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ABSTRACT

Context. Modeling scattering polarization in the Ca I 4227 Å line is important for diagnosing chromospheric magnetic fields. This
requires solving the polarized radiative transfer equation, including the Hanle effect and partial frequency redistribution (PFR). Plane-
parallel, semi-empirical models are known to be inadequate for accurately reproducing the observed scattering polarization profiles of
this line.
Aims. The primary aim of this work is to investigate the relative influence of heights of formation and magnetic fields (via the Hanle
effect) in realistic solar model atmospheres on the emergent spatially averaged synthetic Stokes profiles of the Ca I 4227 Å line.
Methods. For this purpose, we used 1D vertical columns derived from snapshots of recent 3D radiative magnetohydrodynamic
(rMHD) simulations of the solar chromosphere performed with the Bifrost and MURaM-ChE codes as model atmospheres. We then
carried out 1.5D nonlocal thermodynamic equilibrium (NLTE) polarized radiative transfer calculations, including the PFR and the
Hanle effect.
Results. The intensity profiles from both simulations coincide at the line core, whereas the line wings in MURaM-ChE display a higher
intensity as these signals originate from deeper, hotter regions. The polarization signals are formed at greater heights in MURaM-ChE
than in Bifrost. In the nonmagnetic case, the emergent, spatially averaged profiles from Bifrost exhibit a larger polarization amplitude
in the line core, whereas MURaM-ChE ones show enhanced polarization in the wings. When the impact of magnetic fields from the 3D
rMHD simulations is included, the spatially averaged profiles indicate stronger Hanle depolarization of ⟨Q⟩/⟨I⟩ in the Bifrost snapshot.
Conclusions. Because scattering polarization is highly sensitive to the heights at which the polarization signals are formed, the differ-
ing thermal and magnetic structures at the corresponding line formation heights in the two simulations lead to distinct Stokes profiles.
In particular, the Hanle depolarization signatures indicate that the line-core formation region in the MURaM-ChE snapshot is less
strongly magnetized compared to the Bifrost snapshot.
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1. Introduction

The Ca I 4227 Å line exhibits the largest scattering polariza-
tion in the visible spectrum when observed near the solar limb.
These polarization signals originate from resonance scattering
(Chandrasekhar 1950) of anisotropic radiation by Ca I atoms
in the solar atmosphere. The presence of weak magnetic fields
modifies the line-core of these scattering polarization signals due
to the Hanle effect (see, e.g., Stenflo 1982). This implies that the
Ca I 4227 Å line can be used to deduce weak magnetic fields in
the lower to middle solar chromosphere (e.g., Bianda et al. 1998).

Observations of the linear polarization of the Ca I 4227
Å line show a typical triple peak structure (Faurobert-Scholl
1992; Holzreuter et al. 2005) caused by scattering under par-
tial frequency redistribution (PFR, see e.g., Hubeny & Mihalas
2015). Magnetic field diagnostics based on the Hanle effect in

⋆ Corresponding author: devang.agnihotri@gmail.com

solar spectral line polarization require the computation of Stokes
profiles by solving the nonlocal thermodynamic equilibrium
(NLTE) polarized radiative transfer equation (PRTE) in model
solar atmospheres in the presence of weak magnetic fields.

Various studies have focused on modeling the Ca I

4227 Å line using 1D semi-empirical model solar atmospheres.
For instance, Anusha et al. (2011) modeled forward scattering
polarization observations taken near disk center, whereas
center-to-limb variations were studied in Supriya et al. (2014)
and Supriya et al. (2015) using FAL model atmospheres (see
Fontenla et al. 1993; Avrett 1995). These studies used angle-
averaged PFR in their modeling. Janett et al. (2021) used the 1D
FAL-C model atmosphere to compare the angle-dependent and
the angle-averaged PFR effects in the line polarization. Magneto-
optical effects on Stokes profiles were studied by Alsina Ballester
et al. (2018). These effects were incorporated by Capozzi et al.
(2022) who attempted to calculate the line polarization angle
and the volume filling factor for magnetic fields using the
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FAL-C model atmosphere. More recently, Belluzzi et al.
(2024) studied the effect of complete frequency redistribu-
tion approximation (CFR, see Hubeny & Mihalas 2015) with
respect to angle-averaged and angle-dependent PFR on the
center-to-limb variation of scattering polarization in this line
using arbitrary magnetic fields and the 1D FAL-C model
atmosphere.

While 1D models are helpful for a qualitative compari-
son with observed Stokes profiles, they produce profiles dis-
crepant from the observed ones (see, e.g., Faurobert-Scholl 1992;
Anusha et al. 2010). A slight modification of the temperature pro-
files in the FAL atmospheres are useful in terms of reducing the
discrepancies, as found in Supriya et al. (2014) and Supriya et al.
(2015). Furthermore, the semi-empirical model atmospheres do
not contain information about the magnetic fields in the solar
atmosphere. Thus, their utility is limited to the use of arbitrary
magnetic fields for modeling the Hanle effect in spectral line
polarization.

Three-dimensional radiative magnetohydrodynamic (rMHD)
simulations enable a more realistic representation of the solar
atmosphere by accurately modeling its complex structures and
dynamic behavior. While simulations of the solar photosphere
are well established, as exemplified, for instance, in the works of
Stein & Nordlund (1998); Vögler (2004), modeling the observed
polarization in resonance lines such as the Ca I 4227 Å requires
realistic representations of the solar chromosphere. In this con-
text, the 3D rMHD Bifrost (Gudiksen et al. 2011) and MURaM
(Vögler 2004) codes have been extended to treat the chromo-
sphere, as detailed in Carlsson et al. (2016) and Przybylski et al.
(2022), respectively.

