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ABSTRACT

When and where the magnetic field energy is released and converted in eruptive solar flares remains
an outstanding topic in solar physics. To shed light on this question, here we report multi-wavelength
observations of a C9.4-class eruptive limb flare that occurred on 2017 August 20. The flare, ac-
companied by a magnetic flux rope eruption and a white light coronal mass ejection, features three
post-impulsive X-ray and microwave bursts immediately following its main impulsive phase. For each
burst, both microwave and X-ray imaging suggest that the non-thermal electrons are located in the
above-the-loop-top region. Interestingly, contrary to many other flares, the peak flux of the three
post-impulsive microwave and X-ray bursts shows an increase for later bursts. Spectral analysis re-
veals that the sources have a hardening spectral index, suggesting a more efficient electron acceleration
into the later post-impulsive bursts. We observe a positive correlation between the acceleration of the
magnetic flux rope and the non-thermal energy release during the post-impulsive bursts in the same
event. Intriguingly, different from some other eruptive events, this correlation does not hold for the
main impulse phase of this event, which we interpret as energy release due to the tether-cutting recon-
nection before the primary flux rope acceleration occurs. In addition, using footpoint brightenings at
conjugate flare ribbons, a weakening reconnection guide field is inferred, which may also contribute to
the hardening of the non-thermal electrons during the post-impulsive phase.

Unified Astronomy Thesaurus concepts: Solar radio emission (1522), Solar magnetic reconnection
(1504), Solar flares (1496), Non-thermal radiation sources (1119), Solar coronal mass ejections, (310),

Solar filament eruptions (1981)

1. INTRODUCTION

The relationship between the kinematics of coronal
mass ejections (CMEs) and the corresponding flaring
emissions is important in understanding how magnetic
energy is released and subsequently converted into dif-
ferent forms of energy in solar eruptions (e.g. Lin &
Forbes 2000). The close temporal correlation between
flare X-ray emission and the early kinematics evolution
of the erupting magnetic flux rope/filament during the
main impulsive phase (MIP) has been widely observed
(Zhang et al. 2001; Marici¢ et al. 2007; Temmer et al.
2008). As a direct indicator of the flare reconnection, the
rate of the magnetic flux change inferred using the ad-
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vancing flare ribbon at the photosphere, is found to show
a temporal correlation with the acceleration of the asso-
ciated filament eruption/CME (Qiu et al. 2004; Hu et al.
2014). In a statistical study, close correlations are found
between the acceleration of the erupting filaments and
the magnetic flux change rate (Jing et al. 2005). More
recently, by analyzing a large sample of CME-associated
flare events, Zhu et al. (2020) confirmed the correlation
between the peak filament/CME acceleration and the
peak rate of magnetic flux change. In addition, they
revealed a positive correlation between the total recon-
nected magnetic flux and the maximum CME velocity
in events accompanied with fast CMEs (> 600 km s~1).
Such a correlation suggests that the magnetic energy re-
lease rate is closely related to flux rope eruption. The
correlation is also revealed in resistive magnetohydro-
dynamic (MHD) simulations (Cheng et al. 2003; Reeves
2006; Reeves & Moats 2010).
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As discussed by Welsch (2018), the mechanisms of the
flux rope/CME acceleration can be grouped into two
general categories: (1) Lorentz force in and around the
magnetic flux rope that directly drives its acceleration.
These models suggest the increasing Lorentz force dur-
ing the flare impulsive phase is attributed to the flare re-
connection that adds poloidal magnetic flux to the flux
rope and, at the same time, reduces the tension force
from the overlaying constraining magnetic fields (Lin &
Forbes 2000; Lin et al. 2005). (2) Acceleration of the
flux rope that is due to momentum transferred from the
upward-directed reconnection outflows. The highly bent
post-reconnection field lines coming out of the diffusion
region bear a large magnetic tension force and are ac-
celerated to near the Alfvén speed (Parker 1957). Af-
ter joining the flux rope and becoming “dipolarized,”
the upward-directed reconnection outflows transfer the
momentum to the flux rope and facilitate its acceler-
ation (Wang et al. 2007; Xue et al. 2016; Jiang et al.
2021). Although multiple models have been proposed
to account for the initiation and acceleration of the flux
rope, such as the loss of equilibrium model (Lin & Forbes
2000), tether-cutting reconnection model (Moore et al.
2001), breakout reconnection model (Antiochos et al.
1999; Karpen et al. 2012), the net change of the up-
ward Lorentz force and/or the added momentum trans-
fer from the upward reconnection outflows are both re-
lated to the magnetic flux change due to the ongoing
flare reconnection. Hence, a positive correlation between
the flux rope acceleration and flare energy release is ex-
pected.

The electron acceleration rate, implicated by the in-
tensity of nonthermal hard X-ray (HXR) and/or mi-
crowave emission, is also found to be correlated to the
rate of the flare energy release. By measuring the photo-
spheric magnetic field and ribbon expansion, Qiu et al.
(2004) inferred the rate of the magnetic flux change and
reconnection electric field evolution during the impul-
sive phase of two two-ribbon flares, which are found
to be temporally correlated with the microwave emis-
sion and the derivative of the SXR emission (as a proxy
for HXR emission assuming the Neupert effect (Neu-
pert 1968)). Adopting a similar method, Liu & Wang
(2009) analyzed 13 two-ribbon flares and found an anti-
correlation between the average reconnection electric
field and minimum overall photon spectral index from
HXR observation. Temmer et al. (2007) found that the
local reconnection electric field inferred from the ribbon
expansion in Ha/UV observations is uneven along the
direction of the magnetic polarity inversion line (PIL).
The locations of the spatially resolved HXR, footpoint
sources were found to be spatially correlated with the

local electric field. With the observation of the flare
ribbon from the Interface Region Imaging Spectrograph
(IRIS; De Pontieu et al. 2014, Naus et al. (2022) also re-
vealed the strong correlation between the local magnetic
flux change rate and the production of the nonthermal
electrons inferred from RHESSI HXR data. These stud-
ies suggest that the electron acceleration in flares and
its temporal and spatial evolution are intimately related
to the local electric field in the reconnection region.

Recent modeling studies have suggested that, in addi-
tion to the absolute magnetic energy release rate, the
guide field, defined as the magnetic field component
in the same direction as the reconnection current, also
plays a key role in determining the efficiency of parti-
cle energization. In particular, a strong guide field can
suppress the acceleration of electrons to high energies,
resulting in an overall soft spectrum (Pritchett & Coro-
niti 2004; Dahlin et al. 2014, 2016; Li et al. 2017; Arnold
et al. 2021). At present, direct means of measuring
the guide field in the reconnection region has not been
available, although the present microwave imaging spec-
troscopy observations, made possible by the Expanded
Owens Valley Solar Array (EOVSA; Gary et al. 2018),
have provided constraints of the guide field by compar-
ing the overall magnetic field profile along the current
sheet to model predictions (Chen et al. 2020b)!. Alter-
natively, the inclination angle of the post reconnection
flare arcade, usually constrained by comparing the orien-
tation of the conjugate ribbon brightenings with respect
to the magnetic PIL, can be used as a proxy to infer the
guide field component in the coronal region (e.g. Qiu
et al. 2017, 2023). Recently, using three-dimensional
MHD simulations, Dahlin et al. (2022) revealed a promi-
nent decrease of the guide field over the impulsive phase
of eruptive flares, conforming to the observational evi-
dence reported by Qiu et al. (2010).

