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Abstract

An Ellerman Bomb (EB) is a kind of small scale reconnection event, which is ubiquitously formed in the upper
photosphere or the lower chromosphere. The low temperature (< 10,000 K) and high density (~10'°—10?%) plasma
there makes the magnetic reconnection process strongly influenced by partially ionized effects and radiative
cooling. This work studies the high § magnetic reconnection near the solar temperature minimum region based on
high-resolution 2.5D magnetohydrodynamics simulations. The time-dependent ionization degree of hydrogen and
helium are included to realize more realistic diffusivities, viscosity and radiative cooling in simulations. Numerical
results show that the reconnection rate is smaller than 0.01 and decreases with time during the early quasi-steady
stage, then sharply increases to a value above 0.05 in the later stage as the plasmoid instability takes place. Both the
large value of 7, (magnetic diffusion caused by the electron-neutral collision) and the plasmoid instability
contribute to the fast magnetic reconnection in the EB-like event. The interactions and coalescence of plasmoids
strongly enhance the local compression heating effect, which becomes the dominant mechanism for heating in EBs
after plasmoid instability appears. However, the Joule heating contributed by 7., can play a major role to heat
plasmas when the magnetic reconnection in EBs is during the quasi-steady stage with smaller temperature
increases. The results also show that the radiative cooling effect suppresses the temperature increase to a reasonable
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range, and increases the reconnection rate and generation of thermal energy.
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1. Introduction

The interaction among the neutrals and ionized plasmas that
affects magnetic reconnection is one of the major scientific
challenges in understanding explosive phenomena in magne-
tized plasmas in the universe (e.g., Ni et al. 2020; Ji et al.
2022). The relatively cold and dense environment in the low
solar atmosphere provides a natural laboratory that helps us to
understand magnetic reconnection in partially ionized plasmas
(Wang 1995). As the observational techniques develop, a
growing number of small scale reconnection events have been
observed, such as Ellerman Bombs (EBs) (e.g., Ellerman 1917;
Ding et al. 1998; Georgoulis et al. 2002), ultraviolet bursts
(e.g., Peter et al. 2014; Tian et al. 2016; Chen et al. 2019),
spicules and chromospheric jets (e.g., dePontieu et al. 2007;
Samanta et al. 2019; Shen 2021; Schmieder et al. 2022),
nanoflares and campfires (e.g., Parnell & Jupp 2000; Song et al.
2020; Berghmans et al. 2021; Chen et al. 2021; Joshi et al.
2021), and some other explosive events (e.g., Huang et al.
2019; Rast et al. 2021; Xue et al. 2021).

Ellerman (1917) discovered an EB for the first time by
analyzing Ho spectral line profiles in an active spot-group,

where a sudden brightening in a very narrow band extending a
few angstroms on either side of the spectral line was observed.
EBs usually show elongated structures at Ha —0.8A (e.g.,
Georgoulis et al. 2002; Pariat et al. 2007), and can possibly be
composed of fine structures (Hashimoto et al. 2010). Plenty of
observations affirm that they also have strong emissions in Ca
II lines (e.g., Fang et al. 2006; Pariat et al. 2007; Vissers et al.
2013, 2015). Recent high-quality observations in H{ indicate
that EBs are ubiquitous in the quiet Sun and appear everywhere
(Joshi & Rouppe van der Voort 2022). The size of an EB is
about 1”7 and the typical lifetime is a few minutes (e.g.,
Georgoulis et al. 2002; Pariat et al. 2007). Statistical studies of
their energy spectra show that the released energy in an EB is
between 10%° and 10°® erg (e.g., Georgoulis et al. 2002; Fang
et al. 2006). The temperature increase in EBs is about
600-3000 K according to the results based on semi-empirical
models and numerous spectral analyses (e.g., Georgoulis et al.
2002; Fang et al. 2006; Hong et al. 2017).

Magnetic reconnection is believed to be the main mechanism
that accounts for an EB. When EBs happen, the strength of the

measured magnetic fields at the solar surface of the


mailto:leini@ynao.ac.cn
mailto:leini@ynao.ac.cn
mailto:leini@ynao.ac.cn
https://doi.org/10.1088/1674-4527/acafc3
https://crossmark.crossref.org/dialog/?doi=10.1088/1674-4527/acafc3&domain=pdf&date_stamp=2023-02-28
https://crossmark.crossref.org/dialog/?doi=10.1088/1674-4527/acafc3&domain=pdf&date_stamp=2023-02-28

Research in Astronomy and Astrophysics, 23:035006 (14pp), 2023 March

corresponding reconnection region is about a few hundred
Gauss (e.g., Pariat et al. 2004, 2007; Li et al. 2015). However,
the reconnection diffusion region in EBs is still poorly
understood because of the limited resolutions of the existing
solar telescopes. The multi-wavelength spectral studies and
radiative hydrodynamic simulations demonstrate that EBs
always occur in the upper photosphere or the lower chromo-
sphere (e.g., Hong et al. 2017, 2021) where the plasma density
is around 10'°~10*? cm > and it is weakly ionized according to
the C7 solar atmosphere model (Avrett & Loeser 2008).
Therefore, the strong radiative cooling and partially ionized
effects have to be considered when we study magnetic
reconnection in this region.