Thanks to these advances in development of the 3D rMHD
models of the solar chromosphere, a number of efforts have been
devoted to studying the Ca I 4227 Å scattering polarization pro-
files. For instance., Mathur et al. (2025) studied the scattering
polarization in the Ca I 4227 Å line using the PRTE with angle-
averaged PFR in 1D vertical columns extracted from a snapshot
of Bifrost 3D rMHD simulations (i.e., the 1.5D approximation),
whereas Jaume Bestard et al. (2021) examined the effect of hori-
zontal plasma bulk velocity gradients in these simulations on the
polarization of this line using 3D PRTE calculations with CFR.
Riva et al. (2023) and Guerreiro et al. (2024) explored the effect
of angle-dependent PFR and plasma bulk velocities on scattering
polarization of this line using a few sample 1D vertical columns
from the Bifrost simulations. The spatiotemporal evolution of
Hanle and Zeeman synthetic polarization was studied in Carlin
& Bianda (2017) also using Bifrost simulations.

In this paper, our aim is to study and compare the formation
of the synthetic Stokes profiles of the Ca I 4227 Å line in snap-
shots of 3D rMHD solar chromospheric simulations. To this end,
we extracted 1D vertical columns from snapshots of 3D rMHD
simulations by Bifrost (Carlsson et al. 2016) and MURaM-ChE
(Przybylski et al. 2022). Then we solved the PRTE in 1.5D on
these columns including PFR. Additionally, we investigated the
impact of magnetic field in the two simulations on the line core
polarization via the Hanle effect.

In Sect. 2, we summarize the polarized line formation the-
ory for a two-level atom with unpolarized ground state, which
we use in this paper. In Sect. 3, the numerical methods employed
in this work and the relevant computational details are given.
The results are presented in Sect. 4. Finally, a summary of
our findings and corresponding discussions are presented in
Sect. 5.

2. Theory and radiative transfer formulation

The Stokes profiles are computed by solving the NLTE PRTE
in irreducible spherical tensor formalism (Frisch 2007). The
relevant theory has been presented in Anusha et al. (2011) and
we present a summary below for the sake of completeness.

2.1. Stokes parameter formulation

The Stokes vector PRTE for a two-level atom with unpolarized
ground level, in a 1D planar medium with weak magnetic fields
and without plasma bulk velocities can be written as

µ
∂I(λ,Ω, z)
∂z

= −[κl(z)ϕ(λ, z) + κc(λ, z) + σc(λ, z)]

×[I(λ,Ω, z) − S(λ,Ω, z)],
(1)

where I = (I,Q,U)T is the Stokes vector and S = (S I , S Q, S U)T

the source vector, and κl is the wavelength-integrated line
absorption coefficient, while σc and κc are the continuum scat-
tering and continuum absorption coefficients, respectively. The
total opacity coefficient for the Ca I 4227 Å line and the contin-
uum is κtotal(λ, z) = κl(z)ϕ(λ, z)+σc(λ, z)+ κc(λ, z). Here, λ is the
wavelength, z is the vertical coordinate, and Ω = (θ, φ) defines
the direction of the ray where θ is the polar angle (with µ = cos θ)
while φ is the azimuth angle. ϕ(λ, z) is the Voigt profile with
damping parameter a = Γtotal/(4π∆νD). Here, Γtotal = ΓR + ΓE
with ΓR and ΓE being the radiative de-excitation rate and ela-
sic collision rate, respectively. The Doppler width is given by

∆νD = λ
−1
0

√
2kBT/Ma + v

2
turb, where Ma is the mass of the atom,

T is temperature, kB is the Boltzmann constant, vturb is the micro-
turbulent velocity, and λ0 is the line center wavelength. The
Stokes V component is neglected here because it is not generated
by the weak-field Hanle effect considered here. This assumption
also implies the neglect of the magneto-optical effects that can
impact the wing polarization (see Alsina Ballester et al. 2018).
This is consistent with the objective of the present work, where
instead of modeling the observed Stokes profiles, we sought to
investigate the formation of scattering polarization profiles in
rMHD model atmospheres. Furthermore, in the present work,
we did not include plasma bulk velocities, as our primary objec-
tive is to investigate the relative influence of model atmospheres
derived from two different 3D rMHD simulation codes on the
formation of scattering polarization profiles in the presence of
magnetic fields.

The motivation for these approximations stems from the rela-
tive lack of studies that address this problem using rMHD model
atmospheres under such assumptions. We emphasize, however,
that the inclusion of plasma bulk velocities is expected to signif-
icantly impact the polarization profiles presented here (see e.g.,
Guerreiro et al. 2024).

The inclusion of plasma bulk velocity fields requires the
scattering physics to take angle-dependent PFR into account for
accurate calculations. However, the locally co-moving approach
of (van Noort et al. 2002; Leenaarts et al. 2012) allows the
use of angle-averaged PFR as an approximation, which is a
less restrictive assumption than completely neglecting plasma
bulk velocities. In our case, the current implementation of the
POLY code is restricted to static atmospheres and the use of
angle-averaged PFR. The incorporation of plasma bulk veloci-
ties together with angle-dependent PFR is currently in progress
and will be addressed in a forthcoming paper.
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In a two-level atom model with an unpolarized ground level,
the source vector is defined as

S(λ,Ω, z) =
κl(z)ϕ(λ, z)Sℓ(λ,Ω, z)

κtotal(λ, z)
(2)

+
σc(λ, z)Sc(λ,Ω, z) + κc(λ, z)Bλ(z)U

κtotal(λ, z)
.

Here, U = (1, 0, 0)T and Bλ is the Planck function. The line
source vector can be written as

Sℓ(λ,Ω, z) = ϵBλ(z)U +
∫ +∞

−∞

∮
R̂(λ, λ′,Ω,Ω′, z,B)

ϕ(λ, z)

×I(λ′,Ω′, z)
dΩ′dλ′

4π
.