However, the correlations discussed above have fo-
cused largely on the peak rates derived during the main
impulsive phases of the flare-CME events and are based
on statistical studies of multiple different events. In this
work, we report a new finding that such a correlation is
also present during the post-impulsive phases (PIP) of
a single eruptive flare event. We also compare the dif-
ference in the geometry of the magnetic reconnection in
the main- and post-impulsive flare phases and its possi-
ble impact on flux rope acceleration and electron ener-
gization.

1 Prospects of achieving more direct measurements of the guide
field can be realized by using microwave imaging spectropo-

larimetry.
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In Section 2.1, we provide an overview of the event
observed in multiple wavelengths and present the early
evolution of the erupting flux rope. In Section 2.2, we
present microwave and X-ray imaging spectroscopy ob-
servations and spectral analysis of the main- and post-
impulsive phase bursts. In Section 2.3, we report mea-
surements of the kinematics of the erupting magnetic
flux rope. In Section 3, we interpret the observational
results and discuss the implications based on the corre-
lation between the flux rope acceleration, electron accel-
eration, and flare emission during the main- and post-
impulsive phase.

2. OBSERVATIONS
2.1. Ewvent Overview

The C9.4-class event under study occurred on the east
solar limb on 2017 August 20. The event was well
observed in extreme ultraviolet (EUV) by the Atmo-
spheric Imaging Assembly on board the Solar Dynam-
ics Observatory (SDO/AIA; Pesnell et al. 2012; Lemen
et al. 2012) and the Extreme UltraViolet Imager (EUVI;
Wuelser et al. 2004) onboard STEREO-A, one of the
two Solar Terrestrial Relations Observatory (STEREO;
Kaiser et al. 2008) spacecraft. SDO/AIA observed the
flare event near the east limb from the Earth’s viewing
perspective, while STEREO-A was ~230° west from the
Earth and provided observations from another vantage
point (Figure 1). The Geostationary Operational En-
vironmental Satellite (GOES) and the Reuven Ramaty
High-Energy Solar Spectroscopic Imager (RHESSI; Lin
et al. 2002) had full coverage of the event in X-rays.
Meanwhile, EOVSA observed the post-impulsive phase
and the decay phase of the event in the microwaves from
1-18 GHz (Figure 2). It missed the main impulsive peak
because the antennas went off the Sun for calibration
during that time.

The event was associated with a white-light CME ob-
served by the K-coronagraph of the Mauna Loa So-
lar Observatory (MLSO/K-Cor; Elmore et al. 2003),
as well as the Large Angle Spectroscopic COrona-
graph on board the Solar and Heliospheric Observatory
(SOHO/LASCO; Brueckner et al. 1995). Figure 3(a)
shows a faint, slow (~250 km s~1), and narrow (~32°)
CME in the LASCO C2 difference image. In MLSO/K-
Cor white light images, the CME, as shown in Fig-
ure 3(b), displays a typical three-part-structure: a lead-
ing front, a relatively darker cavity, and a bright core,
which are typically explained as the plasma pileup at
the leading edge of the erupting magnetic flux rope, the
flux rope body, and the embedded filament/prominence,
respectively (Illing & Hundhausen 1985; Chen 2011;
Vourlidas et al. 2013), although certain studies sug-

gested that the bright core may instead be attributed
to the flux rope itself (Howard et al. 2017; Veronig et al.
2018; Song et al. 2019). In addition, another recent
study, based on laboratory experiments, proposed an al-
ternative model to interpret the cavity as a result of in-
duced reverse current evacuating the background plasma
away from the core (Haw et al. 2018).

Before the flare, a dark filament can be clearly iden-
tified in the EUV passbands (Figure 4(a)). At 19:14
UT, two minutes before the HXR flux shows an early
rise, two new loops appear in the SDO/AIA 131 A im-
ages (highlighted by the yellow/orange dotted lines in
Figure 4(b)). Four minutes later, at 19:18 UT, a flare
arcade started to appear, which connected the two in-
ner footpoints of the two loops (highlighted by the pink
dotted lines in Figure 4(c)). Meanwhile, a new coronal
structure also appears between the two loops (indicated
by the white arrow in Figure 4(c) and (d)). The event
enters the main impulsive phase at 19:24 UT (c.f., Fig-
ure 2(a)), when the flare arcade further develops and
brightens. The viewing perspective of the STEREO-
A/EUVI reveals two J-shaped flare ribbons in a typi-
cal two-ribbon configuration (Figure 1(d)). The bright
coronal structure seen during the pre-impulsive phase
disappeared when the event entered the post-impulsive
phase (Figure 4(f)).

As the event entered the main-impulsive phase, a
group of large-scale overlying loops, which bridged the
northern and southern ends of the active region, started
to rise towards the southwest direction in succession (in-
dicated by the white arrow in Figure 4(e)). The eruption
started to appear during the post-impulsive phase, when
an oval-shaped cavity became visible in the SDO/ATA
131 A images ((Figure 5(a))), which we interpret as the
cross-section of the erupting magnetic flux rope.

To show the evolution of the erupting cavity more
clearly, in Figures 5(d)—(f), we show SDO/AIA 94 A
images enhanced with the multi-scale Gaussian normal-
ization (MGN) method (Morgan & Druckmiiller 2014).
A kernel size of 4.8 is selected to sharpen the edge and
reveal the loop-like structure at the front of the cav-
ity. This loop-like structure will be used to measure the
kinematics of the eruption, which will be discussed in
detail in Section 2.3.

When the cavity, whose center is indicated by the pink
circle in Figure 5(D)—(I)), rises into the inner field of
view (FOV) of the MLSO/K-Cor at 1.07 Rg (red dashed
line in Figure 5(G)—(I)), it moves synchronously with the
CME bright core seen in the MLSO/K-Cor white light
images (the innermost contour in Figure 5(h), (i)). The
synchronized motion of the cavity center in SDO/ATA
94 A images and the bright core of the K-Cor CME cor-
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(a) The eruptive solar flare event under study as observed in EUV by the SDO/AIA 131 A filterband on 2017

August 20 at 19:41:00 UT. The white box shows the field of view (FOV) that is used in Figure 4. (b) The event was observed in
STEREO/EUVI 304 A at 19:26:00 UT, with an enlarged view shown in (d) (whose FOV is indicated by the white box in (b)).
(c) Relative location of the STEREO-A spacecraft (red cube), the Earth/SDO spacecraft (green cube), and the longitudinal
direction of the event in the frame of the HEE coordinate system (produced using the Solar-MACH software; Gieseler et al.

