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Abstract

Plasma-( is an important fundamental physical quantity in solar plasma physics, which determines the dominating
process in the solar atmosphere, i.e., magnetic or thermodynamic processes. Here, for the first time, we provide
variations of magnetic field and plasma-( along magnetically structured loops from the photosphere to the corona.
We have selected several fan loops rooted in sunspot umbra observed simultaneously by the Interface Region
Imaging Spectrograph and Solar Dynamics Observatory. The 3 minute slow waves enabled us to trace and
analyze several fan loops with cross-sectional areas in the lower atmosphere and locate their footpoints at the
photosphere. We find the rms magnetic field strengths in the range 1596-2269 G at the photospheric footpoints of
the fan loops, which decrease rapidly to 158-236 G at the coronal footpoints. We estimated the plasma-{ at the
photospheric and coronal footpoints in the range 0.2-0.5 and 0.0001-0.001, respectively. We found plasma-3 < 1
along the whole loop, whereas the plasma-3 = 1 layer is found to be at subphotospheric heights. We compared our
findings for isolated individual fan loops with a previously established model for active regions and found an
almost similar pattern in variations with height, but with different plasma-3 values. Our results demonstrate the
seismological potential of 3 minute slow waves omnipresent in the umbral sunspot atmosphere to probe and map
isolated loops and determine magnetic field and plasma-3 along these loops. The obtained parameters provide
crucial ingredients for the theoretical modeling of the umbral atmosphere and wave dynamics along loops.

Unified Astronomy Thesaurus concepts: Solar atmosphere (1477); Sunspots (1653); Solar coronal loops (1485);
Magnetohydrodynamics (1964); Solar magnetic fields (1503)

1. Introduction

Sunspots on the surface of the Sun are intense collections of
magnetic field lines or flux tubes, with near-vertical field
strengths of ~2000 G at the photosphere (J. M. Borrero &
K. Ichimoto 2011). The signatures of these magnetic field lines
extending upward into the corona are visible as loops in
coronal images. Various structures and loops within the
sunspots show evidence of propagating 3 minute slow waves
(E. Khomenko & M. Collados 2015). Magnetic field strength
decreases rapidly along the solar atmosphere and is difficult to
measure at higher heights. However, oscillations in coronal
loops have been used to estimate the magnetic field strength in
the corona (e.g., V. M. Nakariakov & L. Ofman 2001;
R. Erdélyi & Y. Taroyan 2008; T. Van Doorsselaere et al.
2008; Y. Taroyan & R. Erdélyi 2009; D. B. Jess et al. 2016).
Using MHD wave theory, T. Wang et al. (2007) determined
magnetic field and plasma-3 in the range 21-51 G and
0.15-0.91, respectively, of hot loops showing standing slow
waves. Recently, Z. Yang et al. (2020) measured the plane-of-
sky component of the global coronal magnetic field to be
1-4 G at 1.05-1.35 R...

Original content from this work may be used under the terms
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R. Si et al. (2020) determined the average coronal magnetic
field of 270 £ 5 G using the spectroscopic data from Hinode.
Similarly, D. H. Brooks et al. (2021) measured the coronal
loop magnetic field strength and plasma-3 in the range
60-150 G and 0.0005-0.001, respectively. Coronal magnetic
field strengths are also measured using magnetic field
extrapolation techniques (e.g., M. L. De Rosa et al. 2009).
D. Li et al. (2020) determined magnetic field and plasma-/3
around 10 G and 0.02-0.1, respectively, along a thin coronal
loop emanating from a nonsunspot region using the PFSS
extrapolation technique.

Plasma-$ along the loops decides the potentiality of
magnetic fields (G. A. Gary 2001) and the characteristics of
different waves present in the loops (D. B. Jess et al. 2015).
G. A. Gary (2001) developed a model for plasma-g variation
above the active region from the photosphere to corona
by combining various models and observational data.
S. K. Mathew et al. (2004) utilized spectropolarimetric
measurements and determined plasma-8 in the range of
0.5-1 inside the photospheric umbra. D. B. Jess et al. (2013)
obtained the plasma-3=1 contour at the photospheric outer
boundary of the sunspot penumbra using the temperature and
density from the sunspot model of P. Maltby et al. (1986) and
the magnetic field from Helioseismic and Magnetic Imager
(HMI) magnetograms. P. A. Bourdin (2017) used a 3D
magnetohydrodynamic model of the solar corona over an
active region to determine the plasma-g3 from the photosphere
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to the corona. I. H. Cho et al. (2017) solved analytical
functions of the cutoff frequency and estimated the average
plasma-( value ~0.83-0.86 within the umbra.

