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Abstract

We explore the diagnostic potential of the Ha line for probing the chromospheric magnetic field using a realistic
3D radiative magnetohydrodynamic (rMHD) model. The Stokes profiles of the Ha line are synthesized through
full 3D radiative transfer under the field-free approximation, alongside the Call 8542 A and Fe16173 A lines for
comparison. The line-of-sight (LOS) magnetic fields are inferred using the weak-field approximation for the Ha
and Call 8542 A lines, while the Fel 6173 A line is analyzed through Milne-Eddington inversion techniques.
The comparison between the inferred LOS magnetic field maps and the magnetic fields in the rMHD model
revealed that the Ha line core primarily probes the chromospheric magnetic field at log 7509 = —5.7, which
corresponds to higher layers than the Call 8542 A line core, which is most sensitive to conditions at
log 7500 = —5.1. On average, the Stokes V profiles of the Ha line core form 500 km higher than those of the Ca Il
8542 A line core. The Ha polarization signals persist after adding noise, and with noise at the level of 101,
most simulated magnetic structures remain visible. These findings suggest that spectropolarimetric observations
of the Ha line can provide complementary insights into the stratification of the magnetic field at higher altitudes,
especially when recorded simultaneously with widely used chromospheric diagnostics such as the Call
8542 A line.

Unified Astronomy Thesaurus concepts: Solar magnetic fields (1503); Solar chromosphere (1479); Spectro-

CrossMark

polarimetry (1973)

1. Introduction

The Ha spectral line serves as a key diagnostic tool for
probing the solar chromosphere and its dynamic phenomena,
including filaments, Ellerman bombs, surges, flares, and
spicules. These events exhibit distinct spectral signatures that
manifest in the Ho intensity profiles, which are then used for
the classification of solar features and for studying the fine
structure and temporal evolution of the chromosphere.

Despite being a critical line to study the structure and
evolution of the chromosphere, polarization studies to infer the
magnetic field from this line remain limited. For instance,
H. L. Abdussamatov (1971) utilized simultaneous measure-
ments of the Fel 6302.5 A and Ha lines to estimate vertical
magnetic field gradients. Various studies have also documen-
ted simultaneous spectropolarimetric observations of the Ha
line alongside Fel lines, enabling comparative analyses
of photospheric and chromospheric magnetic fields in sunspots
(K. S. Balasubramaniam et al. 2004; Y. Hanaoka 2005;
K. Nagaraju et al. 2008). Radial variations of the line-of-sight
(LOS) magnetic field in both the chromosphere and photo-
sphere of a sunspot were analyzed by K. Nagaraju et al.
(2020). Furthermore, spectropolarimetric observations of the
Ha line have been employed to diagnose magnetic fields in
prominences (A. Lépez Ariste et al. 2005). Recently, J. Jaume
Bestard et al. (2022) explored linear and circular polarization
signals near the north and south solar limb, inferring the LOS
magnetic field through the weak-field approximation (WFA).
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The reason the Ha line is not commonly used to infer
chromospheric magnetic fields is due to its sensitivity to the
complex 3D radiation field. While the Zeeman effect largely
influences the Stokes V signal, both the intensity and
polarization profiles of this line are highly sensitive to the
complex 3D radiation field (J. Leenaarts et al. 2012), which
makes accurate modeling—and consequently, the interpreta-
tion of its observations—highly challenging. Additionally, in
weakly magnetized atmospheres, the Stokes Q and U signals
are affected by atomic polarization (J. Stépan & J. Trujillo
Bueno 2010, 2011), making the Ha line difficult to model
with current inversion codes, which typically rely on a 1.5D
plane-parallel geometry. Furthermore, in weak-field conditions
—where Zeeman splitting (A\g ) is significantly smaller than
the Doppler width (A \p )—the amplitude of circular polariza-
tion is proportional to the ratio of AAg to A)\p, while linear
polarization scales with the square of this ratio (see E. Landi
Degl’Innocenti & M. Landolfi 2004). This ratio is generally
small for hydrogen, given its low atomic mass and correspond-
ingly large Doppler width, in contrast to heavier atoms like
calcium.

H. Socas-Navarro & H. Uitenbroek (2004) previously
calculated 1D response functions of the Ha line’s Stokes
parameters, showing that it is notably sensitive to both
photospheric and chromospheric magnetic fields. However,
J. Leenaarts et al. (2012) demonstrated that a 1D radiative
transfer approach is inadequate for accurately modeling the
Ha line. Only when the radiative transfer is treated in 3D does
the Ho line appear to trace chromospheric magnetic structures
like fibrils. Additionally, M. Carlsson & R. F. Stein (2002)
showed that in the upper chromosphere, the Ha line’s opacity
is mainly sensitive to the ionization degree and radiation
field, which are largely insensitive to the local temperature
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variations but are sensitive to mass density (J. Leenaarts et al.
2012). Recent work by J. P. Bjgrgen et al. (2019) further
confirmed the persistence of Ha opacity in flaring active
regions by synthesizing spectra using 3D radiative magneto-
hydrodynamic (rMHD) simulations. Consequently, simulta-
neous spectropolarimetric observations of the Ha line with
well-established chromospheric diagnostics, such as those of
the Call and He I atoms (A. Lagg et al. 2017), present a robust
probe for investigating chromospheric magnetic fields.