2023).

roborate our interpretation of the structure as an erupt-
ing magnetic flux rope.

2.2. Microwave and X-ray Bursts During the Main-
and Post-impulsive Phase

Shortly after the impulsive X-ray peak at 19:27 UT,
the event entered its post-impulsive phase. Almost at
the same time, EOVSA went back to the Sun at 19:31
UT and fully covered the post-impulsive phase. In this
phase, three broadband bursts can be observed in the
EOVSA 1-18 GHz dynamic spectrum (Figure 2(b)),
which peak at 19:33 UT, 19:35 UT, and 19:38 UT re-
spectively. The dynamic spectrum is produced by inte-
grating the total flux of the flaring region using images
integrated from 19:32 UT to 19:45 UT with 134 fre-
quencies in 2.5-18 GHz over 31 evenly spaced spectral
windows (referred to as SPW 0 to SPW 30) and is con-
ducted with a temporal resolution of 10-s. While post-
impulsive phase microwave bursts have been reported in
the literature (e.g. Yu et al. 2020; Kou et al. 2022), this
event shows an increase in the peak intensity of bursts
that occur later. The peak flux density at, 9.4 GHz for
example, increases from 50 sfu for the first burst to 114
sfu for the last one.

As shown in Figure 2, the bursts also have a response
in GOES 1-8 A SXR light curve derivative and RHESSI
20-35 keV. To investigate the relationship between the
microwave and HXR bursts, we carried out a forward
fitting on the RHESSI 20-35 keV light curve using a
‘heating-decay” function following the method described
in Gryciuk et al. (2017). For each burst, the time profile
is prescribed as:

£(t) = / a()h(t — #)dt, (1)

which is the result of a Gaussian-shaped pulse g(t) con-
voluted with an exponential decay term h(t). They are,
respectively,

9(t) = goexp (= (t = t0)* /20?) @)

and

h(t) = exp(=Dt), 3)

where gg, tg, o, and D are the parameterized ampli-
tude, peak time, the standard deviation of the Gaussian
function, and exponential decay coefficient, respectively.
The observed RHESSI 20-35 keV light curve is fit-
ted with four pulses, which correspond to the main-
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Figure 2. (a) RHESSI 20-35 keV X-ray (orange curve), and GOES 1-8 A soft X-ray (SXR) (blue solid curve) light curves and
its derivative (blue dashed curve) from 19:20 UT to 19:45 UT on 2017 August 20. Other color curves show EOVSA microwave
flaring-region-integrated light curves at five selected frequencies (3.4, 6.4, 9.4, 12.4, 15.9 GHz) from 19:31 UT to 19:45 UT.
The blue arrows indicate the peaks of the main-impulsive phase and the three post-impulsive phase bursts, while the black
arrows indicate the corresponding pre-burst time of each burst used for background subtraction. (b) RHESSI 20-35 keV X-ray
(solid orange curve) decomposed into the main-impulsive phase burst and the three post-impulsive phase bursts (solid black
curves). The light curve is fitted using four components described in the text (solid purple curve). The background is the
flare-region-integrated (same as that of the light curves in (a)) microwave dynamic spectrum from 19:31 UT to 19:45 UT.
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by the black arrow and the blue dashed curve. The white box shows the FOV of the MLSO/K-cor image in (b). (b) The
three-part-structure CME as observed in MLSO/K-cor white light image at 19:46 UT (19 minutes after the flare peak).
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Figure 4. Close-up view of the coronal evolution as observed by SDO/AIA 131 A from the pre-flare phase to the beginning
of the post-impulsive phase. (a) The dark filament which exists before the event, is marked by the white arrow. (b) The
appearance of two loops during the pre-flare phase is highlighted by the yellow/orange dotted curves. (¢) The newly formed
coronal structure and the flare arcade (pink dashed curve) appear as the result of a tether-cutting reconnection during the
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during the main-impulsive phase, indicated by the white arrow and red dashed curve, respectively. (e) and (f) An Enlarged
view of the flare region at the SXR flare peak and the beginning of the post-impulsive phase, respectively.

impulsive peak and the three post-impulsive bursts, re- spectively. Similar to post-impulsive microwave bursts,
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Figure 5. Evolution of the rising flux rope during the post-impulsive phase of the event as observed by SDO/AIA in EUV and
MLSO/K-Cor in white light. (a)—(c) SDO/ATA 131 A images showing the evolution of the erupting flux rope cavity, indicated
by the white arrow in (a). (d)—(f) SDO/AIA 94 A images enhanced with the MGN method. The overlying loop-like feature
at the front of the cavity is indicated by the white arrow in (d) and the pink dashed curve in (d)—(f), while the center of the
flux rope cavity is indicated by the pink open circle. See Animation 14 for the visualization of the rising overlying loop-like
feature. (g)—(h) Contours of the MLSO/K-Cor white light images (the contour levels are same as that of Figure 3(b) ) overlaid
on SDO/AIA 94 A images. The same pink open circles in (d)—(f) are also shown. The lower boundary of MLSO/K-Cor’s FOV
at 1.07 solar radii is indicated by the red dashed curve. The FOV that is used in (a)—(f) is shown as the white box in (i).

RHESST 20-35 keV X-ray bursts also show an increase
in the peak intensity for later post-impulsive bursts, as
shown in Figure 2.

2.2.1. X-ray Imaging and Spectral Analysis

We reconstruct the RHESSI 6-12 keV images using
the CLEAN algorithm (Hurford et al. 2002) with a 40-s in-
tegration time, based on measurements from detectors 3,
and 8. The X-ray sources are plotted as green open con-
tours in Figure 7(a), (c)—(e). During the main-impulsive
phase (Figure 7(a)), three sources can be distinguished.
The main source is located at the top of the flare arcade.
The lower (western) source coincides with the southern
footpoint of the arcade, while the upper (eastern) source
coincides with the bright coronal structure discussed in

Section 2.1. During the post-impulsive phase, the up-
per X-ray source quickly fades away following the rise
of its EUV counterpart, while the looptop and the foot-
point sources remain. The detailed spatial evolution of
the HXR source during the post-impulsive phase will be
further presented and discussed in Section 2.4.

