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Abstract Thermal fronts are often used to explain the con-
finement of energetic electrons in the solar corona. In this
paper, a 1-D particle-in-cell simulation model is used to ex-
plore the evolution of thermal fronts in the flaring magnetic
loop. The numerical simulation starts with hot electrons in
contact with background cold electrons along the magnetic
field. The hot electrons transport along the magnetic field
and induce a polarized electric field, drawing a return cur-
rent from the background cold electrons. This return current
can generate ion acoustic waves which could evolve into a
double layer (DL). The DL is able to inhibit the transport of
electron heat flux, which ultimately leads to the formation
of a thermal front. However, the thermal front cannot persist
for very long, since the DL will be dissipated by ambient
cold protons. As a result, the cold protons trapped within the
DL will be efficiently heated. After the vanishing of the first
thermal front, hot electrons can again freely expand into the
cold plasma, resulting in the growth of ion acoustic waves,
which ultimately develop into a new DL. Then, a new ther-
mal front will reform at a location farther into the regions of
hot electrons. The new thermal front moves forward 2001 p
(Ap 1is the cold electron Debye length) toward the regions
containing hot electrons. The implications of simulation re-
sults to the observations of hard X-ray emission and confine-
ment of energetic electrons in the corona are also discussed.
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1 Introduction

During solar flares, coronal electrons can be accelerated
to over 100 keV, which is several orders of magnitude
higher than the ambient plasma temperature (Lin et al. 2003;
Krucker et al. 2007, 2010). Generally, these energetic elec-
trons can emit hard X-ray through interaction with back-
ground plasma both in the corona and chromosphere. Obser-
vationally it is suggested that the time scale of hard X-ray
emissions can be last up to several minutes in the corona
(Masuda et al. 1994; Krucker et al. 2007, 2010), indicat-
ing that the lifetime of electrons which could produce hard
X-ray is two orders of magnitude longer than the free-
streaming transit time through the source. Thus, a mech-
anism must necessarily exist that confines these particles
in the source region. The idea of thermal fronts has been
brought up to provide a potential mechanism for the con-
finement of hot electrons in flaring magnetic loops (Brown
et al. 1979; Smith and Lillequist 1979). Theoretical analysis
shows that expansion of heated electrons into a cool sur-
rounding plasma can generate an acoustic turbulence front
which efficiently scatters the electrons, inhibiting the trans-
port of electron heat flux (Brown et al. 1979). Therefore,
the decay time of the temperature is increased by a factor
~ (m;/me)"? over its free-streaming transit time, which is
compatible with observations. The observations of hard X-
ray emissions also confirm the existence of thermal fronts
in solar flares (Rust et al. 1985; Batchelor et al. 1985), sug-
gesting that they may play a dominant role in the transport
of energetic electrons from the corona to the chromosphere.

The numerical simulation is a powerful tool to study
basic plasma physics in a self-consistent way. But, there
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are only several papers relevant to the formation of ther-
mal fronts in flaring magnetic loops using numerical sim-
ulation models (Ishigura et al. 1985; McKean et al. 1990;
Arber and Melnikov 2009; Li et al. 2012). McKean et al.
claimed that a thermal front is not established for a plasma
inhomogeneous in electron temperature and homogeneous
in density and ion temperature. However, recent simulations
(Arber and Melnikov 2009) indicated that the absence of
thermal fronts is due to the restricted size of the initial hot-
electron region. The thermal fronts can exist actually when
larger hot region is used. Moreover, the formation mech-
anism of thermal fronts has been studied by electromag-
netic 2-D (actually 1-D) particle-in-cell simulations (Li et al.
2012). It was shown that the transport of coronal energetic
electrons is suppressed by the formation of a DL, which is
defined by an electric structure sustaining a potential differ-
ence (Block 1978; Raadu and Rasmussen 1988). Karlicky
(2015) made an extended study of the thermal front forma-
tion using a 3-D particle-in-cell simulation. He found that
Langmuir and electromagnetic waves can be generated dur-
ing the formation of thermal fronts.

