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Abstract

We investigated the diagnostic potential of the Stokes V profile of the Ha line to probe the chromospheric line-of-
sight (LOS) magnetic field (BLos) by comparing the By og inferred from the weak field approximation (WFA) with
that inferred from the multiline inversions of the Call 8542 A, Si18536 A, and Fe 18538 A lines using the STiC
inversion code. Simultaneous spectropolarimetric observations of a pore in the Ca Il 8542 A and Ha spectral lines
obtained from the SPINOR at the Dunn Solar Telescope on 2008 December 4 are used in this study. The WFA was
applied on the Stokes/ and V profiles of Haline over three wavelength ranges, viz., around line core
(AXN=£0.35 A) line wings (AA=[-1.5, —0.6], and [+0.6, +1.5] A) and full spectral range of the line
(AX==%15 A) to derive the Bjos. We found the maximum By g strengths of ~+800 and ~+4600 G at
log 7500 = —1 and —4.5, respectively, in the pore. The morphological map of the By og inferred from the Ho line
core is similar to the By og map at log 7509 = —4.5 inferred from multiline inversions. The By o map inferred from
the Haline wings and full spectral range have a similar morphological structure to the By os map inferred at
log 7500 = —1. The By os estimated from Ha using WFA is weaker by a factor of ~0.53 than that of inferred from
the multiline inversions.

Unified Astronomy Thesaurus concepts: Spectropolarimetry (1973); Radiative transfer (1335); Solar chromosphere

(1479); Solar magnetic fields (1503)

1. Introduction

Between the bright solar surface and the million degrees hot
corona, the chromosphere is one of the most dynamic and
complex layers of the solar atmosphere. Understanding the
magnetic coupling of the chromosphere with the photosphere,
transition region, and corona may reveal how mass and energy
are supplied to the corona and heliosphere. Therefore,
simultaneous magnetic field measurements at multiple heights
of the solar atmosphere are important.

Magnetic field measurements in the photosphere are
routinely made, and significant progress has been made in
the techniques that allow for chromospheric magnetic field
measurements. The most widely used lines to probe the
magnetic field of the solar chromosphere are the Call 8542 A
and He 110830 A lines (Lagg et al. 2017). While using these
lines to probe the chromospheric magnetic field has its
advantages, like the relatively well-understood line formation,
and they can be interpreted utilizing nonlocal thermodynamic
equilibrium (non-LTE) inversion codes (e.g., Socas-Navarro
et al. 2000a; Asensio Ramos et al. 2008; de la Cruz Rodriguez
et al. 2016, 2019; Ruiz Cobo et al. 2022), they also have some
limitations. The He 110830 A line forms in a narrow range of
heights in the upper chromosphere and line formation depends
on coronal and transition region EUV radiation (Andretta &
Jones 1997; Leenaarts et al. 2016). The Ca 11 8542 A line forms
from the upper photosphere to the mid-chromosphere,
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however, the Call ion gets ionized to the Calll ion in flaring
regions, and hence the Call 8542 A line itself may sample
deeper layers of the solar atmosphere (Kerr et al. 2016; Kuridze
et al. 2018; Bjgrgen et al. 2019).

On the other hand, the Ha line seems to probe a relatively
wider temperature range. Carlsson & Stein (2002) have shown
that the Ha opacity in the upper chromosphere is determined
by the ionization degree and radiation field. Using 3D radiative
transfer calculations, Leenaarts et al. (2012a) have shown that
ionization degree and the radiation field are insensitive to local
temperature variations over time but are determined by mass
density. More recently, Bjgrgen et al. (2019) have also
confirmed that the Haline retains opacity even in flaring
active regions by synthesizing spectra using a 3D rMHD
simulation. Therefore, the Ha line always retains opacity in the
chromosphere.

In spite of the diagnostic capabilities of the Ha line, very few
spectropolarimetric observations have been reported in the
literature. For example, Abdussamatov (1971) estimated
vertical magnetic field gradient using simultaneous measure-
ments of the Fe 16302.5 A and Ho lines. Simultaneous spectro-
polarimetric observations from the Ha line and lines of Fel
atom have been reported in the literature to compare the
photospheric and chromospheric magnetic fields in sunspots
(Balasubramaniam et al. 2004; Hanaoka 2005; Nagaraju et al.
2008). Radial variation of the line-of-sight magnetic field in the
chromosphere and photosphere of a sunspot were discussed by
Nagaraju et al. (2020a). Magnetic fields in prominences were
diagnosed using spectropolarimetric observations of the
Haline (Lopez Ariste et al. 2005). Jaume Bestard et al.
(2022) studied linear and circular polarization signals near the
north and south Solar Limb and inferred the LOS magnetic
field using the weak field approximation (WFA).
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The reason for so few spectropolarimetric observations of
the Ha line have been reported and why this has not been a
preferred line for the chromospheric magnetometry is because
it is challenging to model the Ha line. Though the Stokes V
signal is dominated by the Zeeman effect, both the intensity
and polarization profiles of this line are sensitive to the 3D
radiation field. Furthermore, in case of weakly magnetized
atmospheres, the Stokes Q and U signals are sensitive to atomic
polarization (Stépan & Trujillo Bueno 2010, 2011), making
this line difficult to model using the currently available
inversion codes which adopt 1.5D plane-parallel geometry. It
is also important to note that, in the weak field regime (when
Zeeman Splitting, A\g, is much smaller than the Doppler
width, AM\p), the amplitude of circular polarization is
proportional to the ratio of A)g to AMp, and the linear
polarization is proportional to the square of that ratio (for more
details, see page 405 of Landi Degl’Innocenti & Landolfi 2004).
This ratio, owing to the light weight of the hydrogen atom and
thus correspondingly large Doppler width, is typically small
compared to that in the case of heavier atoms like calcium.

