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Abstract

Inspired by recent observations suggesting that photospheric magnetic flux cancellation occurs much more
frequently than previously thought, we analytically estimated the energy released from reconnection driven by
photospheric flux cancellation, and propose that it can act as a mechanism for chromospheric and coronal heating.
Using two-dimensional simulations we validated the analytical estimates and studied the resulting atmospheric
response. In the present work, we set up 3D resistive MHD simulations of two canceling polarities in a stratified
atmosphere with a horizontal external field to further validate and improve upon the analytical estimates. The
computational evaluation of the parameters associated with the energy release are in good qualitative agreement
with the analytical estimates. The computational Poynting energy flux into the current sheet is in good qualitative
agreement with the analytical estimates, after correcting the analytical expression to better account for the
horizontal extent of the current sheet. The atmospheric response to the cancellation is the formation of hot
ejections, cool ejections, or a combination of both hot and cool ejections, which can appear with a time difference
and/or be spatially offset, depending on the properties of the canceling region and the resulting height of the
reconnection. Therefore, during the cancellation, a wide spectrum of ejections can be formed, which can account
for the variety of multi-thermal ejections associated with Ellerman bombs, UV bursts, and /RIS bombs, and also
other ejections associated with small-scale canceling regions and spicules.

Unified Astronomy Thesaurus concepts: Solar coronal heating (1989); Magnetohydrodynamics (1964); Solar
magnetic reconnection (1504); Solar activity (1475); Magnetic fields (994); Magnetohydrodynamical simulations
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(1966); Solar coronal transients (312)

1. Introduction

Coronal heating is one of the biggest open questions in solar
and stellar physics. Many ideas have been proposed to explain
how the solar corona is heated to millions of degrees and the
chromosphere to tens of thousands of degrees, with most
models considering that the energy required originates either
from waves (e.g., resonant absorption or phase mixing
Klimchuk 2006; Parnell & De Moortel 2012; Priest 2014) or
from magnetic reconnection (e.g., nanoflares driven by photo-
spheric motions Parker 1988; Priest et al. 2002). So far, no
mechanism has conclusively been identified as the one heating
the solar corona.

In recent years, observations of the solar photosphere and
atmosphere have revealed that the cancellation of opposite
magnetic polarities is a much more common process than
previously thought. Magnetic flux cancellation is the process
whereby two opposite polarities approach each other, interact
via magnetic reconnection, and eventually submerge into the
solar interior (e.g., Parker 1979; van Ballegooijen & Martens
1989). The reconnection associated with flux cancellation has
been long proposed as a mechanism for heating X-ray bright
points (e.g., Priest et al. 1994; Parnell & Priest 1995), but the
great increase in frequency of cancellation events suggests that
they may also be heating chromospheric and coronal plasma
much more widely.

Observations of the plasma properties above cancellation
regions have revealed that both cool and hot jets can be ejected
above the canceling polarities as a result of the reconnection
driven by the cancellation. Depending on the height where that
reconnection occurs, the localized energy release and resulting
plasma ejections may show up as Ellerman bombs, UV and

EUYV bursts, Interface Region Imaging Spectrograph (IRIS)
bombs, and other impulsive releases of energy (e.g., Watanabe
et al. 2011; Vissers et al. 2013; Peter et al. 2014; Kim et al.
2015; Rutten et al. 2015; Rezaei & Beck 2015; Vissers et al.
2015; Nelson et al. 2016, 2017; Reid et al. 2016; Rutten 2016;
Tian et al. 2016, 2018; Hong et al. 2017; Libbrecht et al. 2017;
van der Voort et al. 2017; Toriumi et al. 2017; Chen et al.
2019; Huang et al. 2019; Ulyanov et al. 2019). In addition to
the above energy bursts and plasma ejections, recent observa-
tions have suggested that the cancellation of opposite polarities
at the footpoints of coronal loops could be responsible for the
brightening of coronal loops (Tiwari et al. 2014; Chitta et al.
2017a, 2018; Huang et al. 2018; Sahin et al. 2019).

State-of-the-art observations from the Sunrise balloon
mission (Solanki et al. 2010, 2017) measured the photospheric
magnetic field with a spatial resolution of 0”15, six times the
resolution of the Helioseismic Imager on the Solar Dynamics
Observatory. These novel observations revealed that the rate of
magnetic flux cancellation is higher than previously thought by
an order of magnitude (Smitha et al. 2017). These findings
suggest that the energy released during these previously unseen
canceling flux elements is more ubiquitous than previously
realized.

Inspired by these observations, as a first step toward
estimating the energy release, we analytically examined the
cancellation of two opposite polarities (Priest et al. 2018,
hereafter Paper I). By assuming that the two converging
opposite polarities are in the presence of a uniform horizontal
magnetic field, we estimated the energy released during the
reconnection driven by the cancellation, and the height of
release. Our analysis led us to propose that reconnection driven
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by the photospheric flux cancellation is a nanoflare-based
mechanism able to heat the solar chromosphere and corona.