To better understand the problem of energetic electron
transport from the corona to the chromosphere, an impor-
tant question must be answered that how long the thermal
front can exist in the flaring magnetic loops. The previ-
ous simulation studies focused mainly on the formation of
thermal fronts, while there are little literatures to investi-
gate the dissipation of the thermal front. This paper will fill
this gap. Note that our definition of the thermal front refers
to the phenomenon that the temperature difference in the
plasma is maintained longer than the electron free stream-
ing timescale. We define it in terms of the phenomena rather
than from the perspective of physical mechanisms. Here is
the organization of the paper. We first describe the simula-
tion model in Sect. 2 and then present simulation results in
Sect. 3, followed by conclusions and discussion in Sect. 4.

2 Simulation model

A 1-D electromagnetic particle-in-cell simulation model is
used to study the self-consistent evolution of thermal fronts,
which retains 3-D electromagnetic fields and particle veloc-
ities but only 1-D spatial variations in the x direction (Sun
et al. 2017). The background magnetic field By is oriented
in the x direction. The simulation model is performed in a
homogenous plasma, and the number density of the plasma
is ng. The total length of the computational domain is L.
For the initial condition, the plasma consists of three compo-
nents: a Maxwellian distribution of cold electrons and pro-
tons, and a bi-Maxwellian distribution of hot electrons. Cold
protons and electrons have the same temperature. The hot
electrons are distributed in the middle of the computational
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domain (L/3 < x < 2L/3), while the cold electrons are lo-
cated elsewhere. The parallel temperature of hot electrons is
5 times that of cold electrons, and the perpendicular temper-
ature of hot electrons is equal to that of cold electrons.

In the simulation model, the temperature is normalized
to the temperature of cold electrons 7. The time and space
are normalized to the inverse of electron plasma frequency
a)p_el and the Debye length Ap = v;0/wpe (Where v;0 =
/To/m, is the thermal speed of cold electrons), respec-
tively. A smaller mass ratio of proton to electron m; /m, =
100 is chosen just to reduce computational cost. The speed
of light ¢ = 100V, is adopted, where Va = Bo/./onom;
is the Alfven speed. The cold electron plasma beta is ini-
tially set as B, = 0.4, and then the Alfven speed is V4 =
0.224v,9. The total length of the computational size is L =
146501 p, and the number of grid cells is n, = 32768.
Hence, the grid size is set as Ax = 0.447Ap = App, where
Apn is the Debye length of hot electrons. For each species,
there are on average 1000 macroparticles in each cell. The
time step is At = 10’2(0;81. The absorbing boundary con-
ditions are used for electromagnetic fields, and reflecting
boundary conditions are assumed for particles (Tao 2014).

3 Simulation results

With the 1-D particle-in-cell simulation model, we present
the evolution of thermal fronts driven by the contact of hot
electrons with cold electrons. As a result of the fact that this
simulation model is a symmetric system, it is equivalent to
analysis either side of the contact. In this paper we choose
the right side without any preference, where hot electrons
propagate toward the positive direction. For the purpose of
illustration, the coordinate of the interface between hot elec-
trons and cold electrons is set to 0. Thus, at the beginning,
the coordinates of the location of hot electrons are negative,
while the coordinates of the location of cold electrons are
positive.