In a study by Socas-Navarro & Uitenbroek (2004) who
calculated 1D response functions of Stokes parameters of the
Ha line and showed that it exhibits significant sensitivity to the
photospheric magnetic fields in addition to the chromospheric
magnetic fields. However, it has been shown by Leenaarts et al.
(2012a) that 1D radiative transfer is not a good approximation
to model the Ha line, treatment of radiative transfer in 3D is
necessary. When the radiative transfer is treated in 3D, the
Ha line traces the chromospheric magnetic features like fibrils,
and it has been shown that it is a good chromospheric
diagnostic. This finding is further supported by recent work by
Bjgrgen et al. (2019).

In this study, we explore the diagnostic potential of the
Haline to probe the chromospheric magnetic field using
spectropolarimetric observations simultaneously recorded in
the Haoand Ca118542 A lines. We compare the magnetic field
inferred using the WFA method on the Stokes I and V profiles
of the Haspectral line with the stratification (from the
photosphere to the chromosphere) of line-of-sight (LO$
magnetic field inferred using the inversions of the Call 8542 A
line using a non-LTE inversion code.

2. Observations

The observations were made with the Spectro-Polarimeter
for Infrared and Optical Regions (SPINOR: Socas-Navarro
et al. 2006) instrument at the Dunn Solar Telescope
(Dunn 1969) at the Sacramento Peak Observatory in the
Ho and Ca 11 8542 A lines simultaneously. The Fe 16569 A line
was recorded in the Ha spectrum and the 8118536A and
Fe18538 A lines were recorded in the Call 8542 A spectrum.
The spectral sampling of the Ho and Ca 11 8542 A lines data are
22mA and 33mA, respectively. The pixel scale corresponds
to ~0”38 on the solar surface along the slit. The observed field
of view (FOV) consists of a pore centered at north 283 and
east 1677 in the Stonyhurst heliographic coordinates system on
2008 December 4, starting at 15:35 UT with a viewing angle
cos = pn = 0.8 . Here, 6 is the angle between the LOS
direction and the local surface normal. Twenty spectropolari-
metric raster scans of 20 slit positions with a step size of 07375
were recorded; however, only four scans had good seeing
conditions, and only the first scan is used in this study.
Adaptive optics (AO; Rimmele 2000) were used during the
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observations. The data were corrected for dark- and flat-field
variations and instrumental polarization. The details are given
in Appendix A. In spite of strictly simultaneous observations,
there was a spatial shift, due to atmospheric refraction, between
the images at these two wavelengths, which were taken care of
by co-aligning the Ha data with the Ca 11 8542 A data by cross-
correlating the far-wing images of the Haand Call 8542 A
lines. T he signal-to-noise ratio (SNR) in the Ha data is higher
(5 x 10°) than in the Cal18542 A data (10%).

An overview of observations is shown in Figure 1. A pore
almost centrally located in the FOV can be seen in the far-wing
images of the Call 8542 A and Ha lines (see panels (a) and (b)
of Figure 1). The pore morphologically has a different shape in
the Cal18542 A and Halines and is brighter in the Ho line
core image (see panels (c) and (d) of Figure 1). Panels (e) and
(f) show the LOS magnetic field (Bros) inferred from the
Cal18542 A and Fe16569 A lines, respectively. More details
on the methods to infer the B g are discussed in Section 3.
There is an opposite polarity region near the pore visible in the
photosphere that is absent in the WFA Bjos map of the
chromosphere.

The quiet-Sun profiles for the Ha and the Ca It 8542 A lines
were calculated by averaging profiles of a few pixels in a
region away from the pore with negligible signal in the
Stokes V profiles. As explained in Appendix A, the wavelength
calibration was done by comparing the quiet-Sun profile with
the BASS 2000 atlas profile. The Call 8542 A and Ha data
were also corrected for spectral veil.

In the following paragraphs, we discuss a few selected
profiles that are chosen such that they show distinct features
from one another corresponding to various dynamics observed
in the FOV. In the top two panels of Figure 2, we present
sample spectral images of Stokes / and V corresponding to a slit
position marked by a brown line in Figure 1. In the bottom two
panels of Figure 2, we show a few profiles from selected spatial
locations marked using colored horizontal lines in the top two
panels. The left and right columns of panels correspond to the
Ca118542 A and Ha spectrum, respectively

There is a hint of enhancement in the intensity in the red
wing of the Ca II 8542 A line profile at 854238 A
(Av=+10.31 kms™ "), at slit position near ~4"2 with the
line core posmon (8542.04 A) slightly blueshifted (Av=
—1.5kms™") compared to the quiet-Sun profile (see violet-
colored profile). The corresponding Ha profile shows nominal
absorption. The violet-colored profile lies in the opposite
polarity region. The Stokes V profiles of the Call 8542 A and
Ha lines have a weak signal with sign opposite to that of the
Stokes V profile of the Fe 16569 A. There is hardly any signal
in the Stokes V profile of the Si18536 A and Fe18538 A lines
that is above the noise level. This is because, as noted above,
the SNR in Call 8542 A spectrum is about five times lower
compared to that of Ha spectrum.

