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ABSTRACT

Flarezassociated quasicperiodic pulsations (QPPS) in radio and X-ray wavelengths. particularly those
related to nonthermal eleécfrons; ¢ontain important information about fhie énergy release and transport
processes during flares. However, (RGIpGHIONSpANRINASONGAIObSCNAROISIONSHCQ PSSt
solar flare using radio imaging spectroscopy data from the Karl G. Jansky Very Large Array (VLA) and
complementary_X-ray imaging and spectroscopy data. The radio QPPs. observed by the VLA in the

[=2'GHz with asub-second cadence. are shown as three spatially distinct sources with different physical
haracteristics, Two radio sources are located near the conjugate footpoints of the erupting maguctic
flux rope with opposite senses of polarization. One of the sources displays a QPP behavior with a
~5-s period. The third Tadio source, located at the top of the post-flare arcade, coincides with the
location of an X-fay source and shares a similar period of ~25°45 s. We show that the two oppositely
polarized radio sources are likely due to coherent electron cyclotron maser (ECM) emission. On the
otlier lin, the Toaptop QPP souroe, observed in both radio and X-rays, is consistent with incoherent
gyrosynchrotron and bremsstrahlung emission, respectively. We conclude that the concurrent, but

spatially distinct QPP sources must involve multiple mechanisms which operate in different magnetic

loop systems and at different periods.

Keywords: Solar flares, Radio emissions, Solar oscillations

1. INTRODUCTION

Quasi-periodic pulsations (QPPs) are ubiquitous phe-
nomena in solar flares. They manifest as a time se-
quence of pulses with a quasi-periodic signature. Since
the first report of flare-related QPP event by Parks &
Winckler (1969), QPPs have been observed in different
wavelengths and flare phases with a variety of proper-
ties, including periodicity, duration, and bandwidth (see
Nakariakov & Melnikov 2009; Van Doorsselaere et al.
2016; McLaughlin et al. 2018; Kupriyanova et al. 2020;
Zimovets et al. 2021 for recent reviews). The periods
of QPPs range from seconds to several minutes (Kliem
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et al. 2000; Huang et al. 2014; Kupriyanova et al. 2016;
Hayes et al. 2016, 2019, 2020; Chen et al. 2019; Clarke
et al. 2021). Reports of QPPs with shorter, sub-second-
scale periods are relatively rare (see, e.g., examples in
Fleishman et al. 2002; Tan & Tan 2012; Zagarashvili
et al. 2013; Yu et al. 2013), which may be attributed to
the rarity of instruments equipped with sub-second time
resolution.

It has been suggested that QPPs bare important infor-
mation on the flare energy release, transport, and mod-
ulation processes. However, the exact nature of QPPs
remains under continued debate. Over fifteen different
QPP models in the solar flare picture have been pro-
posed. In a recent review by Kupriyanova et al. (2020),
they summarized the different QPP models into three
categories. The first category involves modulation of
the emissions by magnetohydrodynamics (MHD) oscil-
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lations. The second category includes models which sug-
gest that the flare energy release (or its efficiency) can
be modulated quasi-periodically by MHD-type oscilla-
tions internal or external to the energy release site. The
third category attributes the QPPs to emissions due to
spontaneous quasi-periodic energy release processes.

While it has become increasingly clear that multiple
mechanisms must be at work to interpret the QPPs ob-
served at different wavelengths with a variety of proper-
ties, further insights into their origin rely on the avail-
ability of spatially, temporally, and spectrally resolved
data at multiple wavelengths. Tian et al. (2016) studied
a QPP event at EUV wavelengths with a period of 19-27
seconds. Using spatially and spectrally resolved spec-
trogram data obtained by the Interface Region Imaging
Spectrograph (IRIS; De Pontieu et al. 2014), they found
that the periodic variations occur in both the intensity
and the Doppler shift of the Fe XXI 1354 A line. They
also noted a phase lag of 7/2 between the intensity and
Doppler shift oscillation, which was interpreted as QPPs
associated with standing sausage-mode MHD waves.

