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ABSTRACT

Aims. The main goal of this work is to study the potential of the He ii Ly-α wavelength-integrated scattering polarisation for probing
the magnetism of the solar upper chromosphere. Meanwhile, the suitability of different modelling approximations is investigated.
Methods. Radiative transfer calculations are performed in semi-empirical 1D solar atmospheres, out of local thermodynamic equi-
librium, considering a two-term atomic model and accounting for the Hanle, Zeeman, and magneto-optical effects. The problem is
suitably linearised and discretised, and the resulting numerical system is solved with a matrix-free iterative method. The results ob-
tained by modelling scattering processes with three different descriptions, namely in the limit of complete frequency redistribution
(CRD), and accounting for partial frequency redistribution (PRD) effects under the angle-averaged (AA) approximation and in the
general angle-dependent (AD) formulation, are compared.
Results. The synthetic Stokes profiles resulting from CRD, PRD–AA, and PRD–AD calculations show a very good agreement in the
line core, while some differences are observed in Q/I outside this spectral region. Moreover, the precise structure of the atmospheric
model does not noticeably affect the line-core profiles, but it strongly impacts the Q/I signals outside the line core. As most of the
He ii Ly-α photons originate in the core region, it turns out that wavelength-integrated linear polarisation signals are almost insensi-
tive to both the scattering description and the atmospheric model. Appreciable wavelength-integrated U/I signals, showing observable
sensitivity to horizontal magnetic fields in the 0–1000 G range, are also found, particularly near the limb. While the integration time
required to detect magnetic fields in the quiet chromosphere with this line is too long for sounding-rocket missions, magnetic fields
corresponding to typical plage areas would produce detectable signals, especially near the limb.
Conclusions. These results, to be confirmed by 3D calculations including the impact of horizontal inhomogeneities and bulk velocity
gradients, show that filter polarimetry in the He ii Ly-α line has a promising potential for chromospheric magnetic-field diagnostics.
In near-limb plage regions, this could already be assessed through sounding-rocket experiments.

Key words. polarization – radiative transfer – scattering – methods: numerical – Sun: atmosphere – Sun: chromosphere

1. Introduction

The dynamics of the outer layers of the solar atmosphere is
largely governed by the presence of magnetic fields, which, how-
ever, are notoriously hard to measure. The most promising state-
of-the-art remote-sensing approach to overcome this difficulty
and explore the magnetism of the solar upper chromosphere and
transition region is the interpretation of the polarisation signals
produced by both the Zeeman effect and scattering processes in
strong UV resonance lines, such as Mg ii h&k, H i Ly-α, or He ii
Ly-α (e.g. Trujillo Bueno & del Pino Alemán 2022). Unfortu-
nately, the Zeeman effect is not very effective at short wave-
lengths and in hot plasmas. Thus, the signals produced by the
weak magnetic fields of the quiet solar chromosphere through
this mechanism can hardly be detected in far and extreme UV
lines. On the other hand, all the aforementioned resonance lines
show measurable linear-scattering-polarisation signals, with an
interesting magnetic sensitivity via the combined action of the
Hanle and magneto-optical (MO) effects (see e.g. the review by
Trujillo Bueno et al. 2017).

Thanks to its sensitivity to chromospheric magnetic fields,
the H i Ly-α line at 1216 Å has attracted increasing attention dur-

ing the last few years. Modelling scattering processes within the
limit of complete frequency redistribution (CRD) and neglect-
ing J-state interference, Trujillo Bueno et al. (2011) showed
that the line-core-scattering-polarisation signal is sensitive to,
via the Hanle effect, the presence of magnetic fields between
10 G and 100 G in the upper chromosphere. Štěpán et al. (2012,
2015) extended the investigation of the Hanle sensitivity of the
H i Ly-α line by considering realistic 2D and 3D atmospheric
models resulting from a state-of-the-art radiation magneto-
hydrodynamic simulation. A very interesting outcome of these
investigations is that the centre-to-limb variation (CLV) of the
spatially averaged line-core Q/I signal is qualitatively similar
to that found considering semi-empirical 1D atmospheric mod-
els. Moreover, Belluzzi et al. (2012) showed that the joint action
of partial frequency redistribution (PRD) and J-state interfer-
ence effects produces conspicuous wing-scattering-polarisation
signals, which are very sensitive to the chromospheric ther-
mal structure. These results motivated the development of
the Chromospheric Lyman-Alpha Spectro-Polarimeter (CLASP)
sounding-rocket experiment (Kobayashi et al. 2012; Kano et al.
2012), which paved the way to the observation of the inten-
sity and linear polarisation of the solar H i Ly-α line. The
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CLASP data showed a remarkably good qualitative agreement
with the theoretical predictions (Kano et al. 2017) and have
been exploited to obtain new constraints on the magnetisa-
tion and the degree of corrugation of the chromosphere-corona
transition region (Trujillo Bueno et al. 2018). More recently,
Alsina Ballester et al. (2019, 2023) proved that the wavelength-
integrated linear polarisation signals of this line are strongly
sensitive to magnetic fields of strengths of about 50 G in the
middle–upper chromosphere via MO effects.