Previous single-fluid two-dimensional (2D) magnetohydro-
dynamics (MHD) simulations have studied magnetic reconnec-
tion between anti-parallel magnetic fields in the low solar
atmosphere (Chen et al. 2001; Xu et al. 2011), where the
temperature increase and duplicated Ha and Ca 11 line profiles
can be qualitatively compared with observations. Magnetic
reconnections between the U-shaped magnetic fields triggered
by Parker instability have also been shown to occur in both 2D
and three-dimensional (3D) MHD simulations (Isobe et al.
2007; Archontis & Hood 2009), which are consistent with the
scenario that EBs are usually observed in the regions with
serpentine magnetic field lines (Pariat et al. 2004). Recent 3D
radiation MHD simulations studied magnetic reconnection
between the emerging magnetic field and the background
magnetic field below the temperature minimum region (TMR)
(Danilovic et al. 2017; Danilovic 2017), and the synthesized
images in the Ha wing seen from different angles are similar to
the flame-like structures observed, and the synthetic magneto-
grams obtained from Fe I 6301 A are also consistent with
observations. However, we should point out that all these
previous MHD simulations about modeling EBs in the
stratified solar atmosphere usually focus on comparisons with
observations, and the heating mechanisms and small scale
physics in the reconnection region were not examined.

The theoretical and numerical studies about magnetic
reconnection in partially ionized plasmas indicate that the
ambipolar diffusion caused by the decoupling of ions and
neutrals (Brandenburg & Zweibel 1994), the ion recombination
effect (Leake et al. 2012, 2013) and radiative cooling
(Uzdensky et al. 2010) can accelerate reconnection when the
guide field vanishes. Both single-fluid and multi-fluid MHD
simulations show that turbulent reconnection mediated by
plasmoids also appears in the low solar atmosphere (Leake
et al. 2012, 2013; Murphy & Lukin 2015; Ni et al. 2015, 2016;
Ni & Lukin 2018; Singh et al. 2019; Murtas et al. 2021, 2022),
and plasmoid instability can lead to fast magnetic reconnection
(Ni et al. 2015; Ni & Lukin 2018), especially in the case of low
B (Ni & Lukin 2018). Which of these mechanisms govern fast
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magnetic reconnection in an EB is still an open question.
Previous simulations also indicate that Joule heating is very
important for converting magnetic energy into heat (Ni et al.
2016) in such a dense plasma. The heating caused by ambipolar
diffusion can be ignored in a low [ reconnection process
around the solar TMR (Ni et al. 2021, 2022), but it might play a
role in a high [ reconnection event such as an EB (Chae &
Litvinenko 2021). When plasmoid instability appears in the
reconnection current sheet, many small scale slow-mode and
fast-mode shocks appear inside the plasmoid (Ni et al.
2015, 2016), which can also heat plasmas in the reconnection
region. The strong horizontal flows at the solar surface are
usually observed during the EB formation process. Recent 3D
MHD simulations demonstrate that these horizontal flows
caused by external forces can drive the reconnection process
and cause compression heating in EBs (Cheng et al. 2021).
Nevertheless, the heating mechanism in EBs still needs more
precise simulations to verify.

In this work, we study reconnection and the heating
mechanism in EBs based on single-fluid MHD simulations.
The MHD models have been improved by including both
hydrogen and helium, and the time-dependent ionization
degree of these two elements, which makes the magnetic
diffusion caused by electron-neutral collision, the ambipolar
diffusion and the radiative cooling effect more realistic than
those in previous simulations (Ni et al. 2015, 2016). The
numerical methods are described in Section 2. We present the
numerical results in Section 3. Discussions about fast
reconnection and heating mechanisms in EB are provided in
Section 4. We give our conclusions and outlooks in Section 5.

2. Numerical Methods
2.1. MHD Equations

In this work, we use the optimized single-fluid MHD code
NIRVANA (Ziegler 2008, 2011) to perform the 2.5D MHD
simulations. All the five components including hydrogen
atoms, helium atoms, electrons, and ions contributed by
ionized hydrogen and helium are considered to be well coupled
as a single fluid. The solved MHD equations are the same as
those in the recent work by Ni et al. (2022):

Ip
9P — v (), 1
o (pv) ey
9 _ -V | pvw + (p + L IBIZ)I— LBB
or 2pg o
+ V15, (2)
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Table 1
Collision Cross Sections, the Unit is m?
Oe—nH Oe—nHe OiH—nH OiH—nHe OiHe—nH OiHe—nHe
2%x107" 2% 1071 1.5 % 10718 2 x 1078 2 x 107 = x 1071
only consider the primary ionization of helium, and it is
% = V-|let+tp+ e IBI? |v reasonable in our low temperature simulations. Since the
Ot 24 current sheet in our simulations is assumed to be parallel to the
B solar surface, we ignore gravity and the initial plasma density is
+V-|—@-B) B] taken as a constant.
| Ko
i " 2.2. Diffusions and Viscosity
+V.lv- s+ —Bx(VxB . N ..
E Lo ( )} The high plasma density in EBs causes strong collisions
- ! between different kinds of particles. In this subsection, we will
- V-|[—B x EAD} + Qg + H, 3) introduce the magnetic diffusion, ambipolar diffusion and
| Ho viscosity applied in this work. The magnetic diffusion is
OB contributed by both electron-neutral collision and electron-ion
o V x (v x B—-nV X B+ Epp), 4 collision, while the ambipolar diffusion mainly relates to the
d ion-neutral collisions, and the viscosity is mainly caused by
1 1 . _0 . . . . . .
e—_P —pvP + — B, 5) ion—ion cglhslons and neutral neutrgl coulslons. Tl.le dlfferent
y—1 2 2 cross sections used to calculate the diffusions and viscosity are
147 01T listed in Table 1; their values are given according to the
p= a1+ ’IHI : ’HE)pkB T. (6) previous work (Barata & Conde 2010; Vranjes & Krstic 2013),
Aam;

The variables p, v, B, p, T, e, Y;y and Yy, are the mass density,
fluid velocity, magnetic field, thermal pressure, temperature,
total energy density, and ionization fractions of hydrogen and
helium, respectively. E5p is the ambipolar diffusion electric
field, 7g is the stress tensor, and Q,,q and H are the radiative
cooling and heating terms respectively, which will be more
detailedly described in the next subsections. The magnetic
diffusivity 7 is contributed by both electron-ion collision (7);)
and electron-neutral collision (7.,). The constant values of
m;=1.66057 x 107" kg, kz=13806x10"> J K
po=4rx 1077 Vs A~" m " and ~v=5/3 are the mass of a
proton, Boltzmann constant, magnetic permeability coefficient
and ratio of specific heats, respectively. The International
System of Units (SI) are applied in the simulations.