The intensity profile of the Ca 11 8542 A line at slit posmon near
7”8 (blue-colored profile) shows emission in the blue wing at
8541.9 A (Av = —6. 56km s 1) and line core (8542.12 A) red-
shifted (Av=~+1.4kms™ "), signature of surge flow (more details
are discussed in K. Nagaraju et al. 2023, in preparation). The
corresponding Har and the wings of Ca Il 8542 A intensity profiles
also show red excursion compared to the quiet-Sun profile. The
Stokes V profile of the Call 8542 A line shows a sign reversal
compared to the Stokes V profile of the Fe 16569 A, which is not
due to change in the polarity of the magnetic field, but is due to
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Figure 1. Field of view with a pore in the center as observed by the Dunn Solar
Telescope on 2008 December 4: (a) far-wing image at an offset of —7 A from
the Ca Tl 8542 A line, (b) far-wing image at an offset of +7 A from the Ha line,
(c) Ca1 8542 A line core image, (d) Ha line core image. Panels (e) and (f)
show LOS magnetic field maps derived under weak field approximation from
the Call8542 A line within the spectral range of £0.25 A and Milne-
Eddington inversions of the Fe 1 6569 A line, respectively. The blue contours
show the location of the pore made using intensity thresholding on the far-wing
image of Ha line in panel (b). The green contours show the location of the
region with the negative polarity of the magnetic field seen in panel (f). The
arrow indicates the disk-center direction.

emission in the blue wing (Sanchez Almeida 1997). Such an
emission feature can only be caused by a change in the gradient of
the source function, which also affects the sign of the Stokes V
signal.
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A sample profile over the pore is shown in cyan color. The
Cal18542 A and Ha lines show asymmetric Stokes V profiles
with blue and red lobe amplitudes of (~9%, ~6%) and
(~1.3%, ~0.9%), respectively. In contrast, the 8118536A
Fe18538 A, and Fe16569 A lines show relatively symmetric
Stokes V' profiles of amplitudes ~1.6%, ~1%, and ~3.5%,
respectively

There is a hint of enhancement in the red wing of the
Cal18542 A line profile at the edge of the pore (yellow-colored
profile). The Stokes V profiles of the Call 8542 A and Ha lines
(similar to cyan-colored profile) show amplitude asymmetry.
This could be because of the presence of multiple Stokes
components within one resolution element (Socas-Navarro
et al. 2000b) or gradients in LOS velocity and magnetic field
(Sankarasubramanian & Rimmele 2002).

The brown-colored profile is an example of a quiescent
profile away from the pore region. The Stokes V amplitudes of
the Ca118542 A and Ha line profiles are similar (0.2%).

Figure 3 shows spectropolarimetric images and spectral
profiles for the slit position shown in green color in Figure 1
which passes over a location with stronger field within the
negative polarity region and the pore edge. The profiles over
the negative polarity region are shown in green and purple
colors. The Stokes V' amplitudes of the SiI8536 A and
Cal18542 A lines are ~0.7%. The green- and purple-colored
intensity profiles of the Call8542 A line are blueshifted by
about A\ = —0.04 and —0.02A (Av=—1.4 and 0.7kms "),
respectively, whereas there is no Doppler shift seen in the
Si18536 A and Fe18538A lines. The sign of the StokesV
profiles of the Si18536 A, Fe18538 A, and Fe 16569 A lines is
opposite to that of the sign of the Stokes V' profiles of the
CalI8542 A and Ha lines, which suggest that the StokesV
profile of the Ha line probes the chromospheric magnetic field.
This most probably is because the Haand Call 8542 A line
cores are sampling the canopy fields extending from a nearby
region and overlying the opposite polarity region. To further
demonstrate the existence of such field configuration, we show
in Figure 4 sample spectral images and profiles of the same
region but from a raster scan recorded at a later time (16:08
UT). As clearly seen in this figure, the sign of the Stokes V
profiles corresponding to the core of Ca Il 8542 A and Ha lines
are opposite to that of Stokes V profiles of the photospheric
lines viz., 8118536A Fe 18538 A and Fel6569 A (see
spectral images from 2” to 6”). On the other hand, the Stokes
profiles in the wings of the CaII 8542 A and Ha lines show the
polarity the same as that of the photospherlc lines. This is
consistent with the canopy field scenario as explained above
since the line wings of Ha and Call 8542 A lines form deeper
in the solar atmosphere, and hence the Stokes V profiles have
the same sign as that of the photospheric lines. However, as
noted before, under weak field conditions, the Stokes V profiles
change sign when the spectral features change from absorption
to emission or vice-versa. In order to make sure that the change
in sign of StokesV profiles from core to wing of the
chromospheric lines is actually because of the change in
polarity of the magnetic field but not due to change in spectral
features, we have over-plotted the first derivative of Stokes /
(ﬂ : the dotted green curves in the bottom panel of Figure 4
with the sign changed) over the Stokes V profiles. The reason
for doing this is that, under weak field conditions, the Stokes V
profile resembles Z—i profile (see Section 3.1). The comparison
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Figure 2. Sample Ca I 8542 A and Ho line profiles over one slit position located over the pore and surrounding region (marked by the brown dashed line in Figure 1).
The top two panels show the spectral images of Stokes / and V, respectively. A few selected profiles marked by colored dashed lines are plotted in the bottom two
panels. The quiet-Sun profile (gray dashed) is also shown in the intensity plots for comparison. For better visibility, the amplitudes of a few Stokes V profiles are
artificially multiplied by the factors as indicated in the respective panels.

between the Stokes V and Z—i profiles clearly demonstrate that The profile shown in maroon (Figure 3) is another example
the Stokes V sign change from core to wings of the chromo- of a proﬁlee in pore region. There is a red excursion in the
spheric lines is due to the change in the polarity of the magnetic Ca118542 A line wings and Ha line core profile corresponding
field but not due to change in the emission or absorption to a surge flow. The Stokes V profiles of the Call 8542 A, Ha,
features of Stokes /. and Fe 16569 A lines show amplitude asymmetry, and the blue



THE ASTROPHYSICAL JOURNAL, 946:38 (14pp), 2023 March 20 Mathur et al.