Until now, all these results have been reported either in the
global corona or only at certain loop segments. Variations of
these parameters along the whole loops are still unexplored
due to their nontraceability in the lower atmosphere and thus
remain unclear.

Recently, A. Rawat & G. Gupta (2023) demonstrated a
unique technique using 3 minute slow waves to trace loops
from the corona to the photosphere via the transition region
and chromosphere in the umbral atmosphere along with their
cross-sectional areas. Using these tracings, A. Rawat &
G. Gupta (2023, 2024a, 2024b) studied the propagation and
damping properties of slow waves along the loops for the first
time, from the photosphere to corona, in detail. These findings
can now also be utilized to estimate magnetic field strength
and plasma-3 along loops from the photosphere to the corona,
which was not possible before due to their nontraceability.

1.1. Flux-tube Theory

Loops visible in coronal images are manifestations of
magnetic flux tubes. For a stable magnetic loop, the total
pressure (thermal and magnetic) inside and outside should be
balanced. For strong magnetic loops, the pressure balance
equation is

mt( ) _

Pine (h) + —7— ey

2
B2, (h)
Pext (W) + 8‘ ;

s

where Bin, Pints Bexe» and pey; are the magnetic field and
thermal pressure inside and outside the loop along loop length
h, respectively. The thermal pressure decreases exponentially
with height due to hydrostatic equilibrium. Therefore, the
magnetic flux tube expands while keeping the total magnetic
flux ¢(h) = B(h)A(h) constant.

The ratio of the thermal plasma pressure (py,) to the
magnetic pressure (p,,) is known as plasma-(3,

P 87Nk, T

B=t= =g @

where ky, is the Boltzmann constant, B is the magnetic field

strength (G), N = N, + N, is the total number density (cm™),

and T is the temperature (K); details in G. A. Gary (2001).

Furthermore, semiempirical models of solar atmosphere

developed by J. E. Vernazza et al. (1981), P. Maltby et al.

(1986), and J. Fontenla et al. (1999) can provide N,, N, and T
variations with height.

In this Letter, for the first time, we provide estimates on the
magnetic field and plasma-{3 variations along the various fan
loops traced from the photosphere to the corona using 3 minute
waves and along the corona.

2. Observations

To determine the variations of magnetic field and plasma-g3
along the fan loops rooted within the sunspot umbra, we need to
trace the fan loops in the lower atmosphere (photosphere to low
corona) where loops are not visible. These loops can be traced in
the lower atmosphere using 3 minute slow waves (details of the
technique are provided in A. Rawat & G. Gupta 2023). For this
purpose, we have identified an appropriate data set observed by

Rawat et al.

the Atmospheric Imaging Assembly (AIA; J. R. Lemen et al.
2012) and the HMI (P. H. Scherrer et al. 2012), both on board
the Solar Dynamics Observatory (SDO; W. D. Pesnell et al.
2012), and the Interface Region Imaging Spectrograph (IRIS;
B. De Pontieu et al. 2014). To obtain good coverage over the
lower atmosphere, we have identified an active region that was
observed by all four IRIS slit-jaw images (SJIs). This makes the
tracing of the loops in the lower atmosphere more robust. The
sunspot studied here belongs to NOAA Active Region 12470,
observed on 2015 December 19. We obtained 55 minutes of
simultaneous data starting from 13:26:22 UT, as shown in
Figure 1. We also utilize data from the sunspot belonging to AR
12553 observed on 2016 June 16, in which several fan loops
were already traced and analyzed by A. Rawat & G. Gupta
(2023, 2024a, 2024b). Here, we selected a few quiescent loops
for our analysis as presented in Appendix A.

Images obtained from the IRIS-SJI passbands have an
exposure t1me of 2s with an effective cadence of 12.75s,
0.332” pixel ' resolution, and 169” x 182" field of view. The
analyzed sunspot is slightly off the disk center (heliocentric
coordinates X ~ 115", Y~ 235"), and the angle between the
local vertical and the line of sight is ~25°, which leads to
pn=cos =~ 0.90. Therefore, we have ignored projection
effects on intensity oscillations and other parameters.

