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ABSTRACT

Solar flare termination shocks have been suggested as one of the promising drivers for particle acceler-
ation in solar flares, yet observational evidence remains rare. By utilizing radio dynamic spectroscopic
imaging of decimetric stochastic spike bursts in an eruptive flare, Chen et al. found that the bursts
form a dynamic surface-like feature located at the ending points of fast plasma downflows above the
looptop, interpreted as a flare termination shock. One piece of observational evidence that strongly
supports the termination shock interpretation is the occasional split of the emission band into two
finer lanes in frequency, similar to the split-band feature seen in fast-coronal-shock-driven type II ra-
dio bursts. Here, we perform spatially, spectrally, and temporally resolved analysis of the split-band
feature of the flare termination shock event. We find that the ensemble of the radio centroids from
the two split-band lanes each outlines a nearly co-spatial surface. The high-frequency lane is located
slightly below its low-frequency counterpart by ~0.8 Mm, which strongly supports the shock-upstream—
downstream interpretation. Under this scenario, the density compression ratio across the shock front
can be inferred from the frequency split, which implies a shock with a Mach number of up to 2.0. Fur-
ther, the spatiotemporal evolution of the density compression along the shock front agrees favorably
with results from magnetohydrodynamics simulations. We conclude that the detailed variations of the
shock compression ratio may be due to the impact of dynamic plasma structures in the reconnection
outflows, which results in distortion of the shock front.

Keywords: Solar radio emission — Solar magnetic reconnection — Shocks — Magnetohydrodynamical

simulations — solar flares

1. INTRODUCTION

In a solar flare, a fast-mode shock can form when re-
connection outflows, as a result of fast magnetic recon-
nection, impinge upon the top of flare arcades, provided
that the outflow speed exceeds the local fast-mode mag-
netosonic speed. In a steady-state picture, the shock
is perceived to be a standing shock above the looptop
and is usually referred to as a flare “termination shock.”
Flare termination shocks were long predicted in numeri-

Corresponding author: Bin Chen
bin.chen@njit.edu

cal simulations of flares (Forbes 1986, 1988; Forbes &
Malherbe 1986; Workman et al. 2011; Takasao et al.
2015; Takasao & Shibata 2016; Takahashi et al. 2017,
Shen et al. 2018) and were frequently invoked in some
of the most well-known schematics of the standard flare
model (e.g., Masuda et al. 1994; Shibata et al. 1995;
Magara et al. 1996; Lin & Forbes 2000). They have also
been suggested as an outstanding candidate for driving
particle acceleration (Forbes 1986; Shibata et al. 1995;
Somov & Kosugi 1997; Tsuneta & Naito 1998; Mann
et al. 2009; Warmuth et al. 2009; Guo & Giacalone 2012;
Li et al. 2013; Nishizuka & Shibata 2013; Park et al.
2013) and plasma heating (Masuda et al. 1994; Guidoni
et al. 2015).
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However, observational evidence of flare termination
shocks remains rare. This dearth of observations is be-
cause, first of all, the termination shocks are confined
at the front of highly collimated reconnection outflows.
Hence, the termination shocks are expected to be small
in its spatial extension. In recent two-dimensional (2D)
magnetohydrodynamics (MHD) simulations, the size of
termination shocks is found to be only a small fraction of
that of the flare arcades when the current sheet is viewed
edge on (<20%; see, e.g., Chen et al. 2015; Takasao et al.
2015; Takasao & Shibata 2016; Shen et al. 2018), and the
thickness of the shock front itself would be well below the
resolution of current instruments. Second, their thermal
signatures are difficult to distinguish from the highly dy-
namic and complex environment in the looptop region,
where vigorous energy conversion and momentum trans-
fer are expected to occur (e.g., Takasao & Shibata 2016;
Hayes et al. 2019).

Nonthermal HXR sources and bright thermal extreme
ultraviolet (EUV)/X-Ray sources at or above the flare
looptops (e.g., Masuda et al. 1994; Liu et al. 2013;
Guidoni et al. 2015) have been frequently considered as
possible signatures for flare termination shocks, as they
are excellent drivers for both intense plasma heating and
electron acceleration. In fact, in the celebrated work by
Masuda et al. (1994), who first reported a coronal HXR
source located well above the soft X-ray (SXR) flare ar-
cades during the impulsive phase of a flare (“above-the-
looptop HXR source” hereafter), the authors interpreted
the observed HXR source as the signature of a flare ter-
mination shock. There were also reports of the “super-
hot” (>30 MK) X-ray sources located above the loop-
top, which, as argued by Caspi & Lin (2010) and Caspi
et al. (2014), are likely heated directly in the corona by
plasma compression or shock (although the termination
shock is not specifically mentioned). In another work
(Guidoni et al. 2015), by constructing differential emis-
sion measure maps of a “candle-flame” shaped post-flare
arcades using multiband imaging data from the Atmo-
spheric Imaging Assembly (AIA) aboard the Solar Dy-
namics Observatory (SDO; Lemen et al. 2012), the au-
thors reported a localized excess of pressure and density
at the flare looptop, as well as a long-lasting pressure
imbalance between either half of the flare arcade. Both
signatures are indications of a long-duration standing
shock at the looptop, and a fast-mode flare termination
shock was suggested as a favorable possibility. How-
ever, it remains difficult to associate these EUV/HXR
sources with flare termination shocks due to the lack of
more distinctive shock signatures.

One approach to probe the termination shocks is to
use high-resolution UV/EUYV imaging spectroscopic ob-

servations. This method is based on the expectation
that plasma flows at the upstream and/or downstream
side of the shock should exhibit profound signatures in
the observed Doppler speeds. In order to make such
measurements, however, the slit of the (E)UV imaging
spectrograph needs to be extremely fortuitously placed
at the close vicinity of the termination shock with an
orientation preferably across the shock surface at the
right moment. Such observations are very rare: to our
knowledge, there have been only a few reports of this
kind that possibly support a termination shock inter-
pretation (Hara et al. 2011; Imada et al. 2013; Tian
et al. 2014; Polito et al. 2018). Of particular interest
is the detection of high-speed (>100 km s™') redshift
signatures in the Fe XXI 1354.08 A line emitted by hot
flaring plasma (~10 MK) at the (above-the-)looptop re-
gion (Imada et al. 2013; Tian et al. 2014; Polito et al.
2018). As argued by Polito et al. (2018), they may be
associated with the heated plasma in the shock down-
stream. This argument is also supported by Guo et al.
(2017), who used an MHD model to study the manifes-
tation of the termination shock in the synthetic Fe XXI
line profiles.