Intensity [Normalized]

1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
o 0.2 0.2
o,
IS VIl %]
§ ] X 9 9
2 201 ;
I : 6 ] ' 6
15 9 3 ] 3
] ; 0 ] 0
10 7 ! i 7 b‘
11 ' -3 4 -3
5] -6 ] . -6
-9 -9

11,

VI [%]
osJ | 0.6 -
05 _”\AWWWWMM 06 ]
0.4 1.0 4
0.4 -\/\WWWW -1.0
1.2 1 2.3 -_W
1.2 -/\/“M\f W 2.3

2.8 1 244
-2.82/V>?QV“WJ\[WM 24l \ﬁw‘
0.8/ 240
-0.8 VWMWWW 2.4 ,

T T LA LA A BB R B B T T T —T T T
8536 8538 8541 8542 8543 8544 6562 6563 6564 6569

Wavelength [A] Wavelength [A]

Vil [%]

Figure 3. Same as Figure 2 but for the slit passing through the region over negative polarity seen in By os map inferred from ME inversions (see green line in
Figure 1).
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Figure 4. Sample Ca II 8542 A and Ho line profiles over a region (in another raster scan map) with opposite polarity in the photospheric and chromospheric lines. The
top two panels show the spectral images of Stokes 7 and V, respectively. An average Stokes 7 and V profile over the opposite polarity region is shown in the bottom two
panels. The arrow indicates the wavelength position of the peak amplitude of the polarity reversal. The dotted green profile shows the derivative of Stokes / multiplied
by —1. The quiet-Sun profile (gray dashed) is also shown in the intensity plots for comparison. For better visibility, the amplitudes of the Stokes V profile of the

Ha line are artificially multiplied by the factors as indicated in the respective panel.

lobe show a positive sign suggesting positive polarity of the

By os.

The pink and khaki-colored profiles show profiles away from
the pore region. The intensity profiles of the Call 8542 A and
Ha lines are similar to that of the quiet-Sun profile. Amplitude
asymmetry is present in the StokesV profiles of the
Ca118542 A and Ha lines.

3. Methods
3.1. Weak Field Approximation

The magnetic field from the Ho spectral line was inferred
using the weak field approximation (WFA). Under WFA, the
Stokes V is linearly related to By os and (91/9)) through (Landi
Degl’Innocenti & Landolfi 2004)

ol
V(A) = —Alggcost —, 1
N 58 cost == 1

and

A)Xg = 4.67 x 10713\2B, )

where A\ p is expressed in A, B in Gauss, g is effective Landé
factor, 6 is the inclination of B with respect to the LOS, and Ay
is the central wavelength of the spectral line (expressed in A).

The Bj os can be derived from Equation (1) using the linear
regression formula (e.g., Martinez Gonzdlez & Bellot
Rubio 2009),

ZA%V(A)
Bios = —————— 3)

()

where C = 4.66 x 10713 g \2,

We have used g = 1.048 following the investigation done
by Casini & Landi Degl’Innocenti (1994). We derived three
values of By ps, one from the line core (Ha +0.35 A) the line
wings ([—1.5, —0.6] and [+O 6, +1.5] A) and over the full
Ha spectral line (Ho 1.5 A) The spectral blends listed in
Table 1 were excluded while calculating By o5 using the WFA,
as have done by Jaume Bestard et al. (2022) and Nagaraju et al.
(2020a). The WFA is applied on the Call 8542 A line within
the wavelength range \g + 0.25 A and the inferred By os map is
shown in panel (e) of Figure 1. The uncertainties in the values
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Table 1
Removed spectral lines.
Xo (A) Adg (A) Line
6562.44 0.05 Vi
6563.51 0.15 Col
6564.15 0.35 Unknown

Note. The first and second column define the spectral blends removed before
applying the WFA: \y+AM\. The third column indicates the element of the
transition if it is known.

of By s inferred from applying the WFA to the Call 8542 A
and Ha data were estimated to be 23 and 18 G, respectively.

3.2. Milne—Eddington Inversion

We performed Milne-Eddington (ME) inversions (see
chapter 11 of del Toro Iniesta 2007) of the Fel16569 A data
to infer the By os (panel (f) of Figure 1) utlhzmg pyMilne code,
a parallel C++/Python implementation® (de la Cruz Rodri-
guez 2019). The By og from the Haline is inferred from the
WFA as explained in Section 3.1. The stratification of the By og
from the photosphere to the chromosphere is inferred using
simultaneous multiline non-LTE inversions explained in
Section 3.3.

3.3. Non-LTE Inversion

The MPI-parallel STockholm inversion Code (STiC, de la
Cruz Rodriguez et al. 2016, 2019) is used to retrieve the
stratification of atmospheric parameters. STiC is based on a
modified version of the RH radiative transfer code (Uiten-
broek 2001) and solves the polarized radiative transfer equation
using cubic Bezier solvers (de la Cruz Rodriguez &
Piskunov 2013). In non-LTE, assuming statistical equilibrium,
it can fit multiple spectral lines simultaneously. It employs the
fast approximation to account for partial redistribution effects
(PRD; for more details Leenaarts et al. 2012b). STiC assumes
plane-parallel geometry to fit the intensity in each pixel (also
called the 1.5D approximation). STiC uses an LTE equation-of-
state obtained from the library functions in the Spectroscopy
Made Easy (SME) package code (Piskunov & Valenti 2017).
The optlcal depth scale at 5000 A (500 nm), abbreviated
log 7509 , is used to stratify atmospheric parameters.

