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ABSTRACT

We propose a model for the formation of loop-top hard X-ray (HXR) sources in solar flares through the inverse
Compton mechanism, scattering the surrounding soft X-ray (SXR) photons to higher energy HXR photons. We
simulate the consequences of a flare-driven energy deposit in the upper chromosphere in the impulsive phase of
single loop flares. The consequent chromosphere evaporation flows from both footpoints reach speeds up to
hundreds of kilometers per second, and we demonstrate how this triggers Kelvin—Helmholtz instability (KHI) in
the loop top, under mildly asymmetric conditions, or more toward the loop flank for strongly asymmetric cases.
The KHI vortices further fragment the magnetic topology into multiple magnetic islands and current sheets, and the
hot plasma within leads to a bright loop-top SXR source region. We argue that the magnetohydrodynamic
turbulence that appears at the loop apex could be an efficient accelerator of non-thermal particles, which the island
structures can trap at the loop-top. These accelerated non-thermal particles can upscatter the surrounding thermal
SXR photons emitted by the extremely hot evaporated plasma to HXR photons.
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1. INTRODUCTION

Solar flares, the most powerful events of solar activity, are
thought to be the result of magnetic reconnection occuring in
the corona and can release in excess of 10*? erg of energy in a
matter of minutes (Hudson 2011). A substantial fraction of the
released energy is transported downwards along the magnetic
loop by non-thermal particles (Brown 1971), or by thermal
conduction (Fletcher et al. 2011) and/or Poynting flux
(Fletcher & Hudson 2008). The bulk of the non-thermal
particle energy gets deposited in the chromosphere via
Coulomb collisions (Brown 1971). This produces hard X-ray
(HXR) emission via non-thermal bremsstrahlung primarily at
the footpoints of the loops (Hoyng et al. 1981) and is referred
to as the thick target model (Brown 1971). The overpressure
resulting from the tremendous energy deposit drives an upward
mass flow at speeds up to hundreds of kilometers per second,
known as chromospheric evaporation. The affected coronal
loops thereby get filled with hot plasma and these loops are
then observed via thermal soft X-ray (SXR) emission (Veronig
et al. 2005). Since the intensity of non-thermal bremsstrahlung
depends on the ambient plasma density, HXR emission is
usually too weak to occur in the corona, where the densities are
generally much lower. Only in a few cases, coronal densities
seem to be high enough such that HXR sources can be clearly
observed in the corona (e.g., Veronig & Brown 2004).
Nevertheless, several examples clearly show HXR emission
from coronal sources (Frost & Dennis 1971; Hudson 1978;
Masuda et al. 1994; Tomczak 2001; Krucker & Lin 2008).
Arguably the most famous example by Masuda et al. (1994)
showed an impulsive non-thermal HXR source appearing
above thermal SXR loops, and this confirmed the overlying
cusp geometry of the standard solar flare model (Shibata &
Magara 2011). Several events similar to the Masuda one have
been observed in solar flares (Tomczak 2001; Petrosian
et al. 2002; Krucker & Battaglia 2014), and Petrosian et al.
(2002) analyzed 18 events with Yohkoh data to conclude that

HXR loop-top emission is common to all flares. At the same
time, many events with both SXR and HXR coronal sources
show less (compared to the Masuda case) separation
(£3500 km) between the thermal SXR loops and the coronal
HXR source. Many events in a loop filled by chromospheric
evaporation even show co-spatial non-thermal emission
(Tomczak 2001; Krucker & Lin 2008).

Therefore, the emission mechanism of these essentially co-
spatial loop-top HXR events might be different from the
Masuda flare, which was interpreted as a partially thick target
up in the corona, by injecting non-thermal particles into the
cusp of a magnetic trap (Fletcher 1995). Korchak (1971)
concluded that an inverse Compton (IC) contribution might
sometimes be significant, particularly in the low ambient
density conditions relevant to these loop-top HXR events. With
an ambient coronal number density of 10 cm , IC radiation
eventually dominates over bremsstrahlung in the 10-100 keV
photon energy range (Krucker et al. 2008). Furthermore, these
bright, concentrated, loop-top coronal HXR sources show time
variation in the order of tens of seconds to minutes and are
most prominent during the rise of the thermal emission
(Krucker et al. 2008). Therefore, populations of loop-top
non-thermal particles which possibly contribute to HXR
emission by IC could be accelerated in turbulent plasma
conditions, which also helps to trap particles (Turkmani
et al. 2006; Krucker et al. 2008). In such cases, the accelerator
is then believed to be co-spatial with the coronal HXR source.

