a narrower height range. Ve-
locities inferred by ME inversions are usually notice-
ably lower than the velocities inferred by the depth-
stratified inversions (see Section 3.4). Similar to other
approaches where constant properties with depth are
assumed, it is often said that the parameters inferred
by ME inversions represent either a mean value over
some depth or a value at some specific depth. To bet-
ter understand the results retrieved by ME inversions,
it is recommended to perform a benchmark study for
a given spectral line(s) and instrument (see, e.g. Bor-
rero et al. 2014).

Thanks to its stability and performance, ME is of-
ten chosen for pipelines that automatically invert the
data for a specific instrument. Some of the examples
are MERLIN, which evolved from the original Sku-
manich and Lites (1987) approach, MILOS (Orozco
Suárez and Del Toro Iniesta 2007), and VFISV (Bor-
rero et al. 2011). The analytical nature of the solution
is important not only because the forward model can
be computed quickly, but also because the calcula-
tion of the derivatives of the observed spectrum with
respect to the model parameters is very fast (Orozco
Suárez and Del Toro Iniesta 2007). These derivatives
are called response functions and are used to drive
the χ2 minimization techniques.

3.3. Response functions

A response function Rqs,λ(z) of the given Stokes
parameter s to the given atmospheric quantity q
(temperature, pressure, velocity, magnetic field), is
defined as a function that maps a small, generally
depth-dependent perturbation of the given parame-
ter to the perturbation of the emergent intensity in
the given Stokes parameter. That is:

δI+s,λ =

∫ ∞
0

Rqs,λ(z)δq(z)dz, (42)

where δq(z) is the perturbation of the given atmo-
spheric parameter, and we have assumed that the
integration is done in z. One of the first formu-
lations of the response functions (RFs) are due to
Mein (1971) and Beckers and Milkey (1975), with
subsequent extension to the polarized line formation
by Landi Degl’Innocenti and Landi Degl’Innocenti
(1977).

Conceptually, the response functions quantify the
response of the emergent spectrum to the physical pa-
rameters at various depths in the atmosphere. They
provide an intuitive understanding of how important
various parameters at various depths are for the for-
mation of the spectral line. Response functions are
usually visualized as 2D plots in the λ, z plane (or,
more often, in the λ, τc plane, as the continuum opti-
cal depth τc is often a proxy for height). An example
of a response function of the Stokes I component in
the 589 nm region to the perturbations of tempera-
ture and the LOS velocity is given in Fig. 5. The cal-
culations are done with the SNAPI code (Milić and
van Noort 2018), for the FAL-C (Fontenla et al. 1993)
model atmosphere. The spectral region contains two
strong spectral lines of neutral sodium (Na I D1 and
D2) and two weaker lines of neutral iron and cobalt.
All heights are given with respect to the base of the
photosphere (τ = 1 in the continuum). Note that,
even though the Na I lines are much stronger than
the photospheric ones, its response function drops to
zero very fast above h = 200 km. This is because
the Na I D lines exhibit dramatic non-LTE effects and
their source function decouples from the local tem-
perature very low in the atmosphere. One way to in-
terpret this is the following: Even though the Na I D1
line is formed around the temperature minimum (say,
h = 600 km), that radiation is essentially originating
in the lower layers and reaching the observer through
spectral line scattering processes. Note that the sen-
sitivity of the line to the LOS velocity reaches much
higher. This is because the response to the velocity
is local, even though the spectral line is formed in
non-LTE. This property can be understood better by
analyzing Eqs. 9 and 10: the non-LTE effects signif-
icantly alter the level populations, but the response
of the line absorption/emission coefficient is almost
entirely local. Note that the shape of the response
function can dramatically depend on the model at-
mosphere used.

To discuss the calculation of the response func-
tions, we will cast them in the discrete form, recalling
that in practical calculations, the depth variation of
physical quantities in the atmosphere is given on a
discrete depth grid. We will follow the formulation
by Milić and van Noort (2017), who cast the response
function of the Stokes parameter s at the wavelength
index l to the physical parameter q at the depth d in
the discrete form as:

Rs,l,qd =
∂I+s,l
∂qd

. (43)

One way to calculate the response function numeri-
cally would be to calculate the intensity for a given
atmospheric model, perturb the quantity q at the
depth d by a small amount δqd, and then approxi-
mate Eq. 43 as:

Rs,l,qd =
I+s,l(

~θ + δqd)− I+s,l(~θ)
δqd

, (44)
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Fig. 5: Response functions of the Stokes I component in

the spectral region between 588.8 nm and 589.8 nm to per-

turbations in temperature (up) and LOS velocity (down),

for the FALC model atmosphere. Note the lack of sensi-

tivity of the Na I D lines at 589.0 nm and 589.6 nm to

temperature in the upper layers, due to non-LTE effects.

where ~θ, again, denotes the full set of atmospheric
quantities at all the depths, describing the model at-
mosphere. Alternatively, Eq. 44 can be cast in a sym-
metric form (see, e.g. de la Cruz Rodŕıguez and van
Noort 2017). These approaches, based on a finite-
difference scheme, are very robust but also notori-
ously numerically demanding. This is especially true
for the lines formed in non-LTE, where the forward
problem must be solved many times to calculate the
needed response functions. In LTE, the response
functions can be calculated analytically, with the ex-
tension to non-LTE lines formed in the CRD approx-
imation with LTE electron density given by Milić and
van Noort (2017). We follow their approach and out-
line the main steps in the calculation of the response
functions below. For a more detailed discussion of
the LTE case, see also Ruiz Cobo and del Toro Ini-
esta (1992, 1994), del Toro Iniesta and Ruiz Cobo
(2016).