We study magnetic reconnection around the solar TMR,
where the ion-neutral collision frequency is about 108", and
the ion inertial length and ion-neutral collision mean free path
are about 1m and 100m (e.g., Leake et al. 2013; Ni &
Lukin 2018), respectively. Therefore, it is reasonable to use
such a single-fluid model when we study an EB-like event with
a length scale of 200 km. However, we should also point out
that the single-fluid model will eventually break down when
the reconnection length scale decreases down to the ion-neutral
collision mean free path. In this work, the effects of neutrals are
embodied by the magnetic diffusion caused by electron-neutral
collision and ambipolar diffusion. The number density of the
total helium is assumed to be 10% of the total hydrogen. We

here 0c_nH, Te_nties Oii—nt> OiH—nHe> OiHe—nt> OiHe—nte and
0,q—nu are the collision cross sections of electron-neutral
hydrogen collision, electron-neutral helium collision, ion
hydrogen-neutral hydrogen collision, ion hydrogen-neutral
helium collision, ion helium-neutral hydrogen collision, ion
helium-neutral helium collision and neutral hydrogen-neutral
hydrogen collision, respectively.

The magnetic diffusivity n contributed by two different kinds
of collisions is expressed as

T] = nei + nen‘ (7)

According to the recent work Ni et al. (2022), the final
expressions are as below:

Mg ~ 1.0246 x 108AT13, ®)
0.1
S~ Y + (1 — Y |
~ 0.0351ﬁ[ > ; 9
Men Y;H + O-1Y;He ( )

where the unit for 7; and 7., is m?s~'. The expression for the
Coulomb logarithm A is written as

A =234 — 1.15logyn, + 3.4510g,, T, (10)

where n, = p(Y;y + 0.1Yige)/(1.4m;) is the number density of
electrons, expressed in cgs units (cm ), and T is expressed
in eV.

The ambipolar diffusion electric field EAp in the energy
equation, Equation (3), and induction equation, Equation (4), is
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given by

1
Exp = —npl(V X B) X B] x B, (1D
0

where nap is the ambipolar diffusion coefficient. The formula
of nap is as below (Ni et al. 2020, 2022)

(p,/p)

— PP 12
,Oi’/in + ngen ( )

N>

where the unit of nap is m>skg~'. Since the plasmas are

composed of hydrogen and helium, we can obtain:

_ 040 = Y + d — Y

13
Pul P 2 (13)
o [BkeT
PiVin = Pip"nH p— iH—nH
- 8kgT o
PirTnHe 71_4mi/5 iH—nHe
i n 8kgT o
PitetnH 7r4mi/5 iHe—nH
8kgT
+ PiHe 'nHe B OiHe—nHe» (14)
7r2m,-

where pp = pYu/1.4 is the ionized hydrogen density and
Pitte = 0.4pY31./ 1.4 is the ionized helium density. According to
the previous inference (Ni et al. 2022), the electron collision
part p.Ve, can be ignored.

The stress tensor in the momentum equation, Equation (2),
and the energy equation, Equation (3), is given as

- g[w LT - %(v - v)z], (15)

where ¢ is the dynamic viscosity coefficient and its unit is kg
m~' s7'. The expression for the dynamic viscosity can be

simply written as below (Ni et al. 2022)
£=10"7JT. (16)

The detailed derivation process of these diffusions and
viscosity can be found in the recent work about magnetic
reconnection in ultraviolet bursts (Ni et al. 2022). The
ionization degrees of hydrogen and helium are based on the
RADYN test atmosphere results by solving the radiative
transfer equations (Carlsson & Leenaarts 2012), which vary
with plasma temperature as plotted in Figure 1(a). The
ionization degree of helium is a simple exponential function
of temperature, Yy, =1 — 1(0-325571-0.0000596T According to
this expression, the value of Yy, will become negative if the
temperature is lower than 5413 K. Therefore, we assume
Yine = 0.00010084814 when T < 5413 K. The curve of Yy, (as
displayed in Figure 1) is a good fit down to 50% ionization at
T=10"K.
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2.3. Radiative Cooling Models

The radiative cooling effect is very strong in an EB, which
cannot be ignored when we study magnetic reconnection in this
region. As we know, the photosphere can be considered to be
in local thermodynamic equilibrium (LTE) and the chromo-
sphere is in a non-LTE state, which is much more complicated
when we try to solve the radiative transfer equations in this
region (Rutten 2003). Gan & Fang (1990) derived a simple
radiative cooling expression according to the observational
experiences, which can roughly measure the radiative cooling
effect in the low solar atmosphere. The chromospheric radiative
energy balance is dominated by a small number of strong lines
from neutral hydrogen, singly ionized calcium and singly
ionized magnesium (Vernazza et al. 1981). Carlsson &
Leenaarts (2012) provided a simple radiative cooling model
based on the three lines, which is considered as the most
accurate simple radiative cooling for the chromosphere,
especially for the upper chromosphere. The reconnection
region we study is around the solar TMR. We cannot tell
which model is more accurate for this region. Therefore, we
simulate different cases with the two different radiative cooling
models and compare the results.