Recent studies by H. Mathur et al. (2023, 2024) have
utilized simultaneous spectropolarimetric observations of the
Ho and Call 8542 A (and 8662 A) lines to investigate the
stratification of the chromospheric magnetic field by applying
the WFA to the line core and wings, separately. In the study,
H. Mathur et al. (2023) found that the LOS magnetic field
morphology in the Ha line core closely resembles that of the
Call 8542 A line, though it appeared more diffuse, and the
inferred magnetic field strength was consistently weaker than
that of the Call 8542 A line. However, these observations
were limited to a small pore. In the subsequent study, of a
complex active region, H. Mathur et al. (2024) observed that
the LOS magnetic fields inferred from the Ha line core were
uncorrelated, similarly diffuse, and consistently weaker than
those from the Ca1l 8662 A and Fel 8661.8991 A lines. The
weaker and more diffuse fields inferred from the line core,
combined with the assumption that magnetic fields expand
with height, led the authors to conclude that the Ha line core
is a reliable probe of the chromospheric magnetic field.

In this Letter, we present a theoretical investigation into the
diagnostic potential of the Ha line for probing the chromo-
spheric magnetic field. Using a publicly available 3D rMHD
simulation, we synthesize the Stokes profiles of the Ha line
through full 3D radiative transfer in field-free approximation.
For comparison, we also synthesize the Stokes profiles of
the Call 8542 A and Fel 6173 A lines. To infer the LOS
magnetic field, we apply the WFA to the Ha and Ca 1l 8542 A
lines, and the Milne-Eddington inversion to the Fel 6173 A
line. We then compare the morphologies and field strengths of
the inferred LOS magnetic field maps with the true fields in the
3D rMHD model.

2. Modeling the Polarization Profiles of the Ha, Call
8542A and Fel 6173 A Lines

To model the polarization profiles of the Ha line in 3D, we
have used a publicly available enhanced network simulation
(M. Carlsson et al. 2016) computed using the Bifrost Code
(B. V. Gudiksen et al. 2011). This simulation used an equation
of state that includes the effects of nonequilibrium ionization
of hydrogen. Using the simulation, we computed the hydrogen
level populations using the Multi3d code (J. Leenaarts &
M. Carlsson 2009), assuming a six-level hydrogen atom (five
bound n levels plus continuum), the same as those used in the
J. Leenaarts et al. (2012) study. While the version of Multi3d
we used can compute intensity profiles in 3D, it does not
handle polarization. Additionally, to compute polarization,
fine-structure (nlj) states of n levels must be included in
the computation. The Ha line is a combination of seven
transitions between the fine-structure states of n = 3 ton = 2,
as shown in Figure 1. To account for this, we redistributed the
populations into a nine-level hydrogen atom, as illustrated in
Figure 1. The population of each n level was redistributed
across the fine-structure nlj states in proportion to their
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Figure 1. Grotrian diagram of hydrogen atom, showing the Ha line is a
combination of seven transitions. The solid red-colored transitions correspond
to the Ha line, while the dotted blue-colored transitions correspond to Lya and
the dashed gray-colored transitions correspond to the Ly line.

statistical weights, ensuring that the density matrix elements of
all nlj states corresponding to the same n level remained the
same. These populations were then held constant for the
subsequent calculation of polarization profiles, an approach
known as the “field-free” approximation. We used the
collisional rates given by N. Przybilla & K. Butler (2004)
for this model hydrogen atom. This model atom is then used
with the Rybicki and Hummer (RH) code (H. Uitenbroek
2001) on a column-by-column basis (also known as 1.5D
approximation) to do just the formal solution to calculate the
emergent intensity and polarization profiles along the LOS at

= 1. We reiterate that the above step done using the RH code
d1d not modify the level populations.

To calculate the polarization profiles of the Fe 16173 A and
Call 8542 A lines, the RH code is again used under the 1.5D
approximation. The Fel 6173 A is synthesized using Kurucz
data (R. L. Kurucz 2011) under the local thermodynamic
equilibrium (LTE) approximation. Recent studies have
inferred the LOS magnetic field from the Fel 6173 A line
using the LTE approximation (e.g. A. Pastor Yabar et al. 2020;
R. Yadav et al. 2021; J. Joshi & L. H. M. Rouppe van der
Voort 2022; H. Mathur et al. 2022). However, we note that
H. N. Smitha et al. (2023), using a realistic 3D rMHD
simulation of a nongray sunspot cube (M. Rempel 2012)
generated with the MURaM code (A. Vogler et al. 2005),
showed that LTE approximation may lead to underestimating
the LOS magnetic field. The Call IR lines were synthesized
with the complete redistribution approximation using a six-
level Call atom. The polarization profiles of the CaIl 8542 A
line were also synthesized in field-free approximation, because
we do not expect the magnetic field to influence the
populations. While solving the radiative transfer for the Call
8542 A and Fe1 6173 A lines, the populations of the nlj levels
of the hydrogen atom were kept fixed to the populations
calculated from the Multi3d code, as explained in the previous
paragraph.