We coaligned the AIA, IRIS, and HMI data sets using the
IRIS-SJI 2796 A and AIA 1700 A i image pair and the IRIS-SJI
2832 A and HMI continuum image pair by utilizing the cross-
correlation method. AIA, IRIS, and HMI images are derotated
with respect to the starting time of IRIS using solar software
(SSW) routines. The identified data set provides a unique
opportunity to study atmospheric seismology through wave
propagation along the whole solar atmosphere.

A. A. Norton et al. (2006) estimated the formation height of
the HMI from the Fel 6173 A line. They derived the HMI
continuum formation height from the line continuum to be
~21 km, and the HMI Doppler and magnetogram formation
height from the line core to be =269 km above the optical
depth of unity (75000 = 1). These formation heights correspond
to temperatures around 4200K and 3700K, respectively
(J. Fontenla et al. 1999). AIA 171, 304, 1600, and 1700 A
passbands correspond to a coronal temperature ~0.8 MK,
transition region temperature ~0.05 MK, chromospheric
temperature ~5700 K, and lower chromospheric temperature
~4500 K, respectively.

IRIS-SJI 1330 and 1400 A passbands correspond to transition
region temperatures ~20,000 K and 63,000 K, derived from C1I
and SilV spectral lines, respectively. IRIS-SJI 2796 A corre-
sponds to a chromospheric temperature ~10,000 K derived from
the Mg1I spectral line, and IRIS-SJI 2832 A corresponds to a
photospheric temperature /4200 K derived from the photo-
spheric continuum (B. De Pontieu et al. 2014).

3. Data Analysis and Results

Figure 1 shows the analyzed fan loop system rooted in
sunspot umbra in AR 12470 in the AIA 171 A image. The
overplotted contour represents the umbral boundary identified
from the IRIS-SJI 2832A passband Fan loops are manually
traced on the AIA 171 A image, and asterisk (*) symbols
represent the loop footpoints in the corona. We analyze several
clean loops from AR 12470 and 12553. However, here we
present results from Loop 2 from AR 12470 as a representative
example, due to its 40% longer length and lower background
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Figure 1. Images of sunspot and fan loops belonging to AR 12470 obtained from different AIA, IRIS, and HMI passbands as labeled. The red lines on the AIA
171 A image represent the manual tracing of coronal fan loops 1 and 2, and asterisk symbols (*) represent their coronal footpoints. The yellow dashed lines represent
the background regions for those loops. The sample slits across coronal Loop 2 are marked with solid red lines and numbered. The box enclosing the coronal
footpoint of Loop 2 indicates the region chosen to identify loop locations at the lower atmospheric heights. Small open circles over different panels represent the loop
locations identified at that atmospheric height (see details in Section 3.3). Contours over different panels indicate the umbra—penumbra boundary as obtained from

the IRIS 2832 A image.

signal, which allows estimation of loop cross sections up to
longer distances as compared to Loop 1. Section 3.4
summarizes the results from all the selected loops emanating
from the sunspot umbra in AR 12470 and 12553.

3.1. Temperature and Density along the Loop

Since the temperature sensitivity of each IRIS and SDO
passband is well known (see Section 2), we deduce the
formation height and thus total number density (N = N, + Nj;

plasmas in the lower atmosphere are partially ionized)
corresponding to each IRIS and SDO passband by utilizing
the sunspot model of J. Fontenla et al. (1999), plotted in
Figure 2. In this model, the 0 km height represents the 7 = 1
layer at 5000 A in the sunspot umbra.

To determine the T and N, along the loop in the corona, we
carried out differential emission measure (DEM) analysis
using the tool provided by I. G. Hannah & E. P. Kontar (2012)
on the background-subtracted intensities. Sample DEM
profiles at the coronal footpoint are plotted in the left panel of
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Figure 2. Left: DEM profiles at the coronal footpoint of Loop 2 shown by the asterisk in Figure 1. The green and blue curves are obtained with and without
background-subtracted intensities, respectively. Right: temperature (left y-axis) and total number density (right y-axis) as a function of loop length shown by
asterisks (*) and diamonds ({), respectively. Temperatures and densities from the photosphere to the corona are obtained from the sunspot model of J. Fontenla et al.
(1999) and shown by blue lines, whereas those in the corona are obtained using DEM analysis and shown by red symbols. The green lines overplotted over coronal
temperature and density represent average loop temperature and a fitted exponentially decaying function, respectively.