Radio observations provide an excellent means for
studying QPPs that are intimately related to the flare
energy release processes, thanks to their sensitivity to
both flare-accelerated nonthermal electrons and heated
plasma (Bastian et al. 1998). In particular, ground-
based radio observations can be made with a very
high time cadence, sometimes down to sub-second time
scales, offering access to QPPs with very short periods
(Tan et al. 2010). In addition, the rich variety of ra-
dio emission mechanisms provide means for diagnosing
the quasi-periodic variations of source parameters key
to flare energy release including the magnetic field and
nonthermal electron distribution, provided that the re-
sponsible emission mechanism can be identified. How-
ever, owing to the paucity of simultaneous imaging and
spectroscopy capabilities, the vast majority of previously
reported radio QPPs have relied on either total-power
dynamic spectral data (Mossessian & Fleishman 2012;
Karlicky et al. 2013; Goddard et al. 2016; Kaneda et al.
2018; Kolotkov et al. 2018; Clarke et al. 2021) or imag-
ing data at a few discrete frequencies (Fleishman et al.
2008; Sych et al. 2009; Kumar et al. 2016; Carley et al.
2019; Yuan et al. 2019).

Recently commissioned instruments, including the
Karl G. Jansky Very Large Array (VLA; Perley et al.
2011), Expanded Owens Valley Solar Array (EOVSA;
Gary et al. 2018), Mingantu Spectral Radioheliograph
(MUSER,; Yan et al. 2016), Murchison Widefield Ar-
ray (MWA; Tingay et al. 2013), and Low Frequency
Array (LOFAR; van Haarlem et al. 2013), have en-
abled studies of solar radio QPPs with true dynamic

imaging spectroscopy. For example, at metric wave-
lengths, using spatially resolved dynamic spectroscopy
from MWA, Mohan et al. (2019a) identified a ~30-
second QPP source associated with a microflare. The
periodicity of the oscillation is consistent with the Alfvén
timescale in the typical coronal magnetic environment.
The repetitive behavior of the QPP is attributed to a se-
ries of reconnection events. Shorter, second-scale QPPs
associated with metric type-III-like bursts were also ob-
served during the same event. Mohan et al. (2019b)
suggested that they were likely due to periodic particle
injections from the lower corona. However, the studies
at long wavelengths are limited by the rather poor angu-
lar resolution and the strong propagation effects of the
long-wavelength radio waves traverse the corona, ren-
dering the interpretation rather difficult (e.g. Steinberg
et al. 1971; Kontar et al. 2019; Sharma & Oberoi 2020;
Zhang et al. 2022, etc.). At higher frequencies (decimet-
ric/microwave wavelengths), using imaging spectroscopy
data from MUSER, Chen et al. (2019) investigated a
QPP event recorded during the impulsive phase of an
MS8.7-class solar flare in 1.2-2 GHz. The radio QPP
event, which had a ~2-minute period, was located near
the null point of the flare with a circular ribbon geom-
etry. It was interpreted as plasma radiation modulated
by the flare reconnection. With microwave imaging
spectroscopy from EOVSA Yu et al. (2020) studied the
quasi-periodic radio bursts of a ~300 s period during the
post-impulsive phase of the well studied SOL2017-09-
10 X8.2 flare. The recurring thermal looptop emission
and nonthermal loopleg emission are closely correlated
with the repetitive plasma downflows observed in the
large-scale current sheet. They suggested that the quasi-
periodic microwave bursts were associated with electron
acceleration modulated by the arrival of the plasma
downflows at the looptop region.