As clearly described in the recent work Ni et al. (2022), the
first radiative cooling model (Carlsson & Leenaarts 2012) is
written as below

Oradl = — Z

X=H,Mg,Ca

Lxm (T) Exm ()

x 237 p M, (17
Nx P

where Ly, (T) is the optically thin radiative loss function
varying with temperature T, per electron and per particle of
element X in ionization state m, Ex.,(7) is the escape
probability as a function of the depth parameter T, ]\1]\’/"“ (T) is
the fraction of element X that is in ionization state m, AXX is the
abundance of element X and % = 4.407 x 108 g is the

number of hydrogen particles per gram of chromospheric
material. The units in Carlsson & Leenaarts (2012) are CGS
and we transform the units into SI in this work. When such a
radiative cooling model is applied, it will be turned on when
the temperature is larger than 4434 K, otherwise Q.41 =0. We
set the heating term H=0 when Q.q; is applied to the
simulation.

The second radiative cooling model (Gan & Fang 1990) is
expressed as below

Oradz = —1.547 x 10742”e”HO&T1'5, (18)

where ny is the number density of the total hydrogen, and the
altitude dependent parameter o = 1.805 x 10~* at TMR. When
Qa2 1s  applied, we set the initial heating term
H = 1.547 x 10" *2n0nyoaTy?, where T, is the initial temp-
erature, and n,y and nyy are the initial electron and total
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Figure 1. (a) Temperature-dependent ionization fractions of hydrogen (Y;y) and helium (Yj.). (b) Field lines and current density J, (background color) in the whole

simulation domain for Case IIl at t =0s.

hydrogen number densities, respectively. Such a heating term is
turned off when 7> 0. This initial heating term is included to
make QO,,q + H =0 at the beginning to avoid possible artificial
effects in the simulation.

2.4. Initial Setups

The simulation length scale Lo=200 km, which is
comparable with the length scale of an EB. The 2D simulation
domain is 0<x<Ly and —0.5Lp<y<0.5L,, and open
boundary conditions are applied in both directions. According
to the solar atmosphere model, we assume the initial
temperature 7o =4400 K and the initial total plasma density
po=1.66057 x 10°® kgm >, which are the typical values
around TMR. The horizontal force-free Harris sheet is applied
as the initial equilibrium magnetic fields:

By = —bgtanh[y/(0.05L¢)], 19)
By =0, (20)
Bo = bo/ cosh[y/(0.05Lo)], ey

where by =0.01T. Therefore, the initial Alfvén velocity
vao = bo/ [lopy = 6922 m s~ !, the initial plasma pressure
po=nokgTo=47.7Pa and the initial plasma (G is
Bo = po /(b /211) = 1.20, which are similar to the initial
setups for studying a high [ magnetic reconnection in the
previous work (Ni et al. 2016).

The small perturbations for both magnetic field and velocity
at the beginning are given as below:

by = —bper Sin I:—ZT('(y + 0.5Lo) ] cos [—ZW(X + 0-5L0) ],

LO LO
(22)
by1 = Dpert COS [ 21(y + 0-5L0) ] sin [ 2m(x + 05Lo) ],
L() L()
(23)
. y random,,
Vyl = Vper Sin| 71— | - ———————, (24)
Lo/ Max([random,|)

where bpey and vpe are small fractions of by and vy
respectively, and random,, is the random noise function in the
simulation code.

In order to study the effects of radiative cooling, different
diffusions, initial perturbations and resolutions on magnetic
reconnection around the solar TMR, we have tested many
different cases. In this paper, we will show the results of seven
cases, and the differences among these cases are listed in
Table 2. The adaptive mesh refinement (AMR) level means the
highest level of mesh refinement applied in the simulations. We
can see that the only difference between Cases I, II and III is
the radiative cooling model. We will compare the results from
these three cases to study the effect of radiative cooling on
magnetic reconnection. The only difference between Cases III,
IV and V is the different diffusion terms included in these
cases. The resolution in Case VI is much lower than that in the
other cases, which makes the numerical diffusion dominate
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Table 2
Differences Among Seven Simulation Cases

Radiative =~ Magnetic ~ Ambipolar Initial AMR Level Smallest bpert Vpert

Cooling Diffusion  Diffusion Grid Grid Size
Case I NO Tei + Ten ON 192 x 192 8 4.07 m 0.05bp  0.005v40
Case II Oraa2 Nei + Men ON 192 x 192 8 4.07 m 0.05bp  0.005v40
Case III Orad Nei + Ten ON 192 x 192 8 4.07 m 0.05bp  0.005v,40
Case IV Oraai Nei OFF 192 x 192 8 407m  0.05by 0.005v4
Case V Oradl Tei + Ten OFF 192 x 192 8 4.07 m 0.05bp  0.005v,40
Case VI Oradl Tei + Ten ON 384 x 384 0 520.83m  0.05bp  0.005v40
Case VII Oradi Nei + Ten ON 192 x 192 8 4.07 m 0.01bp  0.005v40

over the physical diffusions in this case. Compared with the
other cases, a much smaller initial perturbation of magnetic
field is applied in Case VIIL.

3. Numerical Results
3.1. Results with Different Radiative Cooling Models

In order to investigate the effects of radiative cooling on the
magnetic reconnection process in EBs, we will detailedly
describe and compare the results in Cases I, II and III in this
subsection. The radiative cooling term is turned off in Case I,
while Q.qp and Q,.q; are separately included in the energy
equation in Case II and Case III.

