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ABSTRACT

Context. Ultraviolet bursts are transients in the solar atmosphere with an increased impulsive emission in the extreme UV lasting
for one to several tens of minutes. They often show spectral profiles indicative of a bi-directional outflow in response to magnetic
reconnection.

Aims. To understand UV bursts, we study how motions of magnetic elements at the surface can drive the self-consistent formation of
a current sheet resulting in plasmoid-mediated reconnection. In particular, we want to study the role of the height of the reconnection
in the atmosphere.

Methods. We conducted numerical experiments solving the 2D magnetohydrodynamic equations from the solar surface to the upper
atmosphere. Motivated by observations, we drove a small magnetic patch embedded in a larger system of magnetic field of opposite
polarity. This type of configuration creates an X-type neutral point in the initial potential field. The models are characterized by the
(average) plasma-g at the height of this X point.

Results. The driving at the surface stretches the X-point into a thin current sheet, where plasmoids appear, accelerating the recon-
nection, and a bi-directional jet forms. This is consistent with what is expected for UV bursts or explosive events, and we provide
a self-consistent model of the formation of the reconnection region in such events. The gravitational stratification gives a natural
explanation for why explosive events are restricted to a temperature range around a few 0.1 MK, and the presence of plasmoids in the
reconnection process provides an understanding of the observed variability during the transient events on a timescale of minutes.
Conclusions. Our numerical experiments provide a comprehensive understanding of UV bursts and explosive events, in particular of
how the atmospheric response changes if the reconnection happens at different plasma-g, that is, at different heights in the atmosphere.

This analysis also gives new insight into how UV bursts might be related to the photospheric Ellerman bombs.
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1. Introduction

The solar atmosphere is in a highly dynamic state. Since the
early days of space-based spectroscopy at extreme ultravio-
let (EUV) and X-ray wavelengths, observations have hinted
at small-scale dynamics that are either barely or not resolved.
Using data from rocket flights, Brueckner & Bartoe (1983) iso-
lated what they originally called turbulent events and what were
later termed explosive events. They stood out as excessive broad-
ening of spectral lines interpreted as nonresolved motions in
response to heating of the plasma. The broadened spectral fea-
tures often appeared with additional components in the red and
blue wings of the line profile about 50kms~'-100 kms~! away
from line center (Dere et al. 1989). The spatial location of bi-
directional line profiles has been connected to places of flux
emergence, cancelation, and therefore reconnection (Dere et al.
1991). Given the limited amount of observing time of the exper-
iments on rockets and a Space Shuttle flight, these explosive
events have been mostly seen in the quiet Sun where a clear
connection could be established to the bright network struc-
tures and the magnetic field (Porter & Dere 1991). With the era
of the Solar and Heliospheric Observatory (SOHO; Fleck et al.

* Movie attached to Fig. 2 is available at https://www.aanda.org

1995), observations became much more abundant. This allowed
Innes et al. (1997) to show that the misalignment of the line
of sight with the axis of the reconnection outflow explains the
asymmetry of the line profiles and to confirm the reconnection
scenario. This is consistent with the finding that explosive events
occur mostly at locations where opposite polarities come into
close contact and cancel (Chae et al. 1998). For a review of the
zoo of transient events in the UV, see Young et al. (2018).

In active regions, in particular while magnetic flux is still
emerging, energetic events are seen more frequently. Forming in
the photosphere, Ellerman bombs are visible through enhance-
ments in the wings of Ha (Ellerman 1917). Observations give
clear indications that these too are forming through reconnec-
tion (e.g., Georgoulis et al. 2002). Recent observations in the UV
reveal a new type of event that can be characterized by very
strong enhancements in chromospheric and transition region
lines (e.g., Mgm, Sitv). Here spectral absorption features of
chromospheric lines can be seen in the strongly broadened tran-
sition region line profiles (Peter et al. 2014). These UV bursts
seem to originate in the chromosphere, thus from higher up (at
lower densities) than Ellerman bombs. While the plasma in UV
bursts is heated sufficiently to give rise to emission in, for exam-
ple, Sitv, the plasma temperature probably does not reach coro-
nal temperature of the order of 1 MK.
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Explosive events have been seen abundantly in the quiet Sun
in emission lines forming (under ionization equilibrium condi-
tions) at around 0.1 MK-0.4 MK, for example, in Si1tv, C1v, or
O v1. They are one of the classical transition-region phenomena.
They seem not to appear at higher temperatures (in the corona)
in that they have no counterparts in the upper transition region
or low corona, for example in Ne vit forming at about 0.7 MK or
Mgx at about 1 MK (Teriaca et al. 2002). This poses the ques-
tion of why the mechanism that works in the transition region
would not be efficient in the corona.

After it had been established observationally that explosive
events are caused by reconnection, 2D magnetohydrodynamics
(MHD) models were constructed with the aim to recreate the
observed bi-directional reconnection outflows. Most of the mod-
els so far have used a Harris-type current sheet (Harris 1962)
as an initial setup. For example, Innes & T6th (1999) used a
magnetic field that changes as tanh across the current sheet.
To initiate reconnection, these early models used an anoma-
lously enhanced resistivity at a single location along the current
sheet. The resulting reconnection outflow speeds and tempera-
tures are consistent with observations (Innes & Té6th 1999) in
that they provide an explanation for the enhanced emission in
the line wings often showing up as separate spectral components
(Roussev et al. 2001a,b,c). When also considering gravitational
stratification, Roussev & Galsgaard (2002) were able to find
asymmetric line profiles (as seen in observations; Teriaca et al.
2004), but they could still not recover the increase of the inten-
sity in the line core that is associated with most (but not all)
transient events.

This shortcoming of the early explosive event models has
been worked out clearly by Innes et al. (2015) and they sug-
gested that the presence of plasmoids in the current sheet pro-
vides a solution. Direct observational evidence for plasmoids
has been found in the solar atmosphere, at least in currents
sheets forming following a coronal mass ejection (Ko et al.
2003; Lin et al. 2005), in flares (Asai et al. 2004; Takasao et al.
2012), in the corona (e.g., Li et al. 2016), and recently also in
the chromosphere (Rouppe van der Voort et al. 2017). The key
importance of the formation of plasmoids for reconnection was
established early on (Biskamp 1986). For large Lundquist num-
bers, thin current sheets will undergo a super-Alfvénic tear-
ing instability (e.g., Loureiro et al. 2007; Bhattacharjee et al.
2009) which results in a rich variety of possible reconnection
dynamics (e.g., Huang & Bhattacharjee 2013). The importance
of plasmoid-mediated reconnection for the solar chromosphere
and corona became evident quickly (e.g., Ni et al. 2012, 2015;
Leake et al. 2012). Using models of plasmoid-mediated recon-
nection, Innes et al. (2015) showed that this indeed can explain
the strong enhancement of the line cores along with the increased
emission in the line wings. This is because the plasmoid insta-
bility provides not only faster reconnection (outflows), but also
more plasma at slow speeds in the forming plasmoids. One main
reason why the early explosive event models did not show the
plasmoid instability is a lack of spatial resolution.