(3)

Here, R̂ is the Hanle redistribution matrix (approximation III of
Bommier 1997a,b) which uses angle-averaged PFR functions.
The magnetic field B is extracted from the 3D rMHD sim-
ulation snapshots. The thermalization parameter is defined as
ϵ = ΓI/(ΓR + ΓI), where ΓI is the inelastic collision rate. The
continuum source vector is

Sc(λ,Ω, z) =
∮

P̂(Ω,Ω′)I(λ,Ω′, z)
dΩ′

4π
, (4)

with P̂ being the Rayleigh scattering phase matrix, as frequency
coherence is assumed for the continuum. Also, primed quantities
denote incoming photons, while unprimed ones are for outgoing
photons (after scattering).

2.2. Spherical irreducible tensor decomposition

The Stokes source vector, S, and the Stokes vector, I, can be rep-
resented in the form of spherical tensor components as I and S
whose elements are IK

Q and S K
Q, introduced by Frisch (2007), with

K = 0, 2 and Q ∈ [−K,+K]. In this representation, S becomes
independent of the beam direction and I is independent of the
azimuthal angle. The PRTE can be rewritten as

µ
∂I (λ, µ, z)
∂z

= −κtotal(λ, z)[I (λ, µ, z) − S(λ, z)], (5)

where the irreducible source vector is

S(λ, z) =
κl(z)ϕ(λ, z)Sℓ(λ, z)
κtotal(λ, z)

+
σc(λ, z)Sc(λ, z) + κc(λ, z)Bλ(z)U

κtotal(λ, z)
. (6)

The line source vector, Sℓ, becomes

Sℓ(λ, z) = ϵBλ(z)U

+
1
2

∫ +∞

−∞

∫ +1

−1

R̂(λ, λ′, z,B)
ϕ(λ, z)

Ψ̂(µ′) × I (λ′, µ′, z)dλ′dµ′.

(7)

Here,U = (1, 0, 0, 0, 0, 0)T , R̂ is the angle-averaged PFR matrix
for resonance scattering in the irreducible basis (see e.g., Anusha
& Nagendra 2011), while Ψ̂ is the Rayleigh scattering phase
matrix in the irreducible basis (see e.g., Frisch 2007). We define
the irreducible source vector S̃ as

S̃(λ, z) =
1
2

∫ +∞

−∞

∫ +1

−1

R̂(λ, λ′, z,B)
ϕ(λ, z)

Ψ̂(µ′) × I (λ′, µ′, z)dλ′dµ′. (8)

The elements of S̃ are denoted by S̃ K
Q. The first element, S̃ 0

0, is the
unpolarized line source component without the thermal source
contribution and the second element S̃ 2

0 represents the linearly
polarized component of the line source vector.

The continuum scattering source vector in the irreducible
basis is

Sc(λ, z) =
1
2

∫ +1

−1
Ψ̂(µ′)I (λ, µ′, z)dµ′. (9)

Denoting the total optical depth scale as dτλ = −κtotal(λ, z)dz and
total optical depth at the bottom of the atmosphere at a given
wavelength λ as Tλ, the formal solution of Eq. (5) for µ > 0 can
be written as

I (λ, µ, τλ) = I 0(λ, µ,Tλ) exp
(
−

Tλ − τλ
µ

)
+

∫ Tλ

τλ

exp
(
−
τ′λ − τλ

µ

)
S(λ, τ′λ)

dτ′λ
µ
, (10)

and for µ < 0 the solution is

I (λ, µ, τλ) = I 0(λ, µ, 0) exp
(
−
τλ
µ

)
−

∫ τλ

0
exp

(
−
τ′λ − τλ

µ

)
S(λ, τ′λ)

dτ′λ
µ
. (11)

It is assumed here that no radiation is coming into the medium
from the upper boundary, whereas at the bottom of the medium,
LTE prevails; thus, we have I 0 = (0, 0, 0, 0, 0, 0)T for τλ =
0 and µ < 0; whereas at τλ = Tλ and µ > 0, I 0(λ, µ,Tλ) =
(Bλ(Tλ), 0, 0, 0, 0, 0)T .

We recall that in the literature the approximation of the
angle-averaged PFR refers to the combination of angle-averaged
RII and RIII redistribution functions according to approximation
III of Bommier (1997a,b). However, the evaluation of the RIII
redistribution function is computationally expensive, particularly
in modeling efforts where the redistribution functions must be
computed at every depth point in the atmosphere. We verified
the well known result that Stokes profiles computed using the
combination of RII and RIII as well as those computed using the
combination of RII and CFR for RIII produce visually identical
Ca I 4227 Å Stokes profiles (see Mihalas 1978; Riva et al. 2023).
Therefore, owing to computational constraints, we adopted RII
together with CFR for RIII throughout the remainder of the study
and we refer to this configuration simply as the PFR case.

2.3. Contribution functions

To interpret the emergent spectra it is important to understand the
height where most photons escape at specific wavelengths, which
is simply referred to as the height of formation. This height is
the spatial location z in the atmosphere where the contribution
function, CI (defined below), is at maximum. Here, CI is defined
(see Magain 1986) by

CI(λ, z, µ) = µ−1 ln(10)τ(λref, z)
κtotal(λ, z)
κtotal(λref, z)

×S 0
0(λ, z) exp(−τ(λ, z)/µ). (12)

Here, λref is the reference wavelength. The equation for a given
µ, describes contribution of source function from optical depth
τ(λref, z) to emergent intensity at a wavelength, λ. Similarly,
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we can define the contribution function for Stokes Q as CQ

(Holzreuter et al. 2005) by replacing S 0
0 in Eq. (12) with S 2

0 that
contributes dominantly to Stokes Q via

CQ(λ, z, µ) = µ−1 ln(10)τ(λref, z)
κtotal(λ, z)
κtotal(λref, z)

×S 2
0(λ, z) exp(−τ(λ, z)/µ). (13)

It is worth noting that, in 3D rMHD atmospheres, the tempera-
ture can exhibit localized spikes. In a few atmospheric models
from our sample, this results in a dominant contribution from
thermal source function at the heights where line center pho-
tons are formed. Since the primary objective of this paper is to
investigate the scattering polarization in the line, we ignored the
continuum source function and considered only the line source
function for the computation of contribution function. The ther-
mal contribution to the line source function is, however, fully
retained.

