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ABSTRACT

Magnetic reconnection plays a crucial role in powering solar flares, production of energetic particles,
and plasma heating. However, where the magnetic reconnections occur, how and where the released
magnetic energy is transported, and how it is converted to other forms remain unclear. Here we report
recurring bi-directional plasma outflows located within a large-scale plasma sheet observed in extreme
ultraviolet emission and scattered white light during the post-impulsive gradual phase of the X8.2
solar flare on 2017 September 10. Each of the bi-directional outflows originates in the plasma sheet
from a discrete site, identified as a magnetic reconnection site. These reconnection sites reside at very
low altitudes (< 180 Mm, or 0.26 Ry) above the top of the flare arcade, a distance only <3% of the
total length of a plasma sheet that extends to at least 10 Ry. Each arrival of sunward outflows at
the looptop region appears to coincide with an impulsive microwave and X-ray burst dominated by
a hot source (10-20 MK) at the looptop, which is immediately followed by a nonthermal microwave
burst located in the loopleg region. We propose that the reconnection outflows transport the magnetic
energy released at localized magnetic reconnection sites outward in the form of kinetic energy flux
and/or electromagnetic Poynting flux. The sunward-directed energy flux induces particle acceleration
and plasma heating in the post-flare arcades, observed as the hot and nonthermal flare emissions.

Keywords: Solar flares (1496), Solar coronal mass ejections (310), nonthermal radiation sources (1119),

)

3,4

LCenter for Solar-Terrestrial Research, New Jersey Institute of Technology, 323 M L King Jr Blvd, Newark, NJ 07102-1982, USA

Solar magnetic reconnection (1504), Solar radio flares (1342)

1. INTRODUCTION

The most powerful explosive phenomena in the so-
lar system, solar flares accompanied by plasma erup-
tions, are powered by magnetic energy release in the
solar corona facilitated by fast magnetic reconnection.
In the standard CSHKP model of eruptive solar flares
(Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp
& Pneuman 1976), reconnection occurs in the dif-
fusion region of a reconnection current sheet (RCS)
formed in the wake of the eruption of a magnetic flux
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rope. The latter, when observed by a coronagraph as
a large-scale eruptive structure, is referred to as a coro-
nal mass ejection (CME). At both sides of the RCS,
magnetized plasma is drawn toward the RCS, where
oppositely-directed magnetic fields reconnect, produc-
ing bi-directional plasma outflows along the RCS di-
rected away from the reconnection site. Electrons and
ions are accelerated at or in the close vicinity of the
RCS to high energies (Masuda et al. 1994; Chen et al.
2018; Chen et al. 2020b; Fleishman et al. 2020). The
downward propagating accelerated electrons arrive at
the dense chromosphere and drive chromospheric evap-
oration. Hard X-ray (HXR) emission is produced at
the footpoints of the newly reconnected magnetic loops
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via bremsstrahlung. The dense chromospheric plasma
heated to ~10 MK is driven upward by the over-pressure
and fills the flare arcade, which emits intense flare emis-
sion in extreme ultraviolet (EUV) and soft X-ray (SXR)
wavelengths.

The magnetic reconnection is undoubtedly needed to
drive the magnetic energy release. The released energy
is converted to other forms of energy—bulk flows, heated
plasma, and accelerated particles (see, e.g., a review by
Benz 2017). Observational signatures of magnetic re-
connection include X-shaped (Su et al. 2013; Sun et al.
2015; Zhu et al. 2016) or Y-shaped (Shibata et al. 2007)
magnetic field lines, fan-spine-type structures (Liu et al.
2009; Zeng et al. 2016), supra-arcade fan or outflows
(McKenzie & Hudson 1999; Savage et al. 2010; Savage
& McKenzie 2011; Reeves et al. 2017), and large-scale
thin plasma-sheet-like structures (Reeves & Golub 2011;
Savage et al. 2012; Warren et al. 2018; Cheng et al. 2018;
Longcope et al. 2018; Chen et al. 2020b). However, de-
tails of the magnetic reconnection, the associated energy
release, and its conversion have yet to be clarified.

Bi-directional plasma outflows help in probing the
magnetic reconnection. The sunward (downward) re-
connection outflows usually exhibit as supra-arcade
plasma downflows or fast-contracting loops in EUV and
SXR data (Forbes & Acton 1996; Reeves et al. 2008;
Liu et al. 2013; Takasao et al. 2012; McKenzie & Hud-
son 1999). Anti-sunward (upward) outflows have also
been reported trailing the erupting flux rope (Nishizuka
et al. 2010; Chae et al. 2017; Cheng et al. 2018). Oc-
casionally, both the upward and downward plasma out-
flows are observed simultaneously (Savage et al. 2010;
Takasao et al. 2012; Liu et al. 2013), which allows pin-
pointing the reconnection site. A similar pinpointing
of the reconnection site with a very high positional ac-
curacy (of <1 Mm) has been achieved by Chen et al.
(2018) using radio imaging spectroscopy observations of
decimetric type III radio bursts.

These plasma outflows carry a significant energy in
the form of bulk kinetic energy flux, enthalpy flux, and
electromagnetic Poynting flux (Fletcher & Hudson 2008;
Birn et al. 2009). To convert these energy forms into
that of accelerated particles and heated flare plasma,
various mechanisms have been proposed involving tur-
bulence or plasma waves (Hamilton & Petrosian 1992;
Miller et al. 1996; Petrosian & Liu 2004; Liu et al.
2008, 2013; Fleishman & Toptygin 2013; Fleishman et al.
2020), fast-mode termination shocks (Forbes 1986; Ma-
suda et al. 1994; Tsuneta & Naito 1998; Guo & Gi-
acalone 2012; Nishizuka & Shibata 2013; Takasao et al.
2015; Chen et al. 2015, 2019; Shen et al. 2018; Kong
et al. 2019), collapsing magnetic traps formed by fast-

contracting post-reconnection loops (Somov & Kosugi
1997; Karlicky & Kosugi 2004; Giuliani et al. 2005; Kar-
licky & Bérta 2006; Grady et al. 2012), magnetic islands
(Drake et al. 2006; Oka et al. 2010), or Fermi-type ac-
celeration from plasma compression (Li et al. 2018).