In this study, by utilizing the radio imaging spec-
troscopy technique provided by the Karl G. Jansky Very
Large Array (VLA), we report that the radio QPPs ob-
served during the impulsive phase of a solar flare are
located at spatially distinct source regions with com-
pletely different spectral-temporal properties. After a
brief overview of the flare event in Section 2.1, we
will present in Section 2.2 detailed radio observations
of the spatially, temporally, and spectrally resolved ra-
dio sources by utilizing dynamic imaging spectroscopy.
In Sections 2.3, we will present X-ray observations and
the spectral analysis. In Section 3, we place the radio
sources into the flare context and discuss the respec-
tive emission mechanism for each of the observed radio
sources. Finally, in section 4, we discuss the possible



modulation mechanisms of each QPPs and summarize
the results in the context of the flare event.

2. OBSERVATIONS
2.1. Ewvent Overview

The event under study is a GOES C1.8 class flare
occurred in NOAA active region (AR) 12501 on Febru-
ary 18, 2016. AR 12501 is a long-lasting active region
that has survived at least two complete solar rotations.
The leading negative sunspot and the surrounding mag-
netic structure form a null-point topology with a closed
fan—dome-type structure. Mason et al. (2019) reported
coronal rains outlining such a null-point topology when
the AR was located at the east limb on 2016 March
12 (one rotation later), and the following study (Mason
et al. 2021) discussed a variety of successful and failed
filament eruptions hosted in the same AR.

The site of the flare under study (SOL2016-02-
18T21:13) is located at 10° north and 24° east (in
heliographic longitude and latitude) on the solar disk.
The photospheric magnetogram, obtained by the Helio-
seismic and Magnetic Imager (HMI, Schou et al. 2012)
aboard the Solar Dynamics Observatory (SDO, Pes-
nell et al. 2012), shows a negative sunspot surround by
positive magnetic polarities (Figure 1(a)). Nonlinear
force-free field (NLFFF) extrapolations based on the
SDO/HMI vector magnetogram at 20:58 UT using the
method of Wiegelmann (2004) show that the magnetic
topology features a fan—spine-type geometry, which in-
cludes a spine rooted at the central negative sunspot,
as well as a fan-shaped dome connecting to the satel-
lite magnetic patches with positive polarity (Figure 1
(a)). Such a magnetic field configuration is consistent
with findings in the previous studies of the same AR
(Mason et al. 2019, 2021). During the course of the
flare event, no associated coronal mass ejection (CME)
is recorded by the SOHO/LASCO white light corona-
graph (Gopalswamy et al. 2009). However, two localized
EUV coronal dimmings can be observed at both sides
of the bright flare arcade as shown by SDO’s Atmo-
spheric Imaging Assembly (AIA; Lemen et al. 2012) 193
A base-difference images (an example at 21:24 UT is
shown in Figure 1(c)), which is characteristic of two-
ribbon eruptive flares (e.g., Sterling & Hudson 1997).
These twin dimmings have been interpreted as the sig-
nature of the footpoints of an erupting magnetic flux
rope where a significant mass-loss is expected through
upward expanding plasma flows (e.g., Harra & Sterling
2001; Tian et al. 2012)—a scenario also supported by
recent magnetohydrodynamics (MHD) modeling results
(Downs et al. 2012; Jin et al. 2022). In our event, one
dimming region is located near the edge of the dominant
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negative sunspot and the other near the nearby posi-
tive magnetic polarity. Additionally, two bright flare
ribbons also appear in the SDO/AIA 1600 A images
(Figure 1(e)). They coincide with the location of the
conjugate footpoints of the flare arcade, shown in Figure
1(f). The flare arcade first appeared in the 131 A image
during the impulsive phase of the flare (~21:10 UT).
Later on, it cooled down and appeared in the other ATA
bands that are sensitive to lower coronal temperatures
(see Figure 1(b) as an example, which shows the ATA
193 A image at 21:24 UT, or 14 minutes later).