For simplicity, we consider the unpolarized case.
Eq. 7 can be cast in a discrete form as:

I+l =
∑
d′

wl,d′Sl,d′ (45)

where index d′ again denotes specific depths. Coeffi-
cients wl,d′ follow from a specific form of the numer-
ical formal solution (see Olson and Kunasz 1987, de
la Cruz Rodŕıguez and Piskunov 2013, Janett et al.
2018). The formal solution of RTE depends on the

values of opacity and emissivity at the given wave-
length at each depth point d′. That means that we
can calculate the derivative of the emergent intensity
I+l to the perturbation of quantity q at the depth d
as:

∂I+l
∂qd

=
∑
d′

(
∂I+l
∂χl,d

∂χl,d
∂qd

+
∂I+l
∂jl,d

∂jl,d
∂qd

)
. (46)

Now, the derivatives of the emergent intensity with
respect to the values of opacity and emissivity can be
found from the specific form of the numerical solu-
tion, while the derivatives of the opacity and emis-
sivity to qd can be found from the exact expressions
for the relevant contributors to the opacity and emis-
sivity at the given wavelength. For example, consider
the expression for line emissivity given in Eq. 9. We
then get:

∂jl,d
∂qd

= Aul
hc

4πλ

(
nu
∂φl,d′

∂qd
+
∂nu,d′

∂qd
φl,d′

)
. (47)

The term
∂φl,d′

∂qd
is evaluated in a relatively straight-

forward way, as it is reasonable to assume that the
response of the profile shape only depends on the lo-

cal values of physical quantities. The term
∂nu,d′

∂qd
is

referred to as the response function of the level pop-
ulations. In LTE, it is also strictly local and can be
exactly analytically calculated by taking analytical
derivatives of the Saha and Boltzmann equations. In
non-LTE, this response is non-local (i.e., the popu-
lation at the depth d′ depends on physical quanti-
ties at each other depth d). Approximate approaches
are based on ignoring this non-locality and scaling
the LTE responses according to the so-called depar-
ture coefficients (fixed departure coefficients, Socas-
Navarro et al. 1998, Ruiz Cobo et al. 2022). Milić
and van Noort (2017) developed a semi-analytical ap-
proach based on using the derivative of the statisti-
cal equilibrium equation to couple intensity and level
population responses and find the level population re-
sponses directly from the converged non-LTE popu-
lations. The solution is cumbersome, but straightfor-
ward, and an interested reader is directed to the orig-
inal publication for the derivation and benchmarks.
A sketch of the extension to response functions for
scattering line polarization is given in Milić and van
Noort (2019).

To summarize this part, the calculation of the re-
sponse function of the emergent polarized radiation
reduces, for the Zeeman case, to the calculation of the
responses of level populations to perturbations of the
depth-dependent physical quantities. This problem
is challenging in the non-LTE case and has not really
been explored for more general cases of scattering po-
larization and the Hanle effect. We will return to the
response functions later, and now move to the use of
the response functions for depth-stratified inversions.
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3.4. Depth-stratified inversions

The depth-stratified inversions aim to infer a full
depth variation of temperature, pressure, velocity,
and magnetic field from the observed polarized spec-
trum. Assume we have a guess atmosphere, which
we have used to calculate a test spectrum I+s,l. To
improve the solution iteratively, we can then use the
Gauss-Newton algorithm (e.g., Björck 1996):∑

j

Jijδxj = δyi = yobsi − yi (48)

where the right-hand side corresponds to the resid-
uals between the observed value and current predic-
tion of the model, xj are the model parameters, and
Jij is the Jacobian, i.e., the partial derivative of yi
with respect to xi. The solution for δxj is obtained
by solving the generally non-square linear system
above. The solution minimizes the sum of squares
of the residuals and thus can be used for χ2 mini-
mization. The Levenberg-Marquardt algorithm men-
tioned earlier is an improved variant of the Gauss-
Newton method. Now, considering our specific prob-
lem of polarized line formation, the residuals on the
right-hand side are differences between the observed
and predicted spectra, and δxi are the desired cor-
rections to the model atmosphere, δqd. The Jacobian
Jij is then the response function. Therefore, we get:∑

q,d

Rs,l,q,dδqd = δIs,l. (49)

For an alternative approach to deriving Eq. 49, see
Ruiz Cobo and del Toro Iniesta (1992) or del Toro
Iniesta (2003).

The system above has NS×NL equations (number
of Stokes components times number of wavelengths),
and NP ×ND unknowns (number of considered phys-
ical parameters times the number of depth points).
Typically, considered parameters involve tempera-
ture, the LOS velocity, and the magnetic field vector.
Note that the gas pressure is necessary to solve the
Saha equation and obtain level populations, but the
pressure is usually calculated from the temperature
stratification using the hydrostatic equilibrium (see
for example, Böhm-Vitense 1989, for an example of
this procedure). Also, it is possible to consider ad-
ditional parameters like microturbulent velocity (ad-
ditional broadening of the line absorption and emis-
sion profile) or macroturbulent velocity (additional
broadening of the emergent line intensity profile, usu-
ally assumed to be depth-independent). Some ap-
proaches can even consider line oscillator strengths as
free model parameters (see Vukadinović et al. 2024).

Given typical model atmospheres with 50 − 100
depth points, the system described by Eq. 49 is al-
most guaranteed to be ill-posed. Usually, a regular-
ization approach is employed, which is, in practice,
most commonly a reduction of the number of free
parameters by using nodes. Nodes are fixed points in

the atmosphere where the parameters can vary freely.
The number of nodes is typically an order of magni-
tude smaller than the number of depth points, and
from given node positions and their values, the full
atmosphere can be reconstructed. One must then re-
place the full depth-dependent response functions in
Eq. 49 with the equivalent response functions to the
node values (Ruiz Cobo and del Toro Iniesta 1992).
Practically all codes for spectropolarimetric inversion
in the photosphere and chromosphere employ nodes
to simplify the atmosphere model and make the in-
version feasible. We briefly summarize the develop-
ments over the last three decades below and direct
the reader to the reviews by del Toro Iniesta and
Ruiz Cobo (2016) and de la Cruz Rodŕıguez and van
Noort (2017) for more details.