Figure 2. The first DEM peak around 0.85 MK represents the
emission from the fan loops (e.g., A. Ghosh et al. 2017;
S. Krishna Prasad et al. 2018). We obtained the N, along the
coronal loop using EM values at peak temperature using
N,=(EM/w), where w is the coronal loop diameter as
deduced in Section 3.3. We assume the plasma filling factor
across the loop to be 1. The obtained 7 and N
(N=N, + N, ~2N,; coronal plasma is completely ionized)
along the coronal loop are plotted in Figure 2. The temperature
along the loop slightly increases, although this increase is well
within the error bars. The average temperature along the loop
is 0.86 MK. Since the density obtained from the DEM method
(5 x 10°cm ) at the coronal footpoint is slightly different
from the density obtained from the sunspot model (10'®cm™;
J. Fontenla et al. 1999), we scaled the density of the sunspot
model by dividing it by 2 in Figure 2 to match the density at
the coronal footpoint. Furthermore, we have assumed a 15%
error in density and temperature in all our calculations (e.g.,
G. R. Gupta et al. 2019). The blue and red colors represent
variations in the lower atmosphere and corona, respectively,
and the same color code will be used throughout.

3.2. Loop Inclination

We fitted the total number density variation along the loop in the
corona with an exponential decay function shown by the green line
in the right panel of Figure 2. The fit provides observed density
scale height \; .55 =~ 12.9 & 0.73 Mm along the coronal loop. This
is a plane-of-sky projected scale height due to the inclination of
loop. All the fits are performed using the MPFITFUN routine
(C. B. Markwardt 2009). We compare this \; s With the expected
density scale height (), .y, from hydrostatic equilibrium in the

. kT T .
rona, i.e., A(T) = —>— ~ 46[——] Mm, where u is the mean
corona, i.e., A\(T) e 6[1MK] , Where  is the mea

molecular weight, m,, is the mass of the proton, and g is the
acceleration due to gravity at the solar surface (see, e.g.,
M. J. Aschwanden et al. 1999; G. R. Gupta et al. 2015). Since
the average temperature of the loop is 0.86 £0.13 MK,

M_exp = 39.56 +5.98 Mm. This difference in both scale heights

provides the inclination angle (¢) of the loop,

COS(¢) _ /\d_ohs (3)

)\d _exp

(e.g., M. J. Aschwanden et al. 1999). The loop is ¢ = 71°
inclined with respect to the plane of sky. Therefore, we have
corrected the coronal loop length by multiplying it by a factor
of 3.07.

3.3. Loop Locations and Cross-sectional Areas at Different
Heights

To determine the diameter and cross-sectional area along the
coronal fan loops in the AIA 171 A image, we obtained the
intensity profile along several slits across the loop. We fitted
the intensity profiles with the Gaussian function and a linear
background (e.g., G. R. Gupta et al. 2019). We then extracted
the FWHM of the fitted Gaussian as the diameter of the loop.
The obtained diameter at the coronal footpoint is
~3.28 £ 0.28 pixel. Sample intensity profiles and fittings at a
few slit locations, marked in Figure 1, are presented in
Appendix B.

For lower heights, where the loops are not visible, recently
A. Rawat & G. Gupta (2023) devised a technique to trace back
the footpoint and cross-sectional area of loops on the
photosphere through the transition region and chromosphere.
As per the method, we choose a box of size 9" x 9” by
positioning the coronal footpoint of the loop in the center (a
sample box chosen for loop 2 is shown in Figure 1). We
performed a correlation analysis using 3 minute filtered light
curves and obtained correlation images at different heights; see
details in Appendix C.

A contour level of about 92% of the maximum correlation
coefficient value on the correlation image for the loop
footpoint in the corona matches fairly well to the loop cross
section obtained from the FWHM. At various other heights in
the lower atmosphere, closed contours are obtained within
94 £ 2% of the maximum correlation values. The pixels with
the maximum correlation coefficients in the correlation images
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Figure 3. Left: cross-sectional area of the loop along its length. The area of the loop in the lower solar atmosphere is fitted with an exponentially rising function,
shown by a blue solid line. The area along the coronal loop is also fitted with an exponentially rising function with a constant background, shown by the red solid
line. Obtained area scale heights (\4) are printed in their respective color code at the top-left corner. The green line represents the equivalent diameter (w) of the loop
along its length (right axis). Right: variation of magnetic field strength (left axis) and Alfvén wave speed (right axis) along the loop. The green open circle represents

the rms magnetic field strength obtained from the HMI magnetogram.

depict the location of the loop at that atmospheric height.
These locations are marked as small open circles in Figure 1.