The next step in developing the model was to set up two-
dimensional (2D) simulations of flux cancellation that have the
same features as our analytical model (Syntelis et al. 2019,
hereafter Paper II), so that they may be compared. By assuming
two converging opposite magnetic polarities inside an over-
lying uniform horizontal magnetic field, we compared the
analytical expressions with the simulations. We found that our
analytical expressions accurately estimated the characteristic
parameters associated with the reconnection region, such as the
magnitude of the inflowing magnetic field and velocity, the
length of the current sheet, and the resulting energy converted
to heat. In addition, because the simulations included a
stratified atmosphere, we were able to study the atmospheric
response to the reconnection occurring at different heights. We
found that depending on the initial height of the null point, the
cancellation-driven reconnection could produce either hot or
cool ejections or a combination of both hot and cool ejections,
in a manner similar to what it seen in observations.

In this paper, we take the next step toward developing our
model by setting up 3D simulations of reconnection driven by flux
cancellation. To do so, we consider two converging opposite
polarities in the presence of an overlying horizontal magnetic field;
a field similar to that of Paper I. We again include a stratified
atmosphere, to compare with the 2D simulations.

The paper is organized as follows. In Section 2 we summarize
the analytical theory presented in Paper I. In Section 3 we
describe our computational model, compare it with the analytical
theory, and examine the atmospheric response. In Section 4 we
discuss our results.

2. Summary of Theory for Energy Release Driven by
Photospheric Flux Cancellation in 3D

Here we summarize the theoretical estimates of the energy
release by steady-state magnetic reconnection driven by flux
cancellation in three dimensions, as presented in Paper L.

2.1. Energy Conversion during Photospheric Flux
Cancellation in a Horizontal Field

2.1.1. Magnetic Configuration

At the photosphere, we considered two sources, one with
positive and one with negative magnetic flux (£F), situated at
points B (d, 0, 0) and A (—d, 0, 0) on the x-axis. In the
atmosphere, we included a uniform and horizontal magnetic
field Byx. For simplicity, we assumed that the sources have
equal flux and that they were aligned with the overlying field
(see Paper I for discussion on more general configurations).

The resulting magnetic field is given by
p=Ln _IDh . pg ()
27 1 2w r;

where

rn=x-—-dx+yy + 2, rn=x+dx+yy +z,

are the vector distances from the two sources to a point P(x,
¥, 2).

The magnetic field is non-dimensionalized with respect to
By, and the length with respect to the interaction distance
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(Longcope 1998)
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The x-component of the field then becomes
B, = q _ # +1, %)

Along the z-axis at ¥ = y = 0, the y- and z- components of
the magnetic field therefore vanish (B, = B. = 0), while the x-
component becomes

- d
B, = @1 + 1. 5)

Suppose the two sources approach one another at speeds
+vo. The evolution of the magnetic field topology is described
in detail in Paper I, and is schematically represented in
Figure 1. The two sources are not magnetically linked when
they are far away (d > 1, Figure 1(a)). When d = 1, a high-
order null point appears at the origin (point N, Figure 1(b)). As
the sources approach each other (d < 1), a semicircular
separator is formed in the yz-plane at x = 0 (marked as S,
Figure 1(c)). The radius (Zs) of the separator is found from
Equation (5) by setting B, = 0, namely,

=d"-a, (6)

and zg is plotted in Figure 4(a) of Paper 1. As the sources
approach, the radius of the separator increases to a maximum of
(Z)max = @/27)"/* at d = 1/33/* and then drops to zero as d
tends to zero.

2.1.2. Inflow Plasma Speed (v;) and Magnetic Field (B;) at the
Reconnection Region

During the reconnection driven by flux cancellation, a semi-
annular current sheet is formed at the location of the separator.
In the xz-plane, this corresponds to a sheet of length L
(Figure 1(d)). By linearizing the field around the current sheet,
the magnetic field strength of the plasma flowing into the
current sheet is found to be

_ 31 —atyr

The speed (v;) of the plasma flowing into the current sheet is
derived by estimating the rate of change of flux below the
current sheet, and is found to be

_ 2 =153
V; = —_d N 8
=37 @
where v; is normalized with respect to vy,.

2.1.3. Energy Release

The energy release follows by estimating the Poynting flux
flow into the current sheet. The Poynting influx from both sides
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Figure 1. Magnetic topology in the xz-plane during reconnection driven by photospheric flux cancellation when (a) d = d/dy > 1, (b) d = 1, and (c) d < 1. (d)
Schematic showing the notation used to describe the reconnection region. The figure is taken from Paper I.

of the current sheet of length L is

ViBiz

7

The length of the current sheet depends on the type of
reconnection. In the case with fast reconnection, L is determined
by assuming that the inflow speed has a known Mach Alfvén
number « (v; = awvy;, Where vy; = B; / \/,u_pl and p; is the density
of the inflowing plasma). Then, using Equation (7) and (8), L
becomes

Si=2 Lrz. 9)

2
L_2: 4V0 1 ) (10)
dy  9awmao [1 — (d/dg)*/*1/?

where

vo = —20_ (an
Hp;

is a hybrid Alfvén speed. Then, from Equation (9), the Poynting
flux into the current sheet for fast reconnection is
B 52m My [l —d' (12)
2 2P0 273
VOBO do 3 « d
Lastly, the energy release is derived by assuming that during

fast reconnection, % of the energy is converted to heat (Priest
2014):

p_dw _

G473
L 0.82_7TMA0[1 d’]
V()Bodo dt

3 a &P

13)