The way toward depth-stratified inversions was
paved by the Stokes Inversion based on Response
Functions (SIR) code by Ruiz Cobo and del Toro
Iniesta (1992). The first attempts to extend these
inversions were done by Socas-Navarro et al. (1998)
and Socas-Navarro et al. (2000). The SPINOR code
by Frutiger et al. (2000) was designed for LTE lines,
but it solved the response functions to node values
using the finite-differences method. The Stockholm
Inversion Code (STiC) de la Cruz Rodŕıguez et al.
(2019), took the same approach, but considered a
much more general case of non-LTE spectral lines
formed in partial frequency redistribution. STiC used
a modified version of the RH code (Uitenbroek 2001)
as its engine. Spectropolarimetric non-LTE Ana-
lytically Powered Inversion (SNAPI) code by Milić
and van Noort (2018) used the semi-analytical ap-
proximation to accelerate the calculation of response
functions in non-LTE without using finite differences,
but cannot account for the PRD effects. The Depar-
ture coefficient aided Stokes Inversion based on Re-
sponse functions (DeSIRE) code of Ruiz Cobo et al.
(2022) revisits the idea of fixed departure coefficients
of Socas-Navarro et al. (1998) to effectively integrate
SIR and RH codes and provide another approach to
non-LTE inversions. The idea of analytical response
functions of LTE and the concept of fixed departure
coefficients is also used in the FIRTEZ code (Pas-
tor Yabar et al. 2019, Borrero et al. 2019), the only
code so far formulated in the z scale (see the next
section for the implications of this choice). All the
codes mentioned above are restricted to the spec-
tral line polarization due to the Zeeman effect. The
Tenerife Inversion Code (TIC) by Li et al. (2022)
considered a much more general case of partial fre-
quency redistribution and arbitrary magnetic field,
taking into account scattering polarization and Hanle
effect. A variant of this approach, limited to two-
level and two-term atoms, which also accounts for the
angle-dependent PRD case, was recently presented by
Janett et al. (2025).

An example of a spectropolarimetric inversion
applied to the spectral region between 588.8 and
589.8 nm is shown in Fig. 6. The observations
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have been obtained at the SST using the slit-
reconstruction technique developed by van Noort
(2017). The blue line is the synthetic polarized pro-
file from the best-fit, depth-dependent model where
the temperature, LOS velocity, and LOS magnetic
field are allowed to vary with depth. The inversion
is performed with the SNAPI inversion code, taking
into account non-LTE effects in the Na I lines. The
application to a larger field of view, containing a solar
plage is shown in Fig. 7. Note the dramatic difference
in the spatial structure between the lower (left-hand
side panels) and the higher atmospheric layers (right-
hand side panels).

Note that the approach presented in this section
pertained to one spectrum, containing one or more
wavelength regions, possibly with multiple spectral
lines, and one atmosphere model. We have implic-
itly assumed that we are relating one spectrum in a
given x, y position to the underlying one-dimensional
atmosphere, i.e., we are performing inversions one
pixel at a time. There are numerous limitations and
pitfalls in this approach, and we move beyond this
approximation in the next section. We will now dis-
cuss contemporary approaches to spectropolarimetric
inversion, many of which are currently under active
development.

4. ONGOING AND FUTURE
DEVELOPMENTS

The inversion approaches that have been under
development over the last decade typically aim to
frame the inversion problem as inherently 3D, i.e.,
to solve the inversion of Eq. 3 as a coupled, multi-
dimensional problem, sometimes even taking time de-
pendence into account. There are multiple reasons
why it is advantageous to take into account all ob-
served x, y locations simultaneously. First, the spa-
tial positions are coupled due to the limited resolution
of our telescopes. Then, they are bound to be coupled
due to the specific physical laws, and, finally, they can
be coupled due to the effects of 3D radiative trans-
fer. We discuss these three aspects separately and,
at the end, review the machine learning approaches
to spectropolarimetric inversion.

4.1. Spatio-temporal regularization
and coupling

We already mentioned the spatial coupling be-
tween the observed spectra when we discussed the
stray light in Section 3. Namely, the observed spec-

trum in the given point ~Iλ(x, y) can be written as the

convolution between the original spectrum ~I0λ(x, y)
and the telescope point spread function (PSF):

~Iλ(x, y) =

∫ ∫
~I0λ(x′, y′)PSF (x− x′, y − y′)dx′dy′.

(50)

For space-based telescopes, the PSF is roughly con-
stant and depends only on the shape of the telescope’s
primary aperture. For ground-based observations,
the situation is more complicated: a part of the PSF
is removed by adaptive optics (for a review of the
topic, see Rimmele and Marino 2011), while another
part can be removed via image restoration techniques
(e.g., van Noort et al. 2005). We first discuss the ap-
proaches where only the PSF of the telescope matters,
i.e., space-based data.

The PSF contains a significant non-local con-
tribution, which means that the physical param-

eters ~θ at physical locations different than (x, y)
also contribute to observations in the given location.
This coupling was approximately modeled using var-
ious multi-component models and filling factor ap-
proaches, but the first one to self-consistently take it
into account was van Noort (2012). The idea is to
write Eq. 49 for all observed Stokes spectra simul-
taneously, taking into account coupling due to the
telescope PSF. That is, for the pixel (i, j), we have:∑
i′,j′

∑
q,d

PSFii′jj′Rs,l,i′,j′,q,dδqi′,j′,d = δIs,l,i,j . (51)

This results in a very large linear system of dimension
NP ×Nx×Ny where NP is the total number of model
parameters (in this specific case, the total number
of nodes used for depth-stratified polarimetric inver-
sion), and Nx and Ny denote the number of pixels
in the image in the x and y dimension, respectively.
van Noort (2012) originally solved this problem using
iterative solutions of the linear systems, akin to the
solution of the non-LTE problem (Olson et al. 1986),
and implemented the inversion using the framework
of SPINOR inversion code (Frutiger et al. 2000).

The result is the inversion code that effectively
spatially deconvolves the data in the inversion pro-
cess. The applications were restricted to Hin-
ode/SOT/SP data, given that it is the only high-
resolution space-based telescope with spectropolari-
metric capabilities. Danilovic et al. (2016) analyzed
the quiet Sun inversions and found that this spatially
coupled approach dramatically changes the distribu-
tion of inferred weak fields, specifically the biases
pointed out by Borrero and Kobel (2011) are largely
mitigated. Another notable highlight is the detec-
tion of super-strong (6 kG and stronger) fields in
sunspot penumbrae (van Noort et al. 2013, Siu-Tapia
et al. 2017) and lightbridges (Castellanos Durán et al.
2025). While it is expected that the inversions ac-
counting for the instrument PSF do retrieve stronger
fields, these results have not yet been confirmed by
high-resolution ground-based observations. While
the PSF is only exactly known for space-based instru-
ments, an attempt to apply spatially coupled inver-
sions to ground-based data was recently undertaken
by Borrero et al. (2025), who achieved significant im-
provements when inverting the data from the GRE-
GOR telescope.

17



I. MILIĆ

Fig. 6: Observed (red) and fitted (blue) spectrum of the four spectral lines found in the region around the Sodium

D lines (Left to right: Na I D2, Fe I, Ni I, Na I D1). The upper panel shows the Stokes I and the lower panel the

Stokes V spectra. These spectra correspond to an example single pixel from Fig. 7, and an example response function

is provided in Fig. 5.