We have inverted the Stokes! and V profiles of the
Cal 8542 A, Si18536 A, and Fe 18538 A lines simultaneously
to infer the stratification of temperature (7), LOS velocity
(VLos), microturbulence (Vi), and LOS magnetic field
(BrLos)- We used a six-level Ca Il atom. The Ca Il H&K profiles
were modeled in PRD (Milkey & Mihalas 1974; Uiten-
broek 1989) and CallIR lines were synthesized in complete
redistribution (CRD) approximation. The atomic parameters of
the Si18536 A and Fe18538 A lines were obtained from the
Vienna Atomic Line Database (VALD3; Ryabchikova et al.
2015) and Kurucz’s line lists (Kurucz 2011), respectively, and
synthesized under LTE approximation. The upper level of the
Si18536 A transition was treated with Ji-/ (JK) coupling
scheme as described in Appendix B. The latest version of the
STiC inversion code has been upgraded to allow for the
treatment of atomic levels of Kurucz’s lines in JK coupling. An

3 https: //github.com/jaimedelacruz /pyMilne
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Table 2
Node Positions (log 7509 Scale) Used for Inversions of Different Categories of
Profiles in 7, Vi os, Vi, and By os

Parameters ~ Category Cycle 1 Cycle 2
T Quiescent —5.5, —4,5, =35, —5.5, —4.5, 3.5,
-25,-15,0 -25,-15,0
Emission —4.8, -3.8, =2.9, —4.8, 3.8, —2.9,
-1.8,-09,0 -1.8,-09,0
Vios Quiescent —4.5, —1 —4.5, —1
Emission —6, —4.5, -3, —1 -6, —4.5, -3, —1
Viarb All -5, —4, -3, -1 =5, -4, -3, -1
Bi os All —4.5, -1

empirical loggf value of —1.4 was used for the Fe18538 A
transition (Socas-Navarro 2007).

We used the k-means clustering to group the Stokes / profiles
in different clusters such that similar-shaped profiles were
grouped in one cluster. We then inverted the mean profile of
each of those clusters to derive the stratification of T, V} g, and
Viurb- Finally, the inferred stratification was used as the initial
guess atmosphere to infer the stratification of the atmospheric
parameters of the FOV, similar to the approach used by
Nobrega-Siverio et al. (2021) and Mathur et al. (2022). In the
second cycle, we used the values of By og derived from the ME
inversions from the Fel6569 A line and WFA of the
Call8542 A line as the initial guess values of the Bpos at
logs00 = —1 and —4.5, respectively. Earlier stydies have
found that the Stokes V profiles of the Call 8542 A line have
maximum response to the perturbations in the By g between
log 500 = —4 and —5 (Quintero Noda et al. 2016a; Joshi & de
la Cruz Rodriguez 2018; Murabito et al. 2019). Table 2
describes the node positions used for different categories of
profiles. Quiescent profiles are nominal absorption profiles
(910 profiles), and emission profiles are profiles that have an
emission (or a hint of emission) in either blue or red or both the
Wlngs of the Cal18542 A line (110 profiles). The quality of
inversion fits are discussed in Appendix C.

We set the average velocity in the pore region in the
photosphere (log 7590 range of [—1, 0]) to rest for the absolute
velocity calibration. With respect to the average profile in the
pore, the quiet-Sun profile is blueshifted, that is, after velocity
calibration, the V| gg stratification inferred from the quiet-Sun
profile shows an upflow of about —3 kms ™"

4. Results and Discussion
4.1. Results from the WFA and ME Inversions

The Bros map inferred from the ME inversion of Stokes /
and V profiles of Fel6569 A line is shown in panel (f) of
Figure 1. The maximum Bjgg strength found is +800 G.
Panel (e) of Figure 1 shows the By os map inferred from WFA
applied on the Call 8542 A within the wavelength range of
Ao £0.25 A and the maximum By os field strength found is
4600 G. The region in the photosphere with opposite polarity
of the By s With respect to the pore has a field strength of about
—200 G which is absent in the chromospheric Bj og map.

4.2. Non-LTE Inversion Results

In this section, we discuss the results from the inversion of
Stokes 1 apd V profiles of the Call 8542 A, Si18536 A, and
Fe 18538 A lines using the STiC inversion code.


https://github.com/jaimedelacruz/pyMilne
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Figure 5. Inversion results of a few average profiles from different regions of the FOV. The dotted and dashed curves in the first two columns show the observed and
fitted Stokes I and V profiles, respectively. The next three columns show the stratification of the 7, V; os, Vium, and By os inferred from the inversions. The gray-colored
curve shows the stratification of atmospheric parameters inferred from the inversions of an average quiet-Sun profile. The black and green arrows indicate the
wavelength position in the wing and near the core of the Ca 11 8542 A line, respectively.

In Figure 5, we show inversion results of profiles averaged
(to increase SNR) from a 3 x 3 box about the selected regions
of the FOV, viz., pore, surge flow, and region with opposite
polarity of the magnetic field. The average profile for the pore
is calculated by averaging the pixels about the darkest pixel in
the pore, for the surge flow profile by averaging about the blue-
colored profile in Figure 2, and for the opposite polarity profile
by averaging about the green colored profile in Figure 3.

The T stratification inferred from the pore profile has lower
value of T at the photospheric layers (log7sgo ~— 1) and
higher values at the chromospheric layers (log7sgy < —4)
compared to that inferred from the inversion of the quiet-Sun
profile. The Vi og at photospheric layers (log 7590 ~ — 1) is zero
(calibrated) and at the chromospheric layers (log 7599 = —4.5)
shows upflow of about —2km s~ The Vb 1S nonzero
between log7sgp = —1 and —4. The value of Bjgg at the
photospheric and chromospheric layers is about +800 G and
4400 G, respectively.