3. Numerical Computations
3.1. Numerical Setup

We numerically solve the 3D MHD equations in Cartesian
geometry using the Lare3D code (v3.2) (Arber et al. 2001). The
equations in dimensionless form are

L5 () =0,

14
ot ()
%:_v.(pvv)-k(vxB)xB—VP—i—pg, (15)
%:—V~(pev)—PV~V+Qj+Qv+Qc, (16)
%_l::vuva)—Vx(anB), a7

P
S S— (18)

T

p— kT (19)

Fom

where p, v, B, and P are density, velocity vector, magnetic field
vector, and gas pressure. Gravity is go = 274 m s~ '. Viscous
heating (Q,) and Joule dissipation (Q;) are included. Heat
conduction (Q,) is treated using super-time stepping (Meyer
et al. 2012). We assume a perfect gas with a specific heat of
v = 5/3. The reduced mass is fi,, = my m,, Where m,, is the
mass of proton and m; = 1.2. kg is the Boltzmann constant.
In the 2D simulations of Paper II, we adopted a non-uniform
resistivity profile that was a function of the current density. The
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Figure 2. Atmospheric temperature (solid black) and density (solid blue). The
dashed lines show the temperature and density of the 1D C7 model of Avrett &
Loeser (2008). The vertical dashed lines show the heights of the null point at
t = 0 for Cases 1-5 of Table 1 (left to right, respectively).

functional form was selected to make the explicit resistivity
larger than numerical diffusion. In the current 3D simulations,
this is not possible, so the resolution is such that numerical
diffusion dominates the reconnection region. Therefore, in this
paper, we assume a low uniform explicit resistivity of
n = 102 everywhere across the numerical domain and allow
numerical diffusion to permit reconnection at the current sheet
associated with flux cancellation. Exceptions to that are the
boundaries, where 7 decreases to zero to couple the field and
flow properly there.

The normalization is based on photospheric values of density
po=167 x 1077 g cm >, length-scale H, = 180 km and
magnetic field strength B, = 300 G. From these we obtain
temperature T, = 6234 K, pressure P, = 7.16 x 10’ erg cm >,
velocity v, = 2.1 km s~ !, and timescale 7, = 86.9 s.

The domain has a size of x € [—11.88, 11.88] Mm andy €
[—11.88, 11.88] Mm in the horizontal direction and z € [0,
11.88] Mm in the vertical direction, on a 440 x 440 x 220
uniform grid. A hyperbolic tangent profile is used for the
atmospheric temperature, mimicking the steep temperature
increase from the photosphere (z = 0) to the corona:

Tcor — 1 -
T(z) = Tyn + > ph (tanh L Leor 4 1), (20)
Wir

where Ty, = 6109 K, Tcor = 0.61 MK, yeor = 2.12Mm, and
wy, = 0.18 Mm. This profile creates an isothermal photospheric-
chromospheric layer at 0 Mm < z < 1.96 Mm, a transition
region at 1.9 Mm < z < 2.3 Mm, and an isothermal corona at
2.3 Mm < z < 11.88 Mm. The atmospheric density is derived
by solving the hydrostatic equation dP/dz = —gz, assuming a
photospheric density of pp, = 1.67 X 107" gem ™. The atmo-
spheric temperature (solid black) and density (solid blue) are
shown in Figure 2. For comparison, we plot with dashed lines
the temperature and density for the 1D model atmosphere
(model C7) of Avrett & Loeser (2008).

The initial magnetic field is the sum of two magnetic sources
and a horizontal field:

F 7 F 5 N
= —2 - =2 _ B, 1)
27 ¥ 27 1y

Syntelis & Priest

Figure 3. The 3D magnetic field configuration at t = O (blue field lines) and
the photospheric B, saturated at 300 G. The red contour of |B| < 0.5 G shows
the location of a ring of null points.

Table 1
Initial Conditions for the Simulations

Name By (G) z, (Mm)
Case 1 15 3.6
Case 2 30 2.6
Case 3 47 2
Case 4 53 1.8
Case 5 114 0.9
where

r=+d)x + )y + (z — 202, (22)

= —dox + )y + (2 — 202, (23)

are the position vectors of the left and right sources,
respectively, d; = 1.8 Mm is the distance of each source from
the center, and zo = —0.36 Mm is the depth of the sources
below the photosphere (assumed outside the numerical
domain). Each source has flux F = 2.1 x 10" Mx, and the
resulting photospheric polarities have a maximum field strength
of 2.6 kG. The size of the polarities at the photosphere, defined
as the length across which |B] > 100 G, is 1.9Mm
(Figure 4(a)). The photospheric flux of each photospheric
polarity is F,, = 1.9 x 10" Mx. The horizontal field has a
strength of By = 15 G (case 1). The magnetic field configura-
tion at t = 0 is visualized in Figure 3. Other cases of B, were
also examined, where B, was varied in order to vary the initial
height of the null points in the atmosphere. The values of B
and the corresponding maximum height of the null point at
x =y = 0 at + = O minutes are shown in Table 1.