We utilize the OSPEX tool, which is part of the Solar-
Soft IDL package (sswidl; Freeland & Handy 1998) dis-
tribution, to perform the X-ray spectral analysis. Due
to the increasingly more severe pulse pileup effect that
affected RHESSI X-ray measurements toward the end
of its operations, we limited our spectral analysis to
data obtained from detector 3. This particular detec-
tor, thanks to its low sensitivity at the time of observa-
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tion, showed the least amount of pileup effect among all
active detectors. We note that the time profiles, espe-
cially those at the >50 keV energy bands, have a time-
varying, but smooth, background associated with each
orbit. A polynomial fit to the time-varying background
using the prior orbit is performed, which is subtracted
from the time profiles of interest at all energies. After
the background subtraction, no detectable emission re-
mains at > 50 keV. We fit three components to each
X-ray pulse, which include a single-temperature ther-
mal bremsstrahlung function vth, a broken power-law
function bpow, and a pseudo function that accounts for
the pileup effect pileup.mod 2, to the observed photon
count rate spectrum. The fitting results for the X-ray
pulses are presented and summarized in Table 1 and Fig-
ure 6. The associated uncertainties are estimated using
the built-in Monte Carlo module in OSPEX.

As shown in Figure 6, the bpow component (yellow
curves) represents a necessary contribution to the ob-
served X-ray count spectra at energies above ~ 20 keV
for each time period, signifying the presence of a non-
thermal electron population throughout the main- and
post-impulsive phase bursts. The nonthermal bpow com-
ponent joins the thermal core at ~ 20 keV for all the
four analyzed time intervals. Meanwhile, the back-
ground count rate dominates the spectra at > 35 keV.
Therefore, we integrate the 20-35 keV range to obtain
the HXR light curve shown in Figure 2, which is used
as a proxy for the time variation of the nonthermal
component during the event. The power-law index of
the observed X-ray photon spectrum above ~20 keV
(taken from bpow) decreases from 3.77 during the main-
impulsive phase to less than 3 during the post-impulsive
phase, suggesting a notably harder HXR photon spec-
trum in the post-impulsive phase.

2.2.2. Microwave Imaging Spectroscopy

EOVSA missed the main-impulsive phase of the event
but had full coverage of the post-impulse phase. Fig-
ure 7(b) shows EOVSA microwave images as open con-
tours (50% of the maximum brightness at each fre-
quency) at 19:32 UT just before the first post-impulsive
phase burst. At high frequencies, the microwave source
is concentrated on the northern part of the flare ar-
cade. The sources extend from north to south (south-
east in the viewing perspective of STEREO-A/EUVI
images) and align with the ridge of the post-flare ar-
cades. The microwave sources evolved rapidly during

2 A more detailed description of the pileup-correction module can
be found at https://sprg.ssl.berkeley.edu/~tohban/wiki/index.

php/Pileup_mod_-_Pseudo_function_for_correcting_pileup

the post-impulsive phase. To better reveal their evolu-
tion, we performed difference imaging against the pre-
burst background time in the visibility domain, with
the selected background times pointed by the black ar-
rows in Figure 2. The difference imaging results for the
peaks of the three post-impulsive bursts (blue arrows in
Figure 2) are shown in Figures 7(c), (d), and (e), re-
spectively. We verified that the sources we used as the
background are stable over time, which show very sim-
ilar morphology as that shown in Figure 7(b) as well
as nearly uniform spectral properties (black symbols in
Figure 8.

The background-subtracted microwave sources during
three post-impulsive bursts are mainly located above the
top of the bright post-flare arcades seen in SDO/ATA
131 A. For bursts 2 and 3, the above-the-looptop mi-
crowave source shows an obvious dispersion in height,
with the high-frequency sources located at lower heights
than the low-frequency ones. Such a microwave source
morphology has already been reported by Gary et al.
(2018); Chen et al. (2020a) for the early impulsive phase
of the X8.2 solar flare on September 10, 2017. The
source dispersion above the looptop was interpreted
as the signature of nonthermal electrons distributing
along the reconnection current sheet, with the higher
frequency source generally originating from sources re-
gions with a greater magnetic field strength. In this
event, however, we do not see a clear plasma sheet
above the flare arcade, yet the physical origin of the
frequency-dependent distribution of the source could be
similar. During the peak of the three post-impulsive
bursts, a secondary source, only seen at low frequencies
(<5 GHz), appears to the south of the above-the-looptop
source. By comparing to the EUV images, we attribute
the secondary microwave source as emission from the
southern footpoint of the erupting flux rope, similar to
the interpretation in Chen et al. (2020a). We will return
to the discussion of the multi-wavelength flare context in
Section 3. Figure 8(d)—(f) shows the brightness temper-
ature spectra derived from the above-loop-top (ALT)
region (black box in Figure 7(c)) at the peak time of
each post-impulsive phase burst (blue dots with error
bars). The spectra show characteristics of the nonther-
mal gyrosynchrontron radiation (Dulk 1985). We fit
the observed spectra using a nonthermal gyrosynchron-
tron radiation model from a homogeneous source with
a power-law electron energy distribution based on the
fast gyrosynchrotron codes developed by (Fleishman &
Kuznetsov 2010). Three free parameters are used in
the spectral fitting: magnetic field strength B, the total
number density of nonthermal electrons ny,, and the
power-law index ¢’ of the nonthermal electron energy


https://sprg.ssl.berkeley.edu/~tohban/wiki/index.php/Pileup_mod_-_Pseudo_function_for_correcting_pileup
https://sprg.ssl.berkeley.edu/~tohban/wiki/index.php/Pileup_mod_-_Pseudo_function_for_correcting_pileup
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Figure 6. RHESSI photon flux spectra and spectral fitting results for the bursts during the main-impulsive phase (a) and

the three post-impulsive phase burst (b)—(d).

A single-temperature thermal bremsstrahlung model (vth, orange), a broken

power-law model (bpow, green), and a pseudo-model to account for the pileup effect (pileup.mod, purple) are fitted to the
background-subtracted data (black). The background is depicted by the grey curve. The key fit parameters are summarized in

Table 1.
Emission Mea- | Plasma Tem- | Normalization | Break Energy Eegati\l'e
sure [10*°cm™®] | perature [keV] | at Epivot [keV] ower-law
Index
main-impulsive Phase 0.020+5e—4 2.84+0.05 0.70+0.038 18.940.5 3.77+£0.25
1st PIP Impulse 0.01944e—4 2.17+0.05 0.42340.018 20.7+2.4 2.4940.24
2nd PIP Impulse 0.01942e—4 2.10+0.06 0.3284+0.010 20.0+2.0 2.9240.30
3rd PIP Impulse 0.023+3e—4 2.08%+0.06 0.36640.008 20.3+2.0 2.874+0.31

Table 1.