The reversal of the sign of the StokesV profile of the
Cal8542 A line shown in Figure 5 corresponding to surge
flow region is a result of the emission feature in the blue wing
of the Ca 118542 A line and is not an indication of any change
in polarity of the By os. Accordingly, the T shows enhancement
of about 600 K compared to 7 inferred from the quiet-Sun
profile at log7sog = —4.5 simultaneous with an upflow of
about —4 km s~ . For the pixels having spectral profiles similar
to the surge flow, i.e., an emission feature in the blue wing and
a red excursion in the Stokes I, the Vi, is small at all depth
positions of log 750y . It may be possible that such low values of
Vi, Mmay have some contribution in the higher temperature
values inferred for the pixels in the surge flow region. Diaz
Baso et al. (2022) have shown that there is a degeneracy
between the 7' and the V. When the spectral profiles are in
emission, the T and V4, are anticorrelated; that is, an increase

in T broadens the spectral line, and thus to maintain the same
width, the V,,, must be decreased. However, the enhancement
in T and minimal values of Vi, are necessary to achieve a
satisfactory fit of the emission feature (for more discussion, see
Mathur et al. 2022). The value of By og at the photospheric and
chromospheric layers is about +50G and 4200 G, respec-
tively. The reason for the increased value of the magnetic field
in the chromosphere compared to the photosphere is because
the line core of the Call 8542 A line is sampling the canopy
fields overlying the pore and the nearby opposite polarity
region.

The T, Vips, and Vi stratification inferred from the
opposite polarity profile is similar to that inferred from the
quiet-Sun profile. The value of By g at the photospheric and
chromospheric layers is about —220G and +250 G, respec-
tively, again suggesting a canopy structure.

As described in Section 2, above the positive polarity region,
the sign of the Stokes V profile in the wings of the Call 8542 A
and Ha lines is opposite to that of in the core. This is probably
because the line cores of the Hoand Call8542 A lines are
sampling the canopy fields overlying the opposite polarity
region. To verify that the wings and the core of the
CalI8542 A line are indeed sampling different layers of the
atmosphere, in Figure 6, we show the response to perturbations
of the Bios_at one wavelength position in the wing
(AN=-1.03 A) and another one in the core (AXA = —0.11 A)
of the line where the sign of the Stokes V is opposite. Beckers
& Milkey (1975) define the response function (RF) for a
physical parameter X as RF x (7, \) = 6 I(\)/6 X(7). Response
functions contain information on how the Stokes parameters
at different wavelength positions are sensitive to perturbations
of a physical parameter at different logmsgy . The
response function in the line wing of the Call 8542 A line
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arrows in Figure 5) from the Ca 11 8542 A line core. The node positions for the
By o5 used in the inversions are represented by the vertical dashed gray lines.

shows a dominant contribution of the photospheric fields
(log 7500 ~ —1.5); in contrast, the response function near the
line core shows a dominant contribution of the chromospheric
fields (log 7500 < —3).

The maps of T, Vi os, and Vi, inferred from the inversions
of the FOV at log 5990 = —4.5, —3, and —1 are presented in
Figure 7. The morphological structure of the 7 map at
log7s00 =—1 is similar to the far-wing image of the
Call8542 A line (see panel (a) of Figure 1) with a decrease
in T of about 300K in the pore compared to surrounding
background. There is a weak downflowing (+2 kms™") region
near (x, y)= (3”5, 8”8) while the rest of the pore does not
show any signature of plasma flows. The value of V4, is about
0-1kms 'in the Vi maps at log 7500 = —1 except at a few
regions where the Vi is about 2-3kms 'such as the pore
boundary (6”, 1078).

The T atlog 1590 = —3 ranges from 4 to 5.5 kK with a region
of higher temperature (7'~5.4 kK) seen near the pore boundary
(6", 10”8). The temperature near the negative polarity region (in
ME By os map) is about 4.2 kK. The dark fibril-like lanes starting
at (2", 8" 8), indicated by the ellipse-shaped contour in Figure 7,
can also be seen in the Haline core image (see panel (d) of
Figure 1). The majority of the pore region shows upflows of up to
—3kms™'. The Vi inside the pore is about 0-3 kms™'and
outside the pore is about 3-5kms .

The morphological structure of the 7 map at log sy =
—4.5 looks similar to the Call8542 A line core image (see
panel (c) of Figure 1). The brightest and darkest pixels in panel
(c) of Figure 1 correspond to T of about 5.7 kK and 3.8 kK,
respectively. In general, the FOV show upflows of up to
—3kms ' with two small regions showing downflows of
about +2kms~'. The strong upflows up to —5kms ' are
located in regions of higher temperature. There is almost zero
Viurb 10 the Vi, map in all regions of the FOV.
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Figure 7. Maps of T, Vi os, and V,,, (row-wise) at log 7599 = —4.5, =3, —1
(column-wise) inferred from the inversions of the FOV. The contours, similar
to Figure 1, show the location of the pore and the opposite polarity region. The
slanted elliptical contour in the middle panel of the 7 maps show the location
of the dark fibrillar region seen in the panel (d) of Figure 1.
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Panels (a) and (b) of Figure 8 show maps of the magnetic
field at log 5990 = —1 and —4.5. The change in the stratifica-
tion of |By og| inferred from inversions is shown in the middle
panel of the bottom row of Figure 8. The morphological
structure of the Byps map at the photospheric layers (at
log 500 = —1, panel (a) of Figure 8) is similar to panel (e) of
Figure 1 with strong positive polarity in the pore (~+800 G)
and nearby regions (~+350 G). An opposite polarity with a
magnitude of ~—200 G is seen in the By og map. The field at
log 7500 = —4.5 has positive polarity with a maximum By g of
~+600 G in the pore and about ~+4300G in the opposite
polarity region. In general, the structure of the Bjog at
log 7500 = —4.5 is more spread out compared to that of at
log 7s00 = —1 (see panel (b) of Figure 8). In addition, in the
regions outside of the pore the Bjog strength at log 590 =
—4.5 has increased compared to that at log7sgy = —1,
suggesting a magnetic canopy-like structure (see middle panel
in the bottom row of Figure 8). Using multiple spectral lines,
the magnetic canopies around pores have also been reported by
many authors in the recent literature (e.g., Keppens & Martinez
Pillet 1996; Shimizu et al. 2012; Murabito et al. 2016; Buehler
et al. 2019; Stauffer et al. 2022; Tapia & Bellot Rubio 2022).
The magnetic field strengths inferred at log7sgp = —1 (the
photosphere) and log7sgg = —4.5 (the chromosphere) are
comparable with the values reported by many authors in recent
literature, who studied the stratification of By os in pores using
spectral lines of the Fel atom and Call8542A and
He 110830 A lines (Criscuoli et al. 2012; Sobotka et al. 2013;
Jurcdk et al. 2015; Quintero Noda et al. 2016b; Yadav et al.
2019; Nagaraju et al. 2020b; Sowmya et al. 2022).