The boundary conditions are imposed in a similar way to
Paper II. At the lower boundary (photosphere), the density and
energy are assumed to have zero gradient. The simulation is
driven by changing the magnetic field at the lower boundary
using Equation (21) and varying the source positions =+d(f)
from their initial values +d; according to d(¢) = d; — x(¢),
where x(7) is

x() = vmaxﬁ[ln(cosh - to) - ln(cosh tﬂ)]
2 w wll e

1
+5Vmaxtv
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Figure 4. (a) Photospheric B, along the x-axis, at y = 0. (b) The position of the
sources (d, black lines) and the position of the photospheric polarities (d,,, blue
lines) as a function of time.

and vy = 1 km s~ ', 7o = 10.1 minutes and w = 1.4 minutes.
This x(7) leads to source velocities of v (f), where

Vo) = lvmax(tanht —f 1). 5)
2 w

In Figure 4(b) (black line) we show the half-separation (d(¢)) of
the sources (below the photosphere, outside the numerical
domain) as a function of time. The blue lines show the
positions of the polarities at z = 0 (found by measuring the
location of maximum B, at the photosphere). The latter reflects
the response of the photosphere to the driver. At the rest of the
boundaries, we assume v = 0 and zero gradients for B, p, €.

3.2. Comparison of Theory with Simulation

In this section, we discuss case 1 of Table 1 and use it to
compare the simulation with the analytical theory summarized
in Section 2.

3.2.1. Brief Description of Simulation

The 3D magnetic field at t = 0 (Figure 3) shows that above
the magnetic arcade, a semicircular ring of null points (red
contour) extends from the photosphere and reaches a maximum
height at the xz-midplane (y = 0). At that plane, the null is
located in the corona at a height of (x, z) = (0, 3.6) Mm
(Figure 5(a)). To further visualize the ring of null points, in
Figure 6 we show the plasma ( at the yz-midplane, and the
positions of the null point according to Equation (6) (dashed
line). Because the background atmosphere is stratified, the null
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Figure 5. (a) Temperature and magnetic field at = 0 at the xz-midplane. (b)
Temperature and (c) density at = 43 minutes at the xz-midplane.

points are located both inside regions of low plasma 3 (between
y = £3.5Mm, red color around dashed line) and of high
plasma [ (blue color around dashed line).

When the driver is switched on, reconnection is not driven
across the whole semicircular ring of null points because of the
different plasma [ environments. Instead, the converging
photospheric polarities drive reconnection only between
y = £3.5Mm (Figure 6(b)), which needs to be taken into
account when comparing the theory with the simulation, and
will be discussed later.

The energy released by reconnection heats locally the plasma,
which spreads above and below the null points (and shows up as
a “horizontal” heated region and an underlying heated arcade in
Figure 5(b)), and is denser than the background atmosphere
(Figure 5(c)).

After + = 36 minutes, the photospheric polarities (d,,(), blue
lines, Figure 4(b)) do not keep following the driver (black lines).
This is because the magnitude of the photospheric field has
decreased to the point that 5 > 1. As a result, the driver cannot
move the overlying field anymore, therefore the reconnection at
the null points gradually stops. Above the photosphere, there is
still a remaining magnetic arcade.
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Figure 6. Plasma [ at the yz-midplane (x =0) at (a) r=0 and (b)
t = 17.4 minutes. The dashed lines show the location of the null points
according to Equation (6).

3.2.2. Comparison Methodology

When deriving the theory, we assumed that the converging
polarities drive reconnection across the whole semicircular ring
of null points (i.e., across the dashed line of Figure 6(a)).
Therefore, we assumed that the length along which reconnec-
tion occurs is 7zg. In the simulation, however, reconnection is
not driven across the whole semicircular ring because of the
different plasma [ regions. Instead, the converging photo-
spheric polarities drive reconnection only along a dashed line
segment between y = +3.5 Mm (Figure 6(b)). We call the
length of that line segment I. To compare theory and
simulation, the theory has to be adjusted to predict the energy
released associated with the length [ rather than 7zg. To do so,
we multiply Equations (12) and (13) by a correction factor of
1/(7zs).

In Paper II, we compared the simulation with the theory using
two approaches. The first was to make the theoretical estimates
using the parameters characterizing the driver (e.g., the flux and
time—distance profile of the sources below the photosphere). The
second approach was to measure the photospheric and atmo-
spheric response to the driver (e.g., measured photospheric flux
and time—distance profile of the photospheric polarities) and use
these with the theoretical expressions. It was found that the latter
approach, which mimics an actual observation, gave a better
comparison between simulation and theory, so that is the
approach we adopt here.

To compare theory with simulation, we need to identify the
characteristic surface around the current sheet as it evolves in time.
The current sheet is a structure located approximately between
y = £3.5 Mm along the y-axis. At each point along the y-axis, we
identify the vertical extent along the z-axis, tracing the arced shape
of the current sheet (the distance between the between blue lines
around y = £3.5 Mm, Figure 6(b)). To visualize this shape, in
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Figure 7. A 3D representation of the characteristic surface inside which the
current sheet is located at # = 17.4 minutes (solid lines). The red—blue plane is
the same as that in Figure 6(b). The arrows show the sides through which
plasma inflows into the current sheet.