Another excellent probe for shocks lies in coherent ra-
dio bursts. Nonthermal electrons in the vicinity of a
shock, either accelerated locally by the shock or trans-
ported from elsewhere, can be unstable to the pro-
duction of Langmuir waves, providing that the elec-
trons have an anisotropic distribution favorable for wave
growth. The Langmuir waves can subsequently con-
vert into transverse electromagnetic waves via a variety
of nonlinear wave—wave conversion processes, manifest-
ing as bright radio bursts at frequencies near the lo-
cal plasma frequency vpe = (e2ne/mm.)/? ~ 8980,/n,
Hz or its harmonic. The most well-known radio bursts
of this type are the type II radio bursts, which are
associated with coronal shocks driven by fast coronal
mass ejections (CMEs) or flare-related blast waves (e.g.,
Wild & McCready 1950; Holman & Pesses 1983; Gary
et al. 1984; McLean & Labrum 1985; Bale et al. 1999;
Vrsnak et al. 2001, 2006; Clalen & Aurass 2002; Nindos
et al. 2011; Bain et al. 2012; Zimovets et al. 2012; Zucca
et al. 2018; Morosan et al. 2019; see also reviews by
Mann 1995; Cairns et al. 2003). In the radio dynamic
spectrum, the type II radio bursts appear as a bright
drifting structure toward lower frequencies in time (i.e.,
dv/dt < 0) as the shock propagates into the higher
corona with a decreasing plasma density.

Aurass et al. (2002) first reported type-II-burst-like
structures with little or no frequency drift, and inter-
preted them as radio emission associated with a “stand-
ing” shock, likely a flare termination shock at the top of
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flare arcades. Three additional observations of this kind
have been subsequently reported (Aurass & Mann 2004;
Mann et al. 2009; Warmuth et al. 2009). Radio imaging
of the bursts at meter wavelengths by the Nancay Ra-
dioheliograph (NRH; Kerdraon & Delouis 1997) placed
the burst sources somewhere in the corona above the
flaring loops, yet these studies were limited by imaging
at a single frequency with an angular resolution (100”—
200") at least one order of magnitude larger than the
expected size of the termination shocks.
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Figure 1. Overview of the eruptive C1.9 flare event on 2012
March 3. Background shows SDO/AIA 171 A (red) and 94
A (green) images at 18:30 UT. The solid and dashed contours
are a radio stochastic spike burst source observed by VLA
at 1.2 GHz (88% and 90% of the maximum) and RHESSI
15-25 KeV HXR source (60% and 90% of the maximum),
respectively. The rectangle shows the field of view of Figure
2(B). (Adapted from Chen et al. 2015.)

The most decisive evidence of the presence of a flare
termination shock and its possible role as an electron
accelerator to date was provided by Chen et al. (2015),
who used the Karl G. Jansky Very Large Array (VLA;
Perley et al. 2011) to observe a slow-drift decimet-
ric burst event occurred during the extended impul-
sive phase of a long-duration eruptive C1.9 flare (Fig-
ure 1). Thanks to VLA’s capability of performing dy-
namic spectroscopic imaging at high angular resolu-
tion (10”-30") and spectrometer-like spectral resolution
(0.05-0.1% at 1-2 GHz), combined with extremely high
temporal cadence (50 millisecond at the time of ob-
servation), they were able to resolve the myriad sub-
structures of the burst group as stochastic spike bursts

(see bottom panel of Figure 2(A)), and pinpoint the
source centroid of each spike burst with very high posi-
tional accuracy (<17). The distribution of the spike
burst centroids at any given time forms a dynamic
surface-like feature located at the ending points of fast
plasma downflows (with an average speed of ~550 km
s~! and maximum speed up to 850 km s~!) and slightly
above a coronal HXR source over the looptop (Figures
2(B) and (C)). The centroid of each spike burst at a
central frequency of v with a bandwidth of v is inter-
preted as plasma radiation due to linear mode conver-
sion of Langmuir waves on a small-scale density struc-
ture with a mean density of n. and a fluctuation of
0ne/ne = 20v/v. The instantaneous distribution of the
observed density fluctuation structures hence delineates
the shock surface (see schematic in Figure 2(A)). More
interestingly, a temporary disruption of the termination
shock surface by the arrival of a fast plasma downflow
coincides with the reduction of the radio and HXR flux
for both the looptop and loop-leg sources, which strongly
supports the role of the termination shock in accelerat-
ing electrons to at least tens of keV.

Here, we present a detailed study of the split-band
feature of the same termination shock event reported by
Chen et al. (2015). This phenomenon is well-known for
type II radio bursts: in the radio dynamic spectrum,
the bursts sometimes split into two (occasionally more)
finer, almost parallel lanes (McLean & Labrum 1985;
Vrsnak et al. 2001, 2002; Liu et al. 2009; Zimovets et al.
2012; Du et al. 2015; Kishore et al. 2016; Chrysaphi et al.
2018; Zucca et al. 2018). One of the leading interpre-
tations attributes the splitting high- and low-frequency
branch (“HF” and “LF” hereafter) to plasma radiation
from the shock downstream and upstream region, re-
spectively, because the downstream region of the shock
has a higher plasma density (and higher plasma fre-
quency since v < /n.) due to shock compression (Smerd
et al. 1974, 1975). VLA’s dynamic spectroscopic imag-
ing capability allows us to map, for the first time, the
shock geometry associated with both the HF and LF
split-band features simultaneously and investigate the
shock compression in unprecedented detail.