The 2D reconnection modeling is now also applied to UV
bursts and Ellerman bombs by placing the reconnection region
in places of different plasma-3, where £ is the ratio of magnetic
to thermal energy density, or magnetic to gas pressure. If 8 is
lower, that is, higher in the atmosphere, the plasma can be heated
to higher temperatures, and in the low chromosphere gravity can
hinder the formation of plasmoids (Ni et al. 2016). However, the
situation changes if one accounts for the presence of neutrals
in the chromosphere and the reconnection in the low chromo-
sphere can result in peak temperatures of about 30 kK (Ni et al.
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2018a; Ni & Lukin 2018). During reconnection, the 2D models
can produce turbulent small-scale structures in plasmoids that
cover a range of temperatures from 10* K to 10° K, that is, cover-
ing the temperatures expected in Ellerman bombs and UV bursts.
Still, whether or not the observational signatures expected from
those models are consistent with observations remains unknown.
Observations show that there is a relation between Ellerman
bombs and UV bursts (Vissers et al. 2015). In a significant frac-
tion of cases (10%—-20%) Ellerman bombs and UV bursts appear
at the same time and location (Tian et al. 2016).

The first 3D MHD models to reproduce the radiative sig-
natures of Ellerman bombs were presented in Danilovic (2017)
and Hansteen et al. (2017), and the latter model was also able
to reproduce UV burst emission from Si1v, but unrelated to the
Ellerman bomb at a different location. In a very recent 3D model,
Hansteen et al. (2019) find a UV burst flashing at the same time
and location as the Ellerman bomb. While these models provide
important insight into the evolution and driving of these events,
the resolution is (naturally) not comparable to the 2D models
and thus they barely resolve the process of plasmoid-mediated
reconnection, if at all.

From the above discussion we can summarize some of the
major shortcomings and open questions for understanding explo-
sive events and UV bursts. (1) Current 2D models assume the
existence of a Harris-type current sheet as the initial setup of the
model. How is this current sheet produced in the first place? (2)
How is the response of the atmosphere changing when the site
of the reconnection is located at sites of different plasma-3? (3)
Why are explosive events seen only at transition region temper-
atures and not above approximately 0.6 MK in the (low) corona?
(4) How are explosive events, UV bursts, and Ellerman bombs
connected in terms of magnetic configurations and models? Are
they based on the same mechanism, despite the fact that they
seem to appear in regions where plasma-g is above and below
unity?

Our study addresses questions (1) to (3). Concerning ques-
tion (4), we can only provide an educated guess. We address
these questions using a 2D model with sufficient resolution to
resolve the plasmoids that form in the current sheet. The main
improvements over existing 2D models are as follows: we use a
magnetic field setup that is motivated by solar observations; the
simulation is driven by a horizontal motion at the bottom bound-
ary, that is, the solar surface; and this driving is inspired by obser-
vations. Our setup is guided by the work of Chitta et al. (2017)
who found a small magnetic patch of one magnetic polarity mov-
ing between two large regions of opposite polarity. A magnetic
field extrapolation of the observation revealed an X-type neutral
point above the small magnetic patch and the spectroscopic EUV
observations showed the continued presence of a UV burst above
that patch. We capture this magnetic setup in our model, drive
the small patch into the larger region of magnetic field, and find
that the X-point stretches into a current sheet. We therefore cre-
ate the thin current sheet in a self-consistent way. With the plas-
moid instability setting in, we get significant energy conversion
that we can relate to the observed UV burst. Running numeri-
cal experiments with different plasma-3 we investigate how the
atmosphere reacts in these cases and check the peak tempera-
tures during the reconnection events.

2. Magnetohydrodynamic model setup

The idealized 2D setup of the model is inspired by observations
of UV bursts. Therefore, we first give a general figurative expla-
nation of the setup of the magnetic field and how it is driven



H. Peter et al.: Plasmoid-mediated reconnection in solar UV bursts

—~
)
(oW

a2

va[km/s]
/

1000 1500

0 500

[sec]
Fig. 1. Model setup. In panel a we show the initial condition of the
magnetic field through the field lines in the 2D computational domain
following Eq. (5). Panel b: displays the vertical component of the mag-
netic field at the bottom boundary at z = 0. The magnetic field is driven
in the positive x-direction with a Gaussian-type velocity profile vy(x) as
defined in Eq. (8) and depicted in panel c. The peak value of the driving
velocity v4(?), given through Eq. (9), is shown in panel d. While panel a
shows the full computational domain, the red dashed rectangle indicates
the region of interest displayed in Fig. 2. See Sect. 2 for details.

from the surface (Sect. 2.1). Subsequently, we present the MHD
equations solved here together with the initial and boundary con-
ditions (Sects. 2.2-2.4) and discuss the range of parameters for
our numerical experiments (Sect. 2.5).

2.1. General setup

The magnetic setup is inspired by a UV burst observation near
a site of flux cancelation by Chitta et al. (2017). In their study
they related the emission from the UV burst to the magnetic
field extrapolated into the upper atmosphere. They found the UV
burst to be located at an X-type magnetic null point. Essentially,
this X-point was located some 500 km above a (minor) parasitic
polarity that moved in a region of opposite polarity (see Fig. 8 of
Chitta et al. 2017).

In our 2D model, the initial magnetic field at the lower
boundary reflects this setup (cf. Fig. 1a). The whole computa-
tional domain stretches over 12 Mm in the horizontal (x) and
2.4 Mm in the vertical (z) direction. To mimic the magnetic setup
from Chitta et al. (2017), we choose a magnetic field as defined
later in Eq. (5) where at the bottom boundary the main (negative)
polarity covers the region outside |x| > 1.2Mm and the small
patch of parasitic (positive) polarity is in the center of the box
inside x| < 1.2Mm. This is illustrated by the field lines and the
vertical component of the magnetic field at the bottom boundary
shown in Figs. la,b. Clearly, this magnetic field configuration
has a magnetic null point in the form of an X-point above the
parasitic polarity at a height of about 550 km above the bottom
boundary as can be seen from Fig. 1a and detailed in Eq. (6).
This would correspond to a location in the chromosphere on the
real Sun.

In their observations, Chitta et al. (2017) reported that the
small parasitic polarity moved from one main polarity into the
other main polarity. In our model we mimic this by applying

a horizontal motion in the +x direction. The normalized spa-
tial profile vg(x) of the velocity driver is shown in Fig. 1c and
detailed later in Eq. (8). We restrict the driving to the middle part
of the computational domain for the simple reason that on the
real Sun the opposite polarity would be pushed only so far into
the main polarity before it gets completely canceled, while the
main polarity would remain (roughly at the same location). Fur-
thermore, we restrict the peak value of the driving velocity, vq4(?),
in time for some 20 min, as illustrated in Fig. 1d and defined in
Eq. (9). Starting with the stable initial potential magnetic field
setup, we slowly ramp up the velocity for about two minutes
at the bottom boundary and similarly ramp down to reduce the
velocity at the end of the driving period to zero. Driving with
a maximum speed of just below 2kms™! (which is compatible
with the observations) will move the parasitic polarity by about
2 Mm during the period of driving.