The spatially coupled approach taking into ac-
count the instrument PSF has recently been imple-
mented in a Milne-Eddington inversion framework by
de la Cruz Rodŕıguez (2019). While the physical
model is a bit simplified, the code implements an ex-
plicit spatial regularization on top of the spatial cou-
pling. The motivation for the spatial coupling comes
from the fact that the presence of photon noise and
other inversion degeneracies can create many possible
solutions for the spatial distribution of model param-

eters ~θ(x, y). In that case, spatially smooth solutions
are preferred to those with small-scale fluctuations
(this can be interpreted through the sparsity of the
model, see Asensio Ramos and de la Cruz Rodŕıguez
2015). Regularization is usually implemented by min-
imizing the spatial derivative of physical parameters
(i.e., Tikhonov regularization). That is, we define a
regularization metric, which has the form:

χ2
reg =

∑
i,j,p

αp

(
(
∂θp
∂x

)2i,j + (
∂θp
∂y

)2i,j

)
. (52)

Here, the coefficients αp individually scale the regu-
larization term for each parameter p. This regular-
ization term is then added on top of the χ2 defined by
Eq. 35. The minimization scheme then attempts to
find the solution that produces both good fits and rel-
atively spatially smooth solutions. Given that spatial
derivatives are non-local quantities, such inversion is
also spatially coupled, but the ensuing coupling ma-
trix is much sparser than in the case of the spatial
coupling due to the telescope PSF. Other variants of

spatial regularization are also possible, for example,
penalizing deviations from a reference value. Note
that the STiC inversion code (de la Cruz Rodŕıguez
et al. 2019) employs such regularization schemes also
in depth.

Going back to standard depth-stratified inver-
sions, notice that the nodes are essentially a way to
spatially regularize the model in depth. It is curious
that the spatial regularization in the x, y plane ap-
peared only some 25 years after the concept of nodes
was introduced by Ruiz Cobo and del Toro Iniesta
(1992). The obstacle to its routine implementation
is still the necessity of storing and inverting very
large matrices (easily 106 × 106 or more). de la Cruz
Rodŕıguez and Leenaarts (2024) recently presented
an extension of the spatially coupled approach to the
time domain. This is especially relevant with the ad-
vent of integral field solutions like the MiHI prototype
(van Noort et al. 2022).

The key realization in this aspect of contemporary
inversion approaches has been made by de la Cruz
Rodŕıguez (2019), who pointed out that the model
and the observations do not, in fact, have to have
identical spatial resolution in the x, y plane. While
this realization is perhaps not useful when consider-
ing a dataset in a single spectral range from a sin-
gle instrument, it proves critical when attempting to
perform a simultaneous inversion of datasets with dif-
ferent spatial resolutions and spatial samplings. It is

then useful to consider a physical model ~θ(x, y, z) that
generates the observable as:

~Iλ(x, y) = F [~θ(x, y, z)]. (53)
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Fig. 7: Example of depth-stratified inversion applied to the spectral region showcased in Fig. 6. From top to bottom:

Temperature, LOS velocity, LOS magnetic field. Left panels showcase the base of the photosphere log τc = 0, while

the right panels show log τc = −1 for temperature and log τc = −3.5 for the velocity and the magnetic field.

This intensity is then spatially and spectrally sam-
pled by different instruments to provide different
datasets that can be, at the same time, used to con-
strain the properties of the model. In this paradigm,
the spatial and spectral sampling of the observations
is simply determining the number and location of
data points where we test the prediction of our model,
while the model resolution can be, strictly speaking,
completely independent. These techniques prove crit-
ical when interpreting the data from significantly dif-
ferent wavelength domains. For example, when using
ALMA millimeter-range observations to better con-
strain the chromospheric temperatures (for examples,
see da Silva Santos et al. 2020, Hofmann et al. 2022).
In the Section 4.3 we will see how the multi-resolution
concept can be developed further.

4.2. Physics-based regularization

In the previous subsection, we argued for spa-
tial regularization as it encourages the smoothness
of the inferred atmospheric parameters. Another
way to choose favorable values of the model param-
eters is to require that the inferred model atmo-
sphere fulfill specific physical laws. We already en-
countered one kind of physics-based regularization:
depth-stratified inversions eliminate pressure through
the (one-dimensional) equation of hydrostatic equi-
librium. In some approaches, this equation can also
include magnetic or turbulent pressure. Riethmüller
et al. (2017) attempted to make the inversion results
consistent with 3D MHD (magneto-hydrodynamic)
simulations by matching the observed spectra to the
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simulated ones, starting a simulation from the in-
verted atmosphere, and running it until relaxation.

The tension between the physical laws (say, MHD
equations) and the inversion problem lies in the fact
that the former are cast on a geometric grid, while
the radiative transfer equation is cast on an optical
depth grid. Also, no inversion approach can establish
a common reference point for height over the whole
field of view. This can be readily understood if one
remembers that an offset of the whole atmosphere,
by any height ∆z does not change the shape of the
spectrum at all. One must then develop an inversion
code that works in the geometrical height scale and
formulate a physical relationship between the neigh-
boring points in the (x, y) plane to establish a com-
mon z−grid.

The first attempt to develop such inversion code
started with the development of the FIRTEZ code by
Pastor Yabar et al. (2019), who formulated the inver-
sion in z−scale. The following paper by Borrero et al.
(2019) presented an iterative method that alternates
pixel-by-pixel inversion in z scale with an adjustment
of the atmospheric structure so that the atmosphere
satisfies the magneto-hydrostatic (MHS) equilibrium:

∇Pg = −ρ g +
1

4π
(∇× ~B)× ~B. (54)

Given that the term ∇× ~B contains the derivatives of
the magnetic field on a Cartesian grid, such a formu-
lation couples the nearby pixels, regularizes the so-
lution, and, similarly to the Tikhonov regularization,
makes the problem global. Application of the code to
the Hinode/SOT/SP data, presented in Borrero et al.
(2021), demonstrated a robust inference of Wilson de-
pression in sunspots, which is a canonical example for
going from τ−scale to z−scale. Most recently, Bor-
rero et al. (2024) extended the inversion approach so

that the condition ∇· ~B = 0 is fulfilled. Note that the
FIRTEZ approach performs an iterative atmospheric
reconstruction by alternating between the inversion
steps and physical regularization (i.e., MHS steps).
In principle, the physics-based regularization can be
formulated similarly to the Tikhonov regularization.
For example, the equation of MHS equilibrium can
be formulated as a loss by writing:

χ2
phys =

(
∇Pg + ρ g − 1

4π
(∇× ~B)× ~B

)2

. (55)

Such a loss can then be added on top of the standard
χ2 and other regularization terms.