By contrast, fewer investigations have been dedicated to
the scattering-polarisation signals of the He ii Ly-α line at
304 Å, and especially to its magnetic sensitivity. This is for two
reasons. First, the He ii Ly-α line is much less sensitive to the
Hanle effect than the H i Ly-α line. Indeed, having a much larger
Einstein coefficient for spontaneous emission, the Hanle critical
field of the He ii Ly-α line is BH ≈ 850 G, while the H i Ly-α line
has BH ≈ 53 G. By applying the CRD limit, Trujillo Bueno et al.
(2012) confirmed that the He ii Ly-α line-core Q/I signal is
nearly immune to magnetic fields weaker than 100 G; they thus
proposed to use it as a reference signal for a differential Hanle
effect technique. Second, although the He ii Ly-α line shows
large fractional linear polarisation signals, the number of emit-
ted photons in this line is significantly smaller than in H i Ly-α
(e.g. Fontenla et al. 1993) and the required exposure time to
reach any given polarimetric sensitivity is thus much longer (e.g.
Trujillo Bueno & del Pino Alemán 2022).

The scattering-polarisation signals of the He ii Ly-α
line in unmagnetised atmospheres were further explored in
Belluzzi et al. (2012), showing that the joint action of PRD
and J-state interference effects produces complex scattering-
polarisation Q/I profiles with sharp peaks of large ampli-
tude outside the line-core region. Although these peaks are
largely insensitive to the Hanle effect, in principle they could
be impacted by magnetic fields through the action of MO
effects (e.g. Alsina Ballester et al. 2016; del Pino Alemán et al.
2016). This potential yet unexplored magnetic sensitivity of
the He ii Ly-α line motivates the work detailed in the present
paper. Moreover, we note that for computational simplic-
ity the PRD calculations of Belluzzi et al. (2012) were per-
formed within the angle-averaged (AA) approximation (e.g.
Mihalas 1978; Leenaarts et al. 2012; Sampoorna et al. 2017;
Alsina Ballester et al. 2017). The suitability of such an approx-
imation in the modelling of He ii Ly-α line polarisation signals
has yet to be proven.

Motivated by the studies of Trujillo Bueno et al. (2012) and
Belluzzi et al. (2012), the main goal of this work is to investi-
gate the potential of He ii Ly-α wavelength-integrated scatter-
ing polarisation for probing the magnetism of the upper solar
chromosphere. Concurrently, we aim to assess the suitability of
the CRD and PRD–AA approximations for modelling the polar-
isation profiles and the wavelength-integrated polarisation sig-
nals of this line. This is done through a comparison with general
angle-dependent (AD) PRD calculations, which are more accu-
rate, but they also imply a significantly higher computational
cost.

The present article is organised as follows. Section 2 details
the considered non-equilibrium transfer problem for polarised
radiation, as well as its linearisation, discretisation, and algebraic
formulation. Section 3 presents the adopted numerical solution
strategy and the numerical setup. In Sect. 4, we report and anal-
yse the synthetic emergent Stokes profiles of the He ii Ly-α
line, comparing CRD, PRD–AA, and PRD–AD calculations and
investigating the impact that the magnetic field and the atmo-
spheric parameters have on the numerical results. Finally, Sect. 5

discusses the main results and their implications and provides
some final considerations.

2. Formulation of the problem

Aiming to model the scattering-polarisation signal of the He ii
Ly-α line at 304 Å, we solved the non-equilibrium transfer prob-
lem for polarised radiation in 1D models of the solar atmo-
sphere. To correctly model this signal, a two-term atomic model,
which includes quantum interference between different fine-
structure (FS) levels of the same term (J-state interference, see
Landi Degl’Innocenti & Landolfi 2004), has to be considered
(Belluzzi et al. 2012). Scattering processes are modelled con-
sidering three different descriptions of increasing computational
complexity, namely in the CRD limit, and including PRD effects
in the AA approximation, and in their general AD formula-
tion. We also consider the impact of magnetic fields of arbitrary
strength and orientation, accounting for the Hanle, Zeeman, and
MO effects. The theoretical framework is presented in the fol-
lowing sub-sections.

2.1. Two-term atomic model

The He ii Ly-α line results from two distinct FS transitions
between the ground level of ionised helium 1s 2S1/2 and the
excited levels 2p 2P o

1/2 and 2p 2P o
3/2. These two FS compo-

nents are separated by 5 mÅ only, and they are thus com-
pletely blended. To take into account both these transitions
and the J-state interference between the two upper levels,
we consider a two-term 2S–2P o atomic model. Noticing
that the lower level cannot carry atomic alignment (see
Landi Degl’Innocenti & Landolfi 2004) and has a very long
lifetime, we can assume that it is unpolarised and infinitely
sharp. Neglecting stimulated emission, which is generally a good
assumption in the solar atmosphere, the statistical equilibrium
equations for a two-term atom with unpolarized and infinitely-
sharp lower term have an analytic solution. Thus, the scattering
contribution to the line emissivity can be expressed through the
redistribution matrix formalism, which is a very convenient for-
mulation for modelling PRD effects. In this work, we used the
redistribution matrix for the aforementioned atomic system as
derived by Bommier (2017, see Sect. 2.4). For the energies of
the upper levels 2P o

1/2 and 2P o
3/2, relative to the ground state, we

considered Eu = 329 179.29 cm−1 and Eu = 329 185.15 cm−1,
respectively; while, for the Einstein coefficient for spontaneous
emission from upper to lower term, we used Aul = 1.0029 ×
1010 s−1, as given by the NIST database (Kramida et al. 2023).
The splitting of the magnetic sub-levels in the presence of a mag-
netic field was calculated considering the Paschen-Back effect1.
We finally note that only the transition from the upper level
2P o

3/2 contributes to the emergent linear-scattering polarisation
(Trujillo Bueno et al. 2011).