3. Description of Synthetic Stokes I and V Maps and
Profiles of the Ho Line

Figure 2 shows the synthesized intensity and Stokes V/I.
maps in the Fe1 6173 A Cal 8542 A and Ha lines. Here, I,
represents the median 1nten51ty calculated separately for each
spectral line across a region in the field of view with no
magnetic activity, at a wavelength point —4 A away from the
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Figure 2. Synthetic Stokes //1. and Stokes V/I. maps. The Stokes /. maps in the top row (panels (a),(c), and (e)) are shown at the line core of the Fe 1 6173 A,
Ca18542 A , and Ha lines. Panels (b) and (d) represent Stokes V/I. at —0.5 A and —0.1 A for the Fe 16173 A and Ca 11 8542 A line, respectively. The top-right
diagonal half of panel (f) displays the Stokes V/I. image at —0.5 A from the Ha line core, while the bottom-left diagonal half presents the Stokes V/I. image at
—0.1 A from the Ha line core. Spectral profiles at a few selected pixels are shown in Figure 3.

line center for the Call 8542 A and Ha lines, and —2A away
from the line center for the FeI 6173 A line. The Stokes I/1.

image for the Fe 16173 A line core displays a reverse granulation
pattern, while the Stokes V/I. image reveals the structure of the
magnetic field network and magnetic field concentrated in
intergranular lanes (see panels (a) and (b)), with a maximum
amplitude of about 36%. For the Call 8542 A line core, the
Stokes I/1. image captures the chromospheric fibrilar structure,
whereas the Stokes V/I, image depicts a diffuse magnetic field
structure indicative of the chromosphere (see panels (c) and (d)),
with a maximum amplitude of approximately 9.5%. In the Ho
line core, the Stokes /1. image resembles the top-left panel of
Figure 7 from J. Leenaarts et al. (2012). The Stokes V/I. map of
the Ha line core at the wavelength position corresponding to the
maximum amplitude of the Stokes V/I. profiles (see Figure 3),

—0.5 A, is shown in the top-right diagonal half of panel (f). This
map exhibits a pattern similar to the network fields found in the
simulation, with a maximum amplitude of 6.5%. The map at
—0.1 A in the bottom-left diagonal half of panel (f) shows a more
diffuse structure than that in the Stokes V/I. map (panel (d)) for
the Ca I 8542 A line. The V/I. map at —0.1 A in the Ha line has
a maximum amplitude of 0.2%. To compare with active region
observations reported in H. Mathur et al. (2024), the maximum
amplitude observed in the Stokes V/I. profiles of the Ha line at
the wavelength position corresponding to the maximum ampl-
itude of Stokes V was observed to be 3%.

The spectral profiles of four selected pixels, marked by “A,”
“B,” “C,” and “D” in Figure 2, are shown in Figure 3. The
Stokes I/I. profiles for the Call 8542 A and Ho lines are
plotted in the first and third columns, respectively, while the
Stokes V/I. profiles for these lines are presented in the second
and fourth columns. Additionally, the derivative of the Stokes
Il (@
Stokes V/I. profiles. The stratification of the LOS magnetic
field of these four pixels is shown in panels (A), (B), (C), and
(D) of Figure 8 of Appendix A, respectively. In this
simulation, the LOS magnetic field follows the convention
whereby positive values indicate an outward-directed field,
consistent with the positive direction of the z-axis.

The spectral profiles shown in blue color, pixel “A,” represent
a pixel where the LOS magnetic field consistently has a negative
sign throughout all heights of the atmosphere. Notably, the
Stokes V/IC profile of the Call 8542 A line exhibits multiple
lobes and sign changes from the wings to the core, which might
give an impression that magnetic field polarity is reversed from
the photosphere to the chromosphere. However, this sign
change aligns with the sign change in the derivative of Stokes
I/I. of the Ca1l 8542 A line, indicating no change in magnetic
polarity with height. The Stokes /1. profiles of the Ha line
display nominal absorption, and the blue wing of the Stokes
V/I. profile for the Ha line shows a negative sign, accurately
indicating the pixel’s negative magnetic field polarity.
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Figure 3. Stokes //I. and V/I, profiles of a few selected pixels. The amplitudes of Stokes //I. and Stokes V/I. are marked by ticks on the left axis of each of the
subplots. The dashed lines show the derivative of the Stokes //I. with the sign changed, to compare with the Stokes V/I. . The scale of the derivatives is not shown.

The spectral profiles shown in green color, pixel “B,”
represent a pixel where the LOS magnetic field consistently
has a positive sign. The Stokes /, /1. profiles of both the Call
8542 A and Ho lines show nominal absorption, and the blue
wing of the Stokes V/I. profiles shows a positive sign,
accurately indicating the pixel’s positive magnetic polarity.