3. Computation of Stokes profiles

3.1. 3D rMHD simulations

In this work, we used snapshots from two solar chromospheric
3D rMHD simulations: Bifrost and MURaM-ChE. We used the
publicly available Bifrost snapshot (Carlsson et al. 2016) and
a snapshot from MURaM-ChE (Przybylski et al. 2022), which
is characterized by an enhanced network environment that is
similar to the Bifrost snapshot we used. We note here that the
MURaM-ChE simulation snapshot used here is the same as the
one used in Ondratschek et al. (2024). In both the Bifrost and
MURaM-ChE simulations, nonequilibrium hydrogen ionization
effects were taken into account, while radiative rates are approx-
imated using pretabulated data. Both the MURaM-ChE and
Bifrost models contain a similarly large-scale bipolar magnetic
field, representing a strong network region. In the Bifrost model,
the bipolar field was added to a hydrodynamic simulation. In
the MURaM-ChE model, zero net-flux magnetic fields gener-
ated by the small-scale dynamo were present before the bipole
was added. The simulation boxes from Bifrost and MURaM-ChE
snapshots spanned 24 × 24 Mm2 horizontally and the vertical
grid extended up to 14.4 Mm above photosphere. The two codes
generally vary in terms of the grid spacing. The vertical reso-
lution in MURaM-ChE is uniform at 20 km, while the Bifrost
model has a stretched grid. The vertical grid spacing between
the two models is similar in the photosphere and chromosphere,
while the MURaM-ChE model has a higher resolution in the
convection zone and corona. The Bifrost 3D simulation snapshot
has 504 × 504 × 496 grid points with uniform horizontal spac-
ing of 48 km, while MURaM-ChE has 1024 × 1024 × 800 grid
points with horizontal spacing of 23.4 km (i.e., twice as high).
The combination of higher resolution and reduced numerical dif-
fusivity in the MURaM-ChE code leads to a significantly more
turbulent convection zone. This, in turn, leads to a more efficient
enhancement of the magnetic field by the small-scale dynamo
giving a magnetic field strength at the photosphere roughly twice
that of the Bifrost model. Further simulation details can be found
in the respective papers cited above.

3.2. Extraction of 1D vertical columns from 3D rMHD
simulation snapshots

From the 3D rMHD simulation snapshots, we extracted 1D ver-
tical columns at each grid point along the horizontal x and y

directions. These vertical columns are treated as independent 1D
model atmospheres with physical parameters that vary with the
height (z). For the purposes of this study, we extracted the tem-
perature, mass density, free electron density, six-level hydrogen
population densities, and magnetic field parameters from these
simulation snapshots. Using the RH (Uitenbroek 2001) code, we
computed the optical depth at 5000 Å, denoted by τ5000. With Ca
I as the active atom, we were also able to compute the line center
optical depth at 4227 Å, denoted by τ4227.

Based on τ5000 and τ4227, we constructed the 1D atmospheres
as follows. The bottom of the atmosphere was set at 500 km
below the height where τ5000 = 1 (defining z = 0) and the top was
set at the height where τ4227 ≈ 5×10−4. All grid points lying out-
side this range were discarded for computational efficiency. As a
result, the total number of vertical grid points differs among the
constructed 1D atmospheres, ranging between 163 to 861 depth
points. Furthermore, to reduce the cost of computing Stokes pro-
files, we selected every 20th and every 40th column for Bifrost
and MURaM-ChE respectively, along both x and y directions.
This selection allowed us to preserve the total horizontal plane
spanned by the atmospheres. To summarize, we obtained a total
of 26× 26 1D vertical columns for each of Bifrost and MURaM-
ChE, covering a horizontal area of 24 × 24 Mm2 with nearly the
same horizontal grid resolution.

3.3. Method of solution of the PRTE

The PRTE discussed in Sect. 2.1 was solved in two steps. In the
first step, we solved the multilevel unpolarized RTE using the RH
code. The atmospheres were selected as described in Sect. 3.2
are used as the model atmospheres in RH code, with 1110 total
wavelength points, 10 µ points in the interval µ ∈ [−1, 1] using
the Gaussian quadrature for angular integration. We calculated
the continuum opacity, emissivity and scattering, line opacity
and emissivity, mean intensity, collisional rates, and damping
coefficient using the RH code. For the Ca I 4227 Å line ΓR =
2.18×108 s−1, whereΓE is computed using van der Waals broad-
ening (due to elastic collisions with neutral hydrogen) and Stark
broadening due to interaction with free electrons (see Uitenbroek
2001). The micro-turbulent velocity is taken as 3 km/s.

In the second step, we used the POLY code (see, e.g.,
Holzreuter et al. 2005; Anusha et al. 2011) to solve the two-level
atom PRTE by using the quantities obtained from the solution
of the RH code kept fixed. In the second step, we only used 80
wavelength points to cover the Ca I 4227 Å line and 6 µ points
in the interval µ ∈ [−1, 1] using the Gaussian quadrature.

