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Abstract. Understanding the mechanisms underlying the heating of the solar atmosphere is a
fundamental problem in solar physics. In this paper, we present an overview of our research on
understanding the heating mechanism of the solar active region atmosphere in chromosphere.
We investigate Joule heating due to the dissipation of currents perpendicular to the magnetic
field by the Cowling resistivity using a data-constrained analysis based on observational and
tabulated theoretical/semi-empirical solar atmosphere model data. As target region, we focus
on a sunspot umbral light bridge where we find that this heating mechanism plays an important
role and is also highly dynamic.

1. Introduction

One of the fundamental problems in solar physics is to determine the physical processes that
maintain the thermal structure of the solar atmosphere [1]. There are various mechanisms
attributed to the energy transfer throughout the solar atmosphere. In this paper, we investigate
a mechanism that heats the solar active region atmosphere in chromosphere: Joule heating due
to the dissipation of electric currents by magnetic resistivity, namely Cowling resistivity.

The energy transfer in the chromosphere can be attributed to a number of mechanisms
such as Alfvén waves [2, 3], nanoflares [4, 5], Ellerman bombs (EBs) [6, 7], spicules [8, 9], and
magneto-acoustic shocks [10]. [11, 12] suggested that the heating of the chromosphere is due to
the dissipation of acoustic waves, which has, however, been questioned by [13, 14, 15].

Another candidate to heat the solar chromosphere would be resistive Ohmic dissipation [16,
17].  The plasma in the chromosphere is not fully ionized and ions and neutrals exist
simultaneously. Cowling resistivity follows the interactions between ions and neutrals. It is
a function of the plasma bulk density, temperature, magnetic field, as well as the ion and
electron number densities. The Joule heating mechanism that we focus on results from the
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dissipation of electric currents that are perpendicular to the magnetic field due to Cowling
resistivity. This mechanism is represented by the generalized Ohm’s law as a function of
Cowling resistivity and electric current perpendicular to the magnetic field. We perform a data-
constrained analysis [18, 19] to calculate the Cowling resistivity and hence the Joule heating
rate in a solar active region atmosphere based on tabulated data of stratified bulk plasma,
ion and electron number densities, and temperature profiles from the tabulated data of five
different theoretical /semi-empirical solar atmosphere models, namely the Maltby M model [20]
for sunspot umbrae, the VAL C model [21] and the Harvard-Smithsonian Reference Atmosphere
(HSRA) model [22] for quiet Sun, the VAL F model [21] for bright filament networks, and the
Ding & Fang model [23] for sunspot penumbrae, in combination with the application of a non-
force-free-field (NFFF) magnetic field extrapolation technique [24, 25, 26] to the photospheric
vector magnetic field data observed by the Helioseismic and Magnetic Imager (HMI) [27]
magnetogram onboard Solar Dynamics Observatory (SDO) [28] to obtain the magnetic field.
In addition, we also use temperature data from the inversion of spectroscopic data obtained
by the Interferometric BI-dimensional Spectrometer (IBIS) instrument [29] at the ground-based
Dunn Solar Telescope (DST) to further constrain our data analysis, and hence decrease the
reliance of our analysis on the tabulated data from static solar atmosphere models.

The occurrence of dynamic phenomena in the chromosphere and transition region has been
attributed to plasma heating by the formation of current sheets when a discontinuity in the 3D
magnetic field arises [30, 31]. We focus on discontinuities in the magnetic field topology which
produce electric currents that can heat the plasma in those regions by dissipation through
the Cowling resistivity. Such currents can occur at all locations with strong gradients in the
magnetic field strength or orientation. These conditions are prevalent for instance near light
bridges (LBs) inside the umbra of sunspots, for magnetic flux emergence into a field-free or
magnetic environment, near polarity inversion lines or near magnetic reconnection sites like
EBs. In this paper, we analyze Joule heating in a sunspot umbral LB in NOAA AR 12002 on
2014 March 13 from 20:44 to 21:00 UT by applying the data-constrained analysis mentioned
above.

Section 2 presents an overview of our data-constrained analysis to investigate the effects of
Cowling resistivity on heating in the weakly-ionized chromosphere. Section 3 shows the results
obtained for the Joule heating of a sunspot umbral LB. Finally, section 4 presents our conclusions.

2. Data-constrained analysis of Joule heating in the chromosphere

To describe the interaction of the chromospheric plasma with the magnetic field, and its
dependence on the degree of collisional coupling, we apply a quasi-MHD single fluid theory
complemented with a generalized Ohm’s law as in [32]. Here, we will present a brief overview
about how to calculate the Cowling resistivity. The details of the chromosphere model utilized
can be found in [18].