Further, we take the sum of the area of all the pixels falling
within the contour of ~94 £ 2% of the maximum correlation
value of the correlation image between two atmospheric
heights. This area can be considered as the representative size
of the loop, i.e., the loop cross section. The area within this
correlation threshold decreases as we move into the lower
atmosphere. This indicates loop expansion with increasing
height in the lower atmosphere and suggests the geometric
spreading of 3 minute slow waves along the expanding loop.
Furthermore, we determine the area scale height in the lower
atmosphere by fitting the obtained cross-sectional area with an
exponentially rising function

h
A(h) = Ayera. “)
Here, A(h) is the cross-sectional area at loop length i, A4 is
the area scale height, and A, is an appropriate constant. The
obtained area scale height for the lower atmosphere is
Aar~ 518 £ 46 km.

To obtain the cross-sectional area along the loop in the
FWHM

2 .
corona, we calculated 7r( ) . The cross-sectional area

along the loop is increasing, as shown in Figure 3. This
expansion can also be visualized in the AIA 171 A image in
Figure 1. The obtained area of the loop footpoint in the corona
is 3.04+026arcsec> from the FWHM method and
3.24 4 0.18 arcsec” from the correlation analysis. Both values
are well within the error bar. We fitted the area expansion
along the coronal fan loop using an exponentially rising
function with a constant background and obtained scale height
Ac ~ 18.89 £+ 5.77 Mm.

The cross-sectional area shown in Figure 3 is as per the
expectations from the theory of flux-tube expansion with height,
where expansion in the lower atmosphere is faster (smaller \4)
than expansion along the corona (larger \4). This is because the
pressure scale height in the lower atmosphere is much smaller
than that in the corona due to the steep change in atmospheric
temperature. We also provide the diameter (w) of the loop in

Figure 3, derived from the loop cross-sectional area upon

assuming equivalent cylindrical loop geometry (w = 2. [2%)),

3.4. Magnetic Field Strength and Plasma-(3 along the
Fan Loop

Loops are a manifestation of magnetic flux tubes in which
the total magnetic flux remains constant along its length. We
have already obtained the cross-sectional area of the loop at
the photosphere (A, ~ 0.22 arcsec?) and its variation along the
loop length (A(h)) as shown in Figure 3. From the loop tracing,
we have identified the loop footpoint at the photosphere and
obtained the magnetic field using the HMI magnetogram data
(at atmospheric height 269 km). We determined the rms
magnetic field strength (B,,) with 1o error at the photosphere as
1928 £ 13 G during the 55 minute time sequence. The
magnetic field strength along the loop length is calculated
using

B,A

B(h) = =L &)

A

The error in B(h) is calculated from errors in the cross-
sectional area and photospheric magnetic field strength. The
obtained magnetic field variation with the error bars along the
loop length is plotted in Figure 3. We obtained the magnetic
field strength at the coronal footpoint ~158 £ 50 G. Further-
more, we also determined the Alfvén speed variation along the
loop length using

B(h)

Jamp(h)

where p(h) = N.(h)m, + N,(h)my, is the total mass density and
plotted in Figure 3. Alfvén speed increases in the lower
atmosphere, peaks at the coronal footpoint, and then decreases
further in the corona. Such speed variations have also
been noted before (e.g., M. J. Aschwanden et al. 1999;
S. R. Cranmer & A. A. van Ballegooijen 2012).

Va(h) = (6)
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Figure 4. Left: variation of plasma-( along the fan loops belonging to AR 12470, where the light and dark blue shaded regions are for loops 1 and 2, respectively.
Right: variation of plasma-{ along the fan loops belonging to AR 12553 where the light blue, dark blue, and pink shaded regions are for loops 3, 5, and 6,
respectively. The black solid lines represent data points extracted from G. A. Gary (2001) for the umbral region. The vertical green dashed lines indicate the plasma-
(=1 layer. The orange dashed lines are the linear extrapolation of data points to determine the plasma-3 = 1 layer. The small boxes in the lower-left corners show
the height at which loops 2 and 5 cross the plasma-3 ~ 1 layer as representative examples.