RHESSI X-ray spectral fitting results at the main-impulsive phase and the three post-impulsive phase bursts. The

1-0 uncertainties are estimated by running the built-in Monte Carlo analysis in OSPEX.

distribution (f(€) = dnnm(e)/de o< e7). The energy
range of the nonthermal electron distribution is fixed to
20 keV—10 MeV. The thermal electron density n, and
the plasma temperature T is fixed to 1.7x 10" cm ™3 and
13 MK, respectively, which are based on the differen-
tial emission measure (DEM) analysis results within the
same region using data from six SDO/AIA EUV chan-
nels (94, 131, 171, 193, 211, and 335 A). For the DEM
analysis, we adopt the technique developed by Hannah
& Kontar (2012). The column depth is assumed to be
13" based on the observed source size on the plane of
the sky at 6.4 GHz.

The best-fit spectra and the corresponding residual
are shown as the thick solid orange curves in Fig-
ures 8(d)—(f). Following Chen et al. (2020b), we adopt
the Markov Chain Monte Carlo (MCMC) method to
estimate the uncertainties of the parameters and ver-

ify that we have achieved global minimization in the
multi-dimensional parameter space. The spectra cal-
culated from individual MCMC samples and the corre-
sponding residuals are shown as thin purple curves in
Figures 8(d)—(f). Figures 8(a)—(c) show the temporal
evolution of the three fit parameters at the peak time
of each post-impulsive phase microwave burst. The cor-
responding errors are estimated by the MCMC method.
Of the three fit parameters, the only one that undergoes
a significant change (against the uncertainties) is the
power-law index of the nonthermal electron energy dis-
tribution ¢’. The power-law index shows a notable hard-
ening for later post-impulsive microwave bursts, which
increases from ~ 12 for burst #1 to ~ 5.5 for burst #3.

The brightness temperature spectra derived from the
selected background times prior to the bursts are plotted
as the black crosses in Figure 8(a)—(c). Spectral anal-
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Figure 7. EOVSA multi-frequency microwave images and RHESSI 6-12 keV sources during the main impulsive phase and the
three post-impulsive bursts. (a) RHESSI 6-12 keV source at the peak of the main-impulsive phase. The contour levels are 30%
and 70% of the maximum. (b) Multi-frequency microwave images at the background time just prior to the first post-impulsive
burst (the time is indicated by the first black arrow in Figure 2). The open contours are at the level of 50% of the maximum
brightness at each frequency. The restoring beam size of each frequency is shown in the bottom left corner. The microwave
source morphology at all the selected background times prior to the three post-impulsive bursts is similar to each other. (c)—(e)
Background-subtracted multi-frequency microwave images at the peak of the three post-impulsive bursts (indicated by the three

blue arrows in Figure 2). The level of the filled contours is as same as that of open contours in (b). The background gray-scale
images are from SDO/ATA 131 A at the corresponding times.
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Figure 8. Microwave spectra derived from the above-the-loop-top (ALT) region during the three post-impulsive bursts and

corresponding spectral fitting results. (a)—(c) The evolution of the best-fit values of magnetic field strength B, power-law index
of the electron energy distribution §’, and total nonthermal electron density nnn above 20 keV, respectively. (d)—(f) EOVSA
microwave brightness temperature spectra (blue dots) at the above-the-loop-top region during the post-impulsive phase bursts.
The solid orange curve shows the best-fit results while the solid purple curve is the distribution of the MCMC runs within 1-o
of the median MCMC values. The corresponding residuals are shown at the bottom of each panel.

ysis indicates that the source is dominated by thermal emission. This thermal loop-top source is very similar to
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that reported by Yu et al. (2020) for the post-impulsive
phase of the X8.2 solar flare on September 10, 2017.

2.3. Magnetic Flux Rope Kinematics

To accurately track the kinematics of the erupting
magnetic flux rope seen in SDO/ATA images in the low
corona and the associated white-light CME observed in
MLSO/K-Cor images, we produce a time-distance stack
plot by obtaining the intensity along a slice shown as
the dashed white lines in Figure 5(g). The slice crosses
the boundary of the FOV of SDO/AIA and extends
to that of the MLSO/K-Cor. The eruption changes
its course slightly during its ascent. Hence the slice
is slightly bent toward the direction of the flux rope
eruption. The width of the slice, defined as the perpen-
dicular distance across the slit varying along the curved
trajectory increases linearly from 3" at the bottom to
13.8” at the top. This adjustment compensates for the
general expansion of coronal structures. In order to
clearly show the dynamic features, we also apply the
running-differential method on the SDO/ATA 94 A and
MLSO/K-Cor white light images and then enhance the
edge of those features with a high-pass filter technique.

The resulting time-distance stack plot is shown in Fig-
ure 9. A number of rising tracks are visible at different
heights, which correspond to not only structures that
correspond to the core of the erupting magnetic flux
rope, but also the overlying loops that enclose the flux
rope cavity. We select one of the most visible tracks
at the immediate front of the erupting cavity-like struc-
ture to measure the kinematics of the flux rope. The se-
lected track is denoted by the red symbols in Figure 9(a)
and the corresponding feature in the difference images
is marked by pink dashed curves in Figure 5(d)—(f). At
any given time, the height of the tracked feature is deter-
mined by finding the peak in the intensity—height profile.
To estimate the uncertainty of the tracked trajectory, we
fit a skewed Gaussian function to the intensity—height
profile around the peak. The full width at half maxi-
mum of this Gaussian function is used as an estimate of
the uncertainty, shown as the vertical extension of the
red symbols in Figure 10(a).

A similar time-distance stack plot is derived using the
MLSO/K-Cor images at the same selected slice, shown
in the upper portion of Figure 10(a). It can be seen
that the trajectories of the cavity front tracked in the
SDO/AIA images and the upper edge of the white light
CME core seen by MLSO/K-Cor are well aligned, which
further demonstrates that we are tracking a coherent
flux rope structure erupting from the low to middle
corona.

The speed and acceleration are derived from the
height—time profile (red symbols), which are denoted by
the light green and light orange symbols in Figure 10(a),
respectively.

The speed and acceleration are derived from the
height-time profile (red symbols), which are denoted by
the light green and light orange symbols in Figure 10(a),
respectively. In our methodology, the derivatives are
smoothed through rebinning after each derivation step,
equivalently reducing the temporal resolution by a fac-
tor of two. When estimating the error in the first- and
second-order derivative (velocity and acceleration), in
addition to the error propagated from the height mea-
surement itself, we include the smoothing error which
is the root square (RMS) of the difference between the
original profile and its smoothed counterpart, indicating
the average smoothing error in both derivation steps.

Despite having a relatively large uncertainty, the ac-
celeration of the flux rope in this event extends to and
peaks at the post-impulsive phase. In particular, the last
post-impulsive burst around 19:37 UT, which features
the strongest microwave/X-ray flux and hardest elec-
tron energy spectrum (purple symbols in Figure 10(b)
and red symbols in Figure 8(b)), corresponds to the
largest peak acceleration value. However, the relation
in the main-impulsive phase does not appear to follow
the same trend as in the post-impulsive phase. The max-
imum count rate of the RHESSI 6-20 keV time profile at
the main-impulsive phase is 16 times larger than that at
the first post-impulsive phase, while the corresponding
maximum acceleration values are similar.