The implementation of the physics constraints to
the inversion problem is of paramount importance for
obtaining robust and physically meaningful inversion
results. We can argue that the path forward is the for-
mulation of the problem less in the form of standard
inversion and more in the framework of a data-driven
simulation. This is especially true once the time de-
pendence of the observations is taken into account.

4.3. Inversions with 3D radiative transfer

Finally, the most complex and most interesting
reasons for coupling pixels in the observed field of
view are due to the radiative transfer. Strictly
speaking, any non-LTE treatment requires a 3D ap-
proach as the solar atmosphere is inhomogeneous in
all three dimensions. As soon as the line is scattering-
dominated and the photon mean free path is compa-
rable to the size of the pixel, it can be assumed that
the observed radiation, in fact, comes from the nearby
pixels and is being scattered toward the observer by
the atoms residing in the observed pixel. This effect
is particularly important for modeling very strong
chromospheric lines (e.g. Bjørgen et al. 2019) and
isolated atmospheric structures such as solar promi-
nences (Heinzel and Anzer 2001, Jenkins et al. 2024).
Contrary to the previous two cases, where the cou-
pling was relatively straightforward to formulate, in
the case of 3D radiative transfer, the coupling man-
ifests through the non-LTE problem, which means
that it is highly non-local and non-linear. The cou-
pling is particularly complex for the case of scattering
line polarization. We can now write:

~Iλ(x, y) = F3D[~θ(x, y, z)], (56)

where the operator F3D denotes the whole solution
of the 3D non-LTE problem. Assume, similarly to
the standard, one-dimensional, depth-stratified case,

that we have a current estimate of ~θ(x, y, z) and we
want to use a gradient-based approach to drive the
solution toward a suitable local minimum. This re-
quires finding the derivative of the emergent inten-
sity in each x, y location to each physical param-

eter ~θ at each physical location in x′, y′, z′. In a
one-dimensional approach, these derivatives are zero
whenever (x, y) 6= (x′, y′). In 3D, non-local cou-
pling implies this is no longer the case. Furthermore,
the analytical derivative of the operator F3D does
not exist, and we would have to rely on some finite-
difference approach. This is completely unfeasible as
it would require a huge number of 3D calculations
for each step of the inversion. Štěpán et al. (2022)
presented a completely novel approach to tackle this
problem, where they break with tradition in several
insightful ways. We present the main ideas below
and direct the interested reader to the original pub-
lication and to the recent new insights published in
Štěpán et al. (2025).

First, the approach immediately casts the atmo-
spheric model in a compressed way. Namely, instead
of having the atmosphere represented as a set of com-
pletely independent discrete values on an x, y, z mesh,
the variation of the physical quantities in space (and,
in the more general case, time) is represented through
a set of basis functions, for example, Legendre poly-
nomials. This presents a generalization of the node
concept, which was described earlier. It is important
to realize that there is no necessity that the model
parameters have to correspond to actual physical val-
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ues. As long as we define a set of model parameters,
~α, that can generate the physical parameters of the
atmosphere through some well-defined mapping:

~α→ ~θ(x, y, z), (57)

we can formulate the forward problem as:

~Iλ(x, y) = F ′3D[~α]. (58)

This approach follows the idea of Asensio Ramos
and de la Cruz Rodŕıguez (2015) (who used the
wavelets or cosine transform for their basis), and sig-
nificantly reduces the number of free parameters of
the model. The smoothness of the atmosphere is en-
sured, and the change of one model parameter αi
now, technically, changes the physical parameters ev-
erywhere in the atmosphere, thus increasing the sen-
sitivity of the emergent spectrum to the model pa-
rameters.

Another deeply insightful aspect of this approach
is that the non-LTE problem is not solved explic-
itly, but rather as another regularization constraint.
The level populations are not treated as a quantity
that follows from the solution of the non-LTE prob-
lem, but as a free parameter that needs to satisfy a
physics-based loss cast through the equations of sta-
tistical equilibrium (in the general case, for polarized
radiation). This means that, contrary to standard
non-LTE inversions, the statistical equilibrium equa-
tions are not converged in each iteration, but simul-
taneously with the inversion. The framework then
also implements additional physics-based regulariza-
tions on top, for example, conservation equations, or

∇ · ~B = 0.
Finally, and perhaps most importantly, the

method is mesh-free. It is important to realize
that, for given model parameters ~α, we can retrieve
physical parameters of the atmosphere at any point
(x, y, z). That means that, for physics-based con-
straints, the model can be tested at any point in
the considered volume (Štěpán et al. 2022, call them
pivot points). Similarly, given a set of observations at
the locations (xo, yo), we can test which one of these
to use to test our model and calculate the χ2 between
the observed and predicted spectra in each iteration.
The authors report that the random choice of several
test points in each iteration leads to the best conver-
gence properties. The difference in the resolution of
the model and the resolution of the observations is
reminiscent of the approach of de la Cruz Rodŕıguez
(2019), which we discussed earlier.

Such an approach represents a major leap forward
in our design of 3D inversion techniques. However,
there are still computational limitations, especially
if the method is to be extended to the photosphere,
where the small-scale structuring of the atmosphere
would necessitate too complicated basis to make the
model tractable.

4.4. Machine learning approaches

Machine learning techniques experienced a surge
in solar physics over the last decade (for a recent com-
prehensive review, see Asensio Ramos et al. 2023).
Given the substantial computational requirements of
the spectropolarimetric inversion techniques and the
huge amount of data high-resolution solar telescopes
can deliver, it is reasonable to expect that machine
learning methods, developed to tackle large datasets,
will facilitate the interpretation of spectropolarimet-
ric datasets and our understanding of the solar atmo-
sphere.