In this paper, we propose a model which generates
turbulence in the loop top by the Kelvin—Helmholtz instability
(KHI). KHI is triggered by the chromospheric evaporation
flows from asymmetric flare energy deposition at both loop
footpoints. KHI, produced when two fluid flows have a
velocity shear across an interface or finite extent region
(Chandrasekhar 1961), is able to form vortices which can
trigger further fine-scale reconnection and turbulence in a
magnetized plasma (Keppens et al. 1999; Baty et al. 2003;
Henri et al. 2013). KHI is well studied at fast-slow stream
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interfaces in a variety of solar structures (Heyvaerts & Priest
1983; Andries & Goossens 2001), and has even been observed
directly in connection with a coronal mass ejection (Foullon
et al. 2011), or in solar prominences (Berger et al. 2010).
Taking parameters for magnetized jet flows (in a cylindrical
flux tube model) on the basis of observations, KHI has been
identified as the reason for unstable magnetohydrodynamics
(MHD) waves of varying azimuthal mode number (m = 1 to
m = 4), and this is relevant for cool surges (Zhelyazkov et al.
2015) and for active region (EUV) jets (Zhelyazkov et al.
2016). Here, we will demonstrate KHI in a single suddenly
footpoint-heated loop.

The paper is then organized as follows. In Section 2 we
describe the numerical setup, in Section 3 we show the results
of the simulation and discuss the implications, and conclusions
are drawn in Section 4.

2. COMPUTATIONAL ASPECTS
2.1. Initial Setup

Our numerical setup, and initial and boundary conditions
follow the model in Fang et al. (2015), using a single-fluid
MHD plasma description on a two-dimensional (2D) domain of
size 80 by 50 Mm (in x—y). We initialize with a linear force-free
magnetic field given by

B, = —Bycos ™ sinfyexp| —
Ly

B, = Bysin| 2= |exp _mysinfo ,
’ Lo Lo

B, = —Bjcos ™ cos yexp fm , (1)
L() LO

my sin 6
Ly )

with the angle 6, = 30° between the arcade and the neutral line
(x =0, y =0) and the horizontal size of our domain setting
Lo = 80 Mm. An important difference from the setup in Fang
et al. (2015) is that we adopt a higher magnetic field strength of
By = 80 G, instead of 50 G in Fang et al. (2015). The 80 G
value brings our coronal field strength more in line with values
found from direct nonlinear force-free field extrapolations in
active regions from observed magnetograms (Guo et al. 2016),
and is meant to represent a realistic flare loop magnetic field.
For the initial thermal structure, we set a uniform temperature
of 10,000 K below a height of 2.7 Mm and fix the temperature
variation to ensure a constant vertical thermal conduction flux
kOT /0y =2 x 10° ergcm s~ ' above this height, identical to
Fang et al. (2015). The initial density is derived from
hydrostatic  equilibrium with a number density of
12 x 10" cm™? at the bottom. Given such a simplified
temperature profile, the choice of the initial thickness of
chromosphere 2.7 Mm, together with the bottom density, is
empirical limited by the correct parameter range of corona and
the demand for a thick target of flare energy input. There is no
flow to start with. To obtain a self-consistent thermally
structured corona, we augment this setup with a background
heating rate decaying exponentially with  height,

3.1

J co=10"*ergem s and

/\_0 )
Ao = 80 Mm. This heating appears as a source term in the
energy equation, and is meant to balance the radiative losses