Occasionally, HXR sources are observed at or above
the top of bright EUV/SXR flare arcades (Masuda
et al. 1994; Veronig et al. 2006; Krucker et al. 2008a,b,
2010; Liu et al. 2013; Krucker & Battaglia 2014; Dennis
et al. 2018). They have been regarded as an important
piece of evidence of electron acceleration in the above-
the-looptop (ALT) region. Recently, microwave imag-
ing spectroscopy data from the Expanded Owens Val-
ley Solar Array (EOVSA) have offered unprecedented
spatially- and temporally-resolved measurements of non-
thermal electrons and magnetic field in the flaring region
(Gary et al. 2018). In particular, Fleishman et al. (2020)
reported a fast decay of magnetic field in the ALT region.
Further, Chen et al. (2020b) found that this region coin-
cides with a local minimum of magnetic field strength,
referred to as a “magnetic bottle”, where microwave-
emitting, mildly relativistic electrons are highly concen-
trated. These observations imply that the ALT region,
where plasma outflows interact vigorously with the un-
derlying flare arcade, plays a crucial role in magnetic
energy release and electron acceleration. Reported tem-
poral correlation between the outflows and impulsive X-
ray and/or radio emission (Asai et al. 2004; Karlicky
& Bérta 2007; Nishizuka et al. 2010; Chen et al. 2015;
Takasao et al. 2016) further supports the role of the
plasma outflows.

In this study, we report well-connected signatures of
magnetic reconnection, plasma heating, and electron
acceleration observed during the post-impulsive grad-
ual phase of the X8.2-class eruptive solar flare on 2017
September 10. The combined white light and EUV
imaging observations allow us to identify the timing and
location of multiple intermittent reconnection events
by bi-directional plasma outflows in an extremely long
plasma sheet. The arrivals of the plasma downflows at
the looptop correlate with plasma heating events that
manifest as impulsive X-ray bursts. In the meantime,
nonthermal microwave bursts, obtained by EOVSA, are
detected in the loopleg region, which have no response
in RHESSI hard X-rays. Such a chain of reconnection-
associated observational signatures offers a new view of
the energy release and conversion processes with a level
of clarity not previously achieved.

In Section 2.1, we present imaging spectroscopy obser-
vations of impulsive microwave and X-ray bursts in the
flare looptop and arcade (Section 2.2). In Section 2.3,
we examine the microwave and X-ray bursts using spec-
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Figure 1. (a) Composition of the SDO/AIA 131 A, MLSO/K-cor, SOHO/LASCO C2 and C3 white light images, showing
the CME bubble and a long plasma sheet connecting the core of CME and the underlying flare site. All images are in reversed
grayscale of log intensity, and rotated counter-clockwise by 90°. (b) Detailed view of the lower portion of the plasma sheet (black
box in (a)) seen in EUV and white light. The green dashed curved is used to derive the time-distance maps shown in Fig. 7.
(c¢) Further enlarged view of the low-coronal portion of the plasma sheet and the flare arcade (black box in (b)). The FOVSA
microwave emission at 30 spectral windows is displayed as filled contours (25% of the respective maximum intensity), color-coded
in frequency according to the colorbar. The filled circles on the upper right corner represent the full-width-half-maximum size
of the restoring beams at the respective frequencies. RHESSI 6-12 keV X-ray source is superposed as black contours (10%, 50%,

90% of the maximum).

tral analysis. In Section 2.4, we present the detection of
multitudes of bi-directional plasma outflows using white
light and EUV imaging data that appear to correlate
with the microwave and X-ray bursts. We discuss the
implications of the observational results in Section 3,
particularly on the role of the plasma outflows in energy
transport and conversion.

2. OBSERVATIONS

The long-duration X8.2-class eruptive flare occurred
close to the west solar limb on 2017 September 10. The
event is associated with a fast white-light coronal mass
ejection (CME), which has a speed of > 4000 km s~!
(Gopalswamy et al. 2018) and is accompanied with a
type II radio burst (Morosan et al. 2019). The erup-
tion is well observed in microwaves by FOVSA (Gary
et al. 2018) in 2.5-18 GHz, in EUV by the Atmo-
spheric Imaging Assembly on board the Solar Dynam-
ics Observatory (SDO/AIA; Lemen et al. 2012) and
Solar Ultraviolet Imager on board the NOAA GOES-
R satellite (Seaton & Darnel 2018), in white-light by

the COSMO K-Coronagraph of the Mauna Loa Solar
Observatory (MLSO/K-Cor; Elmore et al. 2003) and
the Large Angle and Spectrometric Coronagraph Ex-
periment on board the solar and heliospheric observa-
tory (SoHO/LASCO; Brueckner et al. 1995), and in
X-Rays by Reuven Ramaty High-Energy Solar Spec-
troscopic Imager (RHESSI; Lin et al. 2002) and the
Gamma-ray Burst Monitor aboard the Fermi spacecraft
(Fermi/GBM; Meegan et al. 2009).

The event began at ~15:35 UT when a pre-existing fil-
ament started to erupt. After ~15:50 UT, the erupting
filament developed into a teardrop-shaped dark cavity as
seen in SDO/AIA images (Yan et al. 2018; Veronig et al.
2018) and microwaves (Chen et al. 2020a). The accelera-
tion of the flux rope peaked at around 15:54 UT (Veronig
et al. 2018), which coincided with an early impulsive
peak in microwaves and HXRs (Chen et al. 2020a). The
main peak of the impulsive microwave/HXR emission
occurred at around 16:00 UT (Gary et al. 2018; Fleish-
man et al. 2020). By 17:30 UT well into the decay phase
of the event, the CME front has already propagated to
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Figure 2. (a) EOVSA total-power (full-disk-integrated) microwave dynamic spectrum of the entire event in 2.5-18 GHz. Color
presents the flux density in sfu. Overplotted are normalized time profiles of GOES 1-8 ASXR (dashed curves), RHESSI and
Fermi 25-50 keV HXR, counts (solid green and white curves, respectively). (b) Enlarged FOVSA total-power dynamic spectrum
of the post-impulsive phase. The time window is demarcated by a pair of vertical dashed lines in (a). Overplotted is the EFOVSA
5 GHz light curve after removing the slowly-varying background. In order to aid visual comparison, the 5 GHz time profile
between 17:12 and 18:47 UT and after 18:47 UT is multiplied by a factor of 5 and 30, respectively (shown in distinct colors).
(¢) Detrended light curves of GOES 1-8 A time derivative, RHESSI and Fermi 25-50 keV HXR counts. The GOES derivative
after 17:12 UT is amplified in a similar fashion to the EOVSA 5.0 GHz time profile in (b). (d) Cross-correlation between the
RHESSI/Fermi 25-50 keV HXR and 5.0 GHz microwave light curves. The peak correlation coefficient occurs at —9 s and —11
s, respectively (HXR is ahead of microwave).