2.2. Semi-empirical 1D atmospheric models

The calculations presented in the following were obtained with
the plane-parallel semi-empirical 1D models of Fontenla et al.
(1993, hereafter FAL models), making use of the microturbu-

1 Given the large energy separation between the two J levels of the
upper term, for the magnetic field strengths considered in this work (up
to 1 kG) the magnetic splitting can also be accurately calculated consid-
ering the Zeeman effect.
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lent velocities as determined in Fontenla et al. (1991). In partic-
ular, we considered three quiet-Sun atmospheric models, repre-
senting a faint inter-network region (FAL-A), a bright network
region (FAL-F), and an average region (FAL-C), as well as a
model that mimics a plage area (FAL-P), that is, a region that
appears particularly bright in the chromospheric Hα line, typi-
cally found next to active solar regions. Despite their simplic-
ity, these atmospheric models are realistic enough to assess the
potential of He ii Ly-α wavelength-integrated scattering polari-
sation for investigating chromospheric magnetic fields.

2.3. Radiative-transfer equation

The intensity and polarisation of a beam of radiation are fully
described by the Stokes parameters I, Q, U, and V , hereafter
gathered in the Stokes vector I = (I,Q,U,V)T ∈ R4. Consid-
ering a Cartesian reference system with the z-axis (quantisation
axis for total angular momentum) directed along the vertical, the
transfer of partially polarised radiation is described by the fol-
lowing differential equation:

cos(θ)
d
dz

I(z,Ω, ν) = −K(z,Ω, ν)I(z,Ω, ν) + ε(z,Ω, ν), (1)

where the vector Ω = (θ, χ) ∈ [0, π] × [0, 2π) and the scalar
ν specify the direction and the frequency, respectively, of the
considered radiation beam. The inclination θ is measured with
respect to the z-axis and corresponds to the heliocentric angle
(generally specified by µ = cos θ ∈ [−1, 1]) of the observed
point. The azimuth χ is measured from the x-axis anti-clockwise
for an observer at positive z. The propagation matrix K ∈

R4×4 quantifies how the medium attenuates the specific inten-
sity for all polarisation states (absorption) and how it differen-
tially absorbs (dichroism) and couples (MO effects) the different
Stokes parameters. The emission vector ε ∈ R4 describes the
polarised radiation emitted by the solar plasma.

In the following, we consider the contributions to K and ε
due to both line and continuum processes. These contributions,
labelled with the superscripts ` and c, respectively, simply sum
up. Moreover, both ε` and εc can in turn be written as the sum
of two terms, describing the contributions from scattering (label
“sc”) and thermal (label “th”) processes, respectively. Hence, we
have

K(z,Ω, ν) = Kc(z,Ω, ν) + K`(z,Ω, ν)

and

ε(z,Ω, ν) = εc,th(z,Ω, ν) + εc,sc(z,Ω, ν) (2)

+ ε`,th(z,Ω, ν) + ε`,sc(z,Ω, ν).

The explicit expressions for Kc and K` are given by
Landi Degl’Innocenti & Landolfi (2004), while we refer to the
work of Alsina Ballester et al. (2022) for εc,th, εc,sc, and ε`,th. The
line-scattering contribution to emissivity, ε`,sc, is described in the
following section.

2.4. Line scattering emissivity

Using the redistribution matrix formalism and following the con-
vention that primed and unprimed quantities refer to the incident
and scattered radiation, respectively, the line scattering term can
be written through the following scattering integral:

ε`,sc(z,Ω, ν)=kM(z)
∫

dν′
∮

dΩ′

4π
R(z,Ω′,Ω, ν′, ν)I(z,Ω′, ν′), (3)

where the factor kM is the wavelength-integrated absorption
coefficient (e.g. Alsina Ballester et al. 2022) and R ∈ R4×4 is the
redistribution matrix for the considered two-term atomic model
(see Bommier 2017). We recall that R encodes the statistical
equilibrium (SE) equations, which determine the state of the
atomic system.

The redistribution matrix can be expressed as the sum of two
terms, R = RII + RIII, which describe scattering processes that are
coherent (II) and completely incoherent (III) in the atomic refer-
ence frame. In the observer’s frame, we consider both the gen-
eral AD expression of RII, as well as its AA approximation. As
far as RIII is concerned, we considered its simplified expression
under the assumption of CRD in the observer’s frame (see e.g.
Bommier 1997; Sampoorna et al. 2017; Alsina Ballester et al.
2017; Riva et al. 2023). For conciseness, we refer to the work
of Alsina Ballester et al. (2022) for the analytical expressions of
RII in the observer’s frame (both AA and AD) as well as for
the expression of RIII, under the aforementioned assumption of
CRD in the observer’s frame. Moreover, we note that the limit
of CRD is obtained by artificially increasing the rate of elastic
collisions in the branching ratios of RII and RIII so that the contri-
bution of the former vanishes (see Alsina Ballester et al. 2022).
In this respect, we recall that the considered redistribution matrix
does not account for the depolarising effect of elastic collisions
with neutral perturbers, because the SE equations for a two-term
atom in the presence of magnetic fields cannot be solved ana-
lytically when such an effect is included (see Bommier 2017 for
more details). Noticing that Alsina Ballester et al. (2021) veri-
fied that this effect can be safely ignored for the Na i D lines, we
can argue that the same conclusion also holds for the He ii Ly-α
line, which forms significantly higher in the solar atmosphere.