The obtained density, temperature, and magnetic field
strength are further utilized to estimate the plasma-3 along
the loop using Equation (2). The results are presented in
Figure 4. The dark blue shaded region in the left panel
represents the variation of plasma-3 along Loop 2. In the
bottom-left panel, we fitted a straight line between the
temperature minimum region and photospheric plasma-g3
values. We extended it further to find the plasma-3=1 layer
at ~—617 km height, as shown by the orange dashed line. The
negative height signifies that the plasma-3 =1 layer is below
the photosphere (75000 =1). The plasma-3 values at the
photospheric and coronal footpoints are 0.3 £ 0.14 and
0.0006 =+ 0.0003, respectively. Additionally, as we move
along the loop in the corona, the loop merges with the
background corona, making it difficult to measure any loop
parameters beyond 60-70 Mm. Moreover, density estimation
from DEM analysis may change depending upon background
subtraction location; accordingly, plasma-3 estimates in the
corona will also change. However, such changes will be well
within the estimated error bars of about 50%.

We performed a similar analysis on the other fan loops
identified in AR 12470 (see Figure 1) and also in AR 12553

(see Appendix A), where loops were already traced by
A. Rawat & G. Gupta (2023). All the loop footpoints at the
photosphere are directed toward the umbral center, and their
cross-sectional areas are smaller than their coronal counter-
parts, as found for Loop 2. The results suggest more or less
similar statistics for all the loops in the lower atmosphere and
corona with similar plasma-( variations. The summary of all
the analyzed loops is provided in Table 1.

4. Summary

In this work, we traced several umbral fan loops in the
corona and from the corona to the photosphere, where loops
are not visible. We obtained their cross-sectional areas at
different heights in the solar atmosphere and located their
photospheric footpoints. The area of Loop 2 decreased from
3.24 +0.36arcsec’ (1.704+0.19Mm?) in the corona to
0.22 +0.11 arcsec® (0.11 +0.05Mm?) at the photosphere.
The scale height of the area expansion for loop 2 from the
photosphere to the corona is ~0.52 Mm, whereas that in the
corona is &~19 Mm. Such expansions are expected in the solar
atmosphere (see Section 1.1). Similar loop expansion from the
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Table 1
Various Parameters Derived along Fan Loops Identified in AR 12470 and 12553
Loop no. Aar Me B, B. <T> Ner Vae B, 5. B1
(km) (Mm) G) (&) (MK) em (km s~ Height (km)
AR 12470
1 521 +44 585+ 1.85 1828 + 12 164 £ 59 0.85 7.8 x 10° 5173 0.52 0.001 —227
2 518 + 46 18.89 £5.77 1928 + 13 158 £ 50 0.86 5.0 x 10° 6637 0.30 0.0006 —617
AR 12553
3 884 £+ 152 4.08 £0.55 1596 £+ 15 236 + 86 0.86 52 x 10° 10004 0.49 0.0002 —264
5 769 + 114 422+ 1.1 1907 + 120 224 £+ 82 0.82 3.0 x 10° 12209 0.21 0.0001 —980
6 900 £ 168 2269 + 06 227 £ 83 0.89 5.1 x 10° 9146 0.50 0.0003 —244

Note. \4; and )\ are the area scale height of loops from the photosphere to the transition region and in the corona, respectively. B, and B, are the magnetic fields at
the photospheric and coronal footpoints of the fan loops, respectively. <7T> and N, are the average coronal loop temperature and total number density at the coronal
footpoint, respectively. V.. is the Alfvén speed at coronal footpoints. 3, and (3, are the plasma- (3 values at the photospheric and coronal footpoints, respectively. The
plasma-3 = 1 heights along fan loops are measured with respect to the optical depth of unity (75000 = 1).

photosphere to the corona is also noted by Z. Bailey et al.
(2025 and references therein).

We estimated the magnetic field strength of 158 4+ 50 G at
the coronal loop footpoint that decreases slowly along the
coronal loop. Our estimates match very well with the magnetic
field values reported by D. H. Brooks et al. (2021) using the
recently developed spectroscopic diagnostic technique and
also with the measurement of G. R. Gupta & S. S. Nayak
(2022) of about 143 G along the transient loop using the
magnetic field extrapolation method. These coronal magnetic
field measurements along the loops are much larger than the
usually quoted average global coronal magnetic field strength
of 1-4 G (H. Lin et al. 2004; Z. Yang et al. 2020), and also the
average coronal loop magnetic field of 4-30 G obtained from
kink oscillations (V. M. Nakariakov & L. Ofman 2001;
M. J. Aschwanden & C. J. Schrijver 2011). Such large
estimates of the magnetic fields along the loops will lead to
larger Alfvén wave energy flux than those quoted in literature
(e.g., D. Banerjee et al. 2009; S. W. Mclntosh et al. 2011;
G. R. Gupta et al. 2019) as needed in Alfvén wave heating
models (e.g., S. D. T. Grant et al. 2018; K. Karampelas
et al. 2024).