more than 20 solar radii (Rg) above the solar surface main impulsive phase have been reported in our ear-
(Figure 1(a)). A long and thin plasma sheet structure is lier publications (Chen et al. 2020a,b; Fleishman et al.
present in the wake of the CME above the flare arcade 2020). In this study, we focus on the post-impulsive,
(Figure 1; see also Yan et al. 2018; Warren et al. 2018; long-duration gradual phase between 16:20 and 20:15
Longcope et al. 2018; Chen et al. 2020b), which extends UT (Fig.2(b)), shortly after the main impulsive phase
into the SOHO/LASCO C3 field of view with a total at ~16:00 UT (c.f., Fig.2(a), when the brightest mi-
length of at least 8 Rg (Cheng et al. 2018; Lee et al. crowave emission of over 10,000 solar flux unit, or sfu,
2020). A RHESSI 6-12 keV X-ray source is present at is present). During this period, the FOVSA total-power
the looptop region (open contours in Fig. 1c). No foot- (full-disk integrated) microwave dynamic spectrum con-
point X-ray source is detected at this time. tains multiple broadband bursts. These bursts have an

impulsive appearance in the dynamic spectrum and light
curves. The relative amplitudes of the bursts at 5 GHz,

represented as the ratio of the peak brightness of each

An overview of the long—duratio.n event based on burst to the pre- and post-burst background I/ Tog,
EOVSA and RHESSI data was provided by Gary et al. is between 1.5%-30% (solid curves in Fig.2(b)). These
(2018). More detailed studies of the flux rope mor-

phology, magnetic field variation along the RCS fea-
ture, and magnetic field decay during the initial and

2.1. Impulsive Microwave and X-ray Bursts

bursts have an average duration of ~4 minutes and an
average recurrence period of ~5.6 minutes. The in-



dividual microwave bursts correlate with weak X-ray
bursts at 6-100 keV observed by both RHESSI and
Fermi/GBM (Fig.2(c)). The X-ray bursts, however,
have very small amplitudes of only a few percent and can
only be distinguished in the detrended light curves, af-
ter the slow-varying background has been removed. For
simplicity, we display only the 25-50 keV light curves,
because the detrended light curves at different energies
in 6-100 keV during the decay phase show very simi-
lar temporal behaviour and no time lag is found among
them. Cross-correlation between the microwave and X-
ray light curves indicate that the X-ray bursts lead the
microwave bursts by ~10 seconds (Fig.2(d)). Some of
the microwave bursts correspond to quasi-periodic im-
pulsive peaks in the time derivative of the GOES 1-8 A
SXR light curve (Fig. 2(c)). The latter was reported in a
recent paper by Hayes et al. (2019), who attributed these
quasi-periodic features with a period of ~ 150 seconds to
magnetohydrodynamic (MHD) oscillations in the post-
flare arcade.

2.2. X-ray spectroscopy and imaging

We analyze the RHESSI full-disk-integrated X-ray
spectrum during the peak of a selected burst at around
17:35 UT integrated over a 28-s interval (indicated by
a white arrow in Figure2(b)) using the standard X-
ray spectral analysis tool OSPEX available in the Solar-
Soft Ware (SSW; Freeland & Handy 1998) IDL package.
Ning et al. (2019) reported a significant pulse pileup ef-
fect on the RHESSI spectra in this event. Pileup results
when two lower-energy photons arrive at the detector
within a short time and are counted by the detector as
a single higher-energy photon (Smith et al. 2002). We
check the impact of the pulse pileup effect at ~17:35 UT
using the standard routine hsi_pileup_check in SSW.
We find while pileup strongly affects the spectrum above
~20 keV, the lower-energy range is almost pileup-free.
Such pileup effect on relatively higher energies is also
implied by the similar temporal behavior of the light
curves between 6-100 keV (as mentioned in section 2.1),
which is consistent with a dominant thermal plasma at
lower energies and some pileup at higher energies. For
mitigating the pileup effect, we restrict our spectral fit
to only the low-energy range (6-25 keV). We also in-
clude the pileup in the detector response matrix for
spectral fitting by adding the pileup module pileup_mod
as a fitting component. Figure3 shows the observed
X-ray photon flux spectrum and the corresponding fit
result. We found that the observed photon flux can
be well fit by an isothermal model with a temperature
of T = 20 £ 0.2MK and a volume emission measure
EMy = 1.1£0.1 x 10" ecm ™2 (red curve), together with
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Figure 3. Example RHESSI HXR photon spectrum inte-
grated between 17:34:44 UT and 17:35:12 UT after back-
ground subtraction (black histogram; background is shown
in gray points). The fitted thermal component is shown in
red curve. The normalized residuals vs. energy in units of
the standard deviation of the count statistics are shown in
the bottom panel. The gray shaded area indicates the en-
ergy range where the observed X-ray photon flux is excluded
from the spectral fitting.

pulse pileup corrections. We note that, while the pileup
effect at higher energies hinders us from constraining a
possible nonthermal component based on the spectral
fit, we cannot rule out the presence of a weak nonther-
mal component at the looptop region.