2.4. Source motion at flare looptops and footpoints

During the post-impulsive phase, we also observed a
synchronized motion of energy release signatures above
the flare looptops and at the footpoints. First, as shown
in Figures 7(c)—(e), despite the dispersion in height
(largely in the east—west direction) as a function of fre-
quency, the high-frequency background-subtracted mi-
crowave sources display an evident systematic motion
from the southern to northern side of the flare arcade
during the post-impulsive bursts. To better demon-
strate the overall motion of the microwave source, in
Figure 11(a), we show the centroid locations of the
corresponding microwave sources as filled color circles.
The centroid locations at each frequency are estimated
by fitting the corresponding background-subtracted mi-
crowave source to a two-dimensional Gaussian ellipse
using CASA task IMFIT (McMullin et al. 2007). The
locations shown in the figure are obtained by averaging
the centroid locations derived from individual images in
6.4-14.4 GHz. The lower-frequency sources are excluded



12 WEI ET AL.

150 | Tracked coronal loop in AIA 944

125

100

ul
(=]

Distance[arcsec]
~
a

N
54}

1504 _.. Tracked coronal loop in AIA 94A

125

B SOAIA OB A

100

Distance[arcsec]
~
ul

"
!

i
EH II ‘\I

50
25
o = - =
19:20:00 19:25:00 19:30:00 19:35:00 19:40:00 19:45:00
Aug-20 2017

Figure 9. (a) Composite time—distance stack plot of MLSO/K-Cor white light (upper) and SDO/ATA 94 A (lower; background-
detrended) images series made along a slice as indicated by the dashed white curve in Figure 5(g). Red symbols indicate the
tracked eruption feature that represents the flux rope front in SDO/AIA 94 A images. The vertical lengths of the symbols
indicate the corresponding uncertainties. (b) Same as (a) but shows the complete time-distance stack plot of the SDO/AIA
94 A image series. The trajectory of the tracked feature is sandwiched between the red dashed-dotted lines. An accompanying
video (Animation 14) shows the tracked feature on the SDO/AIA 94 A running-differential images and the corresponding

time—distance plot.

because of their lower angular resolution and their sen-
sitivity to lower magnetic field regions, which are pre-
sumably located further away from the flare arcade. The
uncertainties are determined by the standard deviation
of the image source centroids across the frequency range.

Similarly, both the centroid location of the RHESSI
6-12 keV X-ray looptop source and the looptop EUV
brightening show a northward trend during the three
post-impulsive bursts. In Figure 11, the open circles
mark the centroids of the RHESSI 6-12 keV source
during the main-impulsive phase (red) and the post-
impulsive phase bursts (the color code is as same as the
microwave circles), with their sizes corresponding to the
uncertainties. The centroid location of the X-ray sources
and their uncertainties are determined using Detector 3
images made with the VIS_FWDFIT algorithm. Mean-
while, the star symbols in Figure 11(a) represent the
locations (pixels) of the brightest SDO/ATA 131 A emis-
sion in the looptop region (within the box labeled “LT”)

at the corresponding times. The star symbols are also
plotted in the SDO/ATA 131 Aimages in Figure 11(d).

The synchronized northward motion as observed in
the looptop region is also observed at the conjugate foot-
points of the post-flare arcade. In Figure 11(a), the
straight ends of the two ribbons are enclosed in the
white boxes with “R,,” and “R,”. The crosses mark
the brightest points on the flare ribbons in SDO/AIA
1600 Aimages. An enlarged view of the southern and
northern ribbons are shown in Figures 11(c) and (e), re-
spectively. Similar to the coronal emissions, the conju-
gate footpoints have a unidirectional northward motion.

During the main-impulsive phase, UV brightening is
also observed at the far end of the conjugate ribbons.
The locations are shown as red diamonds in Figure 11.
The southern footpoint brightening is plotted in the in-
set in Figure 11(a) with a larger FOV, in which the full
FOV of Figure 11(a) is shown as the white box.
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erupting flux rope during the main- and post-impulsive phase. The peak time of the main- and post-impulsive phase bursts are
indicated by the blue arrows. (b) Microwave and X-ray light curves during the same period (similar to Figure 2(b) but with the
EOVSA microwave light curves shown instead). Also shown are the microwave-constrained power-law index of the nonthermal
electron distribution at the peaks of the three post-impulsive phase bursts (purple symbols).

The STEREO-A/EUVI images provide further con-
firmation of the locations of the footpoint brightenings.
In Figure 11(b), we show the same ribbon brightnen-
ings identified in SDO/ATA 1600 A images reprojected
to STEREO-A/EUVTI’s viewing perspective (color cross
symbols). For the re-projection, we have assumed that
the footpoint brightnenings occur at a chromospheric
height of 1000 km. Re-projection of the flare arcades
seen by SDO/ATA is less straightforward owing to their
unknown heights. For illustration purposes, in Fig-
ure 11(b), we show re-projected flare arcades and the
looptop EUV brightenings at the respective times in
STEREO-A/EUVTs view, by assuming that all the flare
arcades stand vertically above the solar surface.

The footpoint motion can be used to estimate the in-
clination angle of the post-reconnection flare arcade with
respect to the magnetic polarity inversion line (PIL; Qiu
et al. 2010; Qiu & Cheng 2022; Dahlin et al. 2022). How-
ever, it is difficult to do so from SDO’s viewing perspec-
tive owing to the close-to-limb location of the event. To
make an estimate, in Figure 12(b), we use the mid-point
location between the parallel portion of the two rib-
bons seen by STEREO-A/EUVI as a proxy for the PIL

(shown as a black dashed line). Then, we use straight
lines that connect the three pairs of post-impulsive con-
jugate footpoint brightenings, shown in Figure 12(b) as
the orange, yellow, and green dashed lines, respectively,
to represent the orientations of the post-reconnection
flare arcade. It can be seen that the lines connecting
the post-impulsive footpoints become more and more
perpendicular with regard to the PIL as the flare pro-
gresses, indicating a smaller and smaller shear between
the reconnecting magnetic field lines. In order to quan-
tify the evolution of the normalized guide field, following
Qiu et al. 2010, 2023, we define the inclination angle 6
as the acute angle between the post-reconnection arcade
and the PIL. The inclination angle 6 can be used to esti-
mate the normalized guide field: R, ~ B,/B}FT ~ cot 0,
where B, and BE7T are the guide field (parallel to the
PIL) and the transverse component (perpendicular to
the PIL) of the magnetic field at the looptop region,
respectively. In Figure 12(c), we show the evolution of
the inclination angle ¢ and R, during the post-impulsive
bursts. The € value increases from 64° during the first
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Synchronized northward motion of the microwave/X-ray/EUV looptop sources and corresponding UV footpoint

brightenings. (a) Centroid locations of background-subtracted EOVSA microwave sources (filled circle), RHESSI 6-12 keV
X-ray looptop sources (dashed open circle), EUV looptop brightening observed by SDO/AIA 131 A images(stars). Also shown
are the northern (R,)/ southern (Rs) ribbon brightenings in SDO/AIA 1600 A UV images (crosses) at the peak time of three
post-impulsive bursts. The symbols are color-coded by time, as written in (a). The uncertainties of the microwave and X-ray
sources are indicated by the radius of the corresponding filled /open circle. (b) Same as (a), but all the measured locations in (a)
are re-projected into STEREO-A /EUVTI’s viewing perspective. (c)—(e) Detailed view of the northern ribbon region (Ry; c), flare
looptop (LT; d), and southern ribbon region (Rs; €) at the peak time of the main impulsive phase and the three post-impulsive
bursts. The corresponding FOV are indicated by the white boxes in (a).