Plasma-/3 variations reported by G. A. Gary (2001) for the
umbral regions are similar to those obtained for fan loops with
slightly different values (see Figure 4). Interestingly, plasma-g3
values at chromospheric heights are consistently smaller than
those provided in G. A. Gary (2001). At longer loop lengths,
fan loops merge with the active region background, and our
plasma-g values also merge with G. A. Gary (2001). The
differences in the values could be due to the fact that we are
tracing single isolated loops, whereas the values extracted
from G. A. Gary (2001) are for integrated sunspot umbra. The
overall similarity to the variation pattern of G. A. Gary (2001)
indicates that our loop tracing method works well in the lower
atmosphere. The value of plasma-3 < 1 along the whole loop
length from the photosphere to the corona indicates that the
umbral loops are potential in nature (e.g., J. M. Borrero &
K. Ichimoto 2011). We also noted that the plasma-g =1 layer
exists at subphotospheric heights (e.g., P. S. Cally et al. 1994).
This layer is important for helioseismological studies (e.g.,

E. Khomenko & M. Collados 2015) and demands a detailed
investigation.

In summary, we obtained variations of cross-sectional area
expansion, magnetic field strength, and plasma-3 along the
individual loops from the photosphere to the corona. Estimated
parameters will provide useful ingredients for the MHD
modeling of loops emanating from the sunspot regions and
wave dynamics in the density-stratified and expanding wave-
guides (e.g., Y. Taroyan & R. Erdélyi 2009; M. Luna-Cardozo
et al. 2012). It will also be important to carry out detailed
statistical investigations of the estimates on magnetic field and
plasma-( along loops emanating from different regions on the
Sun and their comparison with different techniques.
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HMI data are courtesy of SDO (NASA). IRIS is a NASA small Appendix A

explorer mission developed and operated by LMSAL with Fan Loop System Belonging to AR 12553

mission operations executed at NASA Ames Research Center Figure 5 shows the image of the fan loop system belonging
and major contributions to downlink communications funded to AR 12553 obtained from AIA 171 A passband studied in

by the Norwegian Space Center (NSC, Norway) through an A. Rawat & G. Gupta (2023)
ESA PRODEX contract. ' ' '
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Figure 5. Image of the fan loop system belonging to AR 12553 obtained from AIA 171 A passband studied in A. Rawat & G. Gupta (2023). The yellow solid lines
represent the manual tracing of coronal Loops 3, 5, and 6 as labeled, and asterisk symbols (*) represent their coronal footpoints. Small open circles represent the
identified photospheric footpoints of the corresponding loops. The yellow dashed lines represent the background regions for those loops. The maroon contour
indicates the umbra—penumbra boundary as obtained from the HMI continuum image.



THE ASTROPHYSICAL JOURNAL LETTERS, 988:L26 (11pp), 2025 July 20 Rawat et al.

Appendix B
Loop Diameter along the Coronal Fan Loop

Figure 6 shows the intensity profiles along several slits
across the coronal Loop 2 marked in Figure 1, as observed in
the ATA 171 A passband.
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Figure 6. Intensity profiles along several slits across the coronal Loop 2 marked in Figure 1, as observed in the AIA 171 A passband. All intensity profiles are fitted
with the Gaussian function with a linear background. The obtained FWHM of the Gaussian function represents the diameter of the coronal loop along its length.
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Appendix C
Details on the Identification of Loop Locations and Cross-
sectional Areas

For the lower atmospheric heights, where the loops are not
visible, recently A. Rawat & G. Gupta (2023) devised a
technique to trace back the footpoints and cross-sectional areas
of coronal loops on the photosphere through the transition
region and chromosphere. They studied fan loops emanating
from sunspot umbra belonging to AR 12533 (7°S, 8°N)
observed simultaneously by IRIS and SDO on 2016 June 16.

AIA 171 & 171 A

Arcsec

IRIS 1400 & 1330 A

Arcsec

AIA 1700 & 1600 A

max(ee)
\ /A

Arcsec

Arcsec

AIA 304 & 171 A

IRIS 2796 & 1330 A

Rawat et al.