The spectral profiles shown in brown color, pixel “C,” represent
a pixel where the LOS magnetic field is positive in the lower
photospheric layers (log 7599 > —1.8) and negative in the upper
photospheric and chromospheric layers (log7sgp < —1.8). The
corresponding Call 8542 A Stokes V/I. profile is complex,
showing multiple lobes. The blue lobe of the Stokes V/I. profile
for the CalI 8542 A line shows only a negative sign, which does
not reflect the positive polarity of the lower photosphere.
However, it is possible that a signature of the lower photospheric
magnetic field might be hidden in this complex profile. Or it may
also be possible that the wings of the Call 8542 A line probe
higher photospheric heights than those probed by the Fe 6173 A
line. In contrast, the Ho line has a typical two-lobed Stokes V/I,
profile. Moreover, the sign of Stokes V/I. profiles shifts from
positive to negative around ~—0.5 A, clearly indicating that the
Ha line is capturing magnetic polarity reversal with height with
wings sampling the photospheric fields, while the line core
samples the chromospheric fields.

The spectral profiles shown in red, pixel “D,” correspond to
a pixel where the LOS magnetic field exhibits a negative sign

in the lower chromospheric layers (log 7509 ~ —5) and a positive
sign in the upper chromospheric layers (log 7509 ~ —5.7). The
blue lobe of the Stokes V/I. profile of the Call 8542 A line
displays a negative sign, indicating that it samples the lower
chromospheric layers. Interestingly, the blue lobe of the
Stokes V/I. profile of the Ha line shows a positive sign,
suggesting that the Ha line may probe magnetic fields at
higher chromospheric heights than those sampled by the Call
8542 A line.

4. Methods of Analysis
4.1. Weak-field Approximation

The apparent LOS magnetic field of the Ca Il 8542 A line and
Ha was inferred using the WFA method. We have used a
spatially coupled version of WFA developed by R. Morosin et al.
(2020), which imposes spatial coherency in the WFA results.
The magnetic field for the Call 8542 A line core and the Ho
line core was calculated within the wavelength range of +0.25 A
and +0.15 A, respectively. Using a narrower wavelength range
(closer to line core) for the Call 8542 A line does not result in
sensitivity to magnetic fields higher up in the atmosphere, but it
makes the measurement more noisy, so we opted to use £0.25 A
for this line. As discussed in Section 3, the Stokes V map at the
wavelength position where the amplitude of the Stokes V profile
of the Ha line is maximum, —0.5 A, resembles network fields,



THE ASTROPHYSICAL JOURNAL LETTERS, 987:1.39 (12pp), 2025 July 10

Bl B.os Fel 6173 A

] BLOS Call [—2, —1] A

Mathur et al.

] BLOS Call 1025A ] BLOS Ha Wing ] BLOS Ha core

l == L bt -
————— | —— e ,g"—,r”’ ”,¢
SsAL S 5 -7
FEEEEEEEEEEEEERYJaLL T Nl P .z -7 —_
kN . i , el
S F 427 P ’ [F]
— ~ S P 7’ 7’ c
° A 7,7 7 n
= - N G ra
0.8 7 7 ©
o X ’
©
0 N A 7
= s, =
~ Vs ’
) ~ S / / <]
. ~ 7 Z o
[ < S LKAz T -7
(9] ~ 7’ / . <
S ~ 4 ya s
= N ~ 2,/ / g
2 Js /7 { / 1 o
= ~ Vi -,
Y - ~ N V3 3 Y
% 0.6 fy o4 e S £
(@] N ya / ’ I}
A 7/ 4 4 4
O N Vi / / ’
\ 27 ’ ie]
c - N PR 4 4 (7]
o N 0, VRN ’ + ju
i \\ ,/ v’ /7 \\ 7/ P ©
@© NP yid N % =]
< _ x L ~ s o
v 0.4 - P 7 ; RES PR wn
[ =S I b T N0 s \\ /
o Al , V3 pa // ~-9-- C
(@) TS~ s 20 / g
c 1T — 7 1T =< P e A (g s
(] T™e 7, -7 S~
0 RS RARR AN ko]
N R ~e_ % 2l b}
© 0.2 4 =~ SH-Q N
g N e pid =
e et T \N\ L g
S~ S~ 7’ ,
~ -
-1 S e /’ td =
S SSola-” (]
~ > =
r-e--
0+ B e e R e e I e B e e R e e I e I e B e e
log Tso0

Figure 4. Pearson correlation (solids) and normalized mean squared difference
values.

thus showing a significant photospheric contribution. Thus, we
have chosen +£0.15 A as the wavelength range representing the
core of the Ha line. Moreover, choosing a broader wavelength
range for the WFA of the Ha line results in a photospheric
contribution visible in the magnetic field maps. Whereas, the
magnetic field for the wings of the CaII 8542 A line and the Ha
line was determined over the wavelength ranges of [-2, —1] A
and [+0.35, +1.5] A, respectively. More details about applying
the WFA on the Call 8542 A and Ha lines can be found in
H. Mathur et al. (2023, 2024).