As expected, when running the numerical experiments, the
driving of the magnetic field at the bottom boundary moves
the patch of opposite polarity in the +x direction. Consequently,
the null point above the opposite polarity also moves in the same
direction (as found also in the observation by Chitta et al. 2017).
The X-point then stretches into a current sheet and plasmoid-
mediated reconnection begins (cf. Fig. 2).

2.2. Model equations

The governing equations for our simulations are the 2D resistive
MHD equations in a vertical x-z plane. Here we solve for the
magnetic potential i instead of the magnetic field itself, meaning
that B = Vi X ij, where j is the unit vector in the y direction. The
induction equation then reads
O +v- Vi = VY, M
where v denotes the velocity vector and 7 is the (constant) mag-
netic resistivity. In the dimensionless units we chose 7 to be 10>,
which in real units corresponds to 4.4 x 10° m? s~!. This value is
about a factor of 300 larger than the value according to classical
transport theory (e.g., Boyd & Sanderson 2003) for temperatures
at about 10* K, that is, at the typical background temperature of
our models (cf. Sect. 2.3). We chose this anomalously high value
to ensure that the current sheets are dissipated at the grid scale
(the vertical grid spacing 0z is just above 1km; see Sect. 2.3).
For the velocities of about U ~ 1kms~! driving the system
(cf. Sect. 2.4), U 6z would be of the same order of magnitude as
n, and consequently the magnetic Reynolds number on the grid
scale would be about unity. This ensures efficient dissipation at
the grid scale and avoids numerical dissipation.
The continuity and momentum equations are given by

A + V- (pv) =0, @

A(pv) + V - (pvv) = —=Vp — pgz — VYV + V - (ovE), 3)
where we assume the pressure of an ideal gas, p = 2nkgT, with
number density n = p/m,, Boltzmann’s constant kg, and temper-
ature 7. The mass density is denoted by p and the proton mass by
my,. The gravitational acceleration g = 274 ms™2 operates in the
negative z direction (Z is the unit vector in the +z direction). The
Lorentz force is given through Vy/V?y. The effects of viscosity
are included through the strain rate tensor E = (Vo + Vo')/2
and the kinematic viscosity v. To choose the value for the vis-
cosity v, we use the same reasoning as above for the resistivity
n. Consequently they have the same values, v = 7.
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Fig. 2. Overall evolution of magnetic field and kinetic energy during
reconnection for 8 = 0.147. Panel a: the temporal evolution of the
kinetic energy integrated in a rectangle around the reconnection region
(dashed lines in lower panels). Panels b—d: snapshots of the kinetic
energy density along with magnetic field lines in part of the computa-
tional domain (cf. dashed rectangle in Fig. 1a). These are taken sequen-
tially at the times indicated in the fop panel by the vertical blue lines.
The current sheet forms roughly along the diagonal of the rectangle. The
compact near-circular enhancements of the kinetic energy indicate the
location of the plasmoids that form. The blue double-arrow in panel a
indicates the time of the driving at the bottom boundary. The plasmoids
and the overall evolution are best seen in the animation available online;
see Sect. 3.1.

Finally, the energy balance is described by

ap+V-(pu)=(y—1)(-pV-v-V-q+H,+H,). )

Heat conduction parallel to the magnetic field is through the
heat flux ¢ = —kbb - VT, with b being the unit vector along
the magnetic field. The coefficient of the thermal conductivity is
given by k| = cypy, with the specific heat at constant volume c,,
and the thermal diffusivity y. For simplicity, we assume a con-
stant diffusivity of y = 4.4 x 10° m?s™!. According to classical
transport theory, x; should depend on temperature as oc7"/2, Con-
sidering this temperature dependence, the typical values of y at
the top of the chromosphere, the transition region and the corona
would be of the order of 10° m?s~!, 103 m?s~!, and 10! m2s~!,
respectively'. Thus the value of y we use in our model is higher
than expected for the top of the chromosphere or the transition
region, that is, the regions where the UV bursts or explosive

' Assuming temperatures of 10*K, 10° K, and 10°K in an isobaric

atmosphere with a typical coronal density of 10° cm™ (21072 kgm™)
at 10° K and using «; = 107'(T[K])*> Wm™' K! (e.g., Priest 1982).
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events we intend to model are located. The higher efficiency of
heat conduction in our model implies that the temperatures we
find during the reconnection events will be a lower limit.

Energy is added to the plasma through Ohmic dissipation,
H, = n 7% (with currents j = |VxB|), and viscous dissipa-
tion H, = nvVuv:E. The ratio of specific heats is denoted by
v = 5/3. We neglected optically thin radiative losses, because
the timescale of the events is short compared to the (coronal)
radiative cooling times.

The code that is used to solve the above equations under
the boundary conditions discussed below has been described in
Guzdar et al. (1993). More details on the code as well as on test-
ing and validation are given there.

2.3. Setup and initial conditions

The simulation stretches in the horizontal direction over x €
[-L,, L] and in the vertical direction over z € [0, L,]. We chose

= 6Mm and L, = 2.4Mm motivated by the observations
of Chitta et al. (2017); see Sect. 2.1. The computational domain
is covered by 2400 grid points horizontally and 2000 grid
points vertically. Consequently the (equidistant) grid is spaced
by Skm X 1.2 km.

The analytical form of the initial magnetic field, By = Vi X
i, is defined through

tozit=0) =12 s o 72) - B ®

This represents a potential magnetic field, that is, one can
easily show that V x By = 0, and of course, V - By = 0. Most
importantly, this magnetic field structure as depicted in Fig. la
roughly matches the field geometry motivated by the UV burst
observations of Chitta et al. (2017). In particular it has an X-type
null point at

Yol = 0, Zoun = (Ly/70) In f. (6)

Considering the horizontal extent of our box, 2L, = 12 Mm,
we choose the free parameter f, = 4/3 so that the height of the
null point is Z,,y ~ 550 km. This then closely matches the height
of the null point derived by Chitta et al. (2017). In the form of
Eq. (5), the average vertical magnetic field in the model region
is B. Here we choose B = 75 G, which is typical for a plage or
enhanced network area, where UV bursts are seen frequently.

We choose the temperature at the beginning of the simula-
tion to be constant. This is motivated by our goal to simulate a
UV burst that happens at the base of the corona. Embedded in an
comparatively cool environment the plasma should be heated to
transition region temperatures, as expected for a UV burst. Con-
sequently our constant initial temperature is set to Ty = 10*K
The initial state is at rest, that is, all velocities are zero.

For the density we choose an initial state with a vertical
(barometric) stratification in the atmosphere with the initially
constant temperature,

p(x,z:t = 0) = pyexp (—z/Hg), @)

where H, = (2kgTo)/(mp g) is the barometric scale height. In
our setup this is about H, ~ 600 km. The density at the bottom
boundary, py, is a free parameter and is chosen differently in the
numerical experiments conducted here (see Sect. 2.5).