Hy = cpexp (— where
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and anisotropic heat conduction related losses of the corona in
its equilibrium state. With this initial setup, we integrate the
governing MHD equations until the above configuration
reaches a quasi-equilibrium state at 144 minutes after
initialization, when we reset time to zero. In the remainder of
this paper, we only discuss the stage following this relaxation
phase. The relaxed state of the system is reached when the
maximal residual velocity is less than 10 km s~ ' in the entire
domain. Note that this relaxed state has a fully self-consistent
thermodynamic and gravitational stratification established
throughout the domain and in the arcade loops. Similar to
Moschou et al. (2015), one can compare (see in particular their
Figure 2) the obtained temperature stratification in the
chromospheric to transition region to commonly used semi-
empirical VAL-C atmospheres, with our model extending to far
higher coronal regions. Similar to Falewicz et al. (2015), our
model includes radiative loss, thermal conduction, and heating
as adopted in their 1D hydro models, and contrasts with their
2D MHD model which (a) excluded B, and v, components, and
(b) focused on viscous effects, rather than radiative. Panels (a)
and (b) in Figure 1 show the number density and temperature of
the relaxed system, respectively. One can see the transition
region height vary along x, at heights of typically a few (4-5)
Mm. This height is influenced also by the fixed bottom lower
chromospheric number density adopted, here set to
1.2 x 10 cm™3. The right frame (c) quantifies the corresp-
onding thermal X-ray emission as explained further on, which
is completely absent for this relaxed initial state. We use the
MPI-parallelized Adaptive Mesh Refinement Versatile Advec-
tion Code MPI-AMRVAC (Keppens et al. 2012; Keppens &
Porth 2014; Porth et al. 2014) with an effective resolution of
1024 x 640 or an equivalent spatial resolution of 79 km in
both directions, obtained through four adaptive mesh refine-
ment levels.

2.2. Triggering Chromosphere Evaporation

The effect of the solar flare is modeled by its chromospheric
energy deposit, handled as a finite duration heat pulse located at
the loop footpoints. The temporal evolution of the heat pulse is
controlled by f(¢), a piecewise linear ramping function to add
and complete the sudden heating within 180s. The precise
choice of ramping function f (¢) should mimic its sudden and
brief character: adopting other than piecewise linear behavior
leads to similar evolutions. The asymmetric energy input is
handled by a function g(x), which sets the ratio of energy
deposition at the left footpoint (x < 0) to the right footpoint
(x > 0) to 0.8. Both functions appear in heat pulse functional
form H;(x, y, t) (which is an extra energy source term in
addition to the background heating Hy (x, y)) specified as

Hy = ciexp(—(y — y)*/W)f (g (x)

if A(x, 0) < A(x,y) < A(xp, 0) )
A(_x’ y) = MCOS E exp _M S (3)
T Ly Lo
t/30, 0<tr<30s
f@) =11, 30 <t < 150s 4)

(180 — 1)/30, 150 <t < 180
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Figure 1. Temporal evolution of number density (left column), temperature (middle column), and synthesized SXR photon flux images (right column) at¢ ~ 0, 145,

207, and 249 s.
(An animation of this figure is available.)
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where ¢, =80ergem s,y =3Mm, X = 10Mm?
Xx; = 24 Mm, and x, = 23 Mm. The heat pulse is located close
to the loop footpoint, in the vicinity of the transition region,
mimicking the footpoint heating by dissipated non-thermal
particles. The energy of H; is expected to be quickly
transported by thermal conduction away from the footpoints.
The extra heating H, is active at two footpoints of a single
magnetic loop or flux tube consisting of the magnetic field lines
identified by the out-of-plane magnetic vector potential
component A (x, y) in the range of x; < [x| < x,. Panel (a) of
Figure 4 shows the resulting temporal evolution of the gas

pressure and the adopted heating energy density at the left
footpoint (i.e., at x = —22.5, y = 2.5Mm). We can see that
when the footpoint heating H; turns on, the gas pressure at the
footpoint  increases  simultaneously from ~0.9 to
~170 ergcm >. After the heating turns off at = 3 minutes,
the gas pressure drops very quickly to ~40 ergcm . Att ~ 5
minutes, the gas pressure rises again, since then the reflected
waves from the apex arrive at this footpoint again.