We reconstruct RHESSI X-ray images using the CLEAN
algorithm (Hurford et al. 2002) with measurements from
detectors 3, 6 and 8. Time-series images were made
in three energy bands, 6-12 keV, 12-25 keV, and 25—
50 keV, over two RHESSI observing windows in 17:28-
17:55 UT and 19:02-19:35 UT with an integration time
of 60 s for each individual image. Figure4 shows an
example of RHESSI images at the three energy bands.
There is a persistent X-ray looptop source in 6-12 keV
and 12-25 keV located near the apex of the flare ar-
cade. Spectral analysis described above suggests that
this source is dominated by thermal emission from a
hot source with a temperature 7' ~ 20 MK. The higher-
energy 25-50 keV X-ray source appears co-spatial with
the lower-energy source (Fig.4(d)). However, this band
is severely affected by the pileup effect (c.f., Fig.3).



6 YU ET AL.

AIA 131 A 17:35 UT

6-12 keV

12-25 ke

30 15 0 15 30
x (Mm)

Figure 4. An example of RHESSI HXR images during
the post-impulsive phase. (a) Contours of the 6-12 keV
(black), 12-25 keV (green) and 25-50 keV (purple) sources
on SDO/AIA 131 A image at 17:35 UT with inverted color
scale. The contour levels are 10%, 50% and 90% of the max-
imum for the 6-12 keV and 12-25 keV bands, and 90% of
the maximum for the 25-50 keV band. (b-d) Same RHESSI
images as in (a) shown separately. Note the 25-50 keV image
is strongly affected by pulse pileup.

Thus we choose not to perform an in-depth analysis on
the images of this band.

In the RHESSI 6-12 keV and 12-25 keV images, a
weaker secondary coronal source is present above the
primary source by ~27 Mm. The secondary source is
located near the tip of the cusp-shaped flare arcade,
seen by SDO/ATA 131 A (Fig.4(a)), and is persistent
over nearly the entire time of interest. Although its
higher-energy counterpart is elusive due to the pileup
effect, this secondary source appears reminiscent of the
ALT HXR sources seen in the “Masuda-type” flares,
where a HXR source is located slightly above the bright
SXR/EUV flare arcade (Masuda et al. 1994; Veronig
et al. 2006; Liu et al. 2013; Krucker & Battaglia 2014).
We estimate the full width at half-maximum (FWHM)
size of the primary and secondary source as ~11 Mm
and ~9 Mm, respectively. Since the primary looptop
source dominates the X-ray flux, we adopt its source

area to estimate an average column emission measure of
EMc =~ 2.9 4 0.3 x 10%° cm~® in the looptop source’.

2.3. Microwave imaging spectroscopy

EOVSA provides microwave images in 2.5-18 GHz
with 134 spectral channels spread over 31 spectral win-
dows. In this work we combine each of the upper 30
spectral windows centered from 3.4 to 17.9 GHz to pro-
duce images at 30 equally spaced frequencies. Fig-
ure 1(c) shows the microwave images at these 30 fre-
quencies at 17:35 UT (filled contours). The overall mor-
phology of the evolving microwave source is consistent
with the shape and orientation of the EUV flare arcade.
At high frequencies (blue colors), there appear to be two
dinstinct sources: one coincides with the looptop HXR
source, while the other is in the northern leg of the flare
arcade. At low frequencies, the microwave source con-
centrates in the northern leg of the flare arcade (on the
left side in Fig. 1(c)), where the second (weaker) high-
frequency microwave source is located. In contrast, mi-
crowave emission at all frequencies is weak or absent in
the southern leg of the flare arcade (right side in the
diagram).

The time-series of microwave images reveals that the
impulsive component of the microwave emission in each
burst is mainly from the loopleg source. Fig.5(a—c)
shows such time-sequence images for three selected mi-
crowave bursts peaking at 17:05 UT, 17:29 UT, and
17:35 UT, respectively (denoted as ty, t;, and ts in
Fig.5(f)). In these time-sequence images, the loopleg
source shows a large variation in intensity during each
burst (by a factor of up to 15). In contrast, the looptop
source appears relatively stable with more-minor varia-
tions in morphology and intensity.

The dominance of loopleg brightening is better
demonstrated in the spatially-resolved, or “vector”, dy-
namic spectra shown in Figs. 5(d—f). First introduced
by Chen et al. (2015) using dynamic imaging spec-
troscopy data from the Karl G. Jansky Very Large Array
(VLA), the technique of vector dynamic spectra takes
advantage of the spatially, spectrally, and temporally
resolved data to derive a radio dynamic spectrum for
each selected region of interest in the spatial domain.
This spatial separation allows the study of the temporal
and spectral properties intrinsic to each radio source of
interest. Here we select the looptop and loopleg sources

11t should be noted that the source area in the CLEAN images char-
acterized by its full-width-half-maximum size may result in a
slight overestimation (Kontar et al. 2010) and should be treated
as the upper limit. However, the true source size should not
be more than 10-20% smaller, and will not strongly affect our
order-of-magnitude estimate of EM¢ here.
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Figure 5. Spatial evolution of the microwave bursts observed by FOVSA. (a—c) Image sequences of the microwave emission
(filled contours at 45% of the maximum brightness temperature of all images in the selected time interval; color represents
different frequencies with same hue as in Figure 1(c)) overlaid on SDO/ATA 131 A images during three time intervals. RHESSI
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spatially-resolved (vector) dynamic spectra derived from looptop and loopleg source from 17:00 UT to 18:00 UT, as well as their
intensity ratio (f). The time range of the dynamic spectra is demarcated by the vertical dashed lines in Figure 2b.

(shown as the white boxes in Fig.5(a)) and derive the
maximum brightness temperature T within each box
as a function of time and frequency. The resulting vec-
tor dynamic spectra for the loopleg and looptop source
are shown in Fig.5(d) and (e), respectively, and their
intensity ratio is shown in Fig. 5(f). Although the loop-
leg and looptop source both display impulsive features,
the bursts in the loopleg source are up to 10 times
stronger than the looptop source (c.f., ratio spectrum
in Fig. 5(f)).