Since the parallel electron transport is of interest, we ex-
amine the evolution of electron temperature parallel to the
background magnetic field. Figure 1(a) shows the temporal
and spatial evolution of electron temperature parallel to the
background magnetic field near the region where the inter-
face between hot and cold electrons, and Fig. 1(b) illustrates
the spatial profile of electron temperature at wp.t = 0, 400,
900, and 1500. Note that here the temperature in every grid
cell is defined by T, = me{(vex — (vex))z), where the angle
brackets denote an average over particles inside a cell. Ini-
tially, there is a steep temperature gradient between the hot
and cold electrons. During a short time (wpet = 0 ~ 100),
hot electrons expand into the region of cold plasma, which
smooths the narrow transition of electron temperature. At
wpet =400, a jump emerges in the electron temperature pro-
file near x = —60X p and remains for a while, which means
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Fig.1 (a) The temporal and spatial evolution of electron temperature parallel to the background magnetic field near the transition between hot and
cold electrons. (b) The spatial profiles of parallel electron temperature at wyt = 0, 400, 900, and 1500
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Fig. 2 The temporal and spatial evolution of the electric field parallel
to the background magnetic field

the formation of a thermal front. The appearance of the ther-
mal front indicates that the transport of hot electrons into the
cold plasma is suppressed. As time increases, the tempera-
ture jump becomes gradual, which suggests that the thermal
front is gradually dissipated. At wp.t = 900, there is no ob-
vious jump in the temperature profile, suggesting that the
thermal front has disappeared. It is interesting to note that
the thermal front is not absent for a long time. Instead, the
thermal front reforms at wp,t = 1500.

The temporal evolution of the electric field parallel to the
background magnetic field is illustrated in Fig. 2. The hot
electrons transport along the magnetic field and induce a
polarization electric field (wp.t = 0 ~ 200) because of the
charge separation between the expanding electrons and pro-
tons. This polarization electric field in turn accelerates am-
bient cold electrons to form a return current. According to
the theoretical analysis by van den Oord (1990), the elec-
tromagnetic inductive effect may also play a role in driving

the return current. The return current is unstable to excite
ion acoustic waves. It is found that the waves are gener-
ated at wp.t = 300, and mainly propagates in the negative
direction. By diagnosing the dispersion relation of parallel
electric field, the dominant wave mode mainly concentrates
at w = 0.6wp; and k = 0.51)»5%, where wp; = 0.1wp, is the
proton plasma frequency. The wave number of the domi-
nant wave mode in our simulation is consistent with that of
the fastest growing linear mode (k = 0.5)»5}1!) predicted from
theoretical analysis (Manheimer 1977). The phase speed of
the dominant wave mode is about 0.26v,9, which is nearly
equal to the ion acoustic speed in the hot electrons region
(vy = 0.25v;0). Therefore, it is safe to conclude that the fluc-
tuating electric field in our simulations is indeed ion acous-
tic waves generated by the return current. The parallel elec-
tric field shows significant reduction and enhancement at
wpet =900 and 1500, and this is just consistent with the
dissipation and reformation of the thermal front.

We have also considered the evolution of the electric
potential obtained by integration of the electric field along
background magnetic field. Figure 3 displays the spatial pro-
file of electric potential at wp.t = 0, 400, 900, and 1500.
Initially, the electric potentials on both sides of the inter-
face between cold electrons and hot electrons are equal. As
the hot electrons transport rightward into the cold plasma,
there will be more protons than electrons in the left side. At
wpet =400, a DL forms between x = —100 and —50 Ap,
which is contributed by the electric field of excited ion
acoustic waves. Most of the hot electrons located on the left
side cannot pass through the DL, since the potential energy
is comparable to the hot electron temperature. Similar to the
temperature jump shown in Fig. 1(b), the DL almost com-
pletely disappears at wp.t = 900, which means the DL is
dissipated during wp.t =400 and 900. The DL then reforms
at wpet = 1500. The electron temperature jump is consistent
with the DL, indicating that the formation of the thermal
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2000 6 the cold protons, which can lead to the dissipation of the
. thermal front. It is worth noting that, in our simulation, the
1500 proton energization by the second DL is more efficient than
. it is by the first DL, because of the greater electric field of
the second DL.
"2 1000 3 = To study the reformation mechanism of the thermal front,
3 w we also investigate the particle dynamics in the simulation.
2 Figure 5 shows the phase space of protons (left column)
500 and electrons (right column) at wp.t = 400, 900, and 1500.
1 At wp.t =400, the protons with positive velocities between
x = —100 and —50A p are effectively accelerated by the DL,
0 0 while the protons with negative velocities are significantly
300 200 100 0 100 slowed down by the DL. The cold electrons on the right
X/ Ap side move toward the left side and form a return current at