The GOES 1-8 A soft X-Ray (SXR) flux starts to
increase at ~21:09 UT and reaches its peak at ~21:13
UT (red curve in Figure 2(a)). The duration of the im-
pulsive phase is relatively short, lasting from ~21:08 to
~21:15 UT (demarcated with vertical dashed lines in
Figure 2(a)—(c)) according to the GOES 1-8 A deriva-
tive shown as the green curve in Figure 2(a). The impul-
sive phase is partly covered by the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI; Lin et al.
2002) and completely observed by the Fermi Gamma-
ray Burst Monitor (Fermi/GBM; Meegan et al. 2009).
Both RHESSI and Fermi/GBM detected multiple X-ray
bursts with a quasi-periodic pattern (Figure 2(b)). The
HXR light curves from RHESSI and Fermi/GBM coin-
cide with the derivative of GOES SXR flux (Figure 2(a)
green curve), a typical phenomenon in the flare impul-
sive phase known as the Neupert effect (Neupert 1968;
Benz 2017).

VLA radio observations covered the period from
18:59:18 UT on 2016 February 18 to 00:02:14 UT the
following day. The observations were made in the C
configuration with the full array of 27 antennas in the
1-2 GHz L band. The primary beam is large enough to
cover the entire solar disk, enabling full-disk imaging.
The longest baseline was 3,090 m at the time of ob-
serving, which corresponded to an angular resolution of
~15" at 1.5 GHz (which scales inversely with frequency).
The observations were performed in the 1-2 GHz with
eight 128-MHz-wide spectral windows, each of which
is further split into 64 2-MHz-wide spectral channels.
It enables simultaneous imaging at 512 independent
spectral channels and in right- and left-hand circular
polarizations (RCP and LCP), respectively, with a ultra
high time cadence of 0.05 s. We performed standard
flux, bandpass, and delay calibration against 3C48 and
complex gain calibration against J2130+0502'. The
gain changes associated with the 20-dB solar attenua-

1 3C48 is a celestial source with a well-characterized flux density
spectrum, and J213040502 is a point-like celestial source with an
accurately known position. For more details of the VLA calibra-
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Figure 1. Overview of the SOL2016-02-18 C1.8 eruptive solar flare event. (a) SDO/HMI line-of-sight magnetogram of the active
region (grayscale background). The polarity inversion line is shown in red. Blue curves show NLFFF extrapolated magnetic
field lines, which features a fan geometry rooted at the central negative sunspot. (b) SDO/AIA 193 A image of the active
region at 21:24 UT. (c) Base-difference SDO/ATA 193 A image (21:24 UT vs. 21:00 UT) showing the twin coronal dimmings
near the conjugate footpoints of the eruption. (d)—(f) Detailed view of the core flare site showing, respectively, the SDO/HMI
line-of-sight magnetogram, double flare ribbons as seen in SDO/AIA 1600 A, and bright flare arcade observed in SDO/AIA 131
A. The field of view is indicated as a green box in (a) and (b). An animation of the eruptive flare as seen in SDO/AIA 193 A

is attached.

tors were corrected using methods described in Chen
(2013).

VLA cross-power dynamic spectrum? shows a strong
radio QPP feature during the flare impulsive phase (Fig-
ure 2(c)). In the next subsection, we will show that, with
dynamic imaging spectroscopy, the radio emission dur-
ing the impulsive phase actually includes not only the
strong QPP, but also two other sources located at two
distinctively different locations.

2.2. Radio Imaging Spectroscopy

With dynamic imaging spectroscopy, three spatially
distinct radio sources are revealed during the flare im-
pulsive phase. An example is shown in Figure 3(a).
Two of them are located close to the conjugate foot-
points of the erupting flux rope: one near the ma-

tion procedure, please refer to https://science.nrao.edu/facilities/
vla/docs/manuals/obsguide/calibration and references therein.