3.4. Computational considerations

In this section, we summarize the computational resources used
and the time required for the PRTE calculations for a repre-
sentative column from the 3D rMHD simulation snapshot. The
computations were carried out on the High-Performance Com-
puting (HPC) facility (LEO cluster) at the Indian Institute of
Astrophysics, Bengaluru. For the present work, we used four
nodes, each equipped with 128 cores and 750 GB of RAM.
The 1.5D PRTE calculations were carried out by assigning one
core to each column, with each column being computed seri-
ally. Both the RH and POLY computations were considered
converged when the maximum relative error between successive
iterations fell below 10−3. For a representative column with 260
depth points, the initial unpolarized multilevel radiative transfer
calculation using the RH code requires approximately 25 s. The
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Fig. 1. Emergent, spatially averaged intensities for Bifrost (red) and
MURaM-ChE (green) models computed at µ = 1 (dotted lines) and
µ = 0.3 (solid lines). Solid black lines show wavelengths at the line
wing (4226.020 Å) and at the line center (4226.727 Å) chosen for the
discussions (see text in Sect. 4.1).

subsequent 1.5D polarized radiative transfer calculation with the
POLY code requires approximately 17 hours per atmosphere.
The high computational cost arises from the serial nature of the
current version of the code, together with the large number of
depth points in the 1D columns extracted from 3D rMHD sim-
ulations. We remark here that the POLY code is currently being
parallelized and we expect to see a considerable reduction in the
computational cost in forthcoming papers.

4. Results

4.1. Intensity profiles

To understand the formation of polarization profiles it is impor-
tant to understand the formation of intensity profiles. Figure 1
shows the emergent, spatially averaged (over x and y, denoted
by ⟨.⟩ ) intensity profiles computed along µ = 1 (disc center)
and µ = 0.3 (near limb) in Bifrost and MURaM-ChE sampled
vertical columns. In the line wings, the Bifrost atmospheres pro-
duce profiles with lower intensity compared to those arising from
MURaM-ChE atmospheres at both µ. To understand the emer-
gent intensities we study the formation regions at the line center
wavelength of λref = 4226.727 Å and a wing wavelength of
λref = 4226.020 Å marked by vertical lines in Fig. 1. In Figs. 2a
and b, we compare the heights z where CI(λref = 4226.727 Å)
is maximum along µ = 1 for the extracted Bifrost and MURaM-
ChE vertical columns. It can be seen that the center of the Ca I
4227 Å line is formed over a wider range of heights in MURaM-
ChE atmospheres compared to the Bifrost atmospheres. This is
substantiated by the histograms in Fig. 2c, which show the dis-
tribution of the formation heights displayed in panels a and b.
The most probable heights of formation derived from these his-
tograms are, respectively, 969 km and 789 km for MURaM-ChE
and Bifrost.

There are a few outliers in the distribution with large forma-
tion heights particularly in MURaM-ChE. To understand this,
we now focus on a single column where the height of formation
is maximum in Bifrost and MURaM-ChE. In Fig. 3a, we plot CI
for these two selected atmospheres. We observe that the CI(λref =

4226.727 Å) is maximum at a greater height for MURaM-ChE
(≈ 1880 km) as compared to Bifrost (≈ 1186 km). At these
respective heights the amplitude of CI(λref = 4226.727 Å) is
higher for Bifrost than for MURaM-ChE. This is because the
NLTE source function component of the intensity denoted by S 0

0
at 1186 km is higher in Bifrost than S 0

0 at 1880 km in MURaM-
ChE as seen in Fig. 3b. The line center optical depth variation
for these two selected atmospheres is plotted in Fig 3c, while the
height variation of the ground level population density of Ca I
atom denoted by n1 is shown in Fig. 3d.

The dynamics in these two selected atmospheres show that
starting from the top of the atmosphere, the population density
in Bifrost gradually increases to the height 1186 km, whereas
its rise is steep in MURaM-ChE, leading to a greater height
(1880 km) where the optical depth reaches unity. This explains
the difference in the height of formation of the line center pho-
tons in these two atmospheres. We also see that there is a dip in
the n1 variation for MURaM-ChE in the height between 1000 km
to 1500 km, which results in a decrease in local contribution to
the integrated line center opacity. Hence, the line center optical
depth remains nearly constant within the aforementioned height
interval for MURaM-ChE.

To understand the formation of the line wings at the wave-
length point λref = 4226.020 Å and along the line of sight µ = 1,
we can compare the emergent intensity (Figs. 4a and b), the mean
temperature around the height, z, where CI reaches its maxi-
mum (Figs. 4c and d), and the corresponding height, z, of this
maximum contribution (Figs. 4e and f). Panels a, c, and e cor-
respond to the Bifrost atmosphere, while panels b, d, f show the
MURaM-ChE atmosphere. The mean temperature here refers to
the temperature averaged over the height range surrounding the
peak of CI , corresponding to the region that makes the domi-
nant contribution to the emergent intensity. We note here that
the appearance of noise-like pattern in 2D maps in Fig. 4 is
because the structures determining the intensities, temperatures,
and heights are the granules, which have a size of roughly the
horizontal grid resolution of these computations (∼1000 km).
The intensity maps in both simulations correlate with the local
temperature maps at the heights of formation in the line wings.
This is because the line wings are formed in the photosphere
where local conditions determine the spectral features. In both
simulations, the height of wing formation is around z ∼ 0 km.
In the MURaM-ChE atmospheres, this occurs at slightly lower
layers compared to the Bifrost atmospheres. To substantiate this,
in Fig. 4g, we show the histograms of the mean temperatures
around the heights of formation of the wings in these two simula-
tions. The distribution of mean temperatures spans a wider range
in the MURaM-ChE and is shifted toward higher temperatures,
corresponding to lower atmospheric layers, consistently with the
photospheric temperature stratification. The most probable mean
temperature in Bifrost is 6013 K, which is slightly lower than
6133 K in MURaM-ChE. Thus, the distribution of line-wing for-
mation heights in the MURaM-ChE is shifted toward lower and
hotter layers of the photosphere compared to that in the Bifrost,
leading to higher wing intensities in the former case.