To investigate the looptop and loopleg emission, we
derive the spatially-resolved microwave brightness tem-
perature spectra T(v) obtained at different spatial lo-
cations. Figure6(e) shows the background-subtracted
Tg(v) spectra obtained from several selected locations
along the flare arcade (white boxes in Fig.6(a—d)) at
17:05 UT (tp in Fig.5), during the peak of one of
the brightest microwave bursts (solid black curves in
Fig.6(e)). The background spectra TH¢(v), shown as
gray curves in Fig.6(e), are obtained at a time just af-
ter this microwave burst, denoted as ty, in Fig. 5(f). At
the lowest frequencies, the background T spectra fol-

low a power law with a slope close to —2, suggesting an
optically-thin, bremsstrahlung origin (e.g., Dulk 1985).
At higher frequencies, the spectra are more complex
with a flat or rising T's toward higher frequencies, which
is suggestive of a nonthermal gyrosynchrotron contribu-
tion.

Fig. 6(e) shows the background-subtracted microwave
spectra as solid black curves. The spectra in the loop-
leg region (boxes 3-6) show characteristics of gyrosyn-
chrotron radiation due to nonthermal electrons gyrat-
ing in the coronal magnetic field (e.g., Dulk 1985). We
adopt the method described in Fleishman et al. (2020) to
fit the spectra using a gyrosynchrotron emission model
from an isotropic and homogeneous nonthermal electron
source with a power-law energy distribution. From the
spectral fit, we obtain the magnetic field strength B,
the power-law index of the electron energy distribution
§, and the total number density of nonthermal electrons
n2th integrated above 100 keV. The robustness and con-
fidence level of the fit parameters are evaluated using a
Markov chain Monte Carlo (MCMC) method, described
in detail in Chen et al. (2020b). The derived magnetic
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Figure 6. Spatially resolved microwave spectra at various points in the flare arcade. Enlarged view of the microwave burst
(a) at to and (b) at a non-bursting time g selected as the background (filled contours at 30% of the maximum brightness
temperature of all images at to; same color scheme as in Figure5(a)). (c) EM-weighted temperature and (d) integrated column
emission measure EMc maps obtained at tpke over the temperature range of 0.5-30 MK. (e) microwave brightness temperature
spectra Tg(v) of the burst peak at to from eight selected locations (marked as numbered white boxes in (b)). The background-
subtracted burst spectra and their corresponding background spectra derived at ¢ty are shown as black and gray histograms,
respectively, with error bars. The observed emission at tpie is well matched by thermal free-free microwave spectra (blue lines)
calculated using the AIA-derived DEM, while the burst enhancements in the loopleg source (boxes 3-6) are well fit by nonthermal
gyrosynchrotron spectra (red lines) with the parameters shown in each plot.

field strength increases from 93 G to 205G from box 3
to box 6, corresponding to height range from ~35 Mm
to ~15 Mm. This is consistent with an expected in-
crease of the magnetic field strength in a coronal loop to-
wards lower heights. The values are also consistent with
spectropolarimetric measurements of the magnetically
sensitive Ca II 8542 A line in the same post-arcade re-
gion about one hour before our time of interest (Kuridze
et al. 2019). The power-law index of the electron energy
distribution ¢, which ranges from 3.0-4.2, indicates a
hardening toward lower heights (i.e., toward the loopleg
region). The total number density of the nonthermal
electrons n2 above 100 keV is ~ 10°-107 cm ™3, which
is a small fraction of the thermal electron density in the
same region (of order 10'° cm ™3, estimated based on the
column emission measure shown in Fig. 6(d) and an as-
sumed column depth of a few tens of Mm).

In the looptop region, however, the microwave spec-
tra (except the lowest few frequencies) show very little

increment above the post-burst background (boxes 1, 2,
and 7). The spectra (without background subtraction)
are consistent with free-free (bremsstrahlung) radiation
from hot thermal plasma with a temperature of 10-15
MK and column emission measure of 2.9-15.0 x 10%°
ecm~® (blue curves in Fig. 6(e)). The latter is constrained
using a differential emission measure (DEM) analysis
method xrt_dem_iterative2 (Weber et al. 2004; Golub
et al. 2004) based on imaging data at six SDO/AIA
EUV passbands (94 A, 131 A, 171 A, 193 A, 211 A, and
335 A). The microwave spectral and AIA DEM analy-
sis of the looptop source is consistent with that derived
from RHESSI (temperature of 20 £ 0.2 MK and column
emission measure of 2.9 + 0.3 x 1030 cm™°; See section
2.2).

2.4. Bi-directional outflows

Shortly after the eruption of the dark cavity at around
15:54 UT, a thin bright plasma sheet appeared in multi-
ple SDO/ATA passbands, with a temperature of ~ 15—
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Figure 7. (a) Successive SDO/AIA 131 A background-detrended images that show bi-directional outflows diverging from a
compact region. The upward- and downward-moving EUV outflows are marked by red and blue triangles, respectively. Their
tracks in the time—distance plot are highlighted as a pair of thick blue and red curves in (c). (b) Composite time-distance plot of
MLSO/K-cor white light and SDO/AIA 131 A background-detrended images at a cut made along the RCS (green dashed curve
in Figure 1(b) and (c)). The upper edge of the AIA field of view is at ~ 200 Mm. The blue shaded region marks the separatrix
region that divides the fast plasma downflows and the slow contracting loops. The red shaded region shows the predicted height
of the reconnection X point based on the idealized 2D flare model in Forbes et al. (2018). Note the distance axis is in logarithmic
scale. (c) Tracks of the fast upward/downward outflows (blue/red) and slow contracting loops (green) in the time-distance plot.
The inferred X points from the diverging sites of the bi-directional outflows are highlighted by the red crosses. (d) Histogram of
the distribution of the measured speeds (in projection) of the plasma upflows (blue), plasma downflows (red), and contracting
loops (green). An animation is available for the SDO/AIA 131 A background-detrended images and its time-distance plot.