4.2. Milne-Eddington Inversion

We performed Milne-Eddington inversions (see J. C. del
Toro Iniesta 2007) of the Fel 6173 A Stokes profiles to infer
the By os utlhzmg pyMilne code, a parallel C++/Python
implementation® (J. de la Cruz Rodriguez 2019).

4.3. Response Functions

We calculated the response functions to the Bjps by
perturbing the LOS magnetic field at various heights and
synthesized the profiles for those perturbed atmospheres. To
calculate response functions, “+” and “—" perturbations (Ax)
are applied to the Bios at each height (h), resulting in the
synthesized spectral line Stokes profiles, S* and S,
respectively. The response of the By og at each height is then
determined by

St —S-
2*Ax

We do not expect the magnetic field to influence the level
populations; thus, for the Ha line, we do not perform any

RFp (1, N) = (1)

4 hutps: //github.com/jaimedelacruz/pyMilne

(dashed) of the inferred magnetic fields with the 3D rMHD model at different log 7500

iterations in the RH code, as explained in Section 2. Instead,
we directly apply the formal solution to compute the emergent
intensity and polarization profiles for the perturbed atmo-
spheres. For the Call 8542 A and Fe1 6173 A lines, we reran
the RH 1.5D code for each of the perturbed atmospheres,
because it was easier that way.

5. Results and Discussions

5.1. Mapping Atmospheric Layers: Magnetic Field Sensitivity
of the Ho. Line

One of the primary objectives of this study is to determine
the atmospheric height at which the Ha line exhibits
sensitivity to the magnetic field. Additionally, we explore the
Ha line as a probe of the magnetic field and compare its
response with the Ca Il 8542 A and Fe16173 A lines to assess
their diagnostic potential across different atmospheric layers.
We compared the LOS magnetic field maps retrieved from all
three lines deploying various methods described in Section 4
to the actual magnetic field at different optical depths in the
simulation. Figure 4 represents the Pearson correlation
coefficients between the inferred LOS magnetic fields maps
and the LOS magnetic field maps at different log 7509 values in
the 3D rMHD simulation. Additionally, the normalized mean
squared difference between the inferred LOS magnetic fields
and the 3D rMHD model at different log 750y values is also
shown. A higher Pearson correlation coefficient indicates a
stronger spatial correlation between the inferred magnetic field
maps and those from the 3D rMHD model. Conversely, lower
values of mean squared difference reflect a closer match
between the inferred magnetic field amplitude and the model.

The blue-colored curve represents the LOS magnetic field
derived from the Fe16173 A line, showing the highest spatial
correlation with the 3D rMHD model at log 7590 = —1.2 and


https://github.com/jaimedelacruz/pyMilne

THE ASTROPHYSICAL JOURNAL LETTERS, 987:1.39 (12pp), 2025 July 10

the lowest mean squared difference at log 7509 = —1.3. This
aligns with the well-established understanding that Fel lines
typically sample the photospheric magnetic field (R. J. Rutten &
R. I. Kostik 1982; R. J. Rutten 1988). The green-colored curve
corresponds to the magnetic field map inferred using WFA from
the wings of the Call 8542 A line, with maximum Pearson
correlation at log 7500 = —2.6 and the lowest mean squared
difference at log 7590 = —2.5. In earlier studies using semi-
empirical models (E. H. Avrett 1985; J. M. Fontenla et al.
1993) R. Centeno (2018) identified that the wings of the Call
8542 A line sample photosphenc layers around log 7509 ~ —1.4.
This discrepancy may arise because R. Centeno (2018)
employed a semiempirical model that does not inherently
include a magnetic field and applied different magnetic field
stratifications in their analysis, whereas our study utilizes a
realistic 3D rMHD model.

The black-colored curve reflects the maps derived from the
core of the Call 8542 A line, having the highest spatial
correlation and minimum mean squared difference at
log 7500 = —5.1. According to R. Centeno (2018), the core of
the Call 8542 A line is sensmve around log 7509 = —5.3.

In contrast to the Fel 6173 A and Call 8542 A lines, the
magnetic field map retrieved from the wings of the Ha line
(brown curve) shows spatial correlation and the lowest mean
squared difference at notably different log 7599 values, specifi-
cally —3 and —4.2, respectively. The higher spatial correlation
at log 75090 = —3 suggests influence from the upper photospheric
or lower chromospheric layers, while the minimum mean
squared difference at log 7509 = —4.2 indicates some contrib-
ution from even higher layers. Therefore, it suggests that the
magnetic field inferred from the Ha wings might sample a
range of the atmospheric layers, making its interpretation more
complex. The core of the Ha line shows the highest spatial
correlation and lowest mean squared difference both at
log 7500 = —5.7, suggesting that the LOS magnetic field maps
inferred from the Ha line core consistently probe chromo-
spheric magnetic fields at greater heights than those probed by
the Call 8542 A line core (log 1500 = —5.1).