The evolutions of the current sheet in different cases are
shown in Figure 2. The 2D distributions of the temperature and
plasma density at three different times are presented in this
figure, in which the two different background colors in half of
the upper and lower panels represent the temperature and
density, respectively. The time evolutions of the maximum
temperature Ti,.x, the maximum velocity in the x-direction
Vxmax and the reconnection rate v in the three cases are
presented in Figure 3. The reconnection rate is calculated as:
Y = Vy_aver/ Va—aver» Where vy, is the average velocity in the
y-direction and v,4_,.e, 1S the average Alfvén velocity inside a
small region around the main reconnection X-point; the red
boxes in Figure 2 are these small regions for calculating the
reconnection rate.

The initial Harris sheet always becomes thinner and thinner,
and then breaks down to form the plasmoid instability at
around r=37 s in all the three cases. These plasmoids collide
and coalesce to form bigger and bigger ones. As discussed in
the previous papers Ni et al. (2016, 2022), many slow and fast
mode shocks are formed inside the plasmoids during the
collision process, which can also be identified in Figure 2. As
demonstrated in Figures 2 and 3, the evolutions of all the
variables are very similar in the three cases before plasmoid
instability appears.

After that, the radiative cooling strongly affects the
temperature and density distributions. The temperature sharply
increases with time from 4400 K to above 9400 K in Case I
without the radiative cooling effect. Such a temperature
increase is too large to match the measured temperature
increase in a typical EB (~600-3000 K) (e.g., Georgoulis et al.
2002; Fang et al. 2006; Hong et al. 2017). The temperature
increase becomes slower and slower in Case II and Case III
after plasmoid instability appears, and the maximum temper-
ature stays at about 7000 K in Case II and 6800 K in Case III,
eventually. Therefore, the temperature increases in Case II and
Case III are in good agreement with that in a typical EB. The
slightly higher temperature in Case II indicates that the
Carlsson & Leenaarts (2012) radiative cooling model is
stronger than the Gan & Fang (1990) model. Figure 2 also
shows that the strong radiative cooling results in the more non-
uniform density distributions inside the plasmoids, and the
maximum density in Case III is much higher than that in Case I
at t="70.32s. In Figure 3(b) and (c), we can also see that the
radiative cooling efficiently accelerates the outflow velocity
and increases the reconnection rate to a higher value during the
later stage. The maximum outflow velocity in Case III stays
around 9 km s~ !, which is consistent with the inverted outflow
velocity of a chromospheric reconnection event based on the
observational results (Diaz Baso et al. 2021).

As we know, the thermal energy equation in the MHD model
is stated as below:

de[h _

1 2
—pV v + —tr(7
dr p 2% (3%)

+ 11V x BP + 21 (v x B)P
7 1

+ Qrad, (25)

where ey, is the thermal energy density and the “tr” in the
second term on the right-hand side means evaluating the trace
of a matrix. Figure 4 shows the evolutions of the average power
densities contributed by different terms on the right-hand side
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(b)case Il
= =
T 4000 5000 6000 7000
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Figure 2. The 2D distributions of temperature and plasma density at three typical times in six different cases. The two different background colors in half of the upper
and lower panels correspond to the temperature and density, respectively. The black solid lines represent the magnetic field lines.

of Equation (25) in different cases. Variables Qcomp, Ovis» Qeis
Ocn» Oamp and QOr,q are the average power densities of the
compression heating, heating caused by the viscosity &, Joule
heating contributed by magnetic diffusions 7,; and 7.,, heating
contributed by the ambipolar diffusion n5p and lost thermal
energy by the radiative cooling effect, respectively. They are
the average values calculated in the area of the main
reconnection region within —0.026L, <y < 0.026L, and
0 <x < Ly. We should point out that the compression heating
Ocomp has been calculated by using the average values of both

v-Vp and —pV -v in the main reconnection region, because
Qcomp:j;’fv . Vp dFdz:fO’f—pv-vdth (Birn et al.
2012), where [dF represents the integration in the x and y
directions.

Comparing the results in Figure 4(a), (b) and (c), one can
find that the evolutions of different heating terms are very
similar in Cases I, IT and III. Q. is larger than the other heating
terms during the early reconnection stage. However, Q.,
sharply decreases to a much lower value after plasmoid
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Figure 3. The time evolutions of the maximum temperature 7y,,x (a), the maximum outflow velocity in the x-direction vy, (b), and the reconnection rate y in Cases I,
II and III.
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Figure 4. The time evolutions of the average power density contributed by different heating terms and the radiative cooling in six different cases.

instability appears, but the general trends of all the other terms than the other terms and can be ignored in all the cases. When
increase with time. Eventually, Q¢omp dominates over the other we look into the details, we can find the differences among the
terms, Q., decreases to a value with the same order of three cases. The value of Qcomp in Case III reaches above
magnitude as Qg and Qamp, and Q.4 is always much smaller 10erg em >s™', while this value is smaller than
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Figure 5. The time evolutions of the different diffusion coefficients (7e;, 7en and 7amp) at the main reconnection X-point in Case III and Case VIL

10ergem s~ in Case I. The lower temperature in Case III

also makes the values of Qcn, Qamp and Q. in Case III be
higher than those in Case I. Therefore, the radiative cooling
effect efficiently promotes the generation of more thermal
energy. As demonstrated in Figure 4(b) and (c), the radiative
cooling effect is much weaker than total heating effect before
plasmoid instability appears in both Case II and Case III. After
that, the radiative cooling term Q,,4 sharply increases, and then
it gradually becomes stable after 1 =60s in both cases. The
radiative cooling effect has been increased by four orders of
magnitude during the whole reconnection process of 100 s. The
final average power density of the radiative cooling term Q,,q is
also ~10erg cm > s ! in both cases, and the radiative losses at
the  reconnection site are then  calculated as
Liag = Oraqg X Lo =200 kW m 2, which is very close to the
calculated radiative loss (160 kW m?) of the chromospheric
reconnection event based on the observational results (Diaz
Baso et al. 2021).