burst to 83° during the last burst, demonstrating a de-
creasing shear of the flare arcade®.

In the main-impulsive phase, quantifying the shear
and the guide field is less straightforward, as illustrated
in Figure 4, the geometry is relatively complex. How-
ever, we can use the observed ribbon brightenings and
coronal loops as constraints. The pre-reconnection loops
during the main-impulsive phase, illustrated as the red
and green curves in Figure 12(a), correspond to the two
loops highlighted in Figure 4(b) observed by SDO/ATA
131 A. The post-reconnection arcade, displayed as the
pink solid arcade in Figure 12(a), corresponds to the
arcade in SDO/AIA 131 A outlined by a pink dashed
curve in Figure 4(c). The outer footpoints of the two

3 A larger 0 value means a smaller shear. For example, the limiting
case of = 90° corresponds to the case in which the reconnecting
field lines are completely anti-parallel to each other, while 8§ = 0°

corresponds to purely parallel reconnecting field lines.

pre-reconnection loops located in the hook regions of the
ribbons are indicated by a pair of red diamonds in Fig-
ure 12(a), and the inner footpoints are shown by a pair
of red crosses. In contrast to the post-impulsive phase in
which the reconnecting field lines are nearly anti-parallel
to each other, the reconnecting loops during the main
impulsive phase likely have a very small inclination an-
gle (6 < 45°), suggestive of a much greater shear or
guide field component.

2.5. Summary of the Observations

The main observational phenomena are summarized
as follows:

e The eruptive flare features three post-impulsive
bursts in both microwaves and X-rays. Imaging
reveals that the source is located at and above the
top of the post-flare arcade.
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(a) Reconnection geometry and the inclination angle during the main impulsive phase. The images are the

STEREO-A/EUVI 304 A image at 19:06 UT re-projected to the heliographic Carrington coordinates. The red crosses show
the represented locations of the footpoint brightenings (similar to Figure 11(b)). The dashed black line shows the estimated
location of the polarity inversion line (PIL). The solid green and red curves demonstrate the pre-reconnection field lines, while
the solid pink line shows the post-reconnection arcade. (b) Same as (a), but demonstrating the reconnection geometry (the
pre-reconnection field line is demonstrated by the blue curve) and the inclination angle during the three post-impulsive phase
bursts. (c) Evolution of the inclination angle 6 during the three post-impulsive bursts and the corresponding normalized guide
field estimates B,/BE”. The color code in (b) and (c) follows Figures 11.

e The power-law index ¢’ of the nonthermal electron
energy distribution diagnosed using the microwave
data at the ALT region shows a notable hardening
for later post-impulsive bursts.

e The time evolution of the erupting flux rope
features multiple episodes of acceleration dur-
ing the post-impulsive bursts. The last one ap-
pears to have the strongest acceleration, perhaps
even greater than that during the main-impulsive
phase.

e A synchronized northward motion of the
microwave/X-ray/EUV looptop source and UV
footpoint brightening is observed during the post-
impulsive phase.

e The inclination angle of the flare arcades with re-
spect to PIL, inferred by the UV brightening on
the flare ribbons, shows an increase for later post-
impulsive bursts. In other words, the shear of the
post-reconnection flare arcade decreases in time.

e The RHESSI observations suggest a softer spec-
trum during the main-impulsive phase than the
post-impulsive phase.

3. DISCUSSION AND CONCLUSIONS

Our observations suggest a positive correlation be-
tween the microwave electron spectral hardness diag-
nosed by EOVSA microwave imaging spectroscopy and
the acceleration of the associated flux rope in multi-
ple microwave/X-ray bursts during the post-impulsive

phase of a single eruptive flare event. The observation
resembles the widely observed temporal correlation be-
tween the CME acceleration and the hard X-ray flux
(or SXR derivative) in previous studies (e.g. Zhang et al.
2001; Qiu et al. 2004; Jing et al. 2005; Marici¢ et al. 2007;
Temmer et al. 2008). However, most, if not all, of the
previous reports were made during the main-impulsive
phase of eruptive flares. In contrast, the main-impulsive
phase of our event does not correspond to the strongest
flux rope acceleration compared to its post-impulsive
counterpart. Coincidentally, despite featuring a brighter
flare emission in X-rays, the main-impulsive phase has
a softer spectrum than the post-impulsive phase.

Figure 13 places the various observed features into
the flare context for the pre- and main-impulsive phase
(panels (a) and (b)) and the post-impulsive phase (pan-
els (¢) and (d)). During the pre- and main-impulsive
phases, two highly sheared magnetic field lines (red and
green solid curves in Figure 13(a), (b)) reconnect with
each other in a “tether-cutting” fashion, with their inner
footpoints coincide with the ribbon brightenings. After
the reconnection, one set of the overlying, highly sheared
post-reconnection field lines (upper solid pink line) join
the flux rope, and the other set of lower-lying field lines
become the bright flare arcade (lower solid pink line).
The released energy from the reconnection results in the
heating of both the flux rope and the flare arcade, which
are observed as the bright coronal structure and the flare
arcade seen in EUV (Figure 4(d)).