With the above analysis, we conclude that the Ha line core
and wings sample the LOS magnetic field around
log 500 = —5.7 and log 7509 = —3.0, respectively. In compar-
ison, the Call 8542 A line core and wings are more sensitive
to the LOS magnetic field around logmsgo=—5.1 and
log 7500 = —2.6, respectively. The LOS magnetic field inferred
using the Milne-Eddington inversion of the Fel 6173 A line
represents the magnetic field at log 7509 = —1.2. In Figures 5
and 6, we compare the LOS magnetic field maps inferred from
the synthetic observables with that of the ground truth, the 3D
rMHD model. The morphology of the LOS magnetic field
derived from FeI 6173 A, as well as from the wings and core
of the Ca11 8542 A line, ahgns closely with the LOS magnetic
field maps at layers where the Pearson correlation is highest.
The scatter plots in the third column indicate that the inferred
amplitudes correspond well with the model, with slopes close
to unity. The rms differences between the inferred maps and
the 3D rMHD model are 40 G for Fel 6173 A, 20 G for the
wings of Call 8542 A, and 10 G for the core of Call 8542 A .

The LOS magnetic field inferred from the wings of the Ha
line shows a weak correlation with the layer at which the
Pearson correlation is highest, especially when compared to
the maps derived from the Fe 16173 A and Call 8542 A lines,
and exhibits lower amplitudes than the 3D rMHD model. This
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finding is also reflected in the scatter plot in the third column,
which displays a significant scatter and a slope of around 0.5.
However, the rms differences, approximately 40 G, are
comparable to those in the maps inferred from the Fel 6173 A
and Call 8542A lines. The correlation with the lower
chromospheric/upper photospheric layers, log 7500 = —3, though
with lower field amplitudes, suggests the contribution of
photospheric fields in addition to chromospheric fields within
the Stokes V profiles of the wings of the Ha line.

The LOS magnetic field maps inferred from the core of the
Ha line, unlike those from the wings, exhibit a strong spatial
correlation and similar amplitudes to the log 7509 = —5.7 layer
of the 3D rMHD model. This is also evident in the scatter plot
in the third column, which shows a unity slope and rms
differences of just 3 G. This result strongly supports the
hypothesis that the core of the Ha line consistently probes the
chromospheric magnetic field at higher layers than the Call
8542 A line, which probes log Ts00 ~ —3.

To assess the effect of noise in high-resolution ground-based
solar observations, we simulate realistic noise conditions and
re-infer magnetic fields using the WFA. While the Ha: maps
appear noisier due to weaker polarization signals, the magnetic
structures remain discernible, with an rms error of 18 G, and
the scatter decreases with increasing field strength—indicating
strong potential for application in active regions. More details
are provided in Appendix B.

5.2. Analysis of Response Functions and Formation Height of
Polarization Profiles of the Ho Line

To determine the optical depths (heights) where the Stokes V
profile of the Ha line is most sensitive to the LOS magnetic
field, we analyzed the response functions of the Ho, Call
8542 A, and Fe1 6173 A lines for a few representative pixels
marked in Figure 2. The maximum response of these lines
occurs at different log 7599 values: Ha line core at —5.9 to
~5.6,Cal18542 A line at —5.7 to —5.1, and Fe 16173 A line at
—1.2. For pixels with simple magnetic field stratification (the
same polarity across heights), the inferred LOS magnetic field
closely matches the rMHD model at log 7599 with maximum
response. However, for pixels with complex stratification (steep
gradients and polarity reversals), the inferred field remains close
to the rMHD model but may differ from the value of tMHD
model at the log 750y with maximum response. This shift is
attributed to the complex Stokes I and V profiles observed in
these regions. The temperature structure and the velocity fields
may have contributed to the formation of such profiles in
addition to the stratification of the LOS magnetic fields. Overall,
the analysis shows that the Stokes V profiles of the Ha line core
are sensitive to magnetic field perturbations at higher atmo-
spheric layers than those of the Ca 1l 8542 Aline. Consequently,
the Ho line core probes the LOS magnetic field at higher layers
than that inferred from the Call 8542A line. A detailed
analysis, including the response functions and magnetic field
stratifications for individual pixels, is provided in Appendix A.

In Figure 7, we show a histogram of the difference between
the height at log 7509 = —5.7 and the height at log 75090 = —5.1.
This difference can be as minimal as 100 km and can be as
high as 1800 km. On average, the difference is about 500 km.
This clearly shows that the Stokes V profiles of the Ha line
core form on average 500km above those of the Call
8542 A line.
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Figure 5. Comparison of magnetic fields inferred from Fe I 6173 A and Cal1 8542 A lines with those of the 3D rMHD model. The first column shows magnetic
field maps derived from synthetic observables. The second column displays LOS magnetic field maps from the 3D rMHD model at the atmospheric layer at which
the corresponding maps in the first column show the best correlation (see Figure 4). The final column presents a 2D histogram between the maps in the first and
second columns. The slope of the linear regression of the scatter plot in the third column is indicated by m, and rms indicates the rms of the difference between the

two values.