3.2. Results with Different Diffusions

The collisions between different kinds of particles in EBs are
also strong because of the high plasma density there. Such
strong collisions might efficiently affect the magnetic recon-
nection process through the different diffusion terms in the
energy equation, Equation (3), and the magnetic induction
equation, Equation (4). Figure 5 displays the time-dependent
diffusivities at the main reconnection X-point inside the current
sheet. In order to unify the units of three diffusion coefficients,
we evaluate the ambipolar diffusion via amp = anAD /o As
shown in Figure 5, the magnetic diffusivity contributed by
electron-neutral collision 7., and the ambipolar diffusion
coefficient namp are above 10°m?s ' at the beginning, and
they are almost two orders of magnitude higher than the

magnetic diffusivity contributed by electron-ion collision 7)e;.
However, 7., and 7amp at the main reconnection X-point
sharply decrease during the reconnection process because of
the increasing temperature and ionization degree; they decrease
to a value that is smaller than 7. during the later stage.
Therefore, it is necessary to detailedly check how these time
dependent diffusivities affect the whole reconnection process.
The results in Cases III, IV, V and VI are compared to check
the effects of different diffusions. We only include the 7,; term
in Case IV, but we include both the 7,; and 7, terms in Case V.
The terms related to the ambipolar diffusion nap are turned off
in both Case IV and Case V. Though all the diffusion terms are
included in Case VI, the limited resolution causes the
numerical diffusion in Case VI to be much larger than the
three physical diffusions.

The 2D distributions of the temperature and plasma density
at three different times in Cases III, IV, V and VI are presented
in Figure 2(c), (d), (e) and (f), respectively. The time evolutions
of the maximum temperature T;,,x, maximum velocity in the x-
direction vy, and reconnection rate <y in the four cases are
presented in Figure 6. Comparing Figure 2(c) and (e), we can
find that the missing ambipolar diffusion effect slightly changes
the evolutions of the plasmoid instability; the plasmoids appear
a little bit later and they are slightly smaller in Case V than
those in Case III at the same point in time. As shown in
Figure 6, the time evolutions of T,.x, Vxmax and <y are very
similar in Case III and Case V. These results indicate that the
ambipolar diffusion is not important in such a reconnection
process. Comparing Figure 2(d) and (e), one can clearly see
that the missing 7., terms cause strong influences on the
reconnection process. Before = 60s, the temperature inside
the current sheet in Case IV is much lower than that in Case III,
and the plasmoids appear about 5s later in Case IV. The
missing 7., terms in Case IV also result in the smaller outflow
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Figure 6. The time evolutions of the maximum temperature 7y, (a), the maximum outflow velocity in the x-direction v,y (b), and the reconnection rate -y in Cases

1L, IV, V and VL

velocity vymax and smaller reconnection rate v as displayed in
Figure 6(b) and (c). These results indicate that the magnetic
diffusion caused by the electron-neutral collision plays an
important role in the magnetic reconnection process of an EB.

Figures 2(f) and 6 show that the large numerical diffusion in
Case VI makes the evolution of the whole reconnection process
be very different. The plasmoids appear much later and much
fewer plasmoids appear in this case. The temperature increase
and reconnection outflow velocity are also strongly under-
estimated in Case VI. Therefore, the realistic physical
diffusions and high resolutions in numerical simulations are
very necessary for investigating the reconnection and heating
mechanisms in EBs.

4. Discussion
4.1. Mechanisms Leading to Fast Magnetic Reconnection

The high plasma density in EBs makes the collisions
between different kinds of particles and the radiative cooling
effect be strong in the magnetic reconnection region. The
strong collisions will lead to the large diffusion terms in the
energy equation, Equation (3), and the magnetic induction
equation, Equation (4). The strong radiative cooling will also
affect the evolution of the energy equation, Equation (3).

Previous theoretical results (Brandenburg & Zweibel 1994)
demonstrated that the ambipolar diffusion caused by the
decoupling of ions and neutrals can result in a thinner current
sheet and much higher reconnection rate when there is no guide
field. Theoretical work in Uzdensky et al. (2010) indicated that
the strong radiative cooling can also accelerate the reconnection
when the guide field vanishes. The 2D numerical results in Ni
et al. (2015) then demonstrated that the ambipolar diffusion and
radiative cooling indeed make the thinning of the current sheet
faster and the reconnection rate higher before plasmoid
instability appears, in the case with zero guide field. However,

the reconnection rate always sharply increased to a value
~0.02-0.03 after plasmoid instability appears (Ni et al. 2015),
no matter whether the ambipolar diffusion and radiative
cooling effects are included in the simulations or not.

Figures 3(c) and 6(c) show the time evolutions of the
reconnection rate in different cases. We can see that the
reconnection rate is smaller than 0.01 before plasmoid
instability appears. After r=25s, the reconnection rate
decreases to an even lower value. The reason is that the
reconnection rate y scales with the Lundquist number S as
'ywSil/ 2 in the earlier quasi-steady stage with the Sweet-
Parker like current sheet, where S = Lv, /7. The decreasing 7 as
shown in Figure 5 causes the decreasing reconnection rate
during this stage. After plasmoid instability appears, the
reconnection rate is always sharply increased in all the cases,
which is consistent with the previous simulations (Ni et al.
2015; Ni & Lukin 2018). However, there are some differences
between this work and the previous one (Ni et al. 2015).
Comparing the results in Case I and Case III, we can see that
the strong radiative cooling effect still slightly increases the
reconnection rate after plasmoid instability appears. The results
in Figure 6(c) demonstrate that 7., also plays an important role
that results in the fast magnetic reconnection; the reconnection
rates in Case III and Case V are about two times larger than that
in Case IV, even after plasmoid instability appears. Since 7, is
about 25 times larger than 7,; before t =30s in Case III, the
reconnection rate in Case III is expected to be about 5 times
higher than that in Case IV without 7., during this stage.
However, the reconnection rate in Case III is only slightly
higher than that in Case IV as shown in Figure 6(c). The reason
is that the AMR level is smaller than 4 before ¢t = 30 s, which
causes the low resolution during this stage. The low resolution
then results in the high numerical diffusion, and the reconnec-
tion rate in Case IV is overestimated during this stage. The
similar results in Case III and Case V demonstrate that the
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ambipolar diffusion effect can be ignored in the whole
reconnection process.