4.4.1. Supervised approaches

An obvious approach to machine-learning-based
spectropolarimetric inversions is to use a supervised
method and infer physical parameters from Stokes
spectra more quickly and, hopefully, more robustly.
A detailed description of the supervised techniques
goes beyond the scope of this paper, so we will discuss
just the main concept and some specific approaches.
The goal of supervised learning is to have the method
“learn” from a large number of representative exam-
ples. The canonical case for such learning is recog-
nition of handwritten digits from a large number of
samples that have already been identified by a hu-
man. Recent approaches for inversions based on su-
pervised learning were almost exclusively based on
neural networks (NNs). An NN consists of a series of
neurons that apply a linear transformation and then
an activation function. The simplest example is the
multi-layer perceptron (MLP). Given an input vector
~xi, we produce the output vector ~xi+1 as:

~xi+1 = σ(ŵ ~xi +~b). (59)

Here, matrix ŵ and vector~b are known as weights and
biases, and σ denotes a simple, but non-linear acti-
vation function which allows the network to capture
nonlinearities in the relationship between the input
and output. The training process, then, is essentially
finding the weights and biases that best reproduce the
given training set provided to the network. The re-
cent popularity of neural network applications started
with the advent of “deep” learning, which stacks a
large number (tens or even hundreds) of these neu-
rons (layers) to produce a large and flexible network.
Other possibilities for neuron architecture are also
used, with the most popular ones being the convolu-
tional layers.

Application of the NNs to the spectropolarimet-
ric inversion is based on providing a large number of
examples of the relationship:

~Iλ(x, y) = F [~θ(x, y, z)] (60)

to the network and then assuming that the applica-
tion to the new data will yield meaningful results.
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The training examples are chosen either by calculat-
ing spectra from numerical simulations of the Sun’s
atmosphere or by using examples obtained by stan-
dard spectropolarimetric inversions. The obvious ad-
vantage of this approach is an immense increase in
the speed, up to 5 or 6 orders of magnitude. Usually
cited disadvantages are the lack of interpretability of
the network and the lack of a reliable training set. A
way toward overcoming these disadvantages is prob-
ably the use of neural networks to accelerate only the
non-LTE part of the spectrum synthesis, as shown
by Vicente Arévalo et al. (2022) and Arévalo et al.
(2026).

Another issue we would like to point out is that,
currently, the number of supervised approaches being
devised is larger than the number of actual applica-
tions where neural networks have produced meaning-
ful results. We refer the reader to the review by Asen-
sio Ramos et al. (2023) for a more thorough review
of the topic and point out the works that the au-
thor considers to have employed supervised machine
learning in a manner that goes beyond standard spec-
tropolarimetric inversion. The most critical aspect of
these studies is their focus on the ill-posedness of the
inversion process. This means that multiple mod-
els can yield almost identical spectra, which poses a
fundamental problem in the inversion process. Fur-
thermore, they put substantial effort into providing
the uncertainties of the result.

First, Osborne et al. (2019) tackled the problem
of inverting flare spectra using a deep invertible neu-
ral network. Flares are highly energetic and non-
stationary phenomena taking place in the solar at-
mosphere. They are most likely very far away from
being in hydrostatic equilibrium, and their structure
changes so fast that not even the standard non-LTE
approach based on statistical equilibrium is sufficient.
To attempt to go beyond this approach, Osborne
et al. (2019) trained an invertible neural network on
example flare spectra coming from RADYN Carls-
son and Stein (1997) simulations. RADYN is a one-
dimensional radiative-hydrodynamics code that takes
into account fully time-dependent non-LTE radia-
tive transfer and has been extensively used to model
wave propagation and flares in the solar atmosphere.
Apart from employing these highly complex models,
which cannot be handled by standard inversions, Os-
borne et al. (2019) also recognized the degeneracy of
spectropolarimetric inversion and tackled it using an
invertible neural network approach in which the space
of observables is complemented by an additional, un-
observable, latent space that is randomly sampled in
the inversion process. This approach allows us to
estimate uncertainties of the inversion, which is an
aspect that is severely lacking in applications of con-
ventional inversion methods.

Another way to use the neural networks to invert
solar spectra and obtain reliable uncertainties was
proposed by Dı́az Baso et al. (2022), who used the
normalizing flow architecture to perform inversion in

a Bayesian way. Normalizing flows are NN architec-
tures that map distribution to distribution (instead
of value to value). This way, we can devise a super-
vised NN approach that maps the observations and
their uncertainties to the output posterior distribu-
tion of model parameters. While the problems with
the generalization and training set remain, this ap-
proach solves one of the fundamental disadvantages
of conventional inversions: we can estimate meaning-
ful uncertainties for large fields of view and study
the degeneracies between the parameters using the
marginalized posterior distributions. An example of
inferred temperature and velocity at two atmospheric
optical depths, and their uncertainties, is given in
Fig. 8. Also, there is no fundamental difference in
the training and application between spectral lines
formed in different physical conditions, as long as a
suitable training set is provided. Given that normal-
izing flows have been rather popular in cosmologi-
cal parameter inference (e.g. Dai and Seljak 2022), it
would be interesting to see them used more widely
in spectropolarimetric inversions. Note another two
very recent ML approaches, designed to tackle the
inversion problem while providing meaningful uncer-
tainties, using transformers (Asensio Ramos and de
la Cruz Rodŕıguez 2025) and flow matching Asensio
Ramos et al. (2026).

4.4.2. Physically-Informed Neural Networks
(PINNs)

The allure of supervised training is obvious.
We can generate example training data much more
quickly and reliably than performing inversions. Fur-
thermore, the degree of physical realism we can in-
clude in forward modeling is larger than the spec-
tropolarimetric inversion can account for. However,
the fact that the result of such supervised inference
always carries the imprint of the training set often
causes distrust in the community. The approach of
supervised learning can be summed up as: given a

large enough sample of ~θ, the network can be trained
to perform an inverse mapping of Eq. 60, where the
implicit assumption is that such a mapping is repre-
sented for the network for any given case. We now
present an approach based on physically-informed
neural networks (PINNs Raissi et al. 2019), which,
instead of learning the general mapping F−1, learns

only one specific model atmosphere ~θ, constrained by

observables ~Iλ(x, y) and by a set of appropriate phys-
ical laws. Contrary to the supervised techniques, the
forward mapping F is directly implemented in the
network.