2.3. Estimating the Thermal X-Ray Emission

We estimate the thermal X-ray emission in the 3—12keV
photon energy range based on the spatial distributions of
density and temperature obtained from simulation by the
method described in Pinto et al. (2015) and also implemenetd
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Figure 2. For the region in the white rectangle in panel (c) of Figure 1, the temporal evolution of the current J, perpendicular to the plane, overlaid by contours of
magnetic vector potential (left column), and log-scaled power spectrum from Fourier analysis of the J, images (right column) at ¢ ~ 41, 249, and 369 s.

in the open source forward modeling code FoMo available
at https: / /wiki.esat.kuleuven.be/FoMo. The corresponding
continuum thermal X-ray photon flux density of a fully ionized
hydrogen plasma emitted at the photon energy hv is defined as

EM hv
[0w, T) = h—m—g. (v, Tyexp| -], (6)
N p( ka)
1, hw < kT

h. T) = .
gy (hv- 1) (k;—f)“, ho > kT,

where EM is the emission measure n?V of a finite volume V of
plasma of number density n and temperature 7, the coefficient
Iy is 1.07 x 10~*? for a photon flux measured at a distance of
lau, if the photon flux density is expressed in units of
photons cm—2 s~ keV~!, and gy (hv, T) is the Gaunt factor for
free—free bremsstrahlung emission. We compute the photon
flux density at different photon energies for each individual
grid cell, and then integrate the total photon flux density as
DN = > I (hv, T)Ahv in the 3 < hv < 12 keV photon energy
range. We use 0.01 keV as Ahv, meaning 90 bins in total in the
3 < hv < 12keV energy range. This process leads to the
images shown in Figure 1, right column.
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Figure 3. Att = 207 s, inside the region shown by the white rectangle in panel (c) of Figure 1, we show in panel (a) the absolute value of the divergence of the

plasma velocity and the flow field itself in panel (b).

3. RESULTS AND DISCUSSION
3.1. Asymmetric Footpoint Heating Inducing KHI

The temporal evolution of the number density (left column),
temperature (middle column), and synthesized SXR photon
fluxes (right column) are shown in Figure 1, covering a
timespan of about 4.15 minutes. As described in Section 2.2,
we use H; to mimic the flare energy deposited in the upper
chromosphere, and the consequent overpressure resulting from
H, drives upward mass flows at a speed up to 700 km s~ '. We
also witness a rapid thermodynamic change (due to thermal
conduction) in the loop, reaching an extremely hot temperature
around 18 MK. These upward chromospheric evaporation
flows have been detected directly in imaging sequences as SXR
emission propagating toward the loop-top sources (Silva
et al. 1997; Liu et al. 2006; Nitta et al. 2012). This is also
seen in our simulation, as in panel (f) of Figure 1 (and in the
time period before this image, for which we refer to the
corresponding movie). In the last several decades, simulations
of chromospheric evaporation have been mostly carried out
with symmetric energy input assumptions on both loop
footpoints and these focused mainly on the UV-SXR spectral
lines produced by the evaporated plasma (Fisher et al. 1985;
Mariska et al. 1989; Yokoyama & Shibata 2001; Allred
et al. 2005; Liu et al. 2009). However, asymmetric energy
deposition at footpoints is a much more likely scenario, and
could be intrinsic to the acceleration process as pursued by
McClements & Alexander (2005). So, in our simulation we
assume that the deposition of flare energy at two footpoints is
slightly asymmetric, with a ratio of 0.8 as described in
Equation (5). As a result, the right evaporation flow rises
quicker and is hotter than the left one as shown in panel (e).
Asymmetric energy deposition guarantees that the two
evaporation flows will not merely collide at the apex, a
situation known to only generate reflected shocks. Panel (e)
indeed shows that when our two evaporation flows run into
each other asymmetrically, the right one has already crossed the
loop apex. In addition, the hotter, right evaporation flow causes
a bigger expansion of the loop cross-section in the right half of
the loop. This configuration provides the conditions for the
formation of shear flows, the trigger of KHI. As shown in panel
(e), right after the collision of both flows, KHI begins to
develop immediately, and the typical vortical structures of the

KHI appear and grow up quickly from panels (e) to (g). The
development of vortices in a magnetized plasma can further
induce small-scale structure to develop, with a potential
cascade of energy to establish a turbulent plasma state
(Keppens et al. 1999; Baty et al. 2003; Elmegreen &
Scalo 2004; Henri et al. 2013).