2.5. Linearisation, discretisation, and algebraic formulation

The radiative transfer (RT) problem consists of finding a self-
consistent solution of the RT equation for the radiation field I
and of the SE equations for the atomic system, whose state deter-
mines K and ε. In general, the problem is integro-differential,
non-local, and non-linear. In our formulation, based on the
redistribution matrix formalism, the non-linearity lies in the
dependence of both K and ε on the coefficient kM . This coef-
ficient is proportional to the population of the lower term,
which in turn non-linearly depends on I through the SE equa-
tions (see e.g. Landi Degl’Innocenti & Landolfi 2004). How-
ever, the RT problem can be suitably linearised by fixing the
coefficient kM a priori, which corresponds to assuming a fixed
lower term population (see e.g. Belluzzi & Trujillo Bueno 2014;
Sampoorna et al. 2017; Alsina Ballester et al. 2017; Janett et al.
2021; Benedusi et al. 2021, 2022). This assumption makes the
propagation matrix K independent of I, whereas ε only depends
on I linearly. In this case, the whole problem consists of finding
a self-consistent solution of Eqs. (1)–(3), and it is linear in I.

To numerically solve the resulting linearised RT problem,
we first need to discretise the continuous variables z, Ω, and ν.
The spatial discretisation is done by using Nr unevenly spaced
grid nodes. The angular grid, which samples the unit sphere with
NΩ angular nodes, usually depends on the quadrature chosen to
evaluate the angular integral in Eq. (3) (see Sect. 3.1). Finally,
we consider a finite spectral interval [νmin, νmax] for ν, discretised
with Nν unevenly spaced nodes. More details on the numerical
parameters used for the present work are given in Sect. 3.4.

The discretised radiation field and emissivity vectors are thus
represented by I ∈ RN and ε ∈ RN , with N = 4NrNνNΩ being
the total number of degrees of freedom. Hence, we can express
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the transfer equation, Eq. (1), and the calculation of the emission
coefficient, Eq. (2), as

I = Λε + t, (4)

ε = ΣI + εth, (5)

respectively. Here, the transfer operator Λ ∈ RN×N and the scat-
tering operator Σ ∈ RN×N are linear, the vector t ∈ RN represents
the radiation transmitted from the boundaries, while εth ∈ RN

represents the thermal contributions to the emissivity. The eval-
uation of the term Λε+ t is commonly known as a formal solution
and consists of the numerical solution of Eq. (1) for I, provided
there are ε, K, and appropriate boundary conditions. The term
ΣI corresponds to the numerical evaluation of the scattering con-
tribution to the emission vector, given I. This requires approxi-
mating the integral in Eq. (3) via suitable quadrature rules (see
Sect. 3.1). Equations (4) and (5) can then be combined into a
matrix equation of the form Ax = b, namely

(Id − ΛΣ)I = Λεth + t, (6)

with Id ∈ RN×N being the identity matrix (see e.g. Janett et al.
2021; Benedusi et al. 2022).

3. Methods and setting

We now detail the numerical methods employed to solve Eq. (6)
and the physical and numerical parameters used in the calcula-
tions.

3.1. Angular and spectral quadratures

The numerical integration of Eq. (3) requires a proper choice
of quadrature rules. For the angular integral, we resorted on a
tensor product of a trapezoidal quadrature in the azimuthal inter-
val [0, 2π) for χ and two Gauss–Legendre quadratures, one in
each inclination subinterval (−1, 0) and (0, 1) for µ = cos(θ). For
the integral in ν′, we selected a set of spectral points distributed
ad hoc to approximately follow the shape of the redistribution
matrix R. More precisely, we used a Gauss–Hermite quadrature
rule in spectral regions where R is similar to a Gaussian function,
while we used a Gauss–Legendre quadrature rule in the rest of
the parameter domain.

3.2. Formal solution

For a better agreement with the results by Belluzzi et al. (2012),
we applied the DELOPAR formal solver to evaluate the Λ oper-
ator in Eq. (6) (for details, see Trujillo Bueno 2003; Janett et al.
2017, 2018; Janett & Paganini 2018) using a trapezoidal quadra-
ture for the conversion to optical depth. We note that the use
of the L-stable DELO-linear method only affects the amplitude
of the emergent Stokes profiles, but it leads to the same general
conclusions.

3.3. Iterative solver

The whole transfer problem has been recast in the linear system
given by Eq. (6), for which we have to find a solution. Given
the size of the system, with N ∼ 106 (see Sect. 3.4), the use
of direct matrix inversion solvers is definitely unfeasible. Thus,
the application of an iterative method was preferred. Moreover,
it is also too expensive to explicitly assemble the dense operator
Id −ΛΣ in Eq. (6). Therefore, the action of the operator Id −ΛΣ

was encoded in a routine, and an iterative method was applied in
a matrix-free context.