The heating and associated electron acceleration dur-
ing this period may be also responsible for the obser-
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Figure 13. Schematic cartoon of the flare geometry in the main-impulsive phase (a)—(b) and post-impulsive phase (c)—(d).
(a) The flare geometry from the viewing perspective of the SDO/AIA during the main-impulsive phase. The rising flux rope
is marked by the twisted yellow curves. Red and green curves represent magnetic field lines reconnecting in a tether-cutting
scenario. The reconnection forms a new field line adding to the flux rope (upper pink curve) and a post-flare arcade (lower pink
curve). The orange X denotes the reconnection point. (b) Same as (a), but is plotted in the viewing perspective of STEREO-
A/EUVI on 304 A image. (c¢) The flare geometry in the viewing perspective of the SDO/AIA during the post-impulsive phase.
The overlying field line around the erupting flux rope cavity is marked by the solid blue curve. The EOVSA microwave source
(green oval), RHESSI X-ray source (blue oval), post-flare arcades (solid pink curves), and ribbon brightening (orange ovals) are
also shown. The EOVSA microwave source at the southern footpoint of the erupting flux rope is shown as the pink oval. The
background image is the same as in Figure 5(a), showing the cross-section of the flux rope cavity. (d) Same as (c), but is plotted
in the viewing perspective of STEREO-A/EUVI on 304 A image.
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vation of the multiple RHESSI 6-12 keV sources at
the bright coronal structure, the looptop, and footpoint
(Figure 7(a)). We conclude that the observations during
the pre- and main-impulsive phase are broadly consis-
tent with the tether-cutting reconnection scenario (see,
e.g., Chen et al. 2014, for similar observations), which
may also contribute to the slow rise motion of the mag-
netic flux rope.

During the post-impulsive phase, the reconnection ge-
ometry represents that of the standard scenario for erup-
tive flares, in which the overlying magnetic fields recon-
nect below the flux rope. In line with suggestions made
in other studies (Tripathi et al. 2006; Aulanier et al.
2012, 2013; Janvier et al. 2013; Qiu et al. 2017) that
expand the essentially two-dimensional standard flare
model to three dimensions, our observation of a synchro-
nized northward motion of the microwave/X-ray/EUV
looptop source and the UV footpoints favors a scenario
in which the flux rope erupts in a zipper-like fashion. In
this scenario, the primary reconnection site moves nearly
parallel to the ribbon. The motion can be attributed to
asymmetric flux rope eruption, which may be caused by
an asymmetric external magnetic confinement (e.g. Tri-
pathi et al. 2006; Liu et al. 2009, 2010; Zimovets et al.
2021). Episodic energy release events during the zipper
reconnection may be also responsible for the observed
multiple episodes of microwave and X-ray bursts.

We suggest that the observed kinematics of the erupt-
ing flux rope is also consistent with the two reconnection
scenarios during the pre- to post-impulsive phase of this
event. The flux rope starts to accelerate after the event
enters the main-impulsive phase. Compared to that in
the post-impulsive phase (especially bursts # 2 and 3),
the increase in acceleration during the main-impulsive
phase is relatively insignificant (Figure 10). In contrast,
the acceleration shows a clear increase when entering
the post-impulsive phase bursts. In an eruptive flare,
the kinematic evolution of the flux rope usually starts
with a slow-rise phase followed by an impulsive accel-
eration phase (Zhang et al. 2001). The slow-rise phase
is often found to have an approximately linear height-
time profile, and the process is usually attributed to
the tether-cutting reconnection scenario (Sterling et al.
2007; Schrijver et al. 2008; Cheng et al. 2020). By con-
trast, the fast-rise phase is often attributed to either
runaway reconnection (Sterling et al. 2011) or positive
feedback from the fast flare reconnection below the flux
rope (Lin & Forbes 2000; Cheng et al. 2020; Liu & Su
2021; Jiang et al. 2021). We suggest that the differences
we observe in the main- and post-impulsive phase in the
flux rope acceleration are generally similar to those that

distinguish the slow- and fast-rise phase in other erup-
tive flares.

Similar to the previous studies, we attribute the ac-
celeration of the flux rope to the positive feedback from
the reconnection occurring in the current sheet trailing
the flux rope. However, rather than a dominant and
impulsive driver that gives rise to a prominent accel-
eration period, in our event, the driver may be inter-
mittent during the zipper-like reconnection. The rise
of the flux rope is likely asymmetric. It propagates
from the active leg on the southwestern side to the an-
chored leg on the northeastern side (Figure 13(c) and
(d)), giving rise to the systematic motion of the looptop
X-ray, microwave, and EUV sources and the footpoint
brightenings. Meanwhile, the intermittent reconnection
also drives the multiple acceleration episodes during the
post-impulsive phase (see, e.g., Liu et al. 2009).

Now we turn our attention to the energization of non-
thermal electrons during the main- and post-impulsive
phase. As shown in Figure 6 and Table 1, the power-
law index of the observed X-ray spectrum during the
main-impulsive phase seems even larger (softer) than
that during the post-impulsive phase despite having a
much brighter flare emission at < ~20 keV. During
the impulsive phase, the reconnection between magnetic
loops usually has a large shear (Moore & Labonte 1980;
Moore et al. 2001) (Figure 12(a)). Consequently, the
guide field is large, which leads to the low productiv-
ity of nonthermal electrons during the main impulsive
phase (Dahlin et al. 2016; Li et al. 2017; Arnold et al.
2021; Qiu & Cheng 2022). For the post-impulsive phase
bursts, we find that the power-law index 8’ of the non-
thermal electron energy distribution is harder for later
bursts. The hardening of the electron energy spectrum
coincides with an increasing acceleration of the flux rope
during these post-impulsive bursts. Previous observa-
tional and modeling studies have suggested that, when
the eruption is well underway, the flux rope acceleration
serves as an excellent proxy for the rate of magnetic en-
ergy release via reconnection. Therefore, we attribute
the hardening of the nonthermal electron spectra to an
increasing magnetic energy release rate which, in turn,
facilitates the acceleration of nonthermal electrons to
higher energies. We also note that the inclination angle
0 of the post-flare arcade with regard to the PIL appears
to increase throughout the post-impulsive bursts (Fig-
ure 12(b)). Such a change implies a smaller shear of the
reconnecting magnetic field and a decreasing guide field.
We suggest that such a decreasing guide field component
may also contributes to the hardening of the nonthermal
electron spectra. In summary, we have presented an
eruptive flare event that features three post-impulsive
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X-ray and microwave bursts immediately following its
main impulsive phase. We have investigated the rela-
tionship between the flux rope acceleration and the elec-
tron energization in the context of the flare geometry
and its evolution. We have found a positive correlation
between the flux rope acceleration and electron energiza-
tion during the post-impulsive phase bursts, conforming
to the standard CME-flare scenario in which positive
feedback between flare reconnection and flux rope ac-
celeration is expected. In contrast, such a correlation
does not seem to hold during its main impulsive phase.
We attribute the lack of flux rope acceleration during the
main impulsive phase to the tether-cutting reconnection
scenario when the flux rope eruption has not been fully
underway. Our observations also suggest a weakening
guide field may contribute to the hardening of the non-
thermal electron spectrum throughout the main- and
post-impulsive phases of the event.
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APPENDIX

Animated Figure 14 shows the time-evolution of the loop-like feature at the front of the rising magnetic flux rope
observed by SDO/ATA 94 A as well as its trajectory in the time-distance plot.
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images with a cut as shown as the white dashed line in Figure 5 (g). The orange curve shows the EOVSA microwave flaring-
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