The ratio set by g (x) of 1:0.8 for asymmetric heating is not a
special choice in terms of KHI development. If this ratio is
closer to 1:1, the location where the two evaporation flows
from both footpoints collide is closer to the apex, as well as the
region prone to KHI. If KHI occurs closer to the apex, we do
find that the resulting turbulence life time is extended. If we
repeat the simulation with a ratio 1:0.5, the results do not
qualitatively change too much. We can even find KHI in the
extreme asymmetric case where the ratio is 1:0, meaning only
one footpoint is heated. Figure 5 shows the time evolution of
this special case. We find that the resulting evaporation flows
which are continously driven from one footpoint for a finite
duration pulse, also generate KHI, this time when they meet up
with the already reflected flows from the other leg of the loop.
Similar to Figure 1, the panels in Figure 5 also clearly show
turbulence, magnetic islands, and their SXR evolutions, this
time on the left loop leg. From this special case, we argue that
the causal relationship between asymmetric footpoint heating
and KHI is general. We note that the purely symmetric case, as
analyzed in Falewicz et al. (2015), is special in that when
perfect (numerical) symmetry is maintained, no KHI can
develop. An important parameter is the total energy deposited,
setting the pressure perturbation (see Figure 4), as well as the
location of the deposition near the transition region (Falewicz
et al. 2015). Indeed, Srivastava & Murawski (2012) show a
slow shock wave propagating between the footpoints of a
heated loop due to single footpoint heating, and Fang et al.
(2015) also present a similar result, but no KHI has been found
then. The reason is that Srivastava & Murawski (2012) obtain a
rather slow (30 kms™") plasma propagation, while Fang et al.
(2015) focus on a faster (300kms™ ') case inspired by
observations from Kumar et al. (2015). The different results
from Figure 5 in this work to our previous work (Fang
et al. 2015) are mainly due to the larger energy input here (and
the overall field strength). The larger footpoint heating
evaporates faster flows which can trigger KHI more easily.
So we infer that stronger flares are more likely to generate KHI



THE ASTROPHYSICAL JOURNAL, 833:36 (8pp), 2016 December 10

200 T T T T T T 30
p

H, 470 =
o~ 150 | ~4 60 g
! Q
8 450 @
0 )
% 100 | = 40 2
2 43 B
E
& 50 F 120 &
S
410 =

0 (a) | | | | | 0

0 1 2 3 4 5 6

Time (minutes)

FANG ET AL.
6 T T T T T T 20
_ (b) p
- st rho S
g 15 5
g o
S 4r S
< =
2 3t 110 F
- 2
©
2 2f :
: 15 £
< | =]
= | z
0 | | | | | 0

0 1 2 3 4 5 6

Time (minutes)

Figure 4. Panel (a) shows the temporal evolution of the gas pressure and the heating energy density at the left footpoint. Panel (b) shows the temporal evolution of the

plasma velocity and number density at the apex of the loop.

by driving more energetic,
evaporation.