The paper is structured as follows. After a brief
overview of the event in Section 2.1, we present spec-
troscopic imaging observations from the VLA and the
associated data analysis in Section 2.2. In Section 2.3,
we discuss the observational evidence that supports the
interpretation of the split-band feature in terms of the
shock upstream—downstream scenario. We then derive
the spatially and temporally resolved shock compression
ratio in Section 2.4 and compare the results with MHD
simulations. We discuss the lack of shock density com-
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Figure 2. Schematic of the formation of the dm-\ stochastic spike bursts in the close vicinity of the flare termination shock.
(A) At each time, small-scale density fluctuations on the shock surface emit radio bursts at different frequencies due to plasma
radiation. The instantaneous radio spectrum is obtained at a time indicated by the vertical white line in the radio dynamic
spectrum. (B) The instantaneous distribution of the spike source centroids at a given time (18:30:57 UT; same as the time in
(A)) delineate the shock surface above a coronal HXR source. The field of view is indicated by the rectangle in Figure 1 rotated
to an upright orientation, with the vertical axis aligning along the direction of the dotted line in Figure 1. The horizontal and
vertical axes (described later in Section 2.3) designated, respectively, as the z- and y-axes, form the coordinate system adopted
for the rest of the paper. (C) A schematic of the termination shock in the context of flare reconnection and the associated

emission signatures. (Adapted from Chen et al. 2015.)

pression signatures in EUV wavelengths in Section 2.5.
Finally, we briefly summarize in Section 3.

2. OBSERVATIONS AND INTERPRETATION
2.1. Event Ouverview

The stochastic spike bursts event under study was
recorded by the VLA between ~18:20 and 18:40 UT
during the extended impulsive phase of a C1.9-class flare
on 2012 March 3. Chen et al. (2014) discussed the flare
event and the associated magnetic flux rope eruption,
and Chen et al. (2015) presented the first results of the
dynamic termination shock using VLA and other multi-
wavelength data as well as MHD simulations. We refer
readers to these papers for more details on this termi-
nation shock event as well as the related descriptions of
the instrumentation and data analysis techniques. Here,
we only provide a brief overview for the flare context.

The flare originated in AR 11429 near the east limb,
with the soft X-ray (SXR) peak occurring at ~19:33 UT.
It had an extended, >1 hr long impulsive phase, featured
by multiple microwave bursts and long-duration HXR
emission (above 12 keV). A variety of types of decimetric
bursts, including the spike bursts, were recorded by the
VLA in 1-2 GHz. The event was associated with the
eruption of a “hot channel” (Zhang et al. 2012; Cheng
et al. 2013, 2014) in the low corona seen by multiple
SDO/ATA passbands, with a hot envelope and a cool
core, and a fast white light CME (Chen et al. 2014).

As shown by Chen et al. (2015), spectroscopic imaging
of the decimetric stochastic spike bursts source at the
looptop at any given time outlines a dynamic surface
feature located slightly above the looptop HXR source,
which coincides with the expected location of a flare
termination shock in MHD modeling results (see Figure

2(B) and (C)).

2.2. Spectroscopic Imaging of the Split-band Feature

By constructing the spatially resolved (or “vector”)
dynamic spectrum of the looptop radio source (see Sup-
plementary Materials in Chen et al. 2015 for details),
the spectrotemporal feature intrinsic to the source is
revealed: it consists of thousands of individual spike
bursts, each has a duration of <50 ms and a small fre-
quency bandwidth (0v/v ~ 1-5%). The group of spike
bursts displays a slow overall drift in the dynamic spec-
trum, and moreover, appears to split into two finer lanes
(Figure 4(A)). In order to put the observed spectrotem-
poral features of these slow-moving-termination-shock-
produced bursts into the context of their counterparts
associated with fast-propagating coronal shocks (i.e.,
type II radio bursts), in Figure 3, we place the vector
dynamic spectrum of our termination shock event side-
by-side with a typical metric type II radio burst that
also shows a clear split-band feature (recorded on 2002
January 25 by the Radio Solar Telescope Network in 25—
180 MHz, which is one of the events studied by Du et al.
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2015). Both dynamic spectra are normalized to the same
relative frequency range and are shown in the same time
window (20 minutes). It appears that the termination-
shock-associated radio bursts share many similarities in
their appearance as the type II radio bursts, albeit they
show a much slower overall frequency drift and relatively
less-defined split-band lanes than their fast-propagating
coronal counterparts. The slow overall frequency drift is
related to the slow spatial movement of the termination
shock at the looptop, and the less-defined split-bands
may be attributed to the highly dynamic and likely tur-
bulent plasma environment in the looptop region.
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Figure 3. Comparison between the slow-moving, flare-
termination-shock-associated stochastic spike bursts (A) and
a typical coronal-shock-associated type II radio burst with
split-band features (B). The latter has both fundamental
and harmonic plasma radiation signatures. Both dynamic
spectra are shown with the same duration (20 minutes) and
relative frequency range. Right panels show normalized in-
tensity profiles as a function of frequency at selected times
(arrows in (A) and dotted vertical line in (B)). The split-
band features in both events manifest themselves as bright
emissions separated in the frequency domain. The high- and
low-frequency branches are labeled as “HF” and “LF,” re-
spectively. A more detailed view of the split-band feature of
the spike bursts is available in Figure 4(A). Note some bright
horizontal features are radio frequency interference.

VLA’s high-cadence spectroscopic imaging capability
provides the first opportunity to map both the HF and
LF lanes of the flare termination shock simultaneously.
We first separate the two lanes in the frequency-time
space based on their appearance in the vector dynamic
spectrum (dashed line in Figure 4(A)). Following the

technique described in Chen et al. (2015) for pinpoint-
ing the spike source centroids at different frequencies, at
any given time, the distribution of the spike bursts at
the HF and LF lane each delineates a coherent structure,
shown in Figure 4(B) as blue- and red-color symbols,
respectively. For each source centroid, the associated
positional uncertainties along the direction of the major
and minor axes of the synthesized beam are shown as
the error bars. The uncertainties are estimated based on
the relation o ~ Opwum/(S/Nv81In2), where Opwmnm is
the full width half maximum of the synthesized beam
and S/N is the ratio of the peak flux to the root mean
square noise of the image (Reid et al. 1988; Condon 1997;
Chen et al. 2015, 2018). In this figure, we have excluded
the centroids with uncertainties greater than 1”.3 (~1
Mm; or ~20% of the width of the shock surface), and
removed those located at the edges of the spectral win-
dows (which are subject to greater calibration errors as
they have low instrumental response) as well as those
affected by strong radio frequency interference (RFI).