6. Summary and Conclusions

We have investigated whether the Stokes 7 and V profiles of
the Ha line probe the chromospheric magnetic field. We
modeled the Stokes / and V profiles of the Ha line using 3D
radiative transfer using the field-free approximation and
compared the LOS magnetic field inferred with the 3D rMHD
model used. In addition to the Ha line, we have alsoo
synthesized the Stokes I and V profiles of the Call 8542 A
and Fel 6173 A lines, for comparison.

The Pearson correlation coefficient between the LOS magnetic
field map inferred from the Hov line core and the tMHD model is
highest at log 7500 = —5.7, whereas for the Call 8542 A line
core, the highest correlation occurs at log 7500 = —5.1. This is
clear evidence in support of conclusions from earlier observa-
tional studies, H. Mathur et al. (2023) and H. Mathur et al.
(2024), that the Ha line core consistently probes the chromo-
spheric magnetic field at higher layers than the Call 8542 A line.

The changes in the polarity of the LOS magnetic field across
different layers of the solar atmosphere are reflected on the
Stokes V profiles of the Ho and Call 8542 A lines. When the
magnetic field changes sign from the photosphere to the
chromosphere, we observe that the sign of the Stokes V also
changes from the line wings to the line core. Similarly, and
interestingly, when there was a change in polarity at different
heights of the solar chromosphere, the blue lobes of the Stokes V
profiles of the Hoe and Ca 11 8542 A line cores had different signs.

In contrast to the Ha line core, the map of the LOS
magnetic field inferred from the wings of the Ha line had
higher spatial correlation at log7sgo = —3, whereas the
minimum mean squared difference was at log 7590 = —4.2.
This suggests that the Ha line wings have significant
contributions from both photosphere and chromospheric
heights, making it challenging to interpret.

The study of the response functions also confirms that the
maximum sensitivity of the Stokes V profiles of the Ha line
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Figure 7. Histogram showing the difference in height of formation between
the Ha (log7s0 = —5.7) and Ca 1l (log 7500 = —5.1) line.

core to the perturbations of the LOS magnetic field is at higher
atmospheric layers (log7sgp € [—5.9, —5.6]) than the Call
8542 A line (log 7500 € [—5.7, —5.1]). On average, the Stokes
V profiles of the Ha line core form about +500 km above the
Stokes V profiles of the Call 8542 A line, ranging from +100
to +1800 km. Adding noise at the level of 1071, produces
noisier Hae polarization maps, but we find that most simulated
magnetic structures remain visible. The method is robust even
for weaker fields.

In summary, the Stokes V profiles of the Ha line core
always probe the chromospheric magnetic field at higher layers
than the Ca 11 8542 A line. Spectropolarimetric observations of
the Hov line, when recorded simultaneously with widely used
chromospheric diagnostics such as the Call 8542 A line, can
provide complementary insights into the stratification of the

magnetic field by probing the LOS magnetic field at higher
layers than the Call 8542 A line. Instruments like the Visible
Spectro-Polarimeter (A. G. de Wijn et al. 2022) on the Daniel
K. Inouye Solar Telescope (T. R. Rimmele et al. 2020) offer
the capability to conduct such simultaneous observations.
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Appendix A
Detailed Analysis of Response Functions

To determine the optical depths (heights) at which the
Stokes V profile of the Ha line is most sensitive to the
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magnetic field, we have analyzed the response of the Stokes V
profiles to the perturbations of the LOS magnetic field. The
details about the calculation of the response functions are
mentioned in Section 4.3. In Figure 8, we show wavelength-
integrated response functions of the Stokes V profiles to the
perturbations of the LOS magnetic field for the Fel 6173 A
(green-colored curve) line, Call 8542 A (blue-colored curve)
line, and the Ha (red-colored curve) line, for the four selected
pixels marked in Figure 2. The integration wavelength range is
set to +0.1 A for the Fe16173 A line, £0.25 A for the Canl
8542 A line, and £0.15 A for the Ha line. For comparison,
the stratification of the LOS magnetic field from the 3D rMHD
model is overplotted (brown-colored curve), and the scale is
marked on the right axis. The magnetic field values inferred
from the synthetic spectral profiles of the Ha, Call 8542 A,
and FeI 6173 A lines with filled circles at the log 1509 values
with the closest match to the rMHD model are also indicated.

In panels (A) and (B), we show the response functions of the
Stokes V profiles to the perturbations of the LOS magnetic
field for pixels where the magnetic field has consistently
positive (or negative) polarity across all atmospheric heights.
The Ha line exhibits its peak sensitivity to LOS magnetic field

log Ts00

perturbations at log 7500 = —5.6, while the Call 8542 A line
reaches its maximum response at log 7509 = —5.1. For the Fel
6173 A line, the peak response occurs at log 7500 = —1.2. The
LOS magnetic fields inferred from the Ha, Call 8542 A, and
Fe16173 A lines closely match the values of the rMHD model
at the logmyyy values at which their respective response
functions are maximum.