They utilized 4 hr of data starting from 07:19:11 UT. IRIS-SJI
recorded observations only in the 2796 and 1400 A passbands.
However, due to poor signal, data from the 1400 A passband
were not utilized. Therefore, they had very limited coverage
over the whole solar atmosphere. In this study, along with AR
12553, we also utilize a new data set belonging to the sunspot
of AR 12470, which was observed in all four passbands of
IRIS-SJIs, along with SDO. Together, these passbands provide
better coverage over the whole solar atmosphere (details in
Section 2). This makes the tracing of loops more robust in the

IRIS 1400 & AIA 304 A

AIA 1600 & IRIS 2796 A

IRIS 2832 & AIA 1600 A

Arcsec

Figure 7. Correlation images obtained between various atmospheric heights, as labeled. In each panel, the red asterisk symbol (*) in the center refers to the coronal
footpoint of Loop 2, and the red circle in first panel represents the cross section of the loop obtained from the AIA 171 A image using the FWHM method.
Overplotted black contours are obtained at ~94 £ 2% of maximum correlation values. The green open diamond symbols represent the locations of the maximum

correlated pixel and the loop location at that height.
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lower atmosphere. Sunspots host waves and oscillations of a
3 minute period in the umbral atmosphere and both 3 and
5 minute oscillations at the umbral photosphere (for details see
E. Khomenko & M. Collados 2015). A. Rawat & G. Gupta
(2023) utilized the presence of 3 minute oscillations over the
whole umbral atmosphere observed by the IRIS and SDO
passbands to trace and identify the photospheric footpoints of
coronal loops in the lower atmosphere through the transition
region and chromosphere. They also measured the propagation
speed of 3 minute waves and found them to be less than the
acoustic speed at all the atmospheric heights, which confirmed
that these are slow magnetoacoustic waves propagating along
the traced loops. We also utilize the same technique to trace
and identify the photospheric footpoints using a data set with a
larger number of passbands. This provides robust tracing of
loops over the whole solar atmosphere through multiple
coverages in the transition region and chromosphere. This also
enabled us to deduce a better estimate of the loop cross-
sectional areas at different heights in the umbral atmosphere.

As per the method described in A. Rawat & G. Gupta (2023),
we identified several fan loops in the AIA 171 A image. We
performed a correlation analysis to determine the loop locations
and cross-sectional areas at different atmospheric heights in the
lower atmosphere. We choose a box of size 9” x 9”, shown by
the yellow box in the AIA 171 A image in Figure 1, by
positioning the coronal footpoint of Loop 2 in the center of the
box. We utilized 3 minute (2-3.7 minute period band) filtered
light curves to perform the correlation analysis, which makes
correlations depend only on 3 minute oscillations. For correlat-
ing light curves between different passbands having different
cadences, we first interpolated the light curves with longer
cadences to light curves with smaller cadences using the IDL
routine interpol. We have first interpolated the IRIS 1400 A light
curves to 12s cadence to match the cadence of the 304 A
passband and also interpolated the AIA 1600 A light curves to
12.75 s cadence to match the cadence of the IRIS 2796 and
2832 A passbands. We correlated the light curve at the coronal
loop footpoint in AIA 171 A with hght curves at each pixel in
the 9” x 9” box. The correlation image is then created by noting
the maximum correlation coefficients at each pixel in the box.
The pixel with the maximum correlation coefficient in the
correlation image depicts the location of the loop at that
atmospheric height. This location was further utilized to identify
the loop location and cross-sectional area at the lower heights in
the solar atmosphere by cross correlating the light curves again
with the 9”7 x 9”7 size box from the nearest temperature
passband, as described above. In this way, we are able to trace
the loop locations at different atmospheric heights until we
locate their footpoint at the photosphere. The identified loop
locations are marked with green diamonds in Figure 7 and are
also marked by small open circles in Figure 1.

In the first panel of Figure 7, the overplotted red circle
represents the cross-sectional area of the coronal loop footpoint
in the AIA 171 A i image as obtained from the FWHM method as
shown in first panel (slit 1) of Figure 6. Further, we chose a
contour level on the correlation image by finding a value of the
correlation coefficient at which the contour best fits the red
circle. The obtained contour level for the loop footpoint in the
corona is about 92% of the maximum correlation coefficient
value that fairly matches the loop cross section obtained from
the FWHM method. At various other heights in the lower
atmosphere, a closed contour is achieved within 94 + 2% of
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the maximum correlation value level. These contours are
overplotted in black color in all the correlation images in
Figure 7. These contours cover the correlation patches that are
visible in the correlation images very well.
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