In the PINN paradigm, the neural network N ,
parametrized by a set of values ~α (weights, biases,
etc.) encodes the physical parameters of the atmo-
sphere as:

N (x, y, z, t|~α) = ~θ(x, y, z, t). (61)
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That is, given a set of coordinates, the network re-
turns the values of physical parameters in the atmo-
sphere at these coordinates. The network is then
trained by providing a set of points where we test
the validity of physical laws and a set of observ-

ables where we test the prediction of our model ~θ.
We then assess how well we have constrained our
model by calculating the metric (so-called loss) by
adding these two tests in a weighted way and min-
imizing the loss with respect to the NN parameters
~α. Such a network, also known as a neural field, can
be extremely flexible and powerful, enabling seamless
combination of standard inversion and physics-based
regularization. Furthermore, reducing the complex-
ity of the network automatically imposes a spatial
regularization. The method was pioneered in solar
physics by Jarolim et al. (2023), who used it for mag-
netic field extrapolation. It was also used by Asensio
Ramos (2023), who used it to reconstruct the coro-
nal structure from intensity and polarization observa-
tions, and Dı́az Baso et al. (2025) and Jarolim et al.
(2025), who implemented WFA and ME inversions
into a neural field framework.

An example scheme of a depth-dependent PINN
inversion approach is given in Fig. 9. The neural
field maps (x, y, z) coordinates to the values of the
physical parameters. That is, the neural field em-
beds the 3D model of the observed atmosphere. The
Stokes profiles are then calculated from the model
one (x, y) location at the time, and compared with
the observation. Training loss is then constructed
from the standard χ2 metric, and additional physics
loss, which reflects the physical consistency of the
model. Training the network on this loss then recon-
structs the atmospheric structure. Recent attempts
to employ PINNs found a substantial increase in the
fidelity of the inversions compared to the pixel-by-
pixel case. Note that the neural fields achieve this in-
crease through spatio-temporal regularization thanks
to sparsity introduced by the network. Conceptually,
this is expected to yield similar benefits to standard
spatial regularization, but with significantly smaller
memory requirements (thanks to the lower number of
parameters).

PINNs are also mesh-free, and in that sense can
be considered to be an extension of the method by
Štěpán et al. (2022). Their specific advantage is
that they make use of the well-tested, optimized,
and widely-used frameworks for machine learning,
like PyTorch (Paszke et al. 2019) and Jax (Bradbury
et al. 2018), which also seamlessly run on graphi-
cal processing units (GPUs). An advantage of such
frameworks is that the calculation of the derivative of
the loss function with respect to model parameters,
and in turn, with respect to network parameters ~α,
is calculated automatically, using the so-called auto-
matic differentiation approach. This eliminates the
need for developing a response function and allows
a straightforward implementation of various instru-
mental effects. Currently, the only missing ingredient

for a full-fledged, depth-stratified, 3D spectropolari-
metric inversion is a robust implementation of polar-
ized spectral line synthesis in a framework like Py-
Torch or Jax. Also, an extension of these automatic
differentiation schemes to non-LTE problems is not
obvious, given that non-LTE spectral line synthesis
is an iterative procedure in itself.

5. CONCLUSIONS

We presented a condensed but hopefully useful
theoretical introduction to the spectropolarimetric
diagnostics of the lower solar atmosphere (photo-
sphere and chromosphere). The techniques presented
here apply to the observations from space-based, bal-
loon and rocket-borne, and ground-based solar tele-
scopes and instruments that provide spectroscopic
and spectropolarimetric data in visible, near-IR, and
near-UV domains. The theory presented aims to
connect the three-dimensional state of the observed
patch of the solar atmosphere with the spatially re-
solved, polarized spectra observed with an imaging
spectropolarimeter. The main challenge lies in find-
ing an inverse of this mapping, i.e., in solving the
inverse problem. We presented diagnostic techniques
with increasing levels of complexity, culminating in
depth-stratified spectropolarimetric inversions. We
then turned toward current developments, where we
outlined several main directions for improvements:
spatial regularization, physics-based regularization,
and 3D radiative transfer. We provided a critical re-
view of machine learning techniques, where we paid
special attention to the approaches that can provide
conceptual improvements over the existing inversion
methods. We note that even such a “solved” field,
like the spectral line formation and diagnostics, ex-
perienced a dramatic surge in methods over the last
decade.

We end this review with some words of caution.
First, despite the Sun’s proximity, the diffraction-
limited observations with larger and larger telescopes
are bound to have lower and lower nominal signal-to-
noise ratios. This is because a larger telescope implies
larger collecting power, but also smaller resolution el-
ements and shorter exposures, to avoid image smear-
ing due to flows in the solar atmosphere. Further-
more, we may need to apply more aggressive image
restoration techniques to achieve the diffraction limit.
Therefore, modern inversion techniques must be spa-
tially coupled by design to minimize the effects of
this photon noise. Increasing the number of spectral
lines considered will also help offset these noise con-
straints (Riethmüller and Solanki 2019, Hölken et al.
2026). Second, given improvements in instrumenta-
tion and ever-increasing data rates, the upcoming in-
version approaches must be built by default for high-
performance computing (HPC) facilities. GPUs are
bound to play an important role here, as they are
a more efficient, more affordable, and more equitable
path toward HPC. For more community-related com-
ments on the development of spectropolarimetric in-
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versions, we point the reader toward the recent white
paper by Reardon et al. (2023). Finally, we should
always keep in mind the physical assumptions we are
making and the physical processes we are unable to
take into account. To understand flares, for exam-
ple, it is required that we move away from hydro-
static equilibrium and toward time-dependent radia-
tive diagnostics, even if it is at the cost of abandon-
ing sophisticated radiative transfer calculations. We
must also turn our attention toward the estimation of
physical quantities inferred from the inversion results,
like the radiative losses (Yadav et al. 2022), acoustic
fluxes (da Silva Santos et al. 2024), magnetic energy
(Kaithakkal et al. 2023), or Lorentz force (Borrero
et al. 2025).

It is unlikely that spectropolarimetric inversions
alone will be a path toward understanding specific so-
lar phenomena, but they are, without doubt, the best
path forward toward solid, quantitative information
on these phenomena. Discussing inversion techniques
is always an excellent excuse to paraphrase the fa-
mous quote by Box (1976): “All models are wrong
(but some are useful)”.
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Kostić, Ðor -de Mijovi¢ and David Živković for a criti-
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A&A, 577, A140
Asensio Ramos, A. and de la Cruz Rodŕıguez, J. 2025,
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Yadav, R., de la Cruz Rodŕıguez, J., Kerr, G. S., Dı́az

Baso, C. J. and Leenaarts, J. 2022, A&A, 665, A50
Zeeman, P. 1897, ApJ, 5, 332
Zeuner, F., Feller, A., Iglesias, F. A. and Solanki, S. K.