In this work, we applied a Krylov solver, namely the
generalised-minimal-residual (GMRES) method, which proved
to be highly effective in terms of convergence rate and time
to solution for this kind of problem (Benedusi et al. 2021,
2022, 2023). We additionally exploited the innovative approach
to designing efficient physics-based preconditioners and initial
guesses extensively described in Janett et al. (2024), and we
monitored the convergence of the GMRES iterative method by
considering the relative residual

res =
‖Λεth + t − (Id − ΛΣ)I‖2

‖Λεth + t‖2
,

taking res < tol = 10−9 as a stopping criterion. In the calcu-
lations presented in this paper, both CRD- and PRD–AA-based
preconditioners have a noticeable impact, ensuring a solution of
the problem in 4–8 iterations. Moreover, the inclusion of polari-
sation in the preconditioner has little impact (with respect to the
unpolarised version), and it is thus neglected.

3.4. Physical and numerical parameters

The lower term population (i.e. the population of the ground
level of ionised helium) was provided by the FAL atmospheric
models (Fontenla et al. 1993). The RH code by Uitenbroek
(2001) was used to calculate the continuum total opacity, scat-
tering opacity, and thermal emissivity. Moreover, it provided the
rate of elastic collisions, calculated including the contribution
from the Van der Waals interaction with neutral hydrogen and
helium atoms (Unsöld 1955), as well as the damping parame-
ter. The rate of inelastic de-exciting collisions was evaluated as
Cul = NeQul, with Ne being the electron density and

Qul = 8.63 × 10−6 · υ/
(
gu
√

T
)
,

where gu = 6 is the degeneracy of the upper term, T is the
local temperature, and υ (which depends on T ) is taken from
Janev et al. (1987). For the formal solution, we assumed the fol-
lowing boundary conditions:

I(zmin, θ, χ, ν) = BP, for θ ∈ [0, π/2),∀χ,∀ν,
I(zmax, θ, χ, ν) = 0, for θ ∈ (π/2, π],∀χ,∀ν,

where BP is the line-centre-frequency Planck function at the
local temperature.

The wavelength interval [λmin, λmax] = [303.01 Å, 304.55 Å]
was discretised with Nν = 141 frequency nodes, approximately
uniformly spaced in the line core and logarithmically distributed
in the wings. The spatial grid was provided by the considered
semi-empirical 1D atmospheric models. However, since the He ii
Ly-α line forms in a very narrow region in the outermost lay-
ers of the solar chromosphere (e.g. Trujillo Bueno et al. 2012;
Belluzzi et al. 2012), we decided to cut out the layers below
zmin = 1375, 1475, 1475, and 1495 km for the FAL-A, FAL-C,
FAL-F, and FAL-P models, respectively, as their contribution to
the emergent radiation field is negligible2. Conversely, we dou-
bled the spatial resolution in the uppermost layers by introducing
a new set of grid points equidistant to each pair of adjacent orig-
inal points and by linearly interpolating the input variables to
the new grid. This resulted in 61–76 unevenly distributed spatial

2 We repeated part of the calculations with the full FAL models, find-
ing undetectable differences.
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Fig. 1. Stokes I (top panels) and Q/I (bottom panels) profiles for the He ii Ly-α line as a function of wavelength. The results are obtained with the
unmagnetised FAL-C atmospheric model and for two LOSs, near the limb (µ = 0.1, left panels) and near the disc centre (µ = 0.9, right panels),
respectively. Blue, red, and yellow lines correspond to CRD, PRD–AA, and PRD–AD calculations, respectively. The intensity is in units of number
of photons per unit of surface, time, wavelength, and solid angle. The intensity profiles for PRD–AA and PRD–AD calculations overlap.

nodes, depending on the considered atmospheric model. For the
angular discretisation, we used two six-node Gauss–Legendre
grids for the inclination and a nine-node grid for the azimuth.

4. Results

The physical problem discussed in Sect. 2 and discretised as out-
lined in Sect. 3 was implemented as a MATLAB (MATLAB
2023) routine and solved with the MATLAB gmres solver. In
this section, we present the numerical results obtained for the
He ii Ly-α line with two main goals. First, we aim to assess
the suitability of the CRD and PRD–AA modellings through
comparisons with the general PRD–AD calculations, both in the
absence and presence of magnetic fields. Second, we investigate
the potential of the wavelength-integrated scattering-polarisation
signal of this line for probing the magnetism of the solar chro-
mosphere.

4.1. Impact of PRD–AD effects

The impact of the PRD–AD treatment on the emergent Stokes
profiles is first analysed considering the FAL-C atmospheric
model and two lines of sight (LOSs), with µ = 0.1 and µ = 0.9.
Figures 1 and 2 detail the synthetic emergent Stokes profiles in
the absence and in the presence of a magnetic field, respectively.
For the latter case, as an example of interest, we considered a
uniform horizontal (θB = π/2 and χB = 0) magnetic field of
strength B = 100 G. In the unmagnetic case, the U/I and V/I
profiles vanish and are consequently not shown. In addition, as

the I profile is not affected by magnetic fields of practical inter-
est, it is only displayed for the unmagnetic case in Fig. 1.

In the core of the line, we find a good agreement between
the CRD, PRD–AA, and PRD–AD calculations for all Stokes
profiles, both in the absence and in the presence of magnetic
fields. Reasonably, the CRD modelling is, however, not able
to reproduce the large peaks outside the line-core region of
the Q/I profiles. For these peaks, noticeable discrepancies are
found between PRD–AA and PRD–AD calculations for a LOS
near the disc centre (µ = 0.9). This is not true near the limb
(µ = 0.1), where PRD–AA and PRD–AD calculations show
excellent agreement.