Our grid-adaptive simulations offer enough resolution to also
capture a number of (numerical) reconnection processes
occurring during vortex development. The left column in
Figure 2 shows the temporal evolution of the current
distribution perpendicular to the plane (the component J,) in
a color scale, overlaid with contours of the magnetic vector
potential which identify magnetic field lines. By the vortical
winding up of the field, we obtain locally anti-parallel magnetic
field lines and accompanying strong current sheets, all
introduced by the KHI as a trigger for local reconnection
processes near the apex as shown in panel (c). The resulting
magnetic islands keep evolving, merging, and splitting for the
following 4 minutes. In fully kinetic simulations of isolated
reconnection layers, Drake et al. (2006) demonstrated that the
formation of micro-turbulence inside current sheets can act as a
non-thermal particle accelerator. Although we only simulated
the MHD scales, the mesoscopic (i.e., in between the macro-
scale of the loop diameter and the kinetic scales) current sheets
in panel (c) can form micro-turbulence inside them and
accelerate particles very efficiently. Normally, in an open
magnetic configuration, such high energy particles escape
easily in the order of seconds. In that case, the HXR emission
which depends on the density of non-thermal particles cannot
achieve a high intensity. However, in our simulation, the
accompanying rotating magnetic islands exist on MHD scales
for several minutes, so they can trap the accelerated particles
during their formation at the loop apex. Note that the local
island structures indeed have minute-long lifetime and fine-
structure variation, which match the timescale and variation
suggested by observations for loop-top HXR sources (Krucker
et al. 2008). The observations suggest that the time variations
of loop-top HXR sources are most prominent during the rise of
the thermal emission, normally observed as SXR emission
(Krucker et al. 2008). In order to confirm that the chromo-
spheric evaporation flows not only have the ability to trigger
KHI to establish the preferred loop-top site for particle
acceleration, but also provide enough SXR photons for the
IC mechanism producing HXR emission, we calculate the
thermal emission of the plasma by the method in Section 2.3 in
the energy range of 3—12 KeV, a typical SXR band in RHESSI,
as shown by the right column in Figure 1. At the initial stage of

asymmetric chromospheric

the flare energy deposition, the SXR emission is concentrated
at the two footpoints, and then rises to the apex. Afterwards, the
collision between two evaporation flows compresses the
plasma at the loop-top area and increases both the number
density and temperature there, resulting in a bright loop-top
SXR source as shown in panels (f), (i), and (I). The evolution of
SXR emission in our simulation not only recovers the previous
observational result of SXR emission in flare events (Veronig
et al. 2005; Liu et al. 2006), but also indicates the co-spatial
and simultaneous relationship between the particle accelerator
introduced by the KHI and the generation of SXR photons from
thermal emission of hot plasma. Thus, the IC emission
mechanism has all the ingredients needed to create an HXR
source with time order of minutes at the apex.

Van Doorsselaere et al. (2011) observed both long-period
and short-period oscillations during a flare. The long-period
oscillation was interpreted in terms of standing slow sausage
modes, while the short-period oscillation should be a standing
fast sausage mode. Using 1D radiative hydro models, Tsiklauri
et al. (2004) point out that asymmetric heating could produce
(harmonics of) standing slow mode waves, yielding quasi-
harmonic oscillations. Our model is fully 2D, and oscillations
can also be seen in the online animated version of Figure 1.
When we extract the temporal evolution of plasma velocity and
number density in the apex, shown in panel (b) of Figure 4, we
can detect variations with a period of around 1 minute in the
plasma velocity. However, this oscillation is a mixture of
compressible modes, where we can see interfering, propagating
waves and oscillations within the developing turbulent
structures. The typical period of the slow mode oscillations,
which depends also on loop length, is normally longer and
more regular in time than the one inside the turbulence. So we
infer that the oscillations in panel (b) of Figure 4 from =1 to
~4.5 minutes are dominated by slow mode oscillations, while
after t+ ~ 4.5 minutes, the oscillations present more the
characteristics of KHI turbulence. McKenzie & Mullan
(1997) and Terekhov et al. (2002) observed quasi-periodic
pulsations (QPPs) with long periodicities in the X-ray band in
association with a flare, as well as the radio band (Wang &
Xie 2000). We suggest that the oscillations on top of the
resulting turbulence, the SXR sources (from the hot plasma),
and the possible HXR sources (which we argue for based on
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Figure 5. Same as Figure 1, but for the case of strong, single footpoint heating at ¢ =~ 47, 207, and 249 s.

our simulation) are consistent with the observations of long
period QPPs.