2.4. Boundary conditions

To drive the system, we apply a spatially and temporally vari-
able velocity profile at the bottom boundary. This velocity is
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always in the positive x direction. The spatially variable part is
defined as

1 + cos(mx/Ly) )10

> ®

vo(x) = (

This closely resembles a Gaussian profile with a full width at
half maximum of 2 Mm for our choice of L, = 6 Mm (cf. Fig. 1c¢).
In contrast to a Gaussian, this form in Eq. (8) is strictly peri-
odic and therefore satisfies our horizontal boundary conditions.
We keep driving for a timescale of #3. For a smooth transition
we ramp the velocity up and down over the timescale ;,

sin (0.57t/t,) 0<t<t,
1 t<t<tg—1t
sin (0.57(tg —0)/t,)  ta—t <t<1y

0 t>1

va(t) =0 X

(€]

Loosely guided by the observational study of Chitta et al.
(2017), we choose the driving time to be 74 = 1320, or about
20 min, and apply a ramping time of one tenth of that, t, = 1325,
to ensure a smooth transition. The peak driving velocity is 0 =
1.8kms~!, and therefore during the major part of the driving
the velocity vy is slightly faster than in Chitta et al. (2017). This
makes up for the slightly shorter period of driving in our numer-
ical experiments. The time profile of the driving as defined in
Eq. (9) is depicted in Fig. 1d. Combining the spatial and tem-
poral variation in Eq. (8) and Eq. (9) yields the final horizontal
velocity imposed at the bottom boundary,

(10)

The horizontal velocity at the top boundary and the vertical
velocities at the top and bottom boundaries are set to zero. In
a real system, the plasma outflow from the reconnection region
should be free to escape along the spine through the top bound-
ary. In the numerical model, we set the flow to zero at the
top boundary for convenience and place a frictional layer near
the top boundary to absorb the flow. This mimics the outflow
boundary condition and ensures that the plasma outflow does not
bounce back from the top boundary and feedback to the recon-
nection site. The magnetic field at the bottom and top boundaries
is line-tied to the flow field that drives the system. The temper-
atures at the top and the bottom boundaries are fixed at their
initial values. The density above and below the top and bottom
boundaries, respectively, is extrapolated by a local gravitational
stratification, dp/0dz = —p g (to fill the ghost cells). The boundary
conditions in the horizontal direction are periodic.

U (x,2 = 0;1) = vg(?) vo(x).

2.5. Range of numerical experiments

In our study we also want to investigate the effects that plasma-
B, that is, the ratio of gas pressure to magnetic pressure, has on
the UV burst resulting from the driving. To characterize S for the
different numerical experiments, we use the average () in the
dome region in the initial condition. This dome region we define
as a horizontal section in x € [-2.4,+2.4]Mm at the height
where the X-type null point as defined in Eq. (6) is located. In
our model setup the average field strength in the dome region is
V{(B?) ~ 52 G (we first average B?, because we are interested in
the average magnetic pressure to calculate the average 3).

To change 8 in our idealized setup we could change the aver-
age magnetic field B (and thus +/(B?)), the density at the bot-
tom boundary, pg, or a combination of both. Here we opt to
change pg. In our models we choose pg so that the density in

the initial condition at the X-type null point has values from
49x107"%kgm™ to 2.4 x 10" kg m~>. These are typical chro-
mospheric densities (cf. e.g., Vernazza et al. 1981). Essentially,
with the choice of py we select whether the X-type neutral point
is in the low, middle, or upper chromosphere.

This combination of initial density and magnetic field in the
dome region together with the initial temperature of 10* K gives
a range of (B8) from 0.015 to 0.735 in the dome region (even
though we also ran more models with lower and higher ). The
respective () values will be given with the figures and the dis-
cussion of the results. These averages of 5 in the dome region
around the X-type null point apply only for the initial condition.
When the numerical experiments evolve, the density, tempera-
ture, and magnetic field changes self-consistently and the loca-
tion of the X-point moves (and eventually stretches into a current
sheet). Still, the initial value of (8) is a good measure to char-
acterize the (average) plasma-f in and around the reconnection
region.

In our numerical experiments we change the density in order
to change plasma-g while we keep the magnetic field fixed. What
can we expect if we keep the density fixed and change the mag-
netic field to run models for the same (average) plasma-3? For
a case with the same S but higher magnetic field, the magnetic
energy density (per volume) would be increased by the same fac-
tor as the density. This is because the energy density is B and
B o B?/p. Furthermore, we can expect the energy dissipation (or
conversion) to increase with the magnetic energy density. Conse-
quently, the heating per particle (i.e., heat input divided by den-
sity) will be the same in two models with the same S, even if
the magnetic field and the density are higher. According to the
energy equation, the (change of) temperature goes with the heat-
ing per particle. Therefore, we can expect to have models with
different S8 but the same peak temperatures in the reconnection
region, even if the magnetic field is stronger. However, this does
not hold if radiative cooling and effects of partial ionization are
also included. Increasing the temperature would then become
more difficult if the X-point were in a region at higher density
(and higher magnetic field so that § is the same). This has been
shown in the multi-fluid models of Ni & Lukin (2018).

3. Results

3.1. General evolution of the magnetic structure and
formation of plasmoids

To describe the overall evolution of the system we first con-
centrate on one of the numerical experiments, and choose the
case where 8 ~ 0.15 at the height of the null point in the initial
condition. To illustrate the evolution of the system, we show in
Fig. 2 the kinetic energy together with the changing magnetic
connectivity. A movie attached to the figure shows the full tem-
poral evolution. The lower panels b—d show part of the com-
putational domain. On the background with the kinetic energy
density we plot the changing magnetic field lines. The top panel
a displays the kinetic energy integrated in a rectangle around
the reconnection region as outlined by the dashed red lines in
panels b—d.

When driving the small opposite magnetic polarity in the
positive x-direction (right), the magnetic field gets distorted and
the X-type neutral point is stretched into a current sheet. The
current sheet is visible here through the kinetic energy that is
enhanced due to the reconnection outflow that roughly follows
the diagonal of the dashed rectangles in Fig. 2 (we discuss the
currents later in Sect. 3.3 and Fig. 5). We see a clear increase
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Fig. 3. Zoom into reconnection region showing plasmoids and temper-
ature for § = 0.147. This is similar to Fig. 2, but we now show the
temporal evolution of the maximum temperature around the reconnec-
tion region in panel a and a snapshot of the temperature in panel b that
is taken at the time indicated by the blue vertical line in panel a. At this
snapshot there are two (resolved) plasmoids present in the reconnection
region clearly seen as near-circular regions of enhanced temperature in
the middle of panel b. The field of view corresponds to the rectangle
indicated in Figs. 2b—d. The blue double-arrow indicates the time of the
driving at the bottom boundary; see Sect. 3.1.

of the kinetic energy around the reconnection region due to the
reconnection outflow associated with the motion of plasmoids
(Fig. 2a). After an initial phase, this enhancement of the kinetic
energy essentially lasts as long as we drive the system (i.e., up
to time ¢ = 1300s; cf. Fig. 1d). Details of the temporal evolution
are presented in Sect. 3.2.