In order to confirm these results and conclusions, we have
calculated the reconnection rate in larger boxes in the upstream
region around the main reconnection X-point. The derived
reconnection rate in the larger box is relatively lower but the
whole evolution trend is the same as those shown in
Figures 3(c) and 6(c). The reconnection rate at the main-X
point is also calculated based on the values of nJ, (Leake et al.
2012, 2013; Ni & Lukin 2018), which exhibits larger
fluctuations than the results presented in Figures 3(c) and
6(c) after plasmoid instability appears. However, the main
conclusions are still not changed.

Our numerical results indicate that both the large magnetic
diffusion caused by electron-neutral collisions and the
plasmoid instability can lead to fast magnetic reconnection in
an EB-like event. The strong radiative cooling in EBs can also
accelerate magnetic reconnection even when the strong guide
field is included. However, we should point out that the
research about the ion recombination effect on magnetic
reconnection (Leake et al. 2012, 2013) in the EB-like event is
outside the scope of this work.

4.2. Heating Mechanisms

Though magnetic reconnection is believed to be the main
mechanism accounting for EBs, the energy converting mech-
anism inside the reconnection diffusion region is still not well
understood. The high resolution MHD simulations with time
dependent ionization degree, more realistic diffusions and
radiative cooling model allow us to deeply analyze the heating
mechanisms in EBs.

Figure 4 plots the time evolutions of the average power
density contributed by different heating terms in the thermal
energy equation, Equation (25). The results in Case III show
that the Joule heating contributed by electron-neutral collision
(Qen) is larger than the other heating terms during the early
reconnection stage. After plasmoid instability appears, O,
sharply decreases to a much lower value, but the general trends
of all the other terms increase with time. The compression
heating Qcomp exceeds the Joule heating Q., after 25s.
Eventually, Q., decreases to ~0.4 erg cm s, QO.i and Qamp
increase to a value with the same order of magnitude as Q.,,
and Q.omp increases to a value above ~10erg cm s, The
numerical results in Case VII show similar behaviors as those
in Case III. However, the five times smaller initial perturbation
in Case VII causes the slower evolution of the current sheet and
the plasmoids appear much later. In Case VII, Q., is much
larger than Qcomp and the Joule heating caused by 7., is the
most important heating term before plasmoid instability
appears. Then, the compression heating Qcomp increases and
exceeds the Joule heating Q. after plasmoid instability appears
(~90s). We can expect that Q.omp Will also increase to a value
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with Q=10ergem >s in Case VII during the later stage.
When such a turbulent reconnection process happens in an EB
with the typical size of V=700 x 700 x 700 km® and the
lifetime of # =5 minutes, the total thermal energy supplied by
magnetic reconnection is E=Q x V x t=~ 10*" erg, which is in
the energy range of a typical EB (~10-10%® erg) measured
from observations (e.g., Georgoulis et al. 2002; Fang et al.
2006).

The numerical results indicate that the sharp increase of the
compression heating is triggered by the appearance of the
plasmoids. The compression heating always dominates to
supply the thermal energy in EBs as long as the turbulent
reconnection mediated by plasmoids appears. As affirmed in
Figure 2, the interactions and coalescence of the plasmoids can
strongly enhance the local compression inside the plasmoids,
many slow-mode and fast-mode shocks appear (Ni et al.
2015, 2016, 2022), and the kinetic energy generated in the
reconnection process is then converted into thermal energy in
this process (Ni et al. 2022). Figure 7(a) presents the
divergence of the velocity in a plasmoid shown in
Figure 2(c); the large compressions appear in the regions with
obvious blue and red colors. The vertical white dash-dotted line
in Figure 7(a) is the same line as drawn in Figure 2(c). The two
fast-mode shock fronts are located at around the two heads of
the plasmoid with blue colors. The vertical white dash-dotted
line crosses a pair of slow-mode shock fronts with red colors.
Figure 7(b) plots the distributions of p/p,.«, T/Tmax and
D/Puax along the vertical white dash-dotted line. The results in
Figure 7(b) demonstrate that the variables suddenly increase to
higher values around the two slow-mode shock fronts.
Figure 7(c) displays the time evolutions of Qcomp and QOiin,
where Qy;, is the average power density of the kinetic energy
calculated inside the reconnection region  within
—0.026Ly < x < 0.026Ly and 0 <y < Ly. We can see that the
sharp increase of Qcomp always corresponds to the sharp
decrease of Qy;,. Since the small shock structures inside the
plasmoids strongly vary with time and location and the other
compression heating processes always combine with shocks at
the same time, it is difficult to evaluate how much thermal
energy is converted from kinetic energy only via shocks.