3.2. Ingredients for Non-thermal Particle Acceleration

The exact nature of particle acceleration in flares is still a
matter of debate (Fletcher & Hudson 2008; Brown et al. 2009),
but our simulation supports the suggestion by Krucker et al.
(2008) that loop-top non-thermal particles are very likely
accelerated and trapped by localized turbulent plasma.
Turbulence is the most natural agent for establishing an energy
cascade over a large dynamical range, and the corresponding
stochastic acceleration models have been widely used for solar
flare studies (Miller 1997; Petrosian & Liu 2004). We find
strong indications of KHI induced turbulence at the apex in our
simulation. Such turbulence could be a possible accelerator for
non-thermal particles. The acceleration mechanism in turbu-
lence is usually first order Fermi acceleration by shocks and
second order Fermi acceleration by stochastic processes
(Fermi 1949). From our MHD model, we can only argue
how shocks and stochastic processes are indeed locally
realized. Panel (a) in Figure 3 shows the absolute value of
the divergence of the velocity field in the zoomed-in region
shown by the white rectangle in panel (c) of Figure 1. This
identifies the locations of strong compression, an indication of
shock fronts, and suggests that first order Fermi acceleration
can take place efficiently there. We also show the flow field
itself in panel (b), revealing that the island structures seen in
Figure 2 are indeed correlated to vortical flow structures. We

interpret the fine-structure seen as (not yet fully resolved)
turbulence which infers that stochastic acceleration could also
play a part in this region as well.

The efficiency of the acceleration process in turbulence
strongly depends on the existence of short wavelength
structures (or high wave number components). We perform a
spatial Fourier analysis on each frame of J; (x, y) shown in the
left column of Figure 2, by forward fast Fourier transform
procedure (FFT, IDL8.2). With shifting the zero-frequency
component to the center of the spectrum, FFT implies the
transformation

1 N/2  M/2

F(k)ﬁ k)‘) E— Z Z Jz(x’ Y)
x=—N/2y=—M/2
ky - x k\' sm
X € —i2 + — s 8
xp( i 77( N v; )) (8)

which has zero point symmetry in the wave number domain.
We then obtain the corresponding log-scaled power spectrum
in the wave number domain in the right column of Figure 2.
Before the start of KHI at t = 41 s, panel (b) shows that the
distribution of this power spectrum is more centrally peaked at
low wave numbers, in accord with non-existence of small
structures then. During the development of KHI at ¢ ~ 249,
panel (d) demonstrates that the distribution of the power
spectrum spreads out to the larger wave numbers, indicating
that smaller scale structures are generated. After fading of the
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shear flows and vortices at# =~ 369 s, KHI is suppressed by the
magnetic field, and panel (f) highlights that the power spectrum
contracts back into the small wave number regime again,
meaning that the small structures disappear. The evolution of
the power spectrum in the right column of Figure 2 reveals that
the KHI does introduce strong turbulence during its evolution
at the apex.

4. DISCUSSION AND CONCLUSION

In this paper, we propose a new ingredient to the standard
model for solar flares, for the events where one witnesses the
formation of (short duration, i.e., up to few minute long) loop-top
HXR sources, co-spatial with the SXR. Our model provides
further support to the interpretation that these HXR loop-top
sources can occur through the IC mechanism scattering the
surrounding SXR photons to higher energy. We show that a
slight asymmetry between the left-right footpoint deposited
energy by non-thermal particles from the reconnection layer
developing above the loops is sufficient to establish rapid
chromospheric evaporation flows with speeds up to 700 kms ™'
that are liable to KHI when they meet near the loop apex. As is
usual in KHI evolutions in magnetized plasma conditions,
vortices form further fine scale structure within, and the
turbulence that appears at the apex of loops, could be considered
as an efficient accelerator for non-thermal particles. The island
structures are ideal sites for trapping non-thermal particles at the
loop-top. We show that our model reproduces thermal SXR
evolution related to the evaporation flows, as well as establishing
a pronounced SXR source region in the loop-top. We suggest that
locally accelerated non-thermal particles can easily upscatter
these thermal SXR photons to HXR photons. This needs to be
further investigated by augmenting the MHD scenario demon-
strated here with test particle evolutions to quantify the efficiency
of the acceleration process. Our work provides strong support to
the role of KHI as a clear trigger of loop-top SXR to HXR
emission, during the impulsive phase of single loop flares. In the
future, more realistic multiloop configurations as analyzed in
Petrosian et al. (2002) must be modeled, and consistent studies of
the acceleration processes will need to account for the many types
of different and also longer duration HXR events (Krucker &
Lin 2008).
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