Our main focus is on the calculation and effects of Cowling resistivity. The anisotropic
dissipation of currents due to the presence of Cowling resistivity can be seen in the induction
and energy equations given in Eq. 1 and Eq. 2, respectively, that illustrate the impact of the
presence of neutrals through the terms that contain ng:

B
aat+V-(VB—BV)+V><77J||+V><770JL:0, (1)
and
oF B? B
E"ﬁ‘V' {(E—i—p—l—?)v——(v-B)} —V'(BXnJH)—V'(BchjL):p(V-g)+SNA. (2)
us 4

Here, 7 is the Coulomb resistivity, n¢ is the Cowling resistivity, J| and J, are the components of
current density parallel and perpendicular to the magnetic field B, E, p, p, v, and g are specific
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total energy, thermal pressure, density, velocity, and gravitational acceleration, respectively, and
Sn 4 is the combination of non-adiabatic source terms corresponding to viscous heating, shock
heating, thermal conduction, radiative transfer, and coronal heating.

To calculate the Cowling resistivity, nc, we solve the following relation between the Cowling
and Coulomb resistivities:

&8s
= =nc -, 3)
Qn
where By is the magnetic field strength, £, is an estimate for the neutral fraction which is a
function of density and temperature, and «, is also a function of density and temperature.

To calculate the Coulomb and Cowling resistivities, we need the magnetic field B, the plasma
bulk density p and temperature 7" as well as the ion and electron number densities, n; and n.,
in the chromosphere. We calculate the 3D spatial variation of T' in the vicinity of the target
structure of interest (i.e., in this paper, a sunpot umbral LB) in the chromosphere by using the
Calcium Inversion based on a Spectral ARchive (CAISAR) code [33, 34, 35] that inverts the
spectroscopic data obtained from DST /IBIS. For the 1D variations of bulk plasma density p,
electron number density n. and the total hydrogen number density ny with height above the
photosphere, we use tabulated data from the Maltby-M, VAL C, VAL F, Ding & Fang, and
HSRA atmosphere models. We then calculate n; from n, and ng. Finally, the magnetic field B
is taken from the NFFF magnetic field extrapolation results.

It should be noted that we also have the option to use either the 1D stratified temperature
profile with height from the tabulated model data or temperature data from inversion results of
observations to test their effects on the analysis results.

After calculating the Cowling resistivity, we then calculate the electric currents from the
gradients of the 3D extrapolated magnetic field topology to calculate the Joule heating from the
generalized Ohm'’s law as 7¢.J?.

3. Analysis of Joule heating in a sunspot umbral light bridge

As a primary target structure in our analysis, we focus on a sunspot umbral LB. LBs
are elongated bright structures that are usually present during the early stages of sunspot
formation or the late stages of sunspot decay and can have an umbral, penumbral or granular
morphology [36]. They are relatively long-lived (hours to days) and less dynamic structures
which makes them particularly suitable for heating by our proposed Joule heating mechanism.
In [19], we demonstrated that the primary heating mechanism in a sunspot LB caused by flux
emergence is Joule heating due to dissipation of currents by the Cowling resistivity based on
our data-constrained analysis that involves data from observations and atmosphere models.

In this paper, we build on our analysis in [19], which utilized only magnetic field from
observations while the rest of the plasma variables were taken from the tabulated data given
by the Maltby M model including temperature, and present the effects of using the 3D spatial
variation of temperature based on observational data on the Joule heating of the same LB.

We analyze observations of the leading sunspot in NOAA AR 12002 on 2014 March 13 from
20:44 to 21:00 UT, combining data from vector magnetograms observed by SDO/HMI SHARP
data series and temperature data obtained by the inversion of spectroscopic data measured by
DST /IBIS using the CAISAR inversion code. For more details about the data specifics, we refer
the interested reader to [19].

Figure 1 (left panel) shows the field of view (FOV) of the HMI SHARP magnetogram (outer
box) as well as the IBIS FOV (solid box) and a smaller FOV (dashed box) focusing on the LB.
Our results are based on this smaller FOV.