The plasmoids form continuously and are regions of
enhanced temperature and density. This is underlined by Fig. 3
where we show a zoom into the reconnection region. In the snap-
shot we show here, two plasmoids are clearly visible as compact,
near-circular enhancements of the temperature (see Sect. 4.2 for
a discussion of the size of plasmoids and resolution). Also, the
thin current sheet is visible as a thread of enhanced temperature
running diagonally through the two plasmoids. The plasmoids
are hotter for a couple of reasons. Ohmic heating is stronger in
the current sheets, that is, in regions between plasmoids rather
than in the plasmoids themselves. The heated plasma is ejected
into the plasmoids and trapped there. The plasmoids then retain
the heat because they are essentially thermally insulated. This
is because they are magnetic islands and thermal conduction is
parallel to the field lines. Furthermore, the plasma is heated by
adiabatic compression due to the magnetic tension force in plas-
moids. This latter effect also causes the higher density within
the plasmoids. Consequently, the peak temperature (Fig. 3a) as
well as the kinetic energy (cf. Fig. 2) are closely connected to
the presence of plasmoids: whenever plasmoids are present there
will be (local) maxima in temperature and in kinetic energy. We
discuss the resulting temporal substructure in Sect. 4.2 and com-
pare it to observations.

In the outflow regions (top left and bottom right regions in
Fig. 3b), that is, in the region that is fed by the reconnection out-
flow, we see a clear enhancement of the temperature as compared
to the inflow regions. The case for the kinetic energy shown in
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Fig. 2 is the same (but less clear). As expected, the reconnection
energizes a region much larger than just the immediate surround-
ing of the current sheet.

3.2. Temporal evolution of the reconnection and plasma-8

The different experiments we conduct are distinguished by the
value of the average plasma-£ at the height of the reconnection
region (at the initial condition; cf. Sect. 2.5). To characterize how
the reconnection evolves in the different cases, we consider a
sub-region of size 2 Mm x 1 Mm that fully encloses the current
sheet, the plasmoids, and the reconnection outflows (indicated by
the dashed boxes in Figs. 2b—d). In this region we track changes
of three characteristic quantities as a function of time, namely
the maximum current, Jy,x, the maximum velocity, V., and
the integrated kinetic energy, Exi,.

The driving at the bottom boundary is the same for all the
cases studied here (only the density stratification changes; see
Sect. 2.5). Therefore the difference in for example the energy
deposition in the reconnection processes in the different cases
is solely due to the different evolution of the magnetic field
within the computational domain. The experiments with values
of plasma-f from =0.75 to ~0.01 range from (almost) plasma-
dominated to magnetic-field-dominated in the vicinity of the
reconnection region. This then determines how efficiently recon-
nection can operate.

The overall evolution of the maximum current, maximum
velocity, and kinetic energy for all the cases is similar (Fig. 4).
These quantities increase, reach a peak while the driving at the
footpoints is active, and then decline; they also show a substruc-
ture in the temporal evolution that looks almost like noise, but is
real and is related to the presence of plasmoids. This is discussed
further when relating our models to observations in Sect. 4.2.
The high-S cases are different in these quantities (Jyax, Vinaxo
Eyin) in that they increase only later or do not reach a peak at all
while driving.

3.2.1. Current sheet and plasmoids

For the maximum current, Jy,.x, We see a clear ordering of the
timing of its sharp rise with plasma-3 (Fig. 4a). This is mainly
due to the different Alfvén crossing times from the surface to
the X-type neutral point, that will be longer for the larger 8
values. For lower g values the Alfvén speed is higher and con-
sequently the disturbance induced by the surface motions will
reach the neutral point earlier and stretch it into a current sheet
much sooner and quicker.

For small 3, below about 0.1, the current sheet forms essen-
tially at the same time as the driving begins. As a result, the cur-
rent sheet will be shorter as compared to the experiments with
higher . This is evident from a comparison of the snapshots of
the currents in panels a and b of Fig. 5 that show the cases for 8
at about 0.015 and 0.15, respectively.

In the cases of high 8, above about 0.4, the current sheet
forms later not only because of the longer Alfvén crossing time,
but also because the inertia of the plasma around the X-type
neutral point can keep the magnetic field from forming a cur-
rent sheet, at least for a while. The resulting current sheets will
be shorter at these higher values of 8 (cf. Fig. 5c), because the
stressing of the magnetic field has to work against the inertia
of the plasma. This also causes longer-lasting significant mag-
netic gradients, that is, high currents lasting for longer (see case
B =0.735 in Fig. 4a).
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Fig. 4. Evolution of reconnection for different plasma-f. Here we show the temporal variation of the maximum current, J,,, (panel a), and the
maximum velocity, Vi (panel b), in the vicinity of the reconnection region as defined by the dashed rectangles in Figs. 2b—d. Panel c: total kinetic
energy, Ey,, integrated over the same rectangle. The differently colored curves show the evolution for the models with different plasma-g in the
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Fig. 5. Plasmoid-mediated reconnection under different plasma-f conditions. The panels show snapshots of the current density, J, for three different
models with different values of plasma-f according to values given in the plots. The snapshots for low and moderate g8 in panels a and b are taken

around the time when the overall evolution of J,,,x reaches a maximum.

reached stably high values (cf. Fig. 4a). See Sect. 3.3.

In all models we find that plasmoids develop irrespective of
the value for plasma-g at the (initial) location of the X-type neu-
tral point or the current sheet. They can be seen in all quantities;
in the current density (Fig. 5) of course, but also in the kinetic
energy (Fig. 2) and in the temperature (Fig. 3a). As expected,
plasmoids will move away from the center of the current sheet
and finally collide with the ambient medium and thermalize
(see the animation attached to Fig. 2 to see the motion of the
plasmoids).

3.2.2. Maximum velocity

The reconnection outflow will be driven by the Lorentz force in
the current sheet, with higher currents implying stronger forc-
ing. In the case of low g the density in the vicinity of the current
sheets will be smaller, and thus the Lorentz force can accelerate
the gas to higher speeds. Thus the resulting maximum velocity,
Vinax> Shows a comparable time variation as the maximum cur-
rents at the same £, but the highest Vi« in each 8 case drops
with increasing . This is the simple consequence of the Lorentz
force being applied to plasma at lower density.

3.2.3. Kinetic energy

The time variation of the kinetic energy, Eyi,, integrated in the
vicinity of the reconnection region shows a two-part evolution:
an increase at the beginning of the driving and then an evolution
consistent with the maximum current and velocity. In the initial
phase of the driving, the horizontal motion at the bottom bound-
ary simply carries the whole system in the positive x-direction

The snapshot for high 3 in panel ¢ represents the situation when the Jyax

and thus causes the initial bump of Ey, at t = 200s (Fig. 4c).
The speed of this motion is slow, of the order of less than
1 kms™" and therefore does not show up in the maximum veloc-
ity (Fig. 4b), but because E\j, is integrated in a rather large vol-
ume, the bump is visible. This small peak during the first 200 s in
Eyin 1s lower if B is lower (and hence density is also lower). This
simply reflects the scaling of the kinetic energy with the den-
sity. While not being clear in the plot in Fig. 4c, closer inspec-
tion shows that this early bump (at much smaller amplitude) is
also present for the very small 8 cases. With the system find-
ing some type of driving equilibrium, this increase of the kinetic
energy vanishes again. This initial bump of Eyj,, most prominent
at high g, is an artifact of our driving and we do not discuss it
further.