2 The cross-power dynamic spectra are obtained by doing a me-
dian of the visibilities obtained at several short baselines, which is
a proxy of the total-power dynamic spectrum but contains modu-
lations from large-scale structures (such as the horizontal stripes).

jor sunspot (Source I, bluesolid and dashed contours,
made at 21:10:03.5 UT and 21:10:30.5 UT in 1.2-1.8
GHz, respectively, RCP) and the other located near
the southern ribbon (Source II, green contours, made at
21:11:16.5UT in 1.1-1.25 GHz, LCP). The third source
is located at the top of the bright flare arcade (Source
II1, orange contours, made at 21:12:23.5 UT in 1.2-1.7
GHz, Stokes I), coinciding with the 6-11 keV X-ray loop-
top source observed by RHESSI (magenta contours). In
order to reveal the intrinsic spectro-temporal properties
of each source, we adopt the method of generating spa-
tially resolved “vector” dynamic spectra: this is done by
firstly imaging every time and spectral pixel, forming a
four-dimensional image cube (two in space, one in fre-
quency, one in time), and then obtaining the peak inten-
sity within a selected region of interest that encompasses
the source in the plane of the sky as a function of time
and frequency (see, e.g., Chen et al. 2015, 2018; Mohan
& Oberoi 2017). We obtain such vector dynamic spectra
for all three radio sources, shown in Figures 3(b)—(d),
respectively. It is evident that their spectro-temporal
properties are vastly different from each other. Their
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Figure 2. X-ray, EUV, and radio time history of the flare. (a) Total-power GOES soft X-ray 1.0-8.0 A flux (red) and its
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main characteristics are listed in Table 1 and are dis-
cussed in the following.

Source I, which is located close to the main nega-
tive sunspot, manifests as broadband QPPs that spread
nearly the entire 1-2 GHz L band. Several bright pulsa-
tions, which have a high brightness temperature of up to
20 MK, occur between 21:10:00 and 21:10:35 UT. They
are strongly right-hand circularly polarized, suggesting
that the emission is polarized in the sense of o mode.
The typical degree of polarization (DOP), defined as
(Ir—1Ir)/(Ir+1I1) where Ig and I, are the intensity in
RCP and LCP, respectively, is 40-50%, and can reach
80% at high frequencies. Wavelet analysis (following
Torrence & Compo 1998) in performed on the broad-
band QPPs. The wavelet analysis result based on the
light curve averaged over 1.2-1.9 GHz (Figure 4(a—c))
shows that Source I QPPs have a period of around 5 s,
with individual pulse lasting for ~1 s.

Source II, located at the conjugate footpoint of the
flux rope, consists of a few bright (peak brightness ~8
MK), but short-lived narrowband bursts at below 1.5
GHz. Source II bursts are completely polarized in LCP.
Although Source II appear to contain multiple pulses,
unlike Source I, the duration is too short to perform a

periodicity analysis. The sense of polarization and the
underlying magnetic field polarity are both opposite to
that of Source I, indicating that it is also polarized in
the sense of o-mode.

Source III, similar to Source I, is broadband in na-
ture. However, in stark contrast to Sources I and II, it
is weakly polarized (DOP < 10%) and considerably less
bright (peak brightness temperature is around 2 MK). It
is also the longest-lasting radio source with a duration of
over 3 minutes from 21:09:30 to 21:12:30 UT. Accord-
ing to the wavelet analysis, its periods range from 25
s to 45 s at different frequency bands. An example of
the wavelet analysis results is shown in Figure 4(d-f)
for the frequency range of 1.2-1.4 GHz, where most of
the Source III pulses are observed. The light curve used
for the wavelet analysis has been averaged in 1 s and
detrended to remove the slow-varying component (see
Auchere et al. 2016; Gruber et al. 2011 for the discus-
sion on the detrending method, here we adopt a window
of 10 s to do the smooth estimate and subtract it from
the original data for detrending). Interestingly, Source
IIT shares similar temporal characteristics to the (total-
power) X-ray emission during the same period, which
will be discussed in the following subsection.
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Figure 3. Location of the different radio sources observed by the VLA during the flare impulsive phase and their spatially
resolved dynamic spectra. (a) Radio images for the three observed radio sources (contour levels are 70%, 80%, and 90% of the
brightness maximum in the image). Sources I (solid and dashed contours represent the images made close to the beginning and
end of the source duration, respectively) and II are shown in RCP and LCP, respectively. Source III is shown in Stokes I. The
times used to make the images are marked as white arrows in (b)—(d). Magenta contours show the RHESSI 6-11 kev X-ray
source (contour levels are 30%, 60%, and 90% of the maximum). Background is the SDO/HMI line-of-sight magnetogram image
(gray-scale) overlaid with SDO/ATA 131 A image at 21:10 UT that shows the bright flare arcade (blue shaded). The radio
synthesized beams are shown in the lower left corner (orange for sources I and III at 1.5 GHz and green for source II at 1.18
GHz). (b)—(d) Vector dynamic spectrum of the three sources by integrating over the radio brightness over the boxes shown in