In order to replace the tabulated temperature data with the observational temperature data
in our analysis, it is necessary to assure the consistency between the observational temperature
data and the rest of the plasma variables taken from tabulated solar atmosphere data. We have
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Figure 1. (Left panel) Field lines derived from the non-force-free field (NFFF) extrapolation
overlaid on a composite image of the vertical component of the magnetic field and the AIA 171
A image for the SHARP field of view (FOV) of AR 12002. The solid and dashed white squares
correspond to the IBIS FOV and the smaller FOV shown in the right panel, respectively [19];
(Right panel) Spatial distribution of the LTE temperature from DST/IBIS data at z = 0.36
Mm height above the photosphere in AR 12002. The white horizontal line marks slit No. 5 that
crosses the LB.
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Figure 2. Temperature profiles in the chromosphere vs height above the photosphere from
tabulated data of five solar atmosphere models. The LTE and NLTE temperature profiles
are obtained from an inversion of spectroscopic data from DST/IBIS at the location where
the height-averaged Joule heating rate distribution is maximum along the white slit shown in
Figure 1 (right panel).
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Figure 3. Variations of the maximum values of (Left panel) nc and (Right panel) Joule heating
rate profiles with height above the photosphere, calculated from VAL C, VAL F, and HSRA
models with temperature from model or IBIS data. Both HMI and IBIS data correspond to AR
12002 at 21:00 UT.

five solar atmosphere models that model different types of regions of the solar active region
atmosphere. In order to determine the model to use in our analysis, we compare the IBIS
temperature data with the 1D stratified temperature variation with height from all five models
as shown in Figure 2. We make this comparison at a representative location on the LB which
is the location where the height-averaged Joule heating rate distribution is maximum along the
white slit, which is shown in Figure 1 (right panel), that crosses approximately the center of the
LB.

While we used Maltby-M model in our previous analysis in [19], the temperature data from
IBIS that is obtained from the non-local thermodynamic equilibrium (NLTE) version of the
inversion model, which is more accurate than the LTE version of the inversion model, agrees
with the VAL F model the most, and also with the VAL C and HSRA models within 0-1,485
km height above the photosphere. We note that 1,485 km is the maximum height at which we
obtain IBIS temperature data from the CAISAR inversion code.

Let us first have a look at the variations of Cowling resistivity and the associated Joule
heating in the dashed box in Figure 1. Figure 3 shows the variations of the maximum values of
nc and the Joule heating rate with height above the photosphere using tabulated data or IBIS
data for temperature in our analysis. For all three model selections to calculate the Cowling
resistivity, namely VAL F, VAL C, and HSRA, using the 3D NLTE temperature distribution
from IBIS instead of the 1D tabulated temperature profile leads to a Joule heating rate which
is 2-3 orders of magnitude higher. This result already shows the impact of using observational
temperature data in our analysis. We should, however, note that the locations of the maximum
values of ¢ and the Joule heating rate are not necessarily located on the LB at each height.

Let us now focus specifically on the LB. Figure 4 (left panel) shows the horizontal variations
in the LTE and NLTE temperature data, averaged in height, across the center of the LB at
the white slit. The middle and right panels in the same figure show the horizontal variations
of the current perpendicular to the magnetic field J,, no, and the Joule heating rate along
the white slit. While 7¢ is calculated by plasma values from the VAL F model in both panels,
tabulated temperature values are used in the middle panel whereas the inverted temperature
values from IBIS are utilized in the right panel. While the distributions of all three quantities
are qualitatively similar in both middle and right panels, quantitatively the maximum value of
the Joule heating rate is 7 times higher when the IBIS temperature is used. In addition, the
location of the peak of the NLTE temperature from IBIS coincides with the peak of the Joule
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Figure 4. (Left panel) Horizontal variations in temperature from IBIS data, averaged in height,
along the white slit shown in Figure 1 (right panel) across the LB; (Middle & right panels) Joule
heating rate, J, , and n¢ profiles along the white slit. All three quantities are averaged in height
up to 1,485 km. J, has been scaled up by a factor of three and Joule heating rate has been
scaled up by a factor of two. n¢ is calculated based on the VAL F model using (Middle panel)
tabulated temperature and (Right panel) observational temperature (NLTE) from IBIS. Both
HMI and IBIS data correspond to AR 12002 at 20:48 UT.

heating rate which supports the role of our proposed Joule heating mechanism in the heating
of the LB. If we look into the variations of the two terms that Joule heating is a function of,
namely o and J,, we see that o makes a dip and J; has a peak at the peak location of the
NLTE temperature from IBIS. This result indicates that the variation of J, plays a major role
in our proposed heating mechanism.

The results shown in Figure 4 are based on height averaging of the quantities across the white
slit. How do ng and the associated Joule (Ohmic) heating vary with height in the vicinity of the
LB? Figure 5 presents the variations of these quantities at three different locations in the vicinity
of the LB. The highly dynamic nature of the Joule heating can be clearly seen as the profiles in
these locations look very different from each other both qualitatively and quantitatively.