The HF and LF sources are nearly co-spatial with
each other, both of which display a dynamic surface-like
structure. In particular, the HF source develops from
initially occupying only a small spatial section of the ter-
mination shock to ultimately dominating the emission at
later times, while the LF source gradually diminishes as
time progresses. The latter is probably due to the LF
source drifting out of the lower-frequency boundary of
our observing frequency range (1-2 GHz).

2.3. Nature of the Split-band Feature

Our observations provide the first picture of detailed
instantaneous morphology for both the HF and LF split-
band features associated with a flare termination shock.
This observation is, to our knowledge, also the most
detailed one to date of all reported split-band features
in literature. In this subsection we discuss the phys-
ical nature of the split-band feature in the context of
the flare termination shock, taking advantage of the-
ories and models developed from numerous studies on
coronal-shock-driven type II radio bursts.

One leading interpretation for the split-band feature
attributes the splitting HF and LF lanes to plasma radi-
ation from the shock downstream and upstream regions,
respectively, because the downstream region of the shock
has a higher plasma density (and higher plasma fre-
quency as v X ,/n.) due to shock compression (Smerd
et al. 1974, 1975; henceforth Scenario 1). Under this
scenario, one could infer the shock density compression
ratio X from the observed frequency ratio of the HF and
LF lanes via X = ny/n; = (var/vir)? = R2 (where no
and mnp are density of the shock downstream and up-
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Figure 4. Morphology and dynamics of both the high-frequency and low-frequency split-band features. (A) A more detailed
view of the split-band feature in the vector dynamic spectrum. (B) Time sequence of the evolving surfaces associated with the
HF and LF split-band features delineated by the centroids of each stochastic spike bursts. They are shown, respectively, in blue
and red, with the corresponding frequency increasing from light to dark. Error bars show the positional uncertainties along the
directions of the major and minor axes of the synthesized beam associated with each spike centroid. The reference horizontal
line in each panel is at the same height as that shown in Figure 2(B).

stream, respectively), and in turn, estimate the shock
Mach number based on the Rankine-Hugoniot jump con-
ditions (see, e.g., Chapter 5 in Priest 2014).

Another popular scenario, which was initially pro-
posed by McLean (1967), suggests that different por-
tions of a large-scale shock front encounter the coronal
environment with different physical properties, which
may include plasma density, magnetic field, and shock

geometry (henceforth Scenario 2). Consequently, obser-
vations of a type II burst with two or more finer bands in
the dynamic spectrum can be expected if multiple por-
tions of the shock front emit radio waves simultaneously.
Later, Holman & Pesses (1983) interpreted the split-
band features of type II bursts under the framework of
the shock drift acceleration. In their picture, the radio
bursts are produced by suprathermal electrons escaping
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along magnetic field lines upstream of the shock front.
A split-band feature can be observed if there is a suf-
ficient spatial separation between the type-II-emitting
sources in the direction of the density gradient. More
recently, using a numerical experiment, Knock & Cairns
(2005) reproduced type II bursts that had fine struc-
tures mimicking the split-band features. In their model,
the split-bands were produced when a propagating shock
front interacted with dense coronal loops, which effec-
tively shifted the type II emission to higher frequencies
at the site of interaction, hence leaving a void in the
dynamic spectrum to resemble the split-band feature.

A key observational property to distinguish the two
scenarios lies in the relative spatial locations of the HF
and LF sources. In Scenario 1, the radio sources of the
HF and LF branch must be located at the same section
of the shock front, with a possibly small spatial sepa-
ration between the two sources at the direction perpen-
dicular to the shock front. For Scenario 2, the HF and
LF sources originate from different sections of the shock
front, such that a spatial separation may be expected
along the shock front.

In the literature, using imaging observations, the
spatial separation between the HF and LF split-band
sources of type II radio bursts have been investigated
(e.g., Khan & Aurass 2002; Zimovets et al. 2012; Zucca
et al. 2014, 2018; Chrysaphi et al. 2018). However, the
lack of simultaneous imaging of the HF and LF sources
at multiple frequencies with adequate angular resolu-
tion have often limited the use of these results for dis-
tinguishing clearly between the two scenarios, although
recent results based on observations by NRH at metric
wavelengths (~150-450 MHz) seem to favor Scenario
1 (Zimovets et al. 2012; Zucca et al. 2014). In addi-
tion, propagation effects of radio waves as they traverse
the corona, which result in position shifts and angu-
lar broadening of the radio source, have further com-
plicated the interpretation. For example, using obser-
vations by the LOw-Frequency ARray (LOFAR) near
30 MHz, Chrysaphi et al. (2018) reported a significant
(~0.2 Ry) spatial separation of the HF and LF split-
band lanes of an interplanetary type II burst , which, as
the author argued, could be attributed to the scattering
of radio waves from originally co-spatial sources.

Here, first, thanks to our observations at high frequen-
cies, the propagation effects are relatively insignificant
(see, e.g., Bastian 1994). This is clearly demonstrated
by the coherent dynamic evolution of the observed ter-
mination shock front (outlined by the spike source cen-
troids) in response to the arrival of the plasma down-
flows (Chen et al. 2015). Second, our high positional ac-
curacy (<1 Mm, or <20% of the size of the shock front),

dense frequency sampling, and ultra-high time cadence
allow us to directly delineate the instantaneous morphol-
ogy of the shock front for both the HF and LF split-
band lanes. Therefore, it is straightforward to explore
the spatial relation between the HF and LF sources.
In Figure 4(B), there are occasions when the HF and
LF sources are nearly indistinguishable from each other
within uncertainties (e.g., 18:30:09 UT). There are also
other times when the two sources are separated along
(i.e, in the horizontal direction, designated as x here-
after; e.g., 18:30:17 UT) or across the shock front (in
the vertical direction, designated as y hereafter; e.g.,
18:29:33 UT). As discussed earlier, the observed spatial
distribution of both the HF and LF sources along the
shock front clearly suggests that radio bursts of different
frequencies (or plasma density) can be emitted from dif-
ferent sections of the shock front. Therefore, the termi-
nation shock is nonuniform along the shock front, which
is by no means surprising given the dynamic and tur-
bulent nature of the looptop region. We consider this
nonuniformity as one piece of evidence that supports
Scenario 2.