Fig.4 The temporal and spatial evolution of parallel kinetic energy for
protons

front is caused by the DL. Quantitatively, the suppression
of the hot electron transport which has been calculated in-
dicates that the DL can efficiently reduce the electron heat
flux by about 50%.

In order to further investigate the dissipation mechanism
of the thermal front, we examine the temporal and spatial
evolution of parallel kinetic energy for protons in Fig. 4.
The parallel kinetic energy in every grid cell is defined by
Eij=m; (vi2x>, where the angle brackets denote an average
over particles inside a cell. It can be clearly seen that the
protons are heated very effectively. The position and time
of proton heating coincide with the position and time of
the DL. Moreover, the energy increase of protons (~ 37j)
is nearly equal to the potential energy decrease of the DL
(~ 3.5Tp) shown in Fig. 3. Thus, the DL is dissipated by
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x > —50A p, and the narrow electron beam at x < —50Ap is
attributed to the acceleration by DL. The growth of stream-
ing instability excited by the return current depends on the
return current intensity. We can see that the return current
is strong at this time, leading to a large amplitude electric
field of ion acoustic waves. At wp.t = 900, the return cur-
rent intensity has been significantly reduced, resulting in the
saturation of streaming instability. The DL leads to the ef-
fective heating of the cold protons. In turn, the DL is dissi-
pated, which causes the disappearance of the thermal front.
The thermal front has disappeared, but it can be seen from
Fig. 1(b) that the temperature gradient of electrons still exist.
At this time, electrons in the left side can move up to right
freely without any restriction by electric field, similar to the
initial time, which can promote the enhancement of return
current. This return current can excite the ion acoustic waves
again, which can evolve into a new DL. At wp.t = 1500,
there is a significant jump in the electron temperatures be-
tween x = —220 and —200A p, suggesting the reformation
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Fig.5 The phase space of 0.5
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of the thermal front. Moreover, the protons are accelerated
again around x = —220Ap.

Although the mass ratio used in our simulation is re-
duced, the dissipation and reformation of the thermal front
still exist in the case of real mass ratio. Figure 6(a) illus-
trates the time evolution of the parallel electric field for the
case of the real mass ratio. Figure 6(b) and 6(c) show the
corresponding time evolution of the parallel temperature for
electrons and the parallel kinetic energy for protons, respec-
tively. Similar to the result of a mass ratio of 100, the evolu-
tion of DL also shows the dissipation and reformation pro-
cesses, and the time periods of these two processes now be-
come longer. The lifetime of the first DL can last up to about
wpet = 4000, which is about 4 times that in the case of the
smaller mass ratio. This indicates that the existence time of
a thermal front is proportional to ,/m;. At wp.t = 5000, the
DL forms again. The time of reforming the DL becomes
longer, which results in a smaller temperature gradient of the
electron in the second formation (Fig. 6b). Thus, the second
formation of DL appears weaker than the first formation.
Compared with the first formation, the second DL moves
about 2001 p toward the left region, which is similar to the
case of the reduced mass ratio. This is because the speed
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of ion acoustic waves is inversely proportional to /m;. It
can be seen from Fig. 6(b) that the characteristic time of a
single thermal front confining electron can reach 4000 a)p_el.
Therefore, the thermal front is more efficient at inhibiting
the transport of hot electrons in the real mass ratio case. The
time and location of protons heating in Fig. 6(c) are consis-
tent with those of DL. In addition, the second proton heating
is weaker than the first proton heating since the second DL
is weaker than the first one.