However, the emergent, spatially averaged intensity pro-
files overlap in the line core. For the Ca I 4227 Å, line,
the core is formed in the chromosphere, where NLTE effects
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Fig. 2. Panels a and b: heights (z∗) at which the contribution function, CI , at the line center wavelength (λref = 4226.727 Å) and at µ = 1 is
maximum for the sampled slices extracted from Bifrost and MURaM-ChE cubes, respectively. Panel c: corresponding histograms.
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Fig. 3. Panel a: height variation of the contri-
bution function for Bifrost and MURaM-ChE
corresponding to the model atmospheres hav-
ing maximum height of intensity formation in
Figs. 2a and b. Panels b–d: height variation of
the source function component S 0

0, line-center
optical depth, and the ground level population
n1 of Ca I atom, respectively, for the atmo-
spheres selected to show CI in panel a.

become important. Although the atmospheric structuring differs
between the two simulations, with the MURaM-ChE atmo-
spheres exhibiting a higher most probable chromospheric tem-
perature than Bifrost (see Fig. 11 in Ondratschek et al. 2024),
the decoupling of the radiation field from the local tempera-
ture structure implies that the emergent intensity is insensitive
to these thermal differences.

4.2. Linear polarization due to scattering in the absence of
magnetic fields

In Fig. 5a, we compare the emergent, spatially averaged Stokes
profiles computed using the PFR and CFR for the nonmagnetic
case (B = 0) along µ = 0.3. Here, the ⟨Q⟩/⟨I⟩ is generated due to
resonance scattering (see Chandrasekhar 1950) of the anisotropic
radiation by the Ca I atoms. Azimuthal symmetry of the radiation

field in 1D plane parallel geometry leads to ⟨U⟩/⟨I⟩ = 0, since
Stokes U arises only when this symmetry is broken. The ⟨Q⟩/⟨I⟩
profiles generated with PFR exhibit the characteristic triple-
peak structure (see, e.g., Faurobert-Scholl 1992; Holzreuter et al.
2005), whereas the CFR profiles show a single peak at the line
center with weak signals in the core minima region (see e.g.,
Holzreuter et al. 2005) and in the wings (see the inset panel
of Fig. 5a) produced by continuum scattering effects. The peak
value of ⟨Q⟩/⟨I⟩ at the line center in the case of PFR is 2.68% for
Bifrost and 1.82% for MURaM-ChE. We can see that at the line
center, the approximation of CFR overestimates the magnitude
of ⟨Q⟩/⟨I⟩ in both Bifrost and MURaM-ChE.

In the core minima region, the maximum amplitude of the
⟨Q⟩/⟨I⟩ produced by PFR is ∼0.30% in MURaM-ChE, which
is smaller than ∼0.55% produced in Bifrost. Meanwhile, in the
line wings, the PFR produces a maximum of ∼1.06% ⟨Q⟩/⟨I⟩
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Fig. 4. Panels a and b: spatial distribution of the line-wing intensity at
(λref = 4226.020 Å). Panels c and d: mean temperature evaluated around
z∗ = arg max C(z). Panels e and f: corresponding values of z∗. The first
and second columns correspond to the Bifrost and MURaM-ChE mod-
els, respectively. Panel g: histograms of the mean temperatures shown
in panels c and d.

in MURaM-ChE which is larger than ∼0.74% produced by
Bifrost.

To understand the heights where resonance scattering polar-
ization is generated, we can compute CQ according to Eq. (13)
in the nonmagnetic case. Here, we assume for simplicity that
Stokes U is generated at the same heights as Stokes Q. We plot
histograms of heights where CQ is maximum, for all the sam-
pled atmospheres in Figs. 5b, 5c, and 5d, corresponding to three
wavelength positions: the line wing at 4226.361 Å, the core min-
ima at 4226.599 Å, and the line center at 4226.727 Å. Since
the wavelengths at which the synthetic Q/I profiles attain the
wing-peak and core-minimum positions vary among the sampled
rMHD model atmospheres, we adopted the reference wavelength
positions from the analysis of Holzreuter et al. (2005), which
was carried out using the FAL-C atmosphere. The most probable
polarization formation heights obtained from these histograms at
line wing, core minima and line center are respectively 164 km
(181 km), 240 km (291 km) and 1060 km (1180 km) for Bifrost

(MURaM-ChE). The differences between heights of polarization
formation in the two simulations at line wing, core minimum,
and line center positions are respectively 17 km, 51 km, and
120 km. These differences in heights of polarization formation
cause respective differences in ⟨Q⟩/⟨I⟩ amplitudes of 0.32%,
0.25%, and 0.86%. Thus, the scattering polarization is sensi-
tive to even small variations in heights of polarization formation.
To examine the wavelength dependence of the spatially averaged
profiles, we plot the histograms for Q/I for all the sampled atmo-
spheres in the first row of Fig. 6 at the line wing, core minima,
and line center wavelength positions.

In the line wing, the range of Q/I values is broader in
MURaM-ChE than in Bifrost, while both distributions remain
predominantly positive and do not exhibit a single dominant
peak. Consequently, the average ⟨Q⟩/⟨I⟩ is positive in both cases,
with a larger amplitude in MURaM-ChE than in Bifrost.

In the core minima region, the distribution of Q/I is centered
around −0.09% in MURaM-ChE which is closer to zero than
the -0.32%, which the Bifrost atmospheres are centered around.
Although the distributions span the range ∼–1.5% to +1.5%,
cancellations during the averaging process significantly reduce
the net amplitudes. As a result of a marginal shift of the distri-
bution toward negative values, Bifrost exhibits a larger absolute
amplitude of ⟨Q⟩/⟨I⟩ than MURaM-ChE.

At the line center, the distribution of Q/I is largely pos-
itive in both simulations. In MURaM-ChE the distribution is
shifted toward negative values and shows an extended negative
tail, and is peaked around 2.68% whereas in Bifrost it is nar-
row and sharply peaked around a higher positive value of 3.25%.
Consequently, the average ⟨Q⟩/⟨I⟩ is relatively high in Bifrost.