However, can we attribute the observed spatial sep-
aration between the HF and LF source purely to the
nonuniformity along the shock front? An interesting im-
pression from Figure 4(B) is that, for most times when
both the HF and LF sources are seen at the same z
position along the shock front, the HF sources seem
to be slightly below the LF source. To better demon-
strate this phenomenon, at each time ¢, we divide the
shock front into multiple consecutive 1 Mm wide sec-
tions along the horizontal z-axis in Figure 4. For each
shock section centered at a given x position, we com-
pute the height difference between the HF and LF source
Ay(z,t) = yur(z,t) —yLr(z,t). By repeating such prac-
tice for all times and x locations, we construct a distri-
bution of Ay(z,t). A histogram of Ay(z,t) is shown in
Figure 5(A). It is evident that the Ay(z,t) distribution
is heavily skewed toward negative values. The average
value of Ay is Ay = —0.80+0.02 Mm (the quoted uncer-
tainty here is the statistical standard error of the mean
estimated as o/v/N, where 0 ~ 1.1 Mm is the stan-
dard deviation of the distribution and N is the sample
size). This means that, at any given moment and at
the same location of the shock front, the HF source is
located immediately below the LF source in a persis-
tent manner. After separating the impacts of nonuni-
formity along the shock front and the shock geometry,
here we provide clear evidence that supports the shock-
upstream—downstream scenario for the LF and HF split-
band sources (Scenario 1). We note that the particular
shape of the Ay(z,t) distribution may be intimately re-
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and LF split-band sources at all times and locations along the shock. The Ay distribution is skewed toward negative values,

conforming with the expectation that the HF source is located in the shock downstream below its LF counterpart.

The

corresponding density compression ratio X (x,t) = R2(x,t) is also shown in (B) as the top x-axis. Red and orange lines in
both panels correspond to the average and median values of the distributions, respectively. Double-sided arrow in each panel
indicates the full width half maximum (FWHM) of the distribution.

lated to where the radio sources are emitted in the shock
upstream and downstream plasma. However, it may also
bear some contributions from the intrinsic uncertainty
of our centroid locations (<1 Mm). Projection effects
would also play a role, particularly if the shock front is
not exactly viewed edge on.

2.4. Spatially and Temporally Resolved Shock
Compression Ratio

In the previous subsection, we have provided strong
evidence that supports the shock-upstream—downstream
scenario to account for the observed LF and HF split-
band feature of the termination shock event. Under
this scenario, following the same technique for obtain-
ing Ay(z,t), at each time ¢t and spatial location along
the shock front x, we can also compute the spatially
and temporally resolved frequency ratio R,(z,t) =
var(z,t)/vLr(z, t) and the associated density compres-
sion ratio X (x,t) = R2(x,t) along the shock front. A
histogram for the distribution of R, (z,t) and X (z,t) is
shown in Figure 5(B). The values of R, and X are dis-
tributed between 1.23-1.43 and 1.51-2.04, respectively
(the ranges correspond to the FWHM of the respective
distributions). The average values are R, =~ 1.33 and
X = 1.78. These numbers are broadly consistent with
the frequency ratios reported in previous studies on met-
ric and decametric type II radio burst events with split-
band features (Vrsnak et al. 2001; Zimovets et al. 2012;
Du et al. 2015).

The Mach number of MHD shocks can be inferred
from the density compression ratio X based on the
Rankine-Hugoniot jump conditions. Yet this relation
is a parametric function that include various plasma
parameters in the upstream region and the angle be-
tween the shock normal and the magnetic field 8, some
of which are not constrained by our data. We refer to
other works (e.g., Mann et al. 1995; Vrsnak et al. 2002;
Priest 2014) for detailed discussions on the shock jump
conditions in more general cases. Here, we only reiter-
ate a few limiting cases in which the forms of the re-
lation are greatly simplified. For perpendicular shocks
(i.e., the angle between the magnetic field and shock nor-
mal 05, = 90°), the Alfvén Mach number Mp = v/va
(where vy = B/v/4mnmy is the Alfvén speed) is related
to the density compression ratio X as

X(X +5+58)

M:
A 24-X)

(1)

where 8 = 87nkT/B? is the plasma beta (plasma-to-
magnetic pressure ratio). In the low beta case (8 — 0),
the relation simplifies to

X(X +5)

Ma=1\5u=x)"

(2)
In the case of high plasma beta 8 — oo or parallel
shocks (6 = 0°), the magnetic field plays a relatively
limited role in the jump conditions other than changing
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the shock front is found in MHD modeling results.

the shock geometry, and the relation returns approxi-
mately to those of the hydrodynamic shocks:

3X
M, ~ 4/ ——
A e 3)

where My = wv/cs is the sound-wave Mach number
(cs = /7kT/mu is the sound speed of plasma with
temperature T'). For both the limiting cases in Eqs. 2
and 3, the average value of the inferred Mach number is
around 1.6, and the maximum can reach 2.0. Our mea-
sured density compression ratio and inferred Mach num-
ber of this termination shock case is similar to those pre-
dicted in the numerical modeling results of termination
shocks (Forbes 1986; Workman et al. 2011; Shen et al.
2018). They are also comparable to those estimated
from split-band features in coronal-shock-driven type II
radio bursts (see, e.g., statistical studies in Vrsnak et al.
2002; Du et al. 2015 and case studies in Liu et al. 2009;
Zimovets et al. 2012; Zucca et al. 2014, 2018; Kishore
et al. 2016).