The atmospheres of the remaining two selected pixels exhibit
complex LOS magnetic field stratification, characterized by
steep gradients and polarity changes with height, as shown in
panels (C) and (D). In the atmosphere of the pixel shown in
panel (C), the LOS magnetic field is positive in the lower
photospheric layers (log 7509 > —1.8) and negative in the upper
photospheric and chromospheric layers (log 7509 < —1.8). Con-
versely, in the atmosphere of the pixel shown in panel (D), the
LOS magnetic field is negative in the photosphere and lower
chromosphere (log 7500 > —5.4) and positive in the upper
chromosphere (log 7509 < —5.4).

In the case shown in panel (C), where the LOS magnetic
field exhibits opposite polarities in the lower photosphere
and chromosphere, the Ho and Call 8542 A lines exhibit
peak responses to LOS magnetic field perturbations around
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log 7500 = —5.8 and —5.7, respectively. Additionally, the Ha
line displays a notable response around log 750o = —3.5. The
Fel 6173 A line peaks around log 7599 = —1.2. The inferred
LOS magnetic fields from the Ha, Call 8542 A, and Fel
6173 A lines closely match with the rMHD model; however,
they differ from the values of the rMHD model at log 75,
where the corresponding response is maximum.

For the case shown in panel (D), where the LOS magnetic
field has opposite polarities in the lower and upper chromo-
sphere, the Hav line exhibits peak response to LOS magnetic
field perturbations at log 7500 = —5.9, while the Call 8542 A
and the Fel 6173 A lines peak at log 7500 = —5.1 and —0.8,
respectively. Similar to the scenario depicted in panel (C), the
LOS magnetic field values inferred from the Ha, Call
8542 A, and Fel 6173 A lines are different compared to the
value of the rMHD model at log 7509, where their respective
response functions are maximum.

As discussed in Section 5.1 and shown in Figure 4, the LOS
magnetic field map inferred from the Ha line core closely
corresponds to the rMHD model at log 7590 = —5.7. However,
the analysis of the response functions suggests that, for
individual pixels, the maximum response of the Stokes V
profile to LOS magnetic field perturbations can occur at
different log 750, values, depending on the magnetic field
stratification.

For relatively simple stratifications, where the LOS magn-
etic field maintains the same polarity with height, the inferred
magnetic field closely matches the value of the rMHD model
at log 7500, where the response is maximum. In contrast, for
pixels with complex stratification—characterized by steep
gradients and polarity reversals—the inferred LOS magnetic
field remains close to the rMHD model but may be different
from the value of the rMHD model at log7sy with the
maximum response. This discrepancy may result from the
complex Stokes I and V profiles observed for these pixels; see
the brown- and red-colored Stokes I/I. and Stokes V/I.
profiles of the Call 8542 A line of Figure 3. In addition to the
complex LOS magnetic field stratification, the temperature
structure and the velocity fields may have contributed to the
formation of such profiles. Interestingly, for the pixel in panel
(D), restricting the WFA analysis of the Call 8542 A line to
only the blue wing range ([—0.25, 0] A) yields a LOS magnetic
field of approximately —20 G, which corresponds to the value of
the rMHD model at the log 7599 of maximum response (—5.1).
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Overall, the response function analysis clearly demonstrates
that the maximum response of the Stokes V profiles of the Ha
line to the perturbations of the LOS magnetic field occurs at
higher atmospheric layers than that of the Call 8542 A line.
Consequently, the LOS magnetic fields inferred from the
Stokes V profiles of the Ha line core are from higher
atmospheric layers compared to those inferred from Call
8542 A line.

Appendix B
Validation of WFA under Simulated Noise Conditions

To estimate the effect of noise in high-resolution ground-
based observations, we introduce Gaussian noise with a
standard deviation of o = 107°I, into the synthetic Stokes
profiles and re-infer the LOS magnetic field maps using the
WFA, following the same procedure as in Figures 5 and 6.
Figure 9 displays the resulting inferred maps, accompanied by
scatter plots comparing the fields retrieved from the noise-free
and noise-degraded profiles. For the Call 8542 A line, the
magnetic field maps derived from the noise-degraded profiles
show minimal deviation from those obtained in the noise-free
case. This robustness is likely due to the relatively stronger
Stokes V/I. signals in the Call 8542 A line, which reach
amplitudes of approximately 10%. In contrast, the Ha maps
exhibit significantly more noise when inferred from noise-
degraded profiles. We attribute this to the inherently weaker
Stokes V/I. amplitudes in the Ha line, which are on the
order of ~0.2%. Despite the increased noise, the underlying
magnetic structures remain discernible and coherent. The rms
error between the noise-degraded and noise-free maps in the Ho
case is found to be 18 G. Notably, the scatter decreases with
increasing field strength. It is important to highlight that the
noisiness of the Ha magnetic field map primarily arises from
the properties of the underlying simulation, which models an
enhanced network quiet-Sun atmosphere with maximum field
strengths of only ~110 G at log 7500 = —5.7. In observational
scenarios involving stronger magnetic fields, such as active
regions studied by H. Mathur et al. (2023, 2024), where
chromospheric field strengths can reach 500-1000 G, the
polarization signals would be substantially stronger and more
reliably detected.
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