We note that the Stokes Q/I, U/I, and V/I profiles obtained
at µ = 0.1 are very similar to those obtained at µ = 0.3, both in
the presence and in the absence of magnetic fields. Thanks to this
coincidence, the profiles calculated at µ = 0.1 in this work can
be quantitatively compared to results for µ = 0.3 reported else-
where in the literature. The remarkably good agreement between
the profiles of Fig. 1 and those of Fig. 3 of Belluzzi et al. (2012)
proves the robustness of our results, considering that the calcu-
lations of the two works were carried out applying completely
different solution strategies. Moreover, we recall that the results
of Belluzzi et al. (2012) were obtained applying the redistribu-
tion matrix of Belluzzi & Trujillo Bueno (2014), which differs
from that of Bommier (2017) in the RIII term3.

3 This difference is, however, irrelevant in the modelling of He ii Ly-α
because the contribution from RIII is completely negligible at the height
where this line is formed (see left panel of Fig. 1 of Belluzzi et al. 2012).
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Fig. 2. Stokes Q/I (top panels), U/I (middle panels), and V/I (bottom panels) profiles for the He ii Ly-α line as a function of wavelength. The
results are obtained with the FAL-C atmospheric model, with a uniform horizontal (θB = π/2 and χB = 0) magnetic field of 100 G, and for two
LOSs, near the limb (µ = 0.1, left panels) and near the disc centre (µ = 0.9, right panels), respectively. Blue, red, and yellow lines correspond to
CRD, PRD–AA, and PRD–AD calculations, respectively. The unmagnetic CRD and PRD–AD cases are given for reference as dash-dotted and
solid black lines, respectively.

Figure 2 shows that, as expected, the Q/I signal is barely
sensitive to the Hanle effect for the considered magnetic field
of 100 G (compare the colour and the black lines). More-
over, because of the reduced effectiveness of the Zeeman effect
at these wavelengths, the circular polarization signal is much
weaker than the linear ones. On the other hand, a significant
Hanle signal appears in U/I, particularly near the limb (see the
central left panel). For µ = 0.1, we have Q/I ' −1% and
U/I ' −0.3% at the line centre. These amplitudes slightly under-
estimate the CRD results shown in the left panel of Fig. 5 of
Trujillo Bueno et al. (2012). In addition, the MO effects seem
to play a marginal role for the considered cases. To confirm

this, we performed the same calculations by setting the MO
term of the propagation matrix to zero (see Alsina Ballester et al.
2017), obtaining almost overlapping emergent Q/I and U/I sig-
nals. The same conclusion applies when repeating this study
with a stronger horizontal magnetic field of 500 G. For the sake
of completeness, we also carried out calculations analogous to
Fig. 2, but for vertical magnetic fields (not shown here for con-
ciseness). For magnetic-field strengths typical of the quiet solar
chromosphere, the Q/I signals did not display any noticeable
variation with respect to the unmagnetic case, while the U/I
signals were extremely weak and therefore of reduced diagnostic
interest.
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Fig. 3. Stokes Q/I (left panel), U/I (middle panel), and V/I (right panel) profiles for the He ii Ly-α line as a function of wavelength. The results
are obtained performing PRD-AD calculations for a LOS near the limb (µ = 0.1 and χ = 0) and with a uniform horizontal (θB = π/2 and
χB = 0) magnetic field of 100 G. Blue, red, yellow, and purple lines correspond to profiles obtained with the FAL-A, FAL-C, FAL-F, and FAL-P
atmospheric models, respectively.

A striking difference between the CRD and PRD results of
Figs. 1 and 2 appears in the I, Q/I, and U/I profiles far away
from the line centre. In particular, the amplitude of the frac-
tional polarisation signals at distances larger than 0.1 Å from the
line centre is much larger for CRD than for PRD calculations. A
detailed investigation of these results (not reported here for con-
ciseness) revealed that this different behaviour is not due to con-
tinuum contributions, which in this spectral region are extremely
low. The difference is rather due to the strong redistribution
effects resulting from the slowly decreasing wings of the Voigt
emission profile entering the RIII redistribution matrix describing
the CRD limit, combined with the very large and sharp emission
peak of this line (moving away from the line centre, the inten-
sity decreases by more than four orders of magnitude in about
0.1 Å)4. This leads to Stokes profiles that are much broader for
the CRD than for the PRD case.

4.2. Sensitivity of Stokes profiles to the atmospheric model

To analyse the sensitivity of the He ii Ly-α emergent Stokes pro-
files to atmospheric conditions, we considered the four plane-
parallel semi-empirical 1D FAL-A, FAL-C, FAL-F, and FAL-P
atmospheric models, and we solved the RT problem in the pres-
ence of a uniform horizontal (θB = π/2 and χB = 0) magnetic
field of 100 G. Figure 3 shows the emergent Q/I, U/I, and V/I
profiles for the aforementioned atmospheric models and a LOS
with µ = 0.1 and χ = 0. We found a very good agreement in
the line core of the Q/I profile. On the other hand, some rel-
evant differences appear in the peaks just outside the line-core
region. Moreover, the U/I and V/I signals almost overlap for all
the considered atmospheric models. We note that, although we
only showed the µ = 0.1 case, good agreement was found for
all LOSs. We also note that, although the present Q/I profiles
were obtained in a magnetised atmosphere, these are in excel-

4 We repeated part of the above calculations considering a broader
spectral domain [λmin, λmax] = [266.04 Å, 354.00 Å], and we discretised
it with 381 spectral nodes. We verified that the intensity and Q/I polar-
ization obtained from the CRD and PRD treatments are the same when
moving sufficiently far from the line centre, whereas U/I goes to zero
away from the line centre, irrespective of the scattering description.

lent qualitative agreement with those in Fig. 4 of Belluzzi et al.
(2012) for a LOS with µ = 0.3.