Previous theoretical studies have suggested that low-
Mach-number, quasi-perpendicular flare termination
shocks are capable of accelerating both electrons and

ions efficiently, particularly when turbulence is present
in the vicinity of the shock front to help the particles
travel back and forth across the shock front to gain en-
ergy repeatedly (Guo & Giacalone 2012). As shown by
Chen et al. (2015), the existence of density fluctuations
in the vicinity of the shock front is strongly suggested
by the presence of myriad short-lived stochastic spike
bursts with a narrow frequency bandwidth, from which
a density fluctuation level of dn./n. =~ 4% was in-
ferred. Their observations have further indicated that
the flare termination shock should be capable of accel-
erating electrons to at least tens of keV. Moreover, if
the flare termination shock operates in the high beta
regime (defined as 8 2 1), which is likely the case in
the reconnection outflow region (McKenzie 2013; Scott
et al. 2016), the flare termination shock may fall well
into the supercritical regime for efficiently reflecting par-
ticles toward the upstream region, a condition favorable
for ion acceleration (a shock is called supercritical if the
downstream flow speed in the direction of the shock nor-
mal exceeds the magnetosonic speed; the critical value
of My lies between 1.1 and 1.7 for quasi-perpendicular
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Figure 7. MHD modeling of the reconnection downflow and the flare termination shock region at five selected times indicated
in Figure 6(D)—(F). Colored background in the first and second row shows the flow speed (panels (A)—(E)) and plasma density
(panels (F)—(J)) respectively. Magnetic field lines are shown as gray curves. The location of the termination shock in each frame
is indicated by a thick red curve. The location of the plasmoid that causes distortion of the termination shock front is marked

by a white circle. It propagates at a speed of ~550 km s~ *.

shocks in the high beta regime. See, e.g., Edmiston &
Kennel 1984 and a recent review by Treumann 2009).

More interestingly, some intriguing features are re-
vealed in the spatially and temporally resolved “time-
distance” maps of the upstream and downstream plasma
density (ni(x,t) and na(z,t)), as well as the inferred
density compression ratio X (z,t) = na(x,t)/ni(z,t),
shown, respectively, in Figure 6(A)—(C). First, there is
a persistent density gradient along the shock front from
—x to +x. This trend is much more prominent at the
upstream side of the shock (panel (A)) than the down-
stream side (panel (B)), which, in turn, gives rise to a
similar gradient for the density compression ratio along
the shock front (panel (C)).

In order to understand the spatial and temporal varia-
tion of the observed density compression features along
the termination shock front, we compare our observa-
tional results to 2.5D (resolved in z and y, and uni-
form in the third z dimension into the plane) resistive
MHD modeling of the reconnection outflows and flare
arcades with a Kopp—Pneuman-type reconnection geom-
etry (Kopp & Pneuman 1976). In the MHD model, the
reconnection current sheet has an edge-on viewing per-
spective similar to the event under study (i.e., current
density j in the current sheet is mostly along the z di-
rection). The simulation setup and main results on the
termination shock dynamics were already presented in
our previous works (Chen et al. 2015; Shen et al. 2018),
and we refer interested readers to Shen et al. (2018) for
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more detailed discussions. We outline the location of the
termination shock front in the MHD model based on the
divergence of the flow velocity V- v (see, e.g., red curves
in Figure 7), and derive physical parameters including
density, pressure, temperature, magnetic field, and ve-
locity at both the upstream and downstream side of the
shock front, as well as the associated shock compression
ratios and Mach numbers.

In Figures 6(D)—(F), we show the equivalent time-
distance maps of upstream density n,, downstream den-
sity mo, and density compression ratio X for a selected
period of time in the MHD modeling results. At certain
times (marked by the shaded region), ny, na, and X at
the termination shock front share the similar behavior
as the observations: there is an evident gradient of ny
and X along the shock front that decreases toward the
4z direction, while the downstream density ny shows
relatively smaller change. At other times (e.g., earlier
in the figure at time stamps of ~0-70 s), however, the
shock is more or less symmetric and has less profound
spatiotemporal variations.

What is the cause for the asymmetry and spatial vari-
ations along the shock front in the MHD simulation? In
the simulation, since we do not impose an explicit sym-
metry about z = 0, small-scale fluctuations that natu-
rally arise in the numerical simulation can cause slight
asymmetries about the x axis. Yet the overall reconnec-
tion geometry is largely unaffected by the fluctuations
so long as the reconnection proceeds in a steady fash-
ion. However, when plasmoids are formed, they grow
rapidly due to the highly nonlinear nature of the plas-
moid instability and develop into a variety of sizes and
shapes (Shen et al. 2018). When these plasmoids im-
pinge upon the termination shock, a distorted and asym-
metric shock front is expected. This is demonstrated in
Figure 7: before the formation of a plasmoid, the re-
connection outflows on the shock upstream side are rel-
atively steady, and the shock front is nearly symmetric
about the center (panel (A)). When the plasmoid forms
and arrives at the termination shock, a distorted and
asymmetric shock front is observed (panels (B)—(E)).

In Figure 8, we show a more detailed view of the shock
morphology before and after the impact of the plasmoid
(left and right panels correspond to ¢y and t4 in Figure
7, respectively). Before the plasmoid arrival when the
shock front is nearly symmetric, the direction of the re-
connection downflows nearly aligns with the shock nor-
mal (i.e., Oy &~ 0) for the central portion of the shock,
with a pair of oblique shocks located at the flank (black
curve in Figure 8(C); similar to the results in Takasao
et al. 2015). After the arrival of the plasmoid, the left
portion of the shock front (—z) is highly distorted, dis-

playing a large angle against the direction of the recon-
nection outflows (6y, ~ 60°). In both cases, the angle
between the magnetic field and the shock normal 6,
stays close to 90°, indicating that the termination shock
is, in general, a quasi-perpendicular shock.
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Figure 8. Shock angle, Mach number, and density com-
pression ratio along the termination shock front for the sym-
metric (left column) and distorted (right column) case. (A)
and (B) Detailed view of the termination shock region at
to and t4 indicated in Figure 7. Background color shows
the flow speed, and the arrows indicate the flow field (whose
lengths scale with the velocity magnitude). The shock front
is marked by the thick red curve. Gray curves are magnetic
field lines. (C) and (D) Variation of shock angles 0., (an-
gle between upstream flow velocity and shock normal; black
curve) and Opn (angle between upstream magnetic field and
shock normal; blue curve) along the shock front. (E) and
(F) Variation of fast-mode magnetosonic Mach number Mg
(black curve) and density compression ratio X (red curve)
along the shock front.