4.3. Comparison of Bros Inferred from the Ca ll 8542 A and
Ha Lines

Panels (c), (d), and (e) of Figure 8 show maps of the
magnetic field inferred from the WFA method applied to the
Stokes I and V profiles of the Haline. The difference in
amplitude of the |Brog| inferred from the Heline with that
inferred from the inversions is shown in the two rightmost
panels of the bottom row of Figure 8. Figure 9 shows the
scatterplots between the |Bjos| inferred from inversions and
the WFA.

The field strengths inferred from inversions of the
Call8542 A line at log 500 = —4.5 are comparable to those
of inferred from the WFA of the Ca 11 8542 A line (see panel (a)
of Figure 9), suggesting consistency between the two methods
in inferring the By os. The magnetic field map inferred from the
WFA of the Haline core (Ha +0.35A) has a similar
morphological structure to the map inferred from inversions
of Cal18542 A line at log 7500 = —4.5 (see panels (b) and (c)
of Figure 8) suggesting the Ha line core probes the chromo-
spheric magnetic field. The B; g field strength inferred from
WFA of Ha line core is almost half (0.53 times) of that inferred
from inverosions at logmsp0 = —4.5 and the WFA of the
Ca118542 A line (see the rightmost panel in the bottom row of
Figure 8 and panel (b) and (c) of Figure 9). This could be due to
sensitivity of the core of the Ha line to the magnetic field in the
higher atmospheric layers than that of Call 8542 A line. Or it
could be due to systematic underestimation of By g using the
WFA from the Ha line. A detailed analysis of the Ha Stokes /
and V profiles synthesized using current state-of-the-art model
atmospheres of active regions and quiet Sun, taking into
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account the fine-structure sublevels (nlj) of the atomic levels
(n), 3D radiative transfer, and the Zeeman effect, is required.

The maps of By g inferred from the WFA method on the
wings and the full spectral range of the Haline show a
morphological structure similar to that of log 7590 = —1 (see
panel (d) and (e) of Figure 8), suggesting a significant
contribution from the photospheric fields. However, the
negative polarity region is not clearly seen. This is because,
as explained in Section 2, there are very few spectral pixels
with a clear signal of opposite sign in Stokes V profile in the
line core and wings of the Ha line. The negative polarity region
is very well reproduced through inversions because of good
signal in Stokes V profiles of the Si18536 A and FeI8538 A
lines. The |B;os| inferred from the full spectral range of the
Haline is weaker by a factor of 0.42 than that of Bjog at
log 7500 = —1, which is consistent with previous studies (see
panel (d) of the Figure 9) (Abdussamatov 1971; Balasubrama-
niam et al. 2004; Hanaoka 2005; Nagaraju et al. 2008).

The above comparison of By os inferred from the Ha and the
Cal8542 A lines suggest that the line core of the Ha line is
sensitive to the chromospheric magnetic fields while the wings
and the full Haline exhibit significant sensitivity to the
photospheric magnetic fields.

5. Conclusions

In this paper, we presented an analysis of spectropolan'metric
observations recorded simultaneously in the Haand
Cal18542 A lines of a pore with positive magnetic polarity,
as well as the surrounding region that also covers a negative
polarity magnetic field region. This is toward the goal of
exploring the diagnostic potential of the Ha line to probe the
chromospheric magnetic field. To estimate the By o field from
the Ho line, we have used the WFA, and from the Ca I1 8542 A
line we have used both the WFA and inversion methods. The
similarity between the magnetic field morphology inferred by
applying the WFA on the core of the Ha and Ca 11 8542 A lines
and inferred from inversions at log7sgy = —4.5 is clear
evidence that the Haline core probes the chromospheric
magnetic field. This evidence is even more striking in the
region above the negative polarity region in which the Ho and
Call 8542 A line cores exhibit positive polarity whereas the
line wings exhibit negative polarity. This is because of the
canopy fields from the dominant positive polarity region
extended at the chromospheric heights overlying the negative
polarity region, which is mostly confined to photospheric
heights. It is found from the quantitative comparison that By og
fields estimated from the Ha line core are about ~0.53 times
that estimated from the Call8542 A line core. This may
suggest that the magnetic sensitivity of the Haline core is
located in higher layers in the solar atmosphere than that of the
Cal18542 A line core. However, there is a possibility that By gg
values are systematically underestimated from the Ha line
under WFA. Further investigation through multiline spectro-
polarimetric observations and 3D radiative transfer calculations
are required to fully understand the diagnostic potential of the
Ha line to probe the chromospheric magnetic field.