Figure 7 we plot the yz-midplane of Figure 6(b) in a 3D volume.
The traced arced black lines (e.g., AD and BC) follow the shape
of the current sheet. We then identify the regions that are parallel
to the current sheet and at a distance of Ax = 0.2 Mm away from
it (ABCD and abcd surfaces). This distance is such that the current
density there is at least an order of magnitude lower than the one
inside the current sheet. Using these two surfaces, we identify a
three-dimensional surface, delineated by the black lines, inside
which the current sheet is located. This shape is changing over
time as the polarities converge.

We compare the theory with the simulation as follows. The
length (L) of the current sheet is taken for simplicity to be the
vertical extent of the current sheet along the z-axis at
x =y = 0. We do so since the length of the current sheet is
approximately radially symmetric (see Figure 6(b)). The values
of the inflowing magnetic field strength (B;), inflowing velocity
magnitude (v;), and inflowing density (p;) are taken as the
average values at the surfaces parallel to the current sheet
(ABCD and abcd, Figure 7). The total inflow of Poynting flux
(S;) into the current sheet is measured by taking into account
the sum of the Poynting flux through both the abcd and ABCD
surfaces.

3.2.3. Comparison of Theory and Simulation

The inflow magnetic field strength (B;) and velocity
magnitude (v;) are plotted in Figures 8(a) and (b). The solid
lines are measured from the simulation and the dashed lines are
the theoretical estimates using Equations (7) and 8, respec-
tively. We see that the theory is in good agreement with the
simulation.

To estimate the length of the current sheet using Equation (10)
we have to measure a (Alfvén Mach number) and v, using
Equation (11). For «, we use average values of the Alfvén Mach
number between ¢ = 10 minutes and 40 minutes, during which
the cancellation occurs, which is o = 0.075 (Figure 8(c)). This
value of « is typical for fast reconnection (Priest 2014).
Figure 8(d) shows the length of the current sheet from the
simulation (solid line) and from the theoretical estimate (dashed
line). Both are in good agreement.
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Figure 8. Comparison between simulation and theory for (a) the inflow magnetic field, (b) the inflow velocity, (c) the Alfvén Mach number of the inflow, and (d) the

length of the current sheet.

We now estimate the Poynting flux into the current sheet.
The measured Poynting inflow is shown in Figure 9 (solid
line). The dashed line shows the analytical estimate using
Equation (12). The analytical estimate becomes larger than the
measured Poynting flux by up to a factor of 2. This is because
Equation (12) assumes that the length along which reconnec-
tion occurs is mzs. However, as discussed previously, in the
simulation, reconnection occurs only along a part of the
semicircular ring of null points with length /. If we correct
the theoretical prediction by taking this into account and
multiply Equation (9) by a correction factor of //(nzs), then the
theory is in good agreement with the simulation (dotted—dashed
line). Similar agreement is found for the other cases in Table 1.

In Paper II, we also compared the conversion of Poynting
flux to kinetic and thermal energy. To do a similar analysis for
the 3D simulation, we would have to calculate the energy
integral term — j;/ nj2dV and compare it with Equation (13).
However, as discussed in Section 3, it is numerical resistivity
that drives the reconnection at the current sheet. Therefore, the
explicit value of 7 is unknown, so we do not here compare the
analytical expression for the release of heat with the simulation.
We note, however, that the Poynting inflow is estimated well
by theory, as are the parameters associated with the reconnec-
tion. So, we expect the expression for the conversion of
Poynting flux inflow to heat to be also well estimated, since it is
simply a proportion of the Poynting inflow.

3.3. Atmospheric Response

We now discuss the atmospheric response following
reconnection. For this we vary the atmospheric field strength
By in order to change the initial maximum height of the nulls at

3.0 I B B B
. simulation ]
5 2.5F ——=- theory E
§, 20 _ —-— theory (cor) _
o : 1
35 1.5:' :
— : 1
X 10 .
“ o5t ]
0.0:
0 10 20 30 40 50

t (min)

Figure 9. Comparison between the simulation, the theory and the “corrected”
theory for the total Poynting influx.

t = 0, thus initiating reconnection at different atmospheric
heights. The initial maximum height of the nulls for different
values of By is shown in Table 1. These cases are similar to the
ones used in Paper II, and are selected so that the initial
maximum height of the nulls is placed either high in the corona
(case 1), at base of the corona (case 2), at the middle of the
transition region (case 3), at the base of transition region region
(case 4), or near the photosphere (case 5). These heights are
shown against the initial stratification in Figure 2 (as vertical
lines).

In Paper II we found that, during the convergence of the
polarities, starting at its maximum height, the current sheet moved
toward the photosphere, thus the reconnection occurred at
progressively lower atmospheric heights. When the reconnection
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Figure 10. Temperature (left column) and density (right column) for cases 2-5 at y = 0 for + = 43 minutes.

occurred in the corona or upper transition region, the resulting
outflow was hot. In contrast, when the reconnection occurred at
lower heights, a cool outflow was also produced. Therefore,
depending on the height of the null point, either hot ejections or
cool ones, or a combination of both hot and cool ejections were
formed. These hot and cool outflows were formed with or without
a time difference, depending on the initial conditions. The same
qualitative behavior is found in the 3D simulations, with the
addition of spatial effects due to the 3D extent of the current sheet.