20 MK according to EUV spectroscopic data (Warren
et al. 2018). In SDO/ATA 131 A (which is sensitive to
the Fe XXI line at ~10 MK; O'Dwyer et al. 2010) images,
multitudes of plasma outflows are present in the plasma
sheet during different phases of the event for an extended
period of time (Longcope et al. 2018; Cheng et al. 2018;
Hayes et al. 2019; Chen et al. 2020b; Lee et al. 2020).
Here we focus on the plasma outflows during the post-
impulsive gradual phase from 16:20 UT to 20:20 UT.
We find many recurring pairs of bi-directional plasma
outflows that propagate simultaneously in the sunward
(down) and anti-sunward (up) direction. A time se-
quence of one such outflow is shown in Fig. 7(a), in which

the slow-varying background is removed to enhance the
dynamic features. The upward-moving EUV outflows
extend well into the MLSO /K-cor field of view in white
light to at least 1100 Mm (or 1.6 Rg) above the solar
surface (Fig.7(b)). The downward-moving EUV out-
flows seem to termination at the looptop region. Each
pair of bi-directional outflows appears to diverge from a
discrete site at varying heights in the plasma sheet.

To quantify the motion of the bi-directional plasma
outflows, we construct a time-distance diagram from
a slice along the direction of the plasma sheet feature
seen in both SDO/AIA 131 A and MLSO/K-cor im-
ages (green dashed curve in Figs. 1(b) and (c)). The
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(red) and the weaker ALT X-ray source (blue). (e) and (f) Tracks of outflows (blue and red) and contracting loops (green) in
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6-12 keV X-ray and 5 GHz microwave images shown in (d) are indicated by the gray-shaded vertical stripe in (e).

slice has a width wyg = 3Mm at the base. To improve
the signal to noise at larger coronal distances, we in-
crease the width of the slice linearly with distance d as
w(d) = wo + 0.04d. At each time ¢, for every distance
d along the slice, all pixels across the slice within width
w are averaged to produce the intensity shown in the
composite time—distance plot I(¢,d). The plasma up-
flows seen in EUV continue smoothly to the white light
image seen at the upper edge of the SDO/AIA field of
view at d ~ 200 Mm (Fig. 7 (b)). We selected the most
prominent tracks and fitted either straight lines or basis

spline curves (de Boor 1972) to the projected height as
a function of time. We identified 40 pairs of such bi-
directional outflow tracks in 16:20-20:20 UT. There are
also a few additional cases of downflow tracks without
an obvious upward counterpart. As shown in the his-
togram of Fig. 7(d), the initial speeds of the upflows and
downflows in projection are distributed between 100-800
kms~! with an average of 250 km s~!. These measured
outflow speeds are consistent with previous reports of
outflows in the same event (Cheng et al. 2018; Long-
cope et al. 2018; Hayes et al. 2019), and are typical for



SADs and SADLs reported in other events (McKenzie
& Hudson 1999; Asai et al. 2004; McKenzie & Savage
2009; Savage & McKenzie 2011; Takasao et al. 2012;
Liu et al. 2013). Similar to the interpretation adopted
in previous studies (Savage et al. 2010; Takasao et al.
2012; Liu et al. 2013), we attribute the diverging loca-
tion of each bi-directional outflow pair as the site of an
individual magnetic reconnection event (or reconnection
“X” point). Most of these identified reconnection sites
are located at d ~ 50-180 Mm (or 0.07-0.26 R ) above
the limb, which is only 1%-3% of the total length of the
plasma sheet (~10 Rg) during that period.

The downflows fade away as they merge into the tip of
the cusp-shaped flare arcade (sometimes referred to as
the “Y” point; Priest & Forbes 2000; Chen et al. 2020b),
where numerous slow, downward-contracting loops are
present (see the animation accompanying Fig.7). The
slow contracting loops are also visible in the time-
distance plots in Fig. 7(b) as multiple faint, finer tracks
that branch off from the faster downflow tracks. Their
initial speeds, measured using the slopes of the green
lines in the time-distance plots, are only ~10s kms™! or
below. Such slow loop shrinkage is persistent through-
out the gradual phase with an average recurrence period
of ~3.2 minutes. Although there is no one-to-one corre-
spondence between the fast plasma downflows and the
slow contracting motion of the post-reconnection flare
loops, the slow-contracting loops appear in the close
vicinity of the region where the fast downflows fade
away, suggesting the presence of a “separatrix” region
where the downflow motions appear to “terminate”.

The location of this separatrix region between the
downflows and the contracting loops nearly coincides
with the tip of the cusp-shaped flare arcade, shown as
the blue colored shading in Figure 7(b—c), The lower
edge of the separatrix region follows the end points of
the fast downflow tracks. The upper edge follows the
initial points of the slow contracting loop tracks. This
separatrix region rises slowly during the gradual phase
(blue shaded region in Figure 8(e—f)) in a similar fashion
as the slow rise motion of the underlying microwave and
X-ray looptop source located at the top of the flare ar-
cade (red triangles in Figure 8(e—f); see also Gary et al.
2018; Hayes et al. 2019). The centroids of the ALT 6-12
keV X-ray source (blue triangles in Figure 8(e-f)), in-
terestingly, are located near the separatrix region and
follow the same rising motion. Possible implications of
such a spatial-temporal coincidence will be discussed in
the next section.

To illustrate the timing of the impulsive microwave
bursts in accordance with the observed EUV plasma
downflows, we overlay the FOVSA 5 GHz microwave
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light curve (from Figure 1(c)) on the time—distance plots
in Figure8 near the separatrix region. The arrival of
most EUV plasma downflows at the separatrix region is
immediately followed by a microwave burst. This corre-
lation in both space and time is a strong indication for
a casual connection between the plasma downflows ar-
riving at the looptop and the appearance of microwave-
emitting nonthermal electrons in the flare arcade.

2.5. Summary of the Observations

1. Reconnection sites (or “X” points), from where
the bi-directional plasma outflows diverge, reside
at low altitudes <180 Mm, which are ~1-3% of
the total length of the long plasma sheet, which
extends to >10R.

2. The arrival of most plasma downflows at the top
of the cusp-shaped flare arcade correlates with an
impulsive microwave and X-ray burst, which con-
sists of a (mostly) thermal looptop microwave and
X-ray source and a nonthermal loopleg microwave
source. The loopleg microwave nonthermal source
lags the looptop X-ray burst by ~10 seconds.