(a).

Location Peak T, Polarization (sense & DOP) Period Bandwidth Duration
Source 1 Footpoint 20 MK RCP, 40%—80% 58 >1 GHz ~35 s
Source II  Footpoint 8 MK LCP, > 90% N/A <04GHz ~25s
Source III  Looptop 2 MK Weakly RCP, <10% 25-45 s >1 GHz >180 s

Table 1. Properties of the different radio sources that are present during the impulsive phase of the flare observed by the VLA
at the 1-2 GHz L band.

2.3. X-ray Observations

During the impulsive phase of the flare, quasi-periodic
X-ray bursts are observed by RHESSI and Fermi/GBM.
RHESSI 6-11 keV image shows that the X-ray source is
located at the looptop region, coinciding with the VLA
radio source III (shown in Figure 3(a) as magenta and
orange contours, respectively). Wavelet analysis of the
detrended X-ray light curve shows a period of ~41 s
(Figure 5). In addition to their spatial coincidence, the
X-ray and radio looptop sources also share a temporal
correlation. At each radio frequency, a cross-correlation
analysis is performed between the VLA radio source 111
light curve and the Fermi/GBM 11-26 keV light curve.

The light curves of both sources are averaged in 1 s and
detrended with a smoothing window of 10 s (dashed
curves in Figures 6(b) and (c)). The cross-correlation
coefficient as a function of time lags and frequency is
shown in Figure 6(a). The peak of the cross-correlation
coefficient lay within +5 s, or <1/6 of the period of the
QPPs, indicating that they are nearly simultaneous. To
further demonstrate their temporal correlation, follow-
ing the method used in Asai et al. (2001), we also iden-
tify every X-ray and radio pulse using a Gaussian decom-
position method. Each burst is identified along with a
half-width of the local peak shown as the shadowed area
in Figures 6(b) and (c). A consistent check is also per-
formed using the original, non-detrended light curves
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(solid curves in Figures 6(b) and (c)). As shown in the
correlation plot in Figure 6(d), the identified pulses from
radio and X-ray show striking similarities: almost every
X-ray pulse has its counterpart in radio. Such a tempo-
ral similarity strongly suggests that the X-ray and radio
QPP are associated with the same energetic electron
population (Asai et al. 2001; Grechnev et al. 2003). We
note that the wavelet-derived periods of X-ray QPPs are
slightly longer than that of the radio source III. The dif-
ference may be attributed to the lack of contribution of
the weak bursts to the wavelet analysis results (for ex-
ample, the X-ray bursts numbered 4, 7, and 10 in Figure
6(b)).

We also performed spectral analysis of the X-ray data
using the 0SPEX package. Figures 7(a) and (b) show the
RHESSI and Fermi/GBM flare-integrated X-ray spec-
trum obtained from 21:09:44 to 21:12:12 UT. We select
21:05:00 to 21:06:00 UT prior to the flare as the back-
ground time. An isothermal fit is performed for both
RHESSI and Fermi/GBM between 6-12 keV. A clear
excess of the X-ray count flux above the thermal com-
ponent is present at above 12 keV in both the RHESSI
and Fermi/GBM spectra, suggestive of the presence of
a nonthermal component of the looptop X-ray source.
However, we caution that the RHESSI spectrum above
12 keV is probably affected by the pileup effect according
to the results from hsi_pileup_check.pro in SSWIDL.