2018, A&A, 619, A179
Zeuner, F., Manso Sainz, R., Feller, A., et al. 2020, ApJL,

893, L44
Zeuner, F., Belluzzi, L., Alsina Ballester, E., et al. 2025,

A&A, 703, L10

28

https://ui.adsabs.harvard.edu/abs/2010ApJ...723L.127S
https://ui.adsabs.harvard.edu/abs/2010ApJ...723L.127S
https://ui.adsabs.harvard.edu/abs/2013A&A...557A.143S
https://ui.adsabs.harvard.edu/abs/2013A&A...557A.143S
https://ui.adsabs.harvard.edu/abs/2016ApJ...826L..10S
https://ui.adsabs.harvard.edu/abs/2016ApJ...826L..10S
https://ui.adsabs.harvard.edu/abs/2022A&A...659A.137S
https://ui.adsabs.harvard.edu/abs/2022A&A...659A.137S
https://ui.adsabs.harvard.edu/abs/2025A&A...699A..73S
https://ui.adsabs.harvard.edu/abs/2025A&A...699A..73S
https://ui.adsabs.harvard.edu/abs/2021LRSP...18....4T
https://ui.adsabs.harvard.edu/abs/2021LRSP...18....4T
https://ui.adsabs.harvard.edu/abs/2021A&A...648A..68T
https://ui.adsabs.harvard.edu/abs/2021A&A...648A..68T
https://ui.adsabs.harvard.edu/abs/2022ARA&A..60..415T
https://ui.adsabs.harvard.edu/abs/2022ARA&A..60..415T
https://ui.adsabs.harvard.edu/abs/1995ApJ...455..646T
https://ui.adsabs.harvard.edu/abs/1995ApJ...455..646T
https://ui.adsabs.harvard.edu/abs/2008SoPh..249..167T
https://ui.adsabs.harvard.edu/abs/2008SoPh..249..167T
https://ui.adsabs.harvard.edu/abs/2001ApJ...557..389U
https://ui.adsabs.harvard.edu/abs/2001ApJ...557..389U
https://ui.adsabs.harvard.edu/abs/2012A&A...548A...5V
https://ui.adsabs.harvard.edu/abs/2012A&A...548A...5V
https://ui.adsabs.harvard.edu/abs/2017A&A...608A..76V
https://ui.adsabs.harvard.edu/abs/2017A&A...608A..76V
https://ui.adsabs.harvard.edu/abs/2022A&A...668A.151V
https://ui.adsabs.harvard.edu/abs/2022A&A...668A.151V
https://ui.adsabs.harvard.edu/abs/2005SoPh..228..191V
https://ui.adsabs.harvard.edu/abs/2005SoPh..228..191V
https://ui.adsabs.harvard.edu/abs/2013A&A...557A..24V
https://ui.adsabs.harvard.edu/abs/2013A&A...557A..24V
https://ui.adsabs.harvard.edu/abs/2022A&A...668A.149V
https://ui.adsabs.harvard.edu/abs/2022A&A...668A.149V
https://ui.adsabs.harvard.edu/abs/2022ApJ...928..101V
https://ui.adsabs.harvard.edu/abs/2022ApJ...928..101V
https://ui.adsabs.harvard.edu/abs/2022A&A...664A.182V
https://ui.adsabs.harvard.edu/abs/2022A&A...664A.182V
https://ui.adsabs.harvard.edu/abs/2024A&A...686A.262V
https://ui.adsabs.harvard.edu/abs/2024A&A...686A.262V
https://ui.adsabs.harvard.edu/abs/2022A&A...665A..50Y
https://ui.adsabs.harvard.edu/abs/2022A&A...665A..50Y
https://ui.adsabs.harvard.edu/abs/1897ApJ.....5..332Z
https://ui.adsabs.harvard.edu/abs/1897ApJ.....5..332Z
https://ui.adsabs.harvard.edu/abs/2018A&A...619A.179Z
https://ui.adsabs.harvard.edu/abs/2018A&A...619A.179Z
https://ui.adsabs.harvard.edu/abs/2020ApJ...893L..44Z
https://ui.adsabs.harvard.edu/abs/2020ApJ...893L..44Z
https://ui.adsabs.harvard.edu/abs/2025A&A...703L..10Z
https://ui.adsabs.harvard.edu/abs/2025A&A...703L..10Z


SOLAR SPECTROPOLARIMETRIC INVERSIONS

SPEKTROPOLARIMETRIJSKA DIJAGNOSTIKA DOǋE SUNQEVE
ATMOSFERE: PREGLED TEHNIKA ZA INVERZIJU

I. Mili�1,2,3
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Pregledni rad po pozivu

Sunce, naxa matiqna zvezda, ima fundamen-
talnu ulogu u astrofizici, pre svega zbog svo-
je blizine. Da bismo razumeli procese koji se
doga�aju u spoǉnim slojevima Sunca, ali ta-
ko�e, indirektno, i u ǌegovoj unutraxǌosti,
vrximo posmatraǌa visoke prostorne, vremen-
ske i spektralne rezolucije, koja su fokusira-
na na dijagnostiqki va�ne spektralne lini-
je. Intenzitet i polarizacija elektromagnet-
nog zraqeǌa u spektralnim linijama su rezul-
tat zajedniqkog delovaǌa procesa apsorpci-
je, emisije i rasejaǌa, a zatim i Zemanovog
i Hanleovog efekta. Spektropolarimetrijske
inverzije su metode koje su razvijene za inter-
pretaciju oblika i polarizacije posmatranih

spektralnih linija i rekonstrukciju struktu-
re posmatrane Sunqeve atmosfere.

Ciǉ ovog rada je da pru�i jedan pedagox-
ki pregled neophodnih tehnika iz teorije pre-
nosa zraqeǌa i modernih metoda za dijagnos-
tiku, i da na taj naqin pomogne qitaocu da
u�e u ovu oblast istra�ivaǌa i iskoristi
izlo�ene koncepte za samostalno istra�iva-
ǌe. Drugi ciǉ ovog rada je da predstavi jedan
kritiqan pogled na nove pravce istra�ivaǌa
i budu�i razvoj spektropolarimetrijskih in-
verzija, kako bi se razmotrila me�usobna og-
raniqeǌa fiziqke realnosti, numeriqke efi-
kasnosti i modelovaǌa instrumentalnih efe-
kata.
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