The most important part of the evolution of the kinetic
energy, FEyin, in the reconnection region is the main part that is
closely related to the maximum velocity, Vi.x. The envelope of
Vmax reaches its highest values for small 8 (Fig. 4b). In contrast,
E\yin reaches only small values for very low g (Fig. 4c). This is
again because of the lower density for the low-8 cases. Thus,
with increasing £ also the maximum Ey;, increases, but only up
to values of 8 of around 0.1. For higher values of 3, the inertia of
the plasma can work strong enough against the magnetic driving,
so that the outflow velocities drops faster with § than the density
increases associated with higher 8. Consequently, for values of
B significantly above 0.1 we find only a small increase of Eyi,
during the reconnection event.

In addition to this evolution of the envelope of Ey;, (and also
Jmax and Viax), we find a substructure in the temporal varia-
tion with a timescale of about one minute (Fig. 4) that looks
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almost like noise. This substructure is clearly associated with
the presence of plasmoids that form in the current sheet nat-
urally through the plasmoid instability. This can be seen upon
close inspection of Fig. 2. The snapshots in panels b and d are
taken when there are no (or small) plasmoids in the current sheet.
At these times Eyj, has local minima (Fig. 2a). When there is
a plasmoid (in the snapshot in Fig. 2c), there is a local max-
imum of Eyj, in Fig. 2a. This relation between plasmoids and
local peaks of the kinetic energy is very clear when following
the animation that is associated with Fig. 2. Likewise, there is
a tight relation between the presence of plasmoids and Jy,,x and
Vimax as well as the maximum temperature in the reconnection
region, Thax. The timescale of the order of one minute for this
substructure is related to the time a plasmoid moves along the
current sheet, bounded by the Alfvén speed. This is discussed
further in Sect. 4.2.

3.3. Reconnection, plasma-, and temperature

We now turn to the peak temperatures during the reconnection
event for the runs with different plasma-g. In Fig. 6a we show
the maximum temperature in the reconnection region as a func-
tion of time. Here for each time we evaluated the maximum
value of the temperature in the vicinity of the current sheet (i.e.,
in the rectangles shown in Figs. 2b—d, and the full region in
Fig. 3b). We see a clear trend that higher maximum temperatures
are reached for lower plasma-S.

To quantify this, we estimate the peak temperature Tpeax dur-
ing the evolution of the maximum temperature in Fig. 6a for each
run. The maximum temperature in the reconnection region, Ty,
varies rapidly because of the presence of plasmoids (Sect. 3.2.1).
Therefore we employ the following procedure to avoid spuri-
ous results due to individual peaks. We evaluate T\, during the
time period after it first becomes larger than half of the overall
maximum value, until it finally drops below half of the overall
maximum value and never increases back again. We define Tpeax
as the average of Tpax over this period. These values of Tpeax
are shown in Fig. 6b for the models with plasma-g ranging from
0.007 to above unity.

We find that the peak temperature Tpex and plasma-8
are connected (roughly) by a power law, Tpe o B703 (cf.
Fig. 6b). For high plasma-8 we find no significant enhance-
ment of the temperature, simply because the density is too high,
meaning that the deposited energy can lead only to a modest
increase in temperature. The smaller plasma-g, the higher the
temperature enhancement can be, because the added energy is
now distributed over many fewer particles. In our models we can
find the temperature rising to about 50 000 K.
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. ° e in panel b indicates a power law Ty o
10! 10° B703. See Sect. 3.3 for a definition of
B Tpeax and a more general discussion.

4. Discussion
4.1. Self-consistent formation of an inclined current sheet

One of the main goals of this study is to answer the question of
whether or not footpoint motions at the solar surface can create a
current sheet higher up in the atmosphere in which reconnection
would lead to a bi-directional outflow like in an explosive event
or UV burst. The short answer is yes.

There have been other models of reconnection events in the
upper atmosphere for explosive events or UV bursts. But these
are idealized in so far as they assume that oppositely directed
magnetic fields already exist in the initial configuration of the
numerical experiment, for example in the form of a Harris-type
current sheet (see Sect. 1).

The initial condition in our model with the X-type neutral
point would be stable if we did not drive the system. Only after
the footpoint driving starts, is the X-point stretched into a cur-
rent sheet. Thus the current sheet in our system forms self-
consistently, which is a major difference as compared to earlier
models for explosive events (as outlined in Sect. 1). Essentially,
this process first leads to a (slow) Sweet-Parker-type reconnec-
tion, after which the plasmoid instability begins to take effect and
greatly enhances the efficiency of the energy conversion process.

Considering the geometry of the magnetic setup (Figs. 1
and 2b—d), it is natural that the resulting current sheet will be
inclined to the vertical. Earlier models with a gravitational strat-
ification were experimenting with cases where the current sheet
was horizontal or vertical (e.g., Ni et al. 2016), but they sim-
ply assumed an orientation. The magnetic setup we use in our
model matches not only the observations by Chitta et al. (2017)
but also the more general observation that explosive events typ-
ically happen at locations where opposite polarities come into
close contact and cancel (Chae et al. 1998). Therefore, we can
assume that our finding of an inclined current sheet in explo-
sive events is quite general. Consequently, the (bi-directional)
outflow from the reconnection site will also be inclined, as has
been inferred by the spectroscopic observations of Innes et al.
(1997). Such inclined outflows have also been suggested for UV
bursts (see Sect. S3 and Fig. S7 in the supplemental material of
Peter et al. 2014).

We also see that the orientation (or inclination) of the cur-
rent sheet in our model is consistent with the observations of
Chitta et al. (2017). In our model, the upward-directed part of
the outflow is pointing away from the main polarity that the
small opposite polarity is moving into. In the observations of
Chitta et al. (2017), the blueshifted, i.e., upflowing, part of the
UV bursts is located on the side of the UV bursts pointing away
from the pore, that is, the main polarity. This is yet another nice
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Fig. 7. Temporal evolution of a solar UV burst observed by IRIS on 2013 October 22. The temporal variation of the intensity in the IRIS 1400 A

channel essentially showing the light curve in the Si1v line is plotted in

panel a. Panel b: immediate surroundings of the UV burst as seen in the

1400 A channel (reverse linear intensity scaling) at the time indicated by the vertical blue line in panel a. The box in panel b surrounding the UV

burst outlines the region where we integrated the emission to derive the

light curve in panel a. The line-of-sight component of the magnetic field

based on HMI is shown in panel ¢ with a linear scaling of the magnetic field in the range +200 G. The location of the UV burst is over-plotted
with a red contour of the 1400 A channel intensity. This only appears between a small negative (dark) magnetic polarity and a major opposite
(white) polarity. The blue arrow indicates the direction of motion of the minor negative-polarity feature that causes the UV burst. See Sect. 4.2 for

details.

match between model and observations, even though the anal-
ysis of more observational cases is needed to finally confirm
this.

4.2. Ultraviolet bursts in a low-8 environment: temporal
evolution and plasmoids

The reconnection in our model is driven by the motion at the bot-
tom boundary (i.e., the solar surface) moving the small opposite-
polarity magnetic patch into the main polarity. As such, the
timescale of the driving determines the overall evolution of the
system. Still, independent of the driving, the dynamics in the
reconnection region lead to a temporal variability on shorter
timescales (~1 min) controlled by plasmoid formation. This is
consistent with observations of UV bursts.