4.3. Wavelength-integrated linear-polarisation signals

We now focus on the He ii Ly-α linear polarisation signals
obtained using narrow-band filters. Following Alsina Ballester
et al. (2023), synthetic narrow-band signals can be obtained by
integrating over wavelength the numerical emergent Stokes pro-
files, weighted by a Gaussian that mimics the action of a narrow-
band filter:

X(µ) =
1

√
2πσλ

∫ λ0+∆λ

λ0−∆λ

dλ exp
− (λ − λ0)2

2σ2
λ

 X(zmax, µ, λ), (7)

where X = I,Q,U, λ0 = 303.784 Å is the He ii Ly-α line-
centre wavelength in vacuum, and σλ is the standard deviation
of the Gaussian weighting function, which corresponds to a full
width at half maximum (FWHM) of 2

√
2 log(2)σλ (here, we

do not consider the circular polarisation signal as its profile is
antisymmetric, and thus V vanishes). We note that the choice
of FWHM affects the amplitude of the narrow-band signals I,
Q, and U, but it does not impact the ratios Q/I and U/I and
their dependency on µ. In addition, any choice with ∆λ ≥ 0.5 Å
has no impact on the results, because both the intensity and the
scattering-polarisation signals quickly drop to zero when moving
away from the line centre. Thus, in the calculations, we adopted
a FWHM of 1 Å and used ∆λ = 1 Å.

Figure 4 displays the CLV of the narrow-band Q/I and U/I
signals for LOSs with µ ∈ [0.1, 0.9], considering the FAL-C
atmospheric model in the presence of uniform horizontal mag-
netic fields of strengths between 0 and 1000 G. For B ≤ 200 G,
the amplitude of the Q/I and U/I signals increases from the disc
centre to the limb for all the scattering descriptions, reaching a
maximum close to µ = 0.2 and then slightly decreasing towards
µ = 0.1. This behaviour is consistent with the similarity of the
Q/I and U/I profiles obtained at µ = 0.1 and µ = 0.3, pointed
out in Sect. 4.1. Moreover, the Q/I signal proves to be almost
insensitive to magnetic-field strengths of B ≤ 50 G, while its
amplitude decreases for 200 G ≥ B ≥ 50 G. Conversely, the
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Fig. 4. Centre-to-limb variation of Q/I (left panel) and U/I (right panel) signals as function of µ = cos(θ). The results are obtained for χ = 0 and
with the FAL-C atmospheric model, considering uniform horizontal (θB = π/2 and χB = 0) magnetic fields of different strengths (see the legend).
Dash-dotted, dashed, and solid lines correspond to CRD, PRD–AA, and PRD–AD calculations, respectively.

Fig. 5. Plots of Q/I (left panel) and U/I (right panel) as function of B. The results are obtained by performing PRD–AD calculations for three
LOSs with µ = 0.1, 0.6, and 0.9 (solid, dashed, and dash-dotted lines, respectively), χ = 0, and considering uniform horizontal (θB = π/2 and
χB = 0) magnetic fields of different amplitudes. Blue, red, yellow, and purple lines correspond to profiles obtained with the FAL-A, FAL-C, FAL-F,
and FAL-P atmospheric model, respectively.

amplitude of the U/I signal increases almost linearly with B for
all the considered inclinations. For B > 200 G, the amplitude of
U/I reaches a maximum near B = 500 G and then decreases for
stronger magnetic fields. This behaviour of Q/I and U/I is due
to the Hanle effect, which produces a rotation of the plane of lin-
ear polarisation and a depolarisation. Furthermore, we note that
the Q/I signals become positive closer to the disc centre, with a
larger amplitude for stronger magnetic fields. This is due to the
forward-scattering Hanle effect (Trujillo Bueno et al. 2002). In

general, we found a very good agreement between CRD, PRD–
AA, and PRD–AD calculations, although the CRD description
slightly underestimates the amplitude compared to the PRD case,
in particular for µ < 0.5. Noticeably, the agreement between
PRD–AA and PRD–AD calculations decreases near the disc
centre for B ≥ 500 G.

To investigate the dependence of the synthetic narrow-band
signals on atmospheric parameters, in Fig. 5 we present Q/I and
U/I as a function of the strength of the horizontal magnetic field
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for the three different LOSs, µ = 0.1, 0.6, and 0.9, and for the
four aforementioned FAL atmospheric models. The dependence
of all signals on the considered atmospheric models is negligible.
Moreover, the left panel of Fig. 5 shows that Q/I is almost flat
for B < 50 G, while it reveals a slight Hanle depolarisation for
stronger magnetic fields, which is in agreement with the results
presented in Fig. 4. In addition, in the right panel of Fig. 5 we see
that the amplitude of the appreciable U/I signal increases almost
linearly with B, which is also in agreement with the results in
Fig. 4.