4 Conclusions and discussion

With a 1-D particle-in-cell simulation model, we have in-
vestigated the evolution of thermal fronts in the system of
hot electrons in contact with ambient cold electrons along
the magnetic field. The hot electrons transport along the
magnetic field and induce a polarization electric field, draw-
ing a cold electron return current from the background cold
plasma. This return current is able to excite ion acoustic
waves, which could develop into a DL. The DL can inhibit
the transport of electron heat flux, which can contribute to
the formation of a thermal front. Later the DL leads to the
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Fig. 6 The temporal and spatial evolution of (a) the parallel electric
field, (b) the parallel temperature of electrons, and (c) the parallel ki-
netic energy of protons for the case of the real mass ratio

effective energization of the cold protons, thus dissipating
this DL. This will cause the disappearance of the thermal
front. After the first thermal front vanishes, hot electrons
can again freely expand into the cold plasma, leading to the
growth of ion acoustic waves. These waves finally develop
into a new DL. Then, a new thermal front will reform at a
location farther into the regions of hot electrons. The refor-
mation mechanism is similar to the formation mechanism.
The new thermal front moves about 2001 p to the side of
the hot electrons. In addition, we have considered the ef-
fects of proton to electron mass ratio on the thermal front by
another simulation, where the mass ratio is realistic. With
the increase of mass ratio, the existence time of a thermal
front becomes longer, which could cause this thermal front
to contain the transport of hot electrons more efficiently.

In this paper, the result that the formation of thermal
fronts is caused by the DL is consistent with that of Li et al.
(2012). In addition, we have further investigated the evolu-
tion of thermal fronts. We find that the thermal front cannot
exist for very long as the DL will be dissipated by ambi-
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ent cold protons. After the first thermal front vanishes, ion
acoustic waves grow when hot electrons can again freely ex-
pand into the cold plasma, resulting in the formation of a
new DL. Then, a new thermal front will reform at a location
farther into the regions of hot electrons. Therefore, the ther-
mal front will experience the cyclic reformation process dur-
ing the expansion of hot electrons. The results obtained in
this paper provide valuable insights to understand the elec-
tron dynamics during solar flares, including the dissipation
and reformation of thermal fronts.

A thermal front forms between hot and cold electrons,
and it may play an important role to confine energetic elec-
trons in solar fares. These energetic electrons are produced
by magnetic reconnection (Fu et al. 2006; Wang et al. 2010a;
Lu et al. 2010; Wang et al. 2010b). The DL has also been in
situ observed in the separatrix region during magnetic recon-
nection (Wang et al. 2014), while our simulation shows that
such kind of DLs may be caused by the electron temperature
gradient. As typical parameters of coronal X-ray sources,
the cold electron temperature is 1 keV and the plasma num-
ber density is 10° cm™3. So, the cold electron Debye length
should be 0.01 m, and the computational size of the particle-
in-cell simulations is about 150 m. It is very small compared
to the realistic size of flaring loops which is about tens of
thousands of kilometers. However, we believe that the simu-
lation may show the physical processes near the interface be-
tween hot and cold electrons. Since each thermal front exists
for only about 1000 electron-plasma periods (~ 1077 s), we
suggest that the confinement of hot electrons in the corona
can be caused by a series of thermal fronts. The formation
mechanism of each thermal front is the same, and hence the
lifetime of each thermal front should be quite similar. In the
simulation, the reformed thermal front moves about 200\ p
toward to the region of hot electrons. Considering realis-
tic solar flares, this means the region of hot electrons will
shrink about 2 meters in 107> s. Thus, for a flaring magnetic
loop of 107 m, the total thermal electron transport time scale
can reach up to tens of seconds, which can explain the pro-
longed decay time of X-ray emissions in the solar corona.
It is interesting to note that magnetic mirror may also plays
a significant role in confinement of electrons in the corona.
Self-consistent simulations of the combined effects of ther-
mal fronts and magnetic mirror will be performed in future
works.
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