We are grateful to the anonymous referee for their valuable
feedback, which helped to enhance the quality of this
manuscript. This research has made use of the High-
Performance Computing (HPC) resources (NOVA cluster)
made available by the Computer Center of the Indian Institute
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Figure 8. Maps of the By og inferred from the inversions and the WFA. Panels (a) and D(b) show the maps of By og at log 7500 = —1 and —4.5, respectively. Panel (c)

show the By os inferred from the WFA of Ha spectral line in the spectral range +0.35 A, panel (d) shows the WFA inferred from the wings of Ha spectral line in the
range [—1.5, —0.6] and [+0.6, +1.5] A, and panel (e) show the map of By o5 from WFA inferred from Hae £ 1.5 A. Change in the stratification of |By og| is shown in
the rightmost two panels of the bottom row as indicated on each panel. The black and green contours show the location of the pore and opposite polarity region,
respectively.
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Figure 9. Comparison of the magnitude of B; og inferred from inversions and
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from WFA on the Ca 11 8542 A line. Panels (b) and (c) show the comparison
between the By os inferred by applying the WFA on the Hev line core with the
By os inferred from the WFA on Call 8542 A line and at log7sg9 = —4.5,
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colored line shows the linear fit whose slope is indicated by m. The fiducial line
is shown in yellow color for comparison.
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Appendix A
Data Reduction

The data are reduced with standard procedures of bias and
flat-fielding. Calibration data with the procedures described in
Socas-Navarro et al. (2006) are used to correct for instrumental
polarization. No absolute wavelength calibration is done
because of the absence of suitable telluric lines. Instead, we
average a few spatial pixels in the quiescent region outside the
pore (quiet-Sun profile) and fit the quiet-Sun profile over the
full Ca118542 A spectral range (I;pc™" ) with the BASS 2000
atlas (Paletou et al. 2009).

The procedures of the spectral veil correction, SI intensity
calibration, and estimation of spectral Point-Spread Function
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(PSF) for the Call8542 A and Hadata are described as
follows. We followed the spectral veil correction process
described in Borrero et al. (2016) with an additional step
correcting the tilt in the spectrum continuum. The continuum of
the raw data, because of detector flat-field residuals and pre-
filter shape, is tilted. These tilts were corrected in the data
reduction pipeline by subtracting a linear fit (y =a + b \) with
the average spectrum. However, the observed spectral range is
not symmetric with respect to the core of the Call 8542 A and
Ha lines, and there is an inherent tilt present even in the BASS
2000 atlas. Hence we again corrected this over-correction in the
tilts by dividing with a normalized linear fit by matching the
continuum intensity levels to that of the reference profile (ip).
For the Call8542 A data, we used spectra synthesized using
the RH code (Uitenbroek 2001) with FAL-C (Avrett 1985;
Fontenla et al. 1993) model atmosphere at ;1 =0.8 as [.r. We
ensured that there is a good match of synthesized spectra of the
CalI8542 A line at pw=1 with BASS 2000 atlas spectrum,
which gave us confidence in using p = 0.8 spectra as I .. After
correcting the continua tilt, we estimated the PSF and stray-
light fraction. PSF is assumed to be Gaussian (o) for the whole
Ca118542 A line spectral range, but stray-light fraction (v) is
allowed to vary over the blends of the SiI8536 A, the
Fe18538 A, and about the Ca 118542 A line core. To estimate

o and v, we minimized the x? distance between the I7™" and
195879 with o and v
L) = (1= DEet (V) * g\, 0) + v+ I (V)
(AD)

where I3, is the value of intensity at the observed predefined
far-wing wavelength point. The absolute SI intensity calibra-
tion is done by comparing the intensity of the observed
predefined continuum wavelength point with the intensity at
degraded I,

We followed a similar process for estimation of the spectral
veil and spectral PSF for the Ha data, but instead of using
synthesized spectrum as I, we inferred I,.r using BASS 2000
atlas Ha spectrum (Paletou et al. 2009) and center-to-limb
variation calculated from p =1 to = 0.8 using the RH code
with FAL-C model atmosphere. We used a six-level hydrogen
atom without a fine structure to synthesize the intensity of
Ha line with the blend of the Fe16569 A line. The atomic
parameters of the Fe 16569 A line are retrieved from Kurucz’s
line lists (Kurucz 2011) and synthesized in LTE approximation.

Appendix B
JK Coupling

In J,-1 (JK) coupling scheme, a “parent” level of orbital
angular momentum L; and spin S; couples its total angular
momentum J; with the orbital angular momentum / of a further
electron, to give an angular momentum K, which in turn
couples with the electron’s spin to give total angular
momentum J (for more details, see page 77 of Landi
Degl’Innocenti & Landolfi 2004).

The Landé factor for level in J-/ (JK) coupling is

g‘/]—l = 1 + A/(‘I’ 1/2, K) + ,y(]s K, 1/2)7([{, Jl, l)’y

B1
x (J1, S1, L) B
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where
+(A. B, C) = AA+ 1D +BB+1)—C(C+ 1). (B2)
2A(A + 1)
Appendix C

Quality of Fits

In Figure 10, we discuss the match between the observed and
synthesized Stokes/ and V for the profiles discussed in the
paper.

In general, the synthesized Stokes/ and V profiles show a
good match with the observed profiles. The emission in the

Mathur et al.

blue wing of the CaIl 8542 A line and reversal in the Stokes V
is very well reproduced in the synthesized profiles (see blue-
colored profile). When the Stokes V signal is higher than 1%, a
good matc°h is seen in the SiI8536 1&, Fe 18538 1&, and
Can8542 A Stokes! and V profiles, for example, cyan-,
maroon-, pink-, and khaki-colored profiles. The opposite sign is
very well reproduced in the Stokes V signal of the Si18536 A
and FeI8538 A lines and reversal in the Call 8542 A line far-
wing Stokes V signal, for example, green- and purple-colored
profiles. When the signal in Stokes V is less than 0.5%, the
match of the synthesized Stokes V profile is relatively poor
compared to the above cases, for example, purple- and brown-
colored profiles.
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Figure 10. Examples of the observed (dotted lines) and synthesized (solid lines) Ca 11 8542 A Stokes I and V profiles for the pixels marked by x in Figure 1.
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