3. Multitudes of slow contracting loops are present
below the tip of the cusp-shaped flare arcade where
the fast plasma downflows terminate. A secondary
ALT X-ray source coincides with the separatrix
region that divides the fast downflows and slow
contracting loops.

3. DISCUSSION AND CONCLUSION

Our observational results are consistent with the
standard CSHKP eruptive flare scenario for the post-
impulsive phase (or gradual phase). At this stage, the
eruption has already propagated to a remote coronal dis-
tance, leaving behind a large-scale vertical RCS above
the post-flare arcade (see, e.g., Forbes et al. 2018).
Figure9(a) shows a schematic diagram for the post-
impulsive phase projected in 2D adapted from a well-
known cartoon in Forbes & Acton 1996. In this cartoon,
the RCS and the underlying flare arcade are viewed edge
on, in accordance with the viewing perspective of this
event. Sporadic magnetic reconnections occur at local-
ized magnetic null points (or X points) in the RCS, cre-
ating pairs of highly bent magnetic flux tubes (Furth
et al. 1963). Plasma is ejected from the X points both
upward and downward along the RCS, resulting in bi-
directional plasma outflows.

The reconnection sites, pinpointed by the bi-
directional plasma outflows, are located very low in the
RCS. The heights of the X points are ~1-3% of the
total length of the RCS seen in EUV and white light,
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Figure 9. (a) Schematic diagram of post-impulsive flare arcade and the large-scale reconnection current sheet with an edge-on
view (adapted from Forbes & Acton (1996)). Reconnection at multiple X points within the RCS results in a pair of highly-
bent flux tubes that shrink quickly in both the sunward and anti-sunward directions, observed as the EUV plasma outflows. A
microwave and X-ray source appears at the looptop due to plasma heating. Accelerated electrons in the flare arcade give rise
to the nonthermal loopleg microwave source. A weak X-ray source is present near the Y point at the bottom of the RCS, where
the fast downflows turn into slow contracting loops. The flare arcade itself is visible as a bright EUV arcade consisting of many
strands. (b) Schematic diagram of flare arcade and the RCS depicted in 3D. Discrete reconnection events occur at different
times and heights within the 3D RCS, visible as the observed scattering of the reconnection sites viewed edge on. Schematic
of the observational signatures including the plasma sheet (with a finite width), EUV flare arcade, as well as microwave and
X-ray sources are shown projected on the plane of sky. Here we adopt the possible interpretation in which the flare arcade may
be slightly tilted with respect to the line of sight, which may account for the absence of the microwave source in the southern

(right) side of the arcade.

which extends to at least 10 Ry. The observed low
reconnection sites within a long RCS are in agreement
with predictions in the 2D theoretical model by Forbes
et al. (2018), the latest development based upon one of
most well-known standard flare models in Lin & Forbes
(2000), Reeves & Forbes (2005) and Seaton & Forbes
(2009). The 2D theoretical model predicts the height of
the X point of approximately v/2p(t) during the post-
impulsive phase, where p(t) is the height of the Y point
at the lower end of the RCS at time ¢. The latter marks
the location where a thin RCS turns into a cusp-shaped
post-reconnection flare arcade, measured as the tip of
cusp loops seen in SDO/AIA 131 A time-series images.
As discussed in the previous section, this location also
coincides with the separatrix region where the fast down-
flows, identified in the thin plasma sheet, meet the slow-
contracting cusp loops below the cusp tip. In Figs. 7 and

8, we show the estimated location of the rising Y point
as the blue shaded region and, according to the pre-
diction in Forbes et al. (2018), the presumed location
of the reconnection X point v/2p(t) as the red shaded
region. The predicted X point in idealized 2D flare
model and its evolution in time agree with the location of
the reconnection events pinpointed by the bi-directional
plasma outflows in the thin plasma sheet. The scatter
of the observationally-inferred reconnection sites around
the model-predicted X point location is likely due to
a deviation of the actual reconnection events from the
idealized 2D model, together with the 3D nature of the
flare event with multiple reconnection events distributed
within the extended RCS along the direction of the LOS
(illustrated in Fig. 9(b)).

In the 2D reconnection theories, the speeds of the re-
connection outflows are at the local Alfvén speed (Sweet



1958; Parker 1957; Petschek & Thorne 1967). However,
similar to many other reports (Savage et al. 2010; Sav-
age & McKenzie 2011; Longcope et al. 2018; Hayes et al.
2019; Chen et al. 2020b), in our observations, the speeds
of the bi-directional plasma outflows are between 100—
800 km s~! with an average of 250 km s—!, which are
likely sub-Alfvénic. It has been suggested that the ob-
served plasma outflows may be sub-Alfvénic due to 3D
effects, or have been slowed down as they emerge from
the reconnection diffusion region by, e.g., an aerody-
namic drag force (Longcope et al. 2018).

The plasma outflows carry a significant portion of the
total released magnetic energy in the form of electro-
magnetic Poynting flux, enthalpy flux, and kinetic en-
ergy flux of the bulk flows or turbulence (Fletcher &
Hudson 2008; Birn et al. 2009; Reeves et al. 2010; War-
ren et al. 2018; Cheng et al. 2018; Polito et al. 2018).
Arrival of the downward-propagating plasma outflows
at the cusp region dissipates their energy, resulting in
plasma heating through thermal conduction and/or adi-
abatic heating (see, e.g., recent 3D modeling results in
Reeves et al. 2019). If a fast-mode termination shock is
established in the cusp region (which is perhaps impli-
cated by the presence of the secondary ALT X-ray source
near the cusp tip), plasma heating would occur in the
shock downstream region (Forbes 1986; Masuda et al.
1994). Such heated plasma is revealed by the thermal
X-ray and microwave source observed at the looptop.

The impulsively released magnetic energy during the
sporadic magnetic reconnection events in the RCS can
also lead to particle acceleration. Electrons can be accel-
erated to nonthermal energies in the RCS, at the loop-
top, or in the flare arcade itself by a variety of accel-
eration mechanisms (see, e.g., Miller et al. 1997 for a
review). In our observations, the nonthermal microwave
bursts only occur in the loopleg region at a large dis-
tance away from the reconnection X points. Consider-
ing the electron transport effects, the non-detection of
nonthermal sources within the RCS is inconclusive to
judge if the RCS is the electron acceleration site (see
also Chen et al. 2020b). Nevertheless, HXR and mi-
crowave imaging spectroscopy data (Krucker et al. 2010;
Krucker & Battaglia 2014; Fleishman et al. 2020; Chen
et al. 2020b) have provided increasing evidence favor-
ing the looptops/cusp regions as the primary electron
acceleration sites.