We find that the conversion of energy in the reconnection
region lasts for about 1000 s (Fig. 4, Sect. 3.2). Once the driving
stretched the current sheet sufficiently, the plasmoid-mediated
reconnection begins and lasts as long as we drive (Sect. 3.2.1).
While the duration of the reconnection event follows from our
choice of the model parameters, our choice for the duration of
the driving is not completely free. Instead, the driving time we
choose is governed by observations, or more precisely by the
(horizontal) magneto-convective motions on the surface. In the
UV burst discussed by Chitta et al. (2017) the timescale of driv-
ing the small magnetic patch into the pore is about 10-20 min;
hence our choice of about 20 min for the driving time. In a more
general context, this timescale corresponds to a motion with
about 1kms™! over a distance of about 1 Mm. These velocities
and length scales are typical for granular magneto-convection
near the surface. Thus we can also consider our assumption for
the driving time to be typical in cases where magnetic elements
are pushed into (opposite) magnetic patches, for example with
explosive events in the network (Chae et al. 1998).

During the time of the reconnection we see a clear bi-
directional outflow from the reconnection region. This is con-
sistent with observations of enhanced wings or a bi-modal shape
of line profiles that is seen in explosive events (e.g., Dere et al.
1989) or in part of the UV bursts (e.g., Peter et al. 2014). At the
same time, our model also shows plasmoids forming along the
current sheets that can explain the enhanced emission observed
in the line core, similar to the model of Innes et al. (2015).

What we find in our study is that the plasmoids are key to
understanding the substructure seen in the temporal evolution
of UV bursts, that is, their light curve. In Fig. 7 we provide
an example for the intensity variability during a UV burst. This
shows that the event lasts for about one half to three quarters of
an hour with a large number of local peaks in intensity, each last-
ing one or a few minutes. Another example is shown in Fig. 3 of
Young et al. (2018) with substructures spaced by some 30s. Yet
another case is discussed in Gupta & Tripathi (2015) who found
a flickering with a period from 30 to 90s. In our models we see
a similar sub-structure on timescales of 1-2 min in all quantities
derived from the reconnection region (Figs. 3a, 4, 6a), and this
substructure can be clearly related to the presence of plasmoids
(Sect. 3.1). Assuming that the UV bursts are driven by reconnec-
tion, it stands to reason that the observed flickering in UV bursts
is also caused by plasmoids, with the enhanced temperature and
density in the plasmoids leading to the enhancements in intensity
(see also Sect. 4.4).

The plasmoids move along the current sheet reaching
(almost) the local Alfvén speed. In our setup the Alfvén crossing
time along the current sheet is of the order of 10-20s. However,
this can only be a lower limit for the crossing of the plasmoids.
When formed, the plasmoid first has to accelerate and only when
almost at the end of the current sheet hitting the ambient media
does it reach the Alfvén speed. Typically the time it takes the
plasmoid to cross from the middle of the current sheet to its end
is about 1 min. The density and magnetic field in our model are
motivated by a UV burst observation, and hence we expect that
the (local) Alfvén speed in a UV burst is comparable to what
we find in our model. We therefore conclude that the plasmoids
are indeed responsible for the 30-90s flickering seen in UV
bursts.

In our model, at any given time we see one or two (large)
plasmoids in the current sheet (e.g., Fig. 3b). This would also
hold if we were to increase the spatial resolution. For higher
resolution, one expects that there are still large plasmoids, typ-
ically one in each current sheet at any given time, but these
are now accompanied by smaller ones in a self-similar fash-
ion (Huang & Bhattacharjee 2012). Essentially, at (much) higher
resolution we would still see the clear peaks in all quantities of
about one minute in length due to the (large) plasmoids, similar
to the observed sub-structure in UV bursts. But now a noise-like
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pattern on much shorter timescales would be superimposed by
plasmoids over a wide range of smaller scales.

4.3. Plasmoids triggering fast-mode waves

The plasmoids that appear in a quasi-periodic pattern also launch
fast magneto-acoustic waves. A more thorough analysis of this
phenomenon would deviate from the main goal of this study.
Therefore, here we only refer to the movie attached to Fig. 2 that
shows the field lines shaking back and forth in a fashion expected
for a fast-mode wave propagating away from the reconnection
site. Recently, such a phenomenon was observed in the corona
above the limb by Li et al. (2018), albeit at larger scales. These
latter authors found a fast-mode wave with a period of about
4 min lasting for many hours. In their observation they find evi-
dence for reconnection lasting all that time, so we can speculate
that plasmoids forming in the process could give rise to the exci-
tation of fast-mode waves over such a long time in a coherent
fashion.

4.4. Intensity from plasmoids compared to UV bursts

The reconnection events we find in our model are energetic
enough to power a typical UV burst. At least, the intensity
emerging from a plasmoid is consistent with the intensity
observed in solar UV bursts.

In the plasmoids of our run with 8 = 0.007 we typically
find a peak temperature of about 50 000 K and densities of about
5% 10" cm™. Assuming a line-of-sight length of 0.2 Mm (repre-
senting the size of the plasmoid; cf. Fig. 5), we calculate an inten-
sity radiating from the structure of about 10° ergcm=2 s~ sr~!. For
this estimate we use the Chianti database (Dere et al. 1997) and
the procedure as described in Peter et al. (2006). This fits well with
the value of 5% 103 erg cm™2 s~! sr~! for the UV burst observations
quoted by Young et al. (2018) in their Sect. 4. We therefore con-
clude that our model can also give a quantitative explanation for
the UV burst intensity.

4.5. Why are explosive events restricted to temperatures
below a few 10° K?

As mentioned in the introduction, the question remains open
as to why explosive events are observed only in spectral lines
forming below about 0.4 MK. Here, our results on how the peak
temperature in the reconnection region depends on plasma-g are
instructive (Sect. 3.3, Fig. 6b) and can provide an answer.

Clearly, we find a monotonic increase of the peak tempera-
ture for smaller 8. In short, if plasma-g is smaller in the recon-
nection region, there are less particles to be heated and thus the
temperature can reach higher values. While the upper solar atmo-
sphere is a low-8 plasma, 8 cannot be arbitrarily small and thus
there is an upper limit for the temperature to be reached (real-
istically) during an explosive event. Of course, this is particular
for this model, and in a different setup, for example with con-
tinued flux emergence and higher driving speeds supported for
longer times, one might reach coronal temperatures in the event
(Wyper et al. 2018).

From a self-consistent 3D MHD model of the upper solar
atmosphere one can derive plasma-g. In their model, Peter et al.
(2006) showed that the smallest values of 8 are found in the
(low) transition region at temperatures from 10*K to 10° K.
Typically, there 3 is larger than 1073, and essentially never below
10~* (Fig. 12c of Peter et al. 2006). Therefore, we can consider
10~* as a lower limit for plasma-3. In particular, this lower limit
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is also applied in the source region of typical transition region
lines such as C1v (Fig. 12a of Peter et al. 2006) and Si1v.