Such a distorted shock geometry after the plas-
moid arrival causes significant variations of the ef-
fective upstream flow speed in the direction normal
to the shock surface v, = v, — vI® (where v, and
vIS are the normal component of the flow speed
and shock front speed, respectively). This effect, in
turn, imposes profound impacts on the variation of
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the fast-mode Mach number Mp =

cp = {% (cg + 0% + /(2 4+ v3)? — 4c2v’ cos? Op,
is the fast-mode magnetosonic speed in the shock up-
stream) and the shock compression ratio X along the
shock front (shown in Figure 8(E) and (F) as black and
red curves, respectively). In particular, Mg and X are
strongly suppressed on the left (—x) side of the shock,
largely due to the reduction of the effective upstream
reconnection outflow speed v/ into the shock front at a
large incident angle 6y,,.

In our observations, multitudes of fast plasma blobs
are also seen in the EUV imaging data. They coincide
with the distortion and disturbance of the shock front
as outlined by the radio centroids of the stochastic spike
bursts. Some of the plasma blobs cause a nearly total
destruction of the shock front (Chen et al. 2015; oc-
curred about one minute later than the split-band fea-
ture presented here), which coincides with a significant
reduction of nonthermal radio and X-ray flux at both
the looptop and loop-leg locations. As interpreted in
Chen et al. (2015), such a correlation serves as a strong
evidence that supports the flare termination shock as a
driver for accelerating nonthermal electrons to at least
tens of keV. In the present case, however, the shock sur-
face (as outlined by the centroids of the stochastic spike
bursts shown in Figure 9) remains in place but only gets
distorted in its location and morphology. In our MHD
modeling, both cases—partial distortion and total de-
struction of the shock front—can be found. These dy-
namics are largely determined by the detailed properties
of the plasmoids, most notably their size and momen-
tum. We direct interested readers to Shen et al. (2018)
for more detailed discussions.

vl /ep  (where
1/2

The observed plasma blob impinging upon the ter-
mination shock front during the split-band feature has
a speed of ~360 km s~! in projection, which is rela-
tively slow comparing to the simulation (~550 km s~!
for the plasmoid shown in Figure 7) and other times
when the stochastic spike bursts are present (~550 km
s~! on average; Chen et al. 2015). Nonetheless the speed
is comparable to the local sound speed c; ~ 329-466
km s~! for 5-10 MK plasma (indicated by the presence
of ATA 94 and 131 A emission). We note that, how-
ever, there is overwhelming evidence, both in observa-
tions and theoretical /numerical studies, which suggests
that the speeds of the observable moving features in the
plasma sheet (sometimes referred to as “supra-arcade
downflows,” “plasmoids,” or “contracting loops” in the
literature) tend to be considerably slower than the pre-
sumably Alfvénic reconnection outflows (McKenzie &
Hudson 1999; Asai et al. 2004; Savage & McKenzie 2011;
Shen et al. 2011; Liu et al. 2013; Longcope et al. 2018).
Understanding the seemly sub-Alfvénic plasma flow fea-
tures is a subject of ongoing research. One possibility
involves plasma flowing within a high-8 plasma sheet
that has a low Alfvén speed. Another explanation ar-
gues that these features may be plasma structures em-
bedded in the current sheet, which are not necessarily
the Alfvénic reconnection outflows themselves (see, e.g.,
discussions in Longcope et al. 2018). In any case, we ar-
gue that it is highly probable that the reconnection out-
flows can well exceed the observed speeds of the plasma
downflows, and can be supermagnetosonic to drive a
fast-mode flare termination shock with a Mach number
up to 2.0.

The close similarities between the observations and
the simulations on the variations in upstream/downstream
density and compression ratio along the shock front, as
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well as the presence of fast plasma blobs, strongly sup-
port that the observed split-band features are due to
emission from both the upstream and downstream side
of a highly dynamic termination shock. We would like
to caution that, however, the observations are essen-
tially 2D projections of a dynamic three-dimensional
shock structure; therefore, the projection effects could
play a certain role in the interpretation of the observa-
tional results. In addition, our 2.5D MHD simulation
has its own limitations: not only does it lack the third
dimension, but also, for example, the Lundquist num-
ber S (a dimensionless ratio between the Alfvén wave
crossing time to the timescale of resistive diffusion),
which has a strong impact on the production of the
plasmoids, is orders of magnitude lower than the real-
istic values (which is the case for virtually all present
MHD simulations). Hence our simulation does not nec-
essarily reproduce every detail of the shock, including,
for instance, the detailed spatial gradient and timescale
of the shock compression. Therefore, our observation-
simulation comparison described here should only be
regarded as a qualitative demonstration, but not as a
comprehensive reproduction of all of the observed fea-
tures of the termination shock.

2.5. Lack of Density Compression Signature in EUV

Since we have seen a significant density compression
of X ~ 1.5-2.0 across the shock front and a density vari-
ation of up to ~80% and along the shock front, an inter-
esting question arises: can we observe the same termi-
nation shock feature in high-resolution SDO/AIA EUV
imaging data? The EUV intensity in AIA passband i at

pixel (z, y) is given by
Lz,y) = /T (Gi(T)dec(,y, T)/dT)dT,  (4)

where G;(T) is a temperature dependent response
function of this passband, and déc(z,y,T)/dT =
d(n?Ah)/dT is the differential emission measure (DEM)
along the line of sight (LOS) with a column depth of
Ah (e.g., O’Dwyer et al. 2010; Hannah & Kontar 2012).
If all other conditions are equal, we have I o< n?. In this
case, I is projected to show similar (and in fact, more
profound, due to the quadratic dependence) spatial-
temporal variation features to n in the vicinity of the
termination shock as shown in Figures 6(A)—(C). More-
over, I would display a sharp increase across the termi-
nation shock front by a factor of X2. Both signatures,
however, are absent from the EUV imaging data. First,
as shown in Figure 2(B), while the density/frequency
decreases toward the right (4+x) direction along the ter-
mination shock front (see also Figure 6(A)), the back-
ground intensity in ATA 94 A shows an evident increase,
which runs opposite to the I o< n? dependence. Second,
no sharp EUV intensity jump (by a factor of X?) is
found across the shock front: in Figure 10(A) and (B),
the EUV intensity, made at a slice along the direction of
the cusp loops (dashed line in Figure 1), only displays
a rather smooth increase toward lower heights. More-
over, the EUV intensity at the immediate downstream
of the termination shock I3 is much lower than the in-
tensity expected from the shock compression, which is
the upstream intensity I; scaled up by a factor of X?
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(indicated by the range bracketed by a double-sided
arrow in Figure 10(B)).