To understand the distribution of Q/I at a given wavelength,
in the second and third rows of Fig. 6, we show for Bifrost and
MURaM-ChE, respectively, the density distributions of the sam-
pled atmospheres with respect to the monochromatic total optical
depth (line and continuum) expressed as τλref/µ, and the source
function ratio, S̃ 2

0/S̃
0
0 (see Eq. (8)). They exhibit a similar trend

at all wavelengths; however, it shifts toward higher optical depths
from the line wing to the line center, reflecting the corresponding
shift in line formation from lower to higher optical depths. The
source function ratio is controlled by the interplay between angu-
lar dependence of the outgoing radiation and that of incoming
radiation (see e.g., Holzreuter et al. 2005).

In the deeper, optically thick layers of the atmosphere,
the radiation field is isotropic and, as a result, the anisotropy
approaches zero. At the upper boundary, below a critical value
of τλ/µ, the source function ratio as well as the individual com-
ponents S̃ 2

0 and S̃ 0
0 (not shown here) become constant as in this

region the radiation field decouples from the local conditions.
This critical optical depth increases from the line wing to the
line center, consistent with the increasing opacity toward the line
core. The magnitude and sign of the constant value of the source
function ratio and individual components depend on the atmo-
spheric structure that shapes the radiation field differently across
atmospheres and thereby alters the scattering dynamics. In this
part of the atmosphere, due to the constancy of the individual
components, S̃ 2

0 and S̃ 0
0, and the fact that the optical depth is

small, the resulting irreducible radiation field components,1 Ĩ2
0

and Ĩ0
0 , scale with the values of τλ/µ. Hence, this regime does

not contribute significantly to the formation of the polarization
signals (as Q ∝ Ĩ2

0 , I ∝ Ĩ0
0 ). Below this critical optical depth, the

source function ratio shows a linear trend, which further takes

1 ĨK
Q can be computed using Eqs. (10) and (11) with S̃ K

Q as the source
term.
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a nonlinear form with respect to the optical depth scale. These
regions have intermediate τλ/µ values and correspond to the
primary formation of polarization signals.

A comparison of the density distribution of atmospheres
across wavelengths shows that the optical depth is smaller in the
linear regime than in the nonlinear regime. In the line wings,
the linear regime with positive source function ratio dominates
over the nonlinear regime, with the latter concentrated about
zero (yellow tint). Furthermore, in the linear regime, the distri-
bution spans a broader interval of source function ratio values in
MURaM-ChE than in Bifrost, which explains the higher spread
of Q/I values obtained in MURaM-ChE (see Fig. 6 top row,
panel a). In contrast, in the core minima region, the contribution
from the nonlinear regime concentrated toward negative values
increases, which competes with the contribution from the linear
regime spread across the positive values. Therefore, the distribu-
tion of Q/I is similar in both Bifrost and MURaM-ChE, centered
close to zero (Fig. 6 top row, panel b).

At the line center, the density distribution of the atmospheres
is concentrated primarily in the positive, linear source function
regime. In the nonlinear regime, the concentration toward neg-
ative values increases in MURaM-ChE, when compared to that
in Bifrost. Therefore, at the line center, the distribution of Q/I
is largely concentrated at positive values in Bifrost, whereas it
spans over both positive and negative values and exhibits a longer
negative tail in MURaM-ChE (Fig. 6, top row, panel c). We note
that the analysis presented here is primarily qualitative. A quan-
titative investigation would require the use of response functions
and will be undertaken in a separate study.

Our analysis identifies the physical origin of the differences
between the Bifrost and MURaM-ChE results. In particular, we
find that variations in the height of polarization formation, com-
bined with differences in the optical structure of the atmosphere
at those heights, directly control the amplitude and shape of the
emergent scattering polarization profiles. Due to the sensitivity
of the scattering polarization in the Ca I 4227 Å line to the atmo-
spheric parameters such as the formation height, the polarization
in this line can serve as a diagnostic for constraining the accuracy
of rMHD simulations.

4.3. Impact of Hanle effect

In this section, our aim is to understand how depth dependent
magnetic fields in 3D rMHD simulations modify the resonance
scattering polarization via the Hanle effect. For this purpose, in
Fig. 7 we compare the spatially averaged, emergent Stokes pro-
files computed using nonmagnetic and magnetic cases for the
two 3D rMHD simulation snapshots considered in this work.

In the absence of magnetic and plasma bulk velocity fields,
the assumption of a 1D geometry imposes azimuthal symmetry
on the radiation field, resulting in ⟨U⟩/⟨I⟩ = 0. In the partic-
ular case of µ = 1, this symmetry also leads to ⟨Q⟩/⟨I⟩ = 0.
The introduction of magnetic fields generate a nonzero polariza-
tion (see inset panels) reaching a maximum |⟨Q⟩/⟨I⟩| (|⟨U⟩/⟨I⟩| )
of 0.0432% (0.0036%) and 0.0056% (0.0209%) for Bifrost and
MURaM-ChE respectively.

Along µ = 0.3, we clearly observe Hanle depolarization in
⟨Q⟩/⟨I⟩ for both Bifrost and MURaM-ChE with the magni-
tude of depolarization being higher in Bifrost (1.643%) when
compared to MURaM-ChE (0.401%). Furthermore, a maximum
⟨U⟩/⟨I⟩ amplitude of 0.129% (0.015%) is generated in Bifrost
(MURaM-ChE).

To identify the magnetic field distribution at the heights
where the polarization is generated, the contribution function
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Fig. 7. Panels a and b: ⟨Q⟩/⟨I⟩ and ⟨U⟩/⟨I⟩ for zero magnetic fields
(dotted lines) compared with those computed using depth dependent
magnetic fields (solid lines) along µ = 1 and µ = 0.3 respectively.
Red and green curves represent Bifrost and MURaM-ChE atmospheres
respectively.