Figure 10 shows the temperature and density for cases 2 to 5
at the y = 0 midplane after the driving has stopped. (Case 1 is
shown in Figure 5.) Depending on the height of the null, the
resulting outflows can be either hot or cool or can consist of a
combination of both hot and cool plasmas. By examining the
time evolution of the maximum velocity of the hot (T > 1 MK)
and cool (T < 0.2 MK) outflows at that plane (Figure 11), we
find that, when the null point is initially located higher in the
atmosphere, the hot ejection is produced first (f = 12 minutes),
and the cool ejection is produced later (+ = 30 minutes) (panels
(a)). For a null initially located lower in the atmosphere, the

cool and the hot ejections have less temporal separation (cool
ejections appear from ¢ = 16 minutes and ¢ = 12 minutes, (b)
and (c)). For a null close to the photosphere, only a cool
ejection is formed (d). These results are qualitatively similar to
those of the 2D simulations in Paper II.

However, in 3D, instead of having only one null point at one
height, we have a ring of nulls (or, more generally, a separator),
so the convergence of the polarities drives reconnection
simultaneously at many different heights (e.g., Figure 6(b)).
Therefore, reconnection can occur at different heights not only
because the current sheet moves downward during the
convergence of the polarities, but also because of the spread
of nulls or a separator over a range of heights. This produces
both hot and cool ejections with a spatial offset.

To visualize the above, in Figure 12 we show for case 3 the
temperature at an offset plane (y = —3.5 Mm) and at the
midplane of the numerical domain (y =0 Mm), at three
different times (¢ = 19 minutes, first row; ¢ = 29 minutes,
second row; ¢t = 43 minutes, third row). At the y = —3.5 Mm
plane, the null at = 0 is located lower in the atmosphere in



THE ASTROPHYSICAL JOURNAL, 891:52 (13pp), 2020 March 1

(a)
125 - Case 2
[ —— Hot
o 100;- —-=-=- Cool
" i
7 -
€ 5:
X L
= 50_
25 ~ o po
[ /-\/I \\I, ‘\\,\
O s il ot o e et | 1 Pl Dl Vet
0 10 20 30 40 50
t (min)
(c)
100} Case 4
— 80
, i
2 L
e 60.
X
= 40»‘
- IN4N
20 :_ /\\ I, " \—\\ ]
O' |I...l_.\.‘.--h‘.'l...|....|..7-
0 10 20 30 40 50
t (min)

Syntelis & Priest

(b)

100 - Case 3 ]
o 80F .
b [
= 60 .
=3 : ]
> 40 ' ]

20 ' _ 'f\-f\\ 7
O L r”. |~~.\'-|-1"1-F-.I 1 P Rl

0 10 20 30 40 50

t (min)
50 (d)

Case 5 ]
50 n E
- II \‘\ :
Tu’ 40¢F / A\ ]

N \

o / 1
§ 30 E II \\\ ]
> 20 ' II \‘ -

10F ,_-_II \\,—\-;
O : L I 1 L L 1 \-

0 10 20 30 40 50
t (min)

Figure 11. Maximum velocity of the hot (T > 1 MK, solid lines) and cool (7 < 0.2 MK, dashed lines) plasma, measured at the y = 0 Mm plane, for (a) Case 2, (b)

Case 3, (c) Case 4, and (d) Case 5.

comparison to the null at the y = 0 Mm plane. Therefore, at
that plane the convergence of the polarities results in mostly
cool ejections (panels (al)—(a3)). At the same time, at they = 0
plane, the ejections are initially hot (panels (bl) and (b2)),
while cool ejections form with a time delay as the null
progressively moves lower (panel (b3)). The latter cool
outflows are spatially offset in comparison to the
y = —3.5 Mm ones and develop at different times. In addition,
panels (al) and (b1) show that during the initial stages of the
energy release, the hot ejection at the y = 0 Mm plane is
formed sooner than the offset cool one at the y = —3.5 Mm
plane. This is because more energy is needed to accelerate
upward the denser material located lower in the atmosphere.
We further demonstrate these spatial effects by computing
2D maps of the temporal evolution of the maximum velocity of
the hot (T > 1 MK) and cool (T < 0.2 MK) outflows at all y-
planes (Figure 13). In Case 1 we do not find any cool
component, as the reconnection occurs mainly in the corona. In
Case 2, we find the first signs of spatially offset hot and cool
flows. At ¢t = 14 minutes, the hot outflow originates from
around y = 0, whereas the two offset cool outflows originate
from around y ~ +£3.5 Mm. Throughout the cancellation, these
cool outflows are at different spatial locations from the hot
outflow. At ¢ > 30 minutes another cool outflow starts to
appear around y = 0, since the null point at that plane has now
moved lower. This flow is cospatial with the hot outflow
originating from a similar location. A gap appears between the
cool outflows in panel (a2) around ¢ = 30-45 minutes.
Asymmetric shrinking of the ring of null due to differences
in 3 causes a pressure gradient below the ring of nulls, which
lifts the dense atmosphere around y = 0 upward. Therefore, at

y = 0, the dense atmosphere is higher than that at y ~ 2, so
reconnection at y = 0 produces a cooler outflow than at y = 2,
creating the gap. In cases 3 and 4, the cool outflows are again
spatially offset, with their magnitudes becoming stronger as the
nulls are located lower in the atmosphere. In addition, the cool
outflows around y = 0 start to appear earlier, as in Paper II. In
Case 5, we find a cool outflow originating only from the central
part of the canceling region.