In our event, the cusp region as the primary plasma
heating and electron acceleration site is supported by the
relative timing between the X-ray/microwave bursts and
the magnetic reconnection events in the RCS (inferred
from the occurrence of the bi-directional outflows). An
important clue, as shown in Fig. 8, is that the occurrence
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of the X-ray/microwave bursts correlates with the ar-
rival time of the plasma downflows at the cusp, but not
the time of the magnetic reconnection events themselves.
A straightforward interpretation is that the electrons
responsible for the microwave bursts are accelerated lo-
cally at the looptops, where freshly injected energy is
available from the arrival of the plasma downflows. An
alternative scenario is that the microwave-emitting elec-
trons are accelerated in the RCS, but are trapped in the
propagating plasma downflows. These electrons are re-
leased once the plasma downflows have arrived at the
looptop, resulting in the nonthermal microwave sources.
Although our data alone can not distinguish between
the two scenarios, the latter scenario requires an addi-
tional mechanism that traps and/or accelerates the elec-
trons within the plasma outflows along their path, while
“breaks” this trapping upon the arrival of the outflows
at the looptop.

The observed recurring bursts possess a recurrence pe-
riod of ~ 300 seconds and a modulation depth of 1.5%
to 30% reminiscent of quasi-periodic pulsations (QPPs)
observed in X-rays and microwaves during flares (Foul-
lon et al. 2005; Mészarosova et al. 2006; Reznikova &
Shibasaki 2011). Such QPPs with long periods are some-
times referred to as long QPPs (Nakariakov & Melnikov
2009). One of the most intriguing questions about QPPs
is what drives them during flares. The possible causes
are generally categorized into two groups: (1) time-
dependent energy release, and 2) MHD oscillations in
flare sites (see Nakariakov & Melnikov 2009; McLaugh-
lin et al. 2018, for reviews). Differentiating observa-
tionally between the possible explanations of long-period
QPPs during flares remains elusive. The relative timing
between X-ray/microwave bursts and the reconnection
events we observe, however, allows for the determination
of the origin of these particular bursts, although we leave
open the question of whether they should be considered
as QPPs. We find that the timing of the microwave and
X-ray bursts is entirely driven by the reconnection at
the X points, which rules out the MHD interpretation
as the driver of the bursts. Nevertheless, Hayes et al.
(2019) recently reported persistent QPPs with a two-
times shorter period of ~ 150 seconds in GOES SXR and
SDO/AIA 131 A light curves during the gradual phase
of this same flare. The time-dependent magnetic re-
connection mechanism we describe cannot fully account
for these shorter-period QPPs, and other mechanisms
such as MHD oscillations could play a role in modulat-
ing these lower-energy thermal emissions. As pointed
out by Hayes et al. (2019), persistent QPPs require a
renewed excitation of MHD modes in the flare arcade,
and the recurring reconnection-generated downflows we
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describe could provide the needed repetitive trigger at
or above the the post-flare arcade (Takasao & Shibata
2016; Jelinek et al. 2017).

In our observation, the microwave bursts produced by
mildly relativistic electrons (2 100 keV) in the loopleg
region lag the thermal looptop X-ray bursts by ~ 10
seconds. Such time delay has been reported by Bas-
tian et al. (2007) between microwave and X-ray (tens
of keV) event based on non-imaging light curves dur-
ing a flare. Similar high-energy-delay phenomena have
been reported in the literature—that high energy X-ray
fluxes (2 150 keV) lagged behind their counterparts at
lower energies by a few seconds in flares (Bai et al. 1983;
Dulk et al. 1992). Tt has been suggested that such delays
may be the result of a two-stage acceleration mechanism
that invokes stochastic acceleration to boost electron en-
ergies from tens of keV to above hundreds of keV, as-
suming that this process requires a few second to oper-
ate (Dulk et al. 1992; Miller et al. 1997). Consequently,
the high-energy electrons producing microwave emission
appear later than the low-energy ones, so that the mi-
crowave bursts lag the thermal looptop X-ray bursts due
to prompt plasma heating upon the arrivals of plasma
outflows. Yet, the microwave and X-ray sources in this
event are located at regions spatially separated by about
20 Mm. Hence the localized hardening of electron en-
ergy spectrum near the acceleration site at the looptop
may not fully account for the time lag of the loopleg
source. Electron transport and trapping effects should
play a role in the time delay between the spatially sep-
arated sources.

In the ideal 2D standard model, the microwave source
is expected to bestride the flare arcade. However, there
is a marked asymmetry in the observed microwave emis-
sion in the post-flare arcade: a microwave source is only
visible in the northern loopleg while the southern leg is
not. One explanation could be due to the perspective ef-
fect that the event is tilted slightly away from the ideal
2D standard model projection, so that the microwave
source at the southern leg of the flare arcade may be
re-absorbed by optically-thick, dense plasma filled in

the arcade (perhaps due to chromospheric evaporation)
located in the forefront along the LOS (illustrated in
Fig.9(b)). However, we could not completely rule out a
coronal loop asymmetry as a possible cause of the dis-
similar radio brightness of the northern and southern
loop legs .

To summarize, thanks to the new microwave imag-
ing spectroscopy observations from FOVSA, we have
presented a comprehensive study that associates the bi-
directional EUV plasma outflows in a large-scale RCS to
looptop microwave and X-ray bursts in both time and
space. The performed multi-wavelength analysis allowed
us to quantify particle acceleration and plasma heating
in the post-flare arcades, observed as the hot and non-
thermal flare emissions, and their relationships with the
magnetic reconnection in the RCS. Our findings reveal
new facets of magnetic reconnection, the subsequent en-
ergy conversion, and electron acceleration, and thus help
to better understand these fundamental phenomena.
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