We can now extrapolate the peak temperatures down to the
smallest plasma-f3 values to be expected and use that temperature
as an upper limit for the temperatures to be expected in explosive
events and UV bursts. The lowest plasma-3 case we have in our
numerical experiments is about 0.007. Extrapolating using the
power law based on Fig. 6b, we find values of the peak tempera-
ture of just below 0.1 MK for 8 = 1073 and 0.2 MK for 8 = 107*.
Consequently, we would not expect temperatures in UV bursts
and explosive events to reach values much higher than 0.2 MK.
On the real Sun this upper limit might be slightly higher, because
we most likely underestimate the temperatures in the reconnec-
tion region as discussed in Sect. 2.2 following Eq. (4). Therefore
we consider our finding of a maximum reachable temperature in
UV bursts and explosive events to be consistent with the obser-
vations.

Of course, this result applies only to situations for a driv-
ing as assumed in our model, that is, if one small patch of one
magnetic polarity is moving into and canceling a larger patch of
opposite polarity. Under other circumstances the driving of the
magnetic field might be located closer to the reconnection loca-
tion, as expected for Ellerman bombs or some UV bursts (see
cartoons in Georgoulis et al. 2002; Peter et al. 2014). A model
might therefore produce much higher temperatures. Still, such
hot plasma, even if reaching coronal temperatures, might not
show up in extreme UV emission (e.g., in the widely used 171 A
band showing mostly coronal plasma in Fe 1v). This is because of
absorption by overlying cooler material in the Lyman-continua
of hydrogen and helium, (cf. suppl. material SM2 of Peter et al.
2014).

4.6. Relation to Ellerman bombs and high-8 reconnection

The particular configuration we use here cannot explain more
violent bursts at deeper atmospheric layers, that is, events that
originate where plasma-g is close to unity or even larger. For the
particular driving mechanism we employ here, we do not find
any significant increase of the kinetic energy or of the temper-
ature during the reconnection event for values of 8 larger than
about 0.5 (cf. Figs. 4 and 6). When driving the magnetic config-
uration from the footpoints, the inertia of the plasma can hin-
der the propagation of the changes of the magnetic field into
the upper atmosphere (Sect. 3.2.3). Consequently, there is only a
small amount of energy conversion and hence no observational
consequences are expected if plasma-g is close to or above unity.

Of course, reconnection can happen also in a high-3 plasma
(e.g., Huang & Bhattacharjee 2010). However, in this situation
the reconnection has to be driven by a flow of plasma converg-
ing in the reconnection region. This is exactly the scenario that
recent 3D models (Hansteen et al. 2017; Danilovic 2017) sug-
gest for Ellerman bombs originating in the photosphere, that is,
in a region where 8 is above unity on average. Here the con-
verging horizontal flows arising from the granular convective
motions push together opposite magnetic field which then drives
magnetic reconnection (Danilovic 2017).

In a configuration like the one we use here to study explosive
events and UV bursts we cannot explain Ellerman bombs. This
is because the (horizontal) motions in the high-8 regions that
push together oppositely directed magnetic field are not present.
On the other hand, in a scenario in which an Ellerman bomb
is initiated, one might well expect this to also induce effects at
higher temperatures resembling UV bursts; this has indeed been
suggested recently based on observations by Chen et al. (2019).
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Therefore, one might speculate that a higher fraction of Eller-
man bombs is accompanied by UV bursts, rather than the other
way round. However, more modeling and observational efforts
are needed to conclude on the processes connecting these tran-
sient events.

4.7. Applicability of the model to UV bursts

One major limitation of the model is the incompleteness of
the physical processes in the chromosphere. Observations indi-
cate that UV bursts are launched somewhere between the tem-
perature minimum and the middle chromosphere (Peter et al.
2014; Tian et al. 2016, 2018; Chitta et al. 2017). In response to
the reconnection, the local plasma gets heated and radiates in
emission lines such as Siiv. Therefore, during the onset of the
reconnection, we have to expect the plasma to be only partially
ionized. This would require consideration of multi-fluid effects,
as was the case in recent numerical reconnection experiments
(Ni et al. 2018a,b; Ni & Lukin 2018). These models showed that
nonequilibrium (partial) ionization alters the radiative cooling
and thus can significantly affect the temperature evolution in the
reconnection region. In consequence, the temperature increase
would be lower than what we find in our numerical experiments
that do not consider multi-fluid effects.

If we included multi-fluid effects and set off the reconnection
near the temperature minimum, i.e., below 5000 K, the peak tem-
perature would be lower than what we find in our study. How-
ever, not all transients seen in the extreme UV will originate at
the bottom of the chromosphere. For example, explosive events
seen in the quiet Sun are generally thought to be reconnection
events starting at lower densities (i.e., higher temperatures) than
what is found in the chromosphere. For those events, as we dis-
cuss in Sect. 4.5, our setup with an initial temperature of 10*K,
that is, well above the temperature minimum, might provide a
more realistic temperature estimate.

5. Conclusions

In our study we investigate a reconnection model around an
X-type neutral point suitable to understand the dynamics in an
explosive event or UV burst. The magnetic setup is motivated by
observations showing that such events usually take place in sit-
uations where a (small) patch of one magnetic polarity is mov-
ing into a (main) patch of opposite polarity. In particular, we
select our simulation parameters based on the observations of
Chitta et al. (2017).

The driving stretches the X-point into a current sheet and
quickly the plasmoid instability takes effect. The enhancement
of for example kinetic energy and temperature in the reconnec-
tion region is very closely related to the presence of plasmoids.
In contrast to earlier studies, in our model the current sheet forms
self-consistently in response to the driving of the (small) mag-
netic patch at the bottom boundary of our computational box,
that is, close to the solar surface (Sect. 4.1).

The enhancement of the energy deposition essentially lasts
as long as we drive the system. However, we find a fine structure
in the temporal evolution with short busts lasting for around one
minute. This intermittency is governed by the plasmoids, and
the timescale corresponds to the Alfvén crossing time along the
current sheet. This corresponds very well to the observed sub-
structure (or flickering) of the light curve observed in UV bursts
(Sect. 4.2). Estimating the radiative losses from our reconnection
experiments, we find that these roughly match the observations
of UV bursts (Sect. 4.4).

One main goal of our study was to investigate the effect of
plasma-g on the reconnection. For high values of 5, that is, if the
thermal energy dominates, we find that this reconnection process
driven from the surface is not efficient. In this case, the iner-
tia of the plasma can hinder the changes of the magnetic field
in reaching the X-type neutral point. For low S, that is, if the
magnetic field dominates, the driving has an increasing effect
and hence the resulting temperatures and the velocities found
in the reconnection region increase with decreasing 5. However,
we cannot expect this process to reach arbitrarily high temper-
atures because generally, plasma-8 will never drop below 10~*
in the solar atmosphere. Therefore, practically, we find that the
temperatures in the reconnection region should not reach values
significantly above 10° K. This is in accordance with observa-
tions that show that explosive events are essentially limited to a
narrow temperature range of about 10° K. Still, under certain cir-
cumstances in UV bursts, with different driving from that applied
here, one might expect coronal temperatures (Sect. 4.5).

Our reconnection models provide new insight into the
physics of explosive events and UV bursts. These can be driven
by motions of magnetic patches at the solar surface, self-
consistently resulting in current sheets and plasmoids. Using this
approach we reproduce key features such as duration, temporal
sub-structure of the light curve (flickering), and the preferential
temperatures of explosive events around 10° K.
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