Adding to our findings from Paper II, our results indicate
that, depending on the height of the null point and the
parameters of the cancellation, during flux cancellation: (i) hot
ejections or cool ejections or a combination of both hot and
cool ejections can be formed, (ii) these can be formed with or
without a time difference and (iii) these can be formed with or
without a spatial offset.

4. Discussion

In Paper I we presented a theoretical model on how magnetic
reconnection driven by photospheric flux cancellation can act
as a mechanism for energizing coronal loops and heating the
chromosphere. In Paper II we numerically validated our
theoretical estimates by the means of 2D simulations of two
converging polarities inside a stratified atmosphere with a
horizontal background field. In the present work, we further the
numerical validation and study the atmospheric response to the
cancellation by performing 3D simulation.

In our theoretical model we assumed that as the two
polarities converge, reconnection is driven at a circular ring of
null points that extends from the photosphere up to a maximum
height in the atmosphere. In the simulations, because the field
is inside a stratified atmosphere, the convergence of the field
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does not drive reconnection along the whole length of that
circular ring. It does so, only along the length of the ring of
nulls that is located in a low 3 environment. The part of the ring
of nulls located in a high 8 environment does not react to the
convergence of the polarities. When comparing the theoretical
model to the 3D simulation, we found that the simulated total
Poynting flux flowing into the current sheet differed from the
theoretical estimate by a factor of ~2. After correcting the
theoretical estimate to account for the fact that only a part of
the ring of nulls is involved in the reconnection, the theory was
in excellent agreement with the simulation.

In Paper II, besides the Poynting influx, we compared the
energy release rate from the simulation with the theory. We do
not make such a comparison in the current paper, since the
numerical resistivity dominates. However, all the quantities
involved in the analytical estimation of the rate of energy
release (inflowing magnetic field strength and velocity, current
sheet length, Poynting influx) are in agreement with the
simulation. Therefore, it is expected that the analytical estimate
of the rate of energy release would also be in agreement with a
simulation with much higher resolution. Therefore, the energy
released during photospheric cancellation can be estimated
accurately with knowledge of the parameters of the
cancellation.

We also studied the atmospheric response to the reconnec-
tion and found that both cool and hot ejections may be
generated. In this work we have mainly focused on how the
formation of the different ejections depends on the height of
the energy release. Furthermore, we comment briefly on the
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acceleration of the ejections, without going into too much detail
as this is beyond the scope of the current paper. In the vicinity
of the reconnection region, shocks accelerate the reconnection
outflows. These outflows collide with the overlying horizontal
ambient field which diverts them sideways. There, further
shocks may develop due to an increase in the local
compression. The diverted flows are the main ejections
discussed in this paper.

In addition, the collision of the reconnection outflow with the
overlying horizontal ambient field accelerates the plasma of
the overlying field. This process is more important when the
reconnection occurs lower in the atmosphere, as it accelerates
denser material, forming another cool ejection. When the
reconnection occurs lower in the atmosphere both the diverted
reconnection outflow and the displaced dense material can be
cool, but the density and temperature of the two can be quite
different. Similar results were obtained in the 2D simulations of
Part II. The acceleration of the ejections is similar to what is
found in 2.5D numerical simulations of reconnection at
different atmospheric heights driven by flux emergence
(Takasao et al. 2013).

The temporal evolution and plasma properties of the jets
were also examined, validating our previous results and
extending them to include 3D spatial effects. In summary,
our results indicate that, depending on the properties of the
canceling region: (i) either hot ejections or cool ones or a
combination of both hot and cool ejections can be formed, (ii)
these can be formed with or without a time difference and (iii)
with or without a spatial offset. The spatial offset is simply due
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Figure 13. 2D maps of the time evolution of the maximum velocity at each y-plane for the cool (7 < 0.2 MK, left column) and the hot (7 > 1 MK, right column)

plasma components, for all the different cases (rows).

to the fact that the nulls along the ring are located at different
heights. The time difference can occur both due to reconnection
occurring at different spatial locations, where a different
amount of energy is needed to energize plasma of different
densities, leading to a time difference between the ejections,
and due to a current sheet moving lower in the atmosphere later
in the cancellation. In addition, note that the current sheet has a
vertical length, and therefore reconnection occurs at multiple
heights at any given time along the vertical extend of it. We
note that different kinds of ejection can be formed (e.g., either
hot or cool or both) when the reconnection at different
atmospheric heights is driven by flux emergence (e.g., Shibata
1999).