We suspect that the LOS column depth (Ah) may
play an important role in such an apparent discrepancy:
while the plasma density in the close vicinity of the
termination shock (derived from the radio emission fre-
quency) is independent from the column depth, the EUV
intensity I, however, has the contribution from all the
plasma along LOS, which include but are not limited to
the plasma at the termination shock. In fact, due to the
rather stringent condition for the formation of the termi-
nation shock (i.e., v/, > cp), the shock front may likely
only occupy a small column depth along the LOS direc-
tion. In this case, the “shocked” plasma may contribute
to an insignificant portion of all of the emission measure
along the LOS (£¢). Therefore, the shock density com-
pression and its variations are effectively “buried” in the
observed EUV intensity.

Another possibility for the lack of an observable sharp
contrast in EUV intensity may be due to the viewing
geometry. If the shock front deviates slightly from the
edge-on perspective (inferred from the flare geometry in
Figure 1), the EUV intensity in the immediate vicinity
of the shock front would have the contribution from both
the upstream and downstream plasma along the LOS.
In this case, the intensity jump across the shock front is
effectively “smeared out” and the expected sharp con-
trast becomes more difficult to observe. We note that
such a potential deviation from the edge-on perspective
has little impact on the radio split-band feature in the
frequency-time domain, but may contribute to broaden-
ing the distribution of the relative height between the
HF and LF source Ay (as shown in Figure 5(A)).

Finally, the limited angular resolution of SDO/AIA
and its filter-band-based imaging technique may also
play a certain role in the non-detection of a sharp in-
tensity jump in EUV. First, as inferred from the radio
spectroscopic imaging data, the density jump across the
shock front occurs only at a spatial scale of ~0.8 Mm,
which is close to or smaller than AIA’s resolution limit
(17.5 or 1.1 Mm; Lemen et al. 2012). Second, from
Eq. 4, the EUV intensity at each filter band I; is also
a function of the temperature response function G;(T).
Hence the resulting intensity contrast has a strong de-
pendence on the temperature variation across the shock
front, which is expected from shock jump conditions.
DEM reconstruction based on EUV intensity from mul-
tiple bands may give us some insights on this tempera-
ture variation. However, it is beyond the scope of the
current study to investigate this aspect in more detail,
particularly in light of the multiple challenges discussed
above.

Similar phenomena of radio sources that lack corre-
sponding EUV /X-ray signatures in solar flares have been
frequently reported in the literature (Chen et al. 2013,
2018; Fleishman et al. 2017; Kuroda et al. 2018). One of
the most notable is dm-A type III radio bursts: despite
that recent dynamic spectroscopic imaging with high
centroiding accuracy allows to precisely map detailed
trajectories of type-III-burst-emitting electron beams
propagating along newly reconnected magnetic flux
tubes with arcsecond-scale accuracy, no corresponding
loop-like structures have been found in high-resolution
SDO/ATA EUV imaging data (Chen et al. 2013, 2018).
Another type of such phenomena are microwave gy-
rosynchrotron sources (emitted by nonthermal electrons
of hundreds of keV) that sometimes lack observable
counterparts in EUV and/or X-rays, which are often
shown to occupy large, tenuous coronal loops (Fleish-
man et al. 2017; Kuroda et al. 2018). Interpretation
for such “EUV/X-ray-invisible” radio sources has been
largely along the same line of argument: the LOS col-
umn depth or emission measure associated with the
radio-emitting plasma is insufficient for the source to be
observed as distinguishable features against the back-
ground by current EUV/X-ray instrumentation. Our
study, once again, demonstrates the unique power of ra-
dio bursts in detecting and diagnosing certain key phe-
nomena in solar flares and the need for future EUV/X-
ray facilities with better angular resolution, temporal
cadence, and temperature diagnostics.

3. CONCLUSION

We report a detailed study of the split-band feature
present in the coherent radio bursts associated with the
arguably best studied flare termination shock event to
date by Chen et al. (2015). The split-band feature,
a phenomenon well-known in type II radio bursts as-
sociated with fast-propagating coronal shocks, appears
as two lanes in the radio dynamic spectrum separated
in frequency, each of which consist of myriad short-
duration, narrow-bandwidth stochastic spike bursts. By
using high-cadence dynamic spectroscopic imaging with
precise centroid locating capabilities (<1.”3, or ~1 Mm)
offered by the Jansky VLA, we determine the respective
locations of the two split-band lanes as a function of
frequency and time. We find that, while both of the
split-band lanes each delineate a surface-like feature,
the high-frequency lane is located consistently below the
low-frequency lane by ~0.8 Mm, which strongly sup-
port the shock-upstream—downstream interpretation for
split-band features: The high- and low-frequency lanes
are emitted in the downstream and upstream side of
the termination shock front, respectively, with their fre-
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quency ratio R, = vyp/vrr determined by the density
compression ratio X = na/n; = R2 across the shock
front.

Under this scenario, we derive spatially and tempo-
rally resolved density compression ratio at the termi-
nation shock front. The average compression ratio is
X ~ 1.78 and the inferred shock Mach number is ~1.6
on average, but can reach up to ~2.0. The shock com-
pression ratio and Mach number are consistent with ear-
lier numerical simulation results, and are comparable to
those inferred from split-band features in type II radio
bursts. Although this flare termination shock is prob-
ably a low-Mach-number shock, observational evidence
has shown that it is capable of accelerating nonthermal
electrons to at least tens of keV.

The spatial variation of X shows an asymmetric fea-
ture, which has a consistently higher value at the right
(+x) side of the termination shock front. We com-
pare the observed spatiotemporal variation features with
state-of-the-art 2.5D resistive MHD modeling results
performed by Shen et al. (2018). We find that such
an asymmetry in shock compression and Mach number
share close similarities with the MHD results when the
termination shock front becomes asymmetric due to the
impacts of fast plasmoids. Similar fast plasma down-
flows are also observed in the EUV difference imaging

data when the split-band feature is present. We con-
clude that the detailed variations of the shock compres-
sion and Mach number may be due to the impact of fast
plasma structures that distort the dynamic shock front,
although the projection effects along the line of sight can
not be completely ruled out.
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