5. Discussion and conclusions

In Sect. 4.3, we show that synthetic narrow-band signals of the
He ii Ly-α line are insensitive to the considered atmospheric
models. At the same time, a study of the impact of bulk veloc-
ities on the He ii Ly-α line (not reported here for conciseness)
revealed that Q/I and U/I are also insensitive to typical chromo-
spheric plasma bulk velocities5. We also show that, although the
Stokes profiles are nearly immune to MO effects, U/I displays
an almost linear dependence on B (via the Hanle effect) for mag-
netic strengths typical of the quiet solar chromosphere and that
Q/I is almost insensitive to magnetic fields of strength weaker
than 50 G. Consequently, since |U/I| > 0.3% near the solar limb
for a horizontal magnetic field of 100 G, He ii Ly-α linear polar-
isation signals obtained using narrow-band filters may represent
an interesting and novel capability to infer chromospheric mag-
netic fields, provided that a sufficient signal-to-noise ratio can be
achieved.

It is thus important to assess the integration time, tint,
necessary to be sensitive to chromospheric magnetic fields
for a given instrument. In this respect, we applied Eq. (56)
of Trujillo Bueno et al. (2017) considering the following: a near-
limb LOS, for which |U/I| and |Q/I| are maximal; a polarimetric
sensitivity of 0.05%, which, in the present geometry, means a
sensitivity to horizontal magnetic fields of about 10 G; an instru-
mental efficiency of 1%; a spatial resolution of 2 arcsec; a diam-
eter of the telescope of 30 cm, similar to that of the instrument
installed on the CLASP experiment (Kobayashi et al. 2012); and
a FWHM of the narrow-band filter of 1 Å. Given these con-
straints, we found that the integration time necessary to be sen-
sitive to horizontal chromospheric magnetic fields of 10 G is
tint = 885, 447, 157, and 22 s for the atmospheric models FAL-A,
FAL-C, FAL-F, and FAL-P, respectively. We note that, while Q/I
and U/I are independent of the atmospheric model, tint is not, as
the intensity signal, and thus the number of photons reaching
the telescope, strongly depend on the atmospheric temperature
structure.

Concerning quiet-solar conditions (i.e. models FAL-A, FAL-
C, and FAL-F), the resulting tint are too large to be reached
through sounding-rocket experiments. On the other hand, the
integration time for the FAL-P model, which corresponds to
a typical plage area, is realistic for present-day rockets (e.g.
CLASP). Overall, valuable He ii Ly-α polarisation signals could
also be measured in quiet regions across the whole solar disc;
this would be done via spacecraft missions, as these allow for
considerably larger telescopes and longer exposure times than
sounding-rocket experiments. Indeed, the integration time scales
as tint ∝ 1/D2, with D being the diameter of the telescope. Thus,

5 We repeated part of the calculations presented above for a vertical
bulk velocity with a uniform gradient of 0.009 s−1. The results do not
display any noticeable difference.

for a telescope with an aperture of, for example, 50 cm, we would
have integration times that are shorter than those reported above
by about a factor three, that is, 3–5 min for quiet solar conditions.

Another interesting outcome of the work is the very good
agreement of wavelength-integrated He ii Ly-α fractional linear
polarisation signals obtained from CRD, PRD–AA, and PRD–
AD calculations, especially for magnetic fields up to 200 G. This
means that a complete PRD–AD description of scattering pro-
cesses seems not to be strictly necessary to accurately model
the impact of such magnetic fields on these signals. The CRD
formulation could be enough. This would drastically reduce the
computational cost of inferring magnetic fields from future He ii
Ly-α observations.

We remind the reader that the results in the present paper
were obtained using a semi-empirical 1D model. However, the
solar atmosphere is definitely not 1D, but it has large horizontal
inhomogeneities as well as bulk velocities with strong gradients,
which can strongly impact the amplitude and shape of scattering-
polarisation signals (e.g. Manso Sainz & Trujillo Bueno 2011;
Štěpán & Trujillo Bueno 2016; Jaume Bestard et al. 2021). This
is particularly true in the upper chromosphere. Consequently, in
the future it will be essential to assess the impact of these effects
on the polarisation signals of the He ii Ly-α line through full
3D RT calculations in state-of-the-art models of the solar atmo-
sphere. The same 3D calculations, to be performed both in CRD
(e.g. using the PORTA code of Štěpán & Trujillo Bueno 2013)
and in PRD (e.g. using a code based on the solution strategy out-
lined in Benedusi et al. 2023), would confirm whether the limit
of CRD also remains a good approximation for modelling the
narrow-band signals of this line in the presence of such effects.

This work highlights the diagnostic potential of filter-
polarimetry in the He ii Ly-α line. Our 1D results, to be con-
firmed by more accurate 3D calculations, suggest that in near-
limb plage regions the sensitivity of narrow-band He ii Ly-α lin-
ear polarisation signals to chromospheric magnetic fields can
already be assessed through sounding-rocket experiments. Given
its minor sensitivity to horizontal magnetic fields, Q/I could be
used as a reference, while U/I would be exploited to infer infor-
mation on the magnetic field in the upper chromospheric layers.
Notably, given the very narrow region in which the He ii Ly-α
line forms (Trujillo Bueno et al. 2012; Belluzzi et al. 2012), we
would also have strong constraints on the precise location of the
estimated magnetic fields.
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Štěpán, J., Trujillo Bueno, J., Carlsson, M., & Leenaarts, J. 2012, ApJ, 758, L43
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