The hot ejections in our numerical investigation have
temperatures of 0.6-2 MK, densities of 107321071 gcmf‘?,
velocities of 25-125km s_l, and widths 4-8 Mm. The hot
ejections always reach the boundary of the domain, so their
lengths are at least 12 Mm. Such values are typical for small-
scale coronal and transition region jets. The cool ejections have
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temperatures of 0.01-0.2 MK, densities of 10722107 g cm_3,
velocities of 5-50 km sfl, widths of 2-4 Mm, and lengths of
3—10 Mm. These are typical values for surges. In addition, in
case 5 we find that an even cooler ejection of photospheric or
chromospheric temperature (around 6300 K) is produced, as
described in the previous paragraph. In some of the cases,
ejections of intermediate temperatures of 0.2—-0.6 MK are found
as the null progressively moves toward the photosphere. The
above values are similar to the ones reported for hot and cool
ejections associated with surges and hot jets driven by
reconnection during flux emergence (see e.g., Moreno-Insertis
& Galsgaard 2013; MacTaggart et al. 2015; Nébrega-Siverio
et al. 2016). We expect that plasmoid-induced reconnection
(e.g., Peter et al. 2019) can affect the temperature and density of
the jets, but our main conclusion about the time differences and
spatial offsets of the outflows should not be affected. The
physical size and properties of these jets could also be affected
by the addition of an oblique ambient field and by changing the
properties of the canceling polarities. For example, the width of
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ejections will depend on the extent of the current sheet along
which reconnection occurs, which will depend on the sizes and
fluxes of the photospheric polarities, in addition to the ambient
field strength and direction.

Note that in cases where the photospheric polarities are
driven for a smaller time, mimicking a shorter-lasting flux
cancellation, the null point would reconnect for a shorter time.
Therefore, depending on the properties of the reconnection
region, these outflows could be shorter-lasting and associated
with a shorter burst of energy release. In principle, depending
on the specifics of the canceling region (e.g., the local plasma
distribution, the photospheric fluxes, the sizes of the polarities,
the convergence speed, the flux cancellation rate, ambient
magnetic field strength and orientation, etc.), various combina-
tions of the manifestations of the ejections found in our
simulations could occur.

So our results demonstrate that, in canceling regions, a wide
spectrum of ejections can be produced, with a wide range of
different temperatures and sizes associated with FEllerman
bombs, UV bursts, and /RIS bombs and other hot and cool
ejections (Yang et al. 2013; Vissers et al. 2015; Reid et al.
2016; Rutten 2016; Nelson et al. 2017; van der Voort et al.
2017; Tian et al. 2018; Young et al. 2018; Chen et al. 2019;
Guglielmino et al. 2019; Huang et al. 2019; Madjarska 2019;
Tiwari et al. 2019; Ortiz et al. 2020). The predicted spatial
offsets and time delays for hot and cool ejections are in
accordance with observational findings as, for example, surges
and EUV /X-ray jets with time delays of ~5-10 minutes have
been recorded (Schmieder et al. 1994; Alexander &
Fletcher 1999; Chae et al. 1999; Jiang et al. 2007). Also, hot
and cool ejections can appear to be cotemporal and be either
spatially offset or cospatial (e.g., Mulay et al. 2017;
Kontogiannis et al. 2020), or only cool ejections can form
(e.g., surges, Ortiz et al. 2020). We note further that similar
energetic events at the feet of coronal loops could possibly
create jet-like structures observed at these locations (Chitta
et al. 2017b, 2017a). In addition, given the increasing evidence
for the presence of unresolved minority polarities in the
photosphere (e.g., Smitha et al. 2017; Solanki et al. 2017), such
ejections resulting from flux cancellation can give rise to jet-
like features found inside plages and strong networks
associated with the unresolved underlying minority polarities
(Wang 2016; Chitta et al. 2019; Wang et al. 2019). We expect
that other small-scale phenomena, such as spicules, could be
associated with reconnection at lower atmospheric heights
between converging canceling polarities, and can potentially be
associated with the cool outflows predicted from our model for
different values of parameter space (e.g., Samanta et al. 2019).

Our results show that the local plasma 3 is important for the
production of outflows and energy bursts. Because reconnec-
tion is driven along the part of the ring of nulls located in a low-
0 plasma region, only that region will produce jets, thus the
spatial extent of the jets will depend on the local plasma 3. A
detailed assessment of the role of the local plasma [ on the
spatial extent of the jets produced by a canceling region would
require a different modeling approach than the one employed
here. We have imposed an initial potential field in a simple
stratified atmosphere, for which the plasma density and
temperature in the magnetized region simply follow the
stratification. However, self-consistent flux emergence simula-
tions show that the plasma density and temperature in an
emerged field can be very different from the background
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stratification, since the adiabatic expansion of the field naturally
forms cooler “bubbles” of magnetized plasma (e.g., Archontis
et al. 2004; Leake & Linton 2013; Nébrega-Siverio et al.
2020). During our numerical experiment, we have not
incorporated such an effect. Simulations where the polarities
emerge self-consistently, interact across an extended vertical
current sheet, and produce transient jet-like events (e.g.,
Archontis et al. 2013; Syntelis et al. 2015), Ellerman bombs
(e.g., Archontis & Hood 2009; Danilovic et al. 2017), UV
bursts, and the spectral imprints of the resulting hot and cool
outflows (Hansteen et al. 2017, 2019), are better suited for a
detailed study of the role of plasma (3 on the spatial extent of
the jets.

In this work, we have further validated our analytical theory
using 3D numerical computations, providing support to our
suggestion that nanoflares driven by magnetic flux cancellation
can be an important mechanism for chromospheric and coronal
heating, as proposed in Paper I, building upon recent
observational findings. Furthermore, our models suggest that
a plethora of different hot and cool outflows produced with/
without time difference and spatial offset in small-scale
canceling regions, represent a wide range of different
manifestations of cancellation-driven reconnection. In future,
we aim to extend our model by including different orientations
of the horizontal field, including oblique fields, and examining
different magnetic configurations.
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