CQ in the magnetic case can be computed. The 2D maps of
heights z at which CQ attains its maximum are presented in the
first row of Figs. 8a and b, while the corresponding histograms
of these heights are displayed in Fig. 8c. The most probable
heights of polarization for Bifrost and MURaM-ChE are 1028
km and 1207 km, respectively. Clearly, the line core polariza-
tion is formed higher in MURaM-ChE, as compared to Bifrost.
This is consistent with formation heights of line core intensity.
The maxima of CQ occur at greater heights than those of CI ,
since scattering polarization forms higher in the atmosphere than
intensity (see, e.g., Holzreuter et al. 2005; Mathur et al. 2025).

The 2D maps of the vector magnetic field at the heights
where the line core polarization is formed are shown in the
second, third, and fourth rows of Figs. 8a and b. The mag-
netic field strength distributions at the polarization formation
height exhibit maximum values of 54.9 G and 218.6 G for the
selected MURaM-ChE and Bifrost model atmospheres, respec-
tively, because the Ca I 4227 Å line-core polarization forms at
greater depths in Bifrost than in MURaM-ChE. The histogram
in the second row of panel c further shows that the most prob-
able magnetic field strengths are 9.5 G in Bifrost and 5.8 G in
MURaM-ChE, consistent with the higher formation height of the
line-core polarization in MURaM-ChE, where the magnetic field
is weaker. We see that the spread of the weak-field distribution
is higher in Bifrost leading to a higher depolarization of ⟨Q⟩/⟨I⟩
than that in MURaM-ChE.

The polar and azimuth angle maps are shown in third and
fourth rows of Figs. 8a and b. It is clear that in MURaM-ChE
the magnetic field inclinations are nearly uniformly distributed,
whereas in Bifrost, they are more clustered around 90◦.

This finding is also substantiated by the histograms in Fig. 8c
(third row), where the field azimuths are almost uniformly dis-
tributed in both Bifrost and MURaM-ChE atmospheres. As
a result, the spatially averaged ⟨U⟩/⟨I⟩ has a smaller ampli-
tude compared to that of ⟨Q⟩/⟨I⟩. We note that the differences
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Fig. 8. Columns a and b: spatial distributions of the vertical height (first row), strength B (second row), polar angle (third row), and azimuthal
angle (fourth row) of the magnetic field vector, evaluated at the height where the contribution function CQ reaches its maximum (at line center
wavelength, λref = 4226.727 Å), for Bifrost and MURaM-ChE, respectively. Column c shows the corresponding histograms.

in magnetic field distribution in the two simulations at the
height of polarization formation is largely a consequence of
the differences in the formation height of line-core polarization,
rather than a fundamental difference in the underlying magnetic
structures.

5. Conclusions

In this paper, we study the emergent, spatially averaged polar-
ization spectra of Ca I 4227 Å line obtained by solving 1.5D

PRTE with angle-averaged PFR and magnetic fields using 1D
vertical columns extracted from snapshots of 3D rMHD Bifrost
and MURaM-ChE simulations. Plasma bulk velocity fields are
ignored in this work.

A comparison of the spatially averaged emergent intensity
profiles from the two simulations shows similar line cores,
while MURaM-ChE exhibits a higher line wing and contin-
uum intensity. The heights at which the contribution function
peaks indicate that the line core forms at greater heights in
MURaM-ChE atmospheres than in Bifrost ones. However, the
similarity of the core intensities suggests that they are largely
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insensitive to the differences in formation height between the
two simulations. In contrast, the line wings form slightly higher
in Bifrost, accounting for its lower wing intensity. This reflects
differences in the thermal structure of the line-wing formation
regions. In particular, the most probable temperature is higher in
MURaM-ChE than in Bifrost.

Comparison of nonmagnetic, emergent, spatially averaged
Stokes spectra shows that Bifrost atmospheric models produce
higher magnitude of resonance scattering ⟨Q⟩/⟨I⟩ at the line
center and line core minima, but lower value in line wing as com-
pared with those from MURaM-ChE. The distributions of Q/I
in both Bifrost and MURaM-ChE atmospheric models do not
exhibit a single dominant peak at line wings, while MURaM-
ChE spans over a wider positive range of Q/I, resulting in a
higher spatially averaged value than in Bifrost at this wavelength.
At the core minima wavelength, both simulations show that the
distributions of Q/I is centered at around zero, with MURaM-
ChE being closer to zero than Bifrost. This results in a lower
magnitude of emergent, spatially averaged polarization, ⟨Q⟩/⟨I⟩,
for MURaM-ChE. At the line center, Bifrost shows a higher
average ⟨Q⟩/⟨I⟩ than MURaM-ChE due to its narrow distribu-
tion peaked at a slightly higher value than MURaM-ChE, with
MURaM-ChE shifted toward lower values with a negative tail.

To further investigate the behavior, we analyzed the depth
dependence of the source function ratio, S̃ 2

0/S̃
0
0. This shows that

⟨Q⟩/⟨I⟩ is mainly generated in the intermediate optical depth
regime, where S̃ 2

0/S̃
0
0 is initially linear and then becomes nonlin-

ear with increasing optical depth. A more quantitative analysis
of the sensitivity of scattering polarization to various parame-
ters require response functions, which we will address in a future
study.

In the presence of depth dependent magnetic fields, we
observe that Bifrost atmospheres undergo higher Hanle depo-
larization in ⟨Q⟩/⟨I⟩ than MURaM-ChE. This difference arises
because the distribution of magnetic field strengths in Bifrost
is skewed, spanning a broad range of 0–100 G and peaking
near 10 G in the line-forming region, whereas MURaM-ChE
exhibits a much narrower distribution, with a peak around 6 G.
The line core polarization in MURaM-ChE is formed at higher
region with weaker magnetic fields relative to that in Bifrost.
This leads to stronger line-core depolarization in Bifrost than in
MURaM-ChE.

A meaningful comparison with observations requires the
inclusion of plasma bulk velocity fields and a more realis-
tic treatment of scattering using angle-dependent PFR and 3D
PRTE. Modeling the observed profiles with one or more of these
additional physical effects will be addressed in forthcoming
papers.
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