Such a result is different from the previous work in Ni et al.
(2016), which showed that Joule heating dominates to heat the
plasmas in the magnetic reconnection process in EBs with a
similar plasma £ as in this work. However, we should point out
that the fixed ionization degree caused magnetic diffusion
contributed by electron-neutral collision and ambipolar diffu-
sion to be overestimated, and the radiative cooling process was
underestimated in the reconnection region in Ni et al. (2016).
Therefore, the Joule heating and temperature increase were
overestimated in Ni et al. (2016). The current model in this
work has been improved significantly by including the time
dependent ionization degree of hydrogen and helium, and a
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Figure 7. (a) The divergence of the velocity in a plasmoid shown in Figure 2(c); the vertical white dash-dotted line is the same line as drawn in Figure 2(c). (b) The
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temperature and pressure along this line respectively. (c) The time evolutions of Qcomp and Oyin, Where Qcomp and Qyi, are the average power densities of the

compression heating and kinetic energy, respectively.

more realist radiative cooling model. In addition, the
coalescence of the plasmoids lasts for a longer time to form
much bigger plasmoids in this work, which lead to a larger
compression heating effect. Recently, Ni et al. (2022) studied
the low (3 magnetic reconnection process in ultraviolet bursts
based on the same MHD model as in this work, and the main
difference between the current model in this work and the one
in Ni et al. (2022) is the magnetic field strength, and hence the
plasma (. Their results demonstrated that the thermal energy
accounting for ultraviolet bursts around the solar TMR is also
mainly supplied by the local compression heating triggered by
plasmoid instability. The much lower plasma 3 in Ni et al.
(2022) leads to the much stronger compression heating effect.
Therefore, we can conclude that such a mechanism plays an
important role for different kinds of local heating events related
to magnetic reconnection in the low solar atmosphere.

However, we should point out that the plasmoid instability
might not always appear in the EB-like events, or in the whole
stage of the EB events. Then, the Joule heating contributed by
Nen (the magnetic diffusion caused by electron-neutral col-
lision) will play the most important role for supplying thermal
energy in a lower temperature EB with a quasi-steady state
reconnection process.

5. Conclusions and Outlooks

In this work, we have studied the reconnection and heating
mechanisms in EBs based on a single-fluid 2.5D MHD
framework. Compared with previous works (Ni et al.
2015, 2016, 2021), the time dependent ionization degrees of
hydrogen and helium are included to result in more realistic
diffusivities and viscosity, and two improved radiative cooling
models have been applied in the simulations. The reconnection

current sheet is assumed to be located around the solar TMR
with the initial temperature of 4400K and density of
1.66057 x 10~° kg m . We have tested seven different cases
to study the effects of radiative cooling, different diffusions,
initial perturbations and resolutions on magnetic reconnection.
The main conclusions are summarized as below:

1. In the weakly ionized plasmas around the solar TMR, the
reconnection rate is smaller than 0.01 and decreases with
time during the quasi-steady state Sweet-Parker like
current sheet stage, then sharply increases to a value
higher than 0.05 during the later unstable reconnection
stage with plasmoid instability. Both the large value of
Nen and plasmoid instability contribute to the fast
magnetic reconnection in an EB-like event.

2. The compression heating always dominates to supply
thermal energy in EBs as long as turbulent reconnection
mediated by plasmoids appears. The local compression
heating in the reconnection region was efficiently
enhanced when the plasmoids collide and coalescence
with each other, and part of the generated kinetic energy
is converted to thermal energy during this process.
However, the Joule heating contributed by 7., can play a
major role to heat plasmas when magnetic reconnection
in EBs is during the quasi-steady stage with smaller
temperature increases.

3. The average power density caused by the compression
heating can reach above 10 ergcm s, which can supply
a total energy of 10* erg for an EB with size of 1” and
lifetime of 5 min. The strong radiative cooling in EBs
results in radiative loss at the reconnection site being
200 kW m~2, which is close to the measured radiative



Research in Astronomy and Astrophysics, 23:035006 (14pp), 2023 March

loss (160kWm™2) of the observed chromospheric
reconnection event (Diaz Baso et al. 2021).

4. The strong radiative cooling effect in the reconnection
region constrains the temperature increase to a reasonable
value (~2400K), which is consistent with the results
based on semi-empirical models and numerous spectral
analyses from observations (e.g., Georgoulis et al. 2002;
Fang et al. 2006; Hong et al. 2017). The radiative cooling
effect also promotes the generation of more thermal
energy, accelerates the outflow velocity and increases the
reconnection rate.

Previous two-fluid MHD simulations showed that the ion
recombination effect can result in fast magnetic reconnection in
weakly ionized plasmas (Leake et al. 2012, 2013). Future multi-
fluid MHD simulations with a more realistic radiative cooling
model is still necessary to study the magnetic reconnection
process in EBs. The recent 3D radiation magnetohydrody-
namics (RMHD) simulations have successively simulated the
formation of EBs in the photosphere and synthesized Ha
images and spectral line profiles (Danilovic et al. 2017;
Danilovic 2017). However, these 3D RMHD simulations
always showed a single X-point structure inside the reconnec-
tion region. The high resolution observational results indicate
that EBs might include many fine structures (Hashimoto et al.
2010; Diaz Baso et al. 2021), and the recent 3D MHD
simulations also demonstrated that a small scale flux rope
(corresponding to the plasmoid in 2D) can be generated in the
reconnection process of an EB (Cheng et al. 2021). Therefore,
future higher resolution 3D RMHD simulations with more
realistic diffusions are very important to reveal the magnetic
reconnection and heating mechanism, and the fine structures
inside an EB. The higher resolution and more precise
observational results from the Daniel K. Inouye Solar Telescope
(DKIST) (Rast et al. 2021), Chinese H-Alpha Solar Explorer
(CHASE) (Li et al. 2022) and other telescopes should be
combined with simulations to reveal the hidden smaller scale
physics in EBs.
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