Finally, let us make a quantitative comparison of the total Joule heating rate calculated by
integrating the individual Joule heating rate values at each height at the location where the
NLTE temperature from IBIS makes a peak along the white slit. Table 1 presents the Joule
heating rate values obtained by using tabulated plasma variable values from each atmospheric
model at two different times, namely 20:48 and 21:00 UT. Accordingly, the Joule heating rates are
consistently larger at 21:00 UT than their values at 20:48 UT for each model which demonstrates
that there is an ongoing heating event in the LB based on our proposed heating mechanism. The
last two rows of the table show the results based on using tabulated and IBIS temperature data,
respectively in our analysis. The total Joule heating rate at this location is 147 times larger at
both times when we utilize the temperature variation from IBIS in our calculations. This result
shows the importance of using observational data for temperature instead of tabulated data in
our analysis and its impact on the results of our analysis.

4. Conclusions

In this paper, we investigate a mechanism that heats the solar active region atmosphere: Joule
heating due to the dissipation of currents perpendicular to the magnetic field lines by Cowling
resistivity in the chromosphere.

We give an overview of a data-constrained analysis to calculate the Cowling resistivity and
the associated Joule heating. Our analysis can be constrained by both observational data
(in particular, magnetic field from NFFF extrapolations applied to SDO/HMI magnetograms
and temperature from the inversion of spectroscopic data from DST /IBIS) and tabulated data
from five distinct theoretical /semi-empirical solar atmosphere models corresponding to different
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Figure 5. (Top panel) (Left) nc and (Right) Joule heating rate variations with height at
the location in the dashed line box in Figure 1 (left panel) where the NLTE temperature is
maximum between the heights 1,000-1,500 km above the photosphere; (Middle panel) (Left) nc
and (Right) Joule heating rate variations with height at the center of the white slit in Figure 1
(right panel); (Bottom panel) (Left) no and (Right) Joule heating rate variations with height in
the vicinity of the LB on the southernmost black slit in Figure 1 (right panel).

regions of the active region atmosphere. We analyze Joule heating over a sunspot umbral LB by
using observational data for temperature and tabulated data for the rest of the plasma variables
that are needed to calculate the Cowling resistivity from the VAL F model. VAL F is selected
for our analysis since its 1D stratified temperature profile with height agrees the most with
the NLTE temperature profile calculated from IBIS data at a representative point on the LB.
We see a consistent increase of up to three orders of magnitude in the maximum values of
Cowling resistivity and Joule heating rate at each height that are calculated using observational
temperature instead of tabulated temperature from the VAL F, VAL C, and HSRA models. We
observe an alignment of the height-averaged LTE and NLTE temperature, J,, and the Joule
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Model Height range Joule heating rate Joule heating rate
(km) (W/m3) (20:48 UT) (W/m3) (21:00 UT)

Maltby M 0-2,500 km 1.2894 1.6812

VAL C 0-2,500 km 1.3542 1.8088

VAL F 0-2,500 km 0.3635 0.4847

HSRA 0-2,500 km 0.6846 0.9073

Ding & Fang 0-2,500 km 3.106 4.0749

VAL F 0-1,485 km 0.111 0.146

VAL F + IBIS 0-1,485 km 16.378 21.345

Table 1. The total Joule heating rate values between 0-2,500 km or 0-1,485 km height at the
maximum height-averaged Joule heating location on the LB across the white cut in Figure 1
(right panel) for each model at 20:48 and 21:00 UT.

heating rate peaks across the LB. This demonstrates a strong dependence of heating on current,
because the Joule heating rate makes a peak despite ¢ having a local minimum at that location.
We also observe higher values of up to 7 times for height-averaged Cowling resistivity and Joule
heating rate when calculated with observational temperature data compared to those values
when calculated with tabulated temperature from the VAL F model. We see that the total Joule
heating rates at 21:00 UT are consistently greater than their values at 20:48 UT, and thus we can
conclude that the LB experiences an ongoing heating event due to this mechanism. In particular,
we observe that the total Joule heating rate values found using the NLTE temperature data from
IBIS with the VAL F model are two orders of magnitude greater than their counterparts found
using the VAL F model including the temperature. Finally, we find that the Joule heating
rate is highly dynamic both on and in the vicinity of the LB from its variations with height
at different locations. All the above observations support the importance of constraining our
analysis using observational data. In particular, constraining temperature using observational
temperature data from IBIS in our analysis is a major step forward from our last study [19]. In
future work, we plan to calculate temperature and internal energy enhancements within the LB
with respect to the umbral surroundings for quantitative validation for the same LB, and repeat
our analysis on different target structures within the chromosphere.
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