It is unclear whether Fermi/GBM also suffers from the
pileup effect. Therefore, a quantitative analysis of the
spectra at above 12 keV is difficult.

3. RADIO QPPS: EMISSION MECHANISMS

In the previous section, we have obtained the vector
dynamic spectrum for each radio source located at dif-
ferent regions in the flare. In this section, we will discuss
their emission mechanisms based on their spatial, tem-
poral, spectral, and polarization properties.

3.1. Conjugate Footpoint Sources

As presented in the previous section, sources I and
IT are located at the conjugate footpoints of the erupt-
ing flux rope. They are highly polarized in the oppo-
site sense. Their relatively high brightness temperature
and polarization degree are both suggestive of a coher-
ent emission mechanism. Two coherent emission mech-
anisms are usually relevant to decimetric radio bursts
in solar flares: plasma radiation and electron cyclotron
maser (ECM) emission. The former is usually expected
in the corona where vpe > vee (Vpe is the plasma fre-
quency and v is the electron cyclotron frequency) and
the latter is usually relevant in the region with a rel-
atively strong magnetic field which satisfies vee 2 Vpe)
(Dulk 1985; Bastian et al. 1998).

To evaluate the relative importance of plasma radi-
ation and ECM emission at the source site, we adopt
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subplot layout is same as Figure 4. All the light curves are detrended to remove the slow-varying component.

the coronal magnetic field derived from the NLFFF ex-
trapolation results as the magnetic field model. For con-
straining the plasma density distribution as a function of
height, however, is not straightforward for this event ow-
ing to its on-disk viewing perspective. Fortuitously, the
magnetic topology of the AR shows no significant change
since its first appearance on the east limb on 2016 Febru-
ary 13, five days before the event under study. There-
fore, we use the plasma density profiles derived using a
differential emission measure (DEM) method (Hannah
& Kontar 2012) based on SDO/AIA multi-band EUV
imaging data of the limb-view AR obtained on 2016
February 13 as a proxy for our analysis. The results
are shown in Figure 8(b). To estimate the density from
the DEM results, a uniform column depth of 36 Mm is
assumed with a nominal uncertainty of 50%. The value
is taken as the width of the coronal loop bundles seen
in the AIA images. Furthermore, we derive the density
profile by taking the average of the density values in a
series of transverse slices (shown in Figure 8(a)) placed
at different radial heights above source I and II. The re-
sults are shown in Figure 8(c) as blue and red symbols,
respectively. The uncertainties of the density values at a
given height are calculated according to those from the
DEM results and column depth through standard error
propagation methods. We then use the Baumbach-Allen
density model (Baumback 1937; Cox 2000):

ne(R) = C (2.99R'% + 1.55R~% + 0.036R~"%) x10® cm?,

(1)

where R is the radial distance from the solar center ex-
pressed in solar radius Rg, and C' is the scaling factor,
to fit the DEM-constrained density profiles. We find
that the four- or five-fold Baumbach-Allen density model
(i.e., C=4 or 5) yields the best fit to the data (Figure
8(c)). In the following analysis, for simplicity, we will
adopt the five-fold Baumbach-Allen model and apply it
as the general density model uniformly across the AR
(the four-fold model returns very similar results).

With both the magnetic and density model, we can
now calculate the ratio of the plasma frequency to the
electron cyclotron frequency {2 = vy, /vce at any point of
interest in the corona. Figure 9(d) shows the distribu-
tion of £ in a vertical plane that passes the centroids of
radio sources I and II near the footpoints of the erupting
flux rope. It can be clearly seen that € < 1, the con-
dition favoring the ECM mechanism, is satisfied above
the sunspot region at relatively low coronal heights (<10
Mm) owing to its strong magnetic field. In particular,
this 2 < 1 region encompasses the entire volume where
low harmonics of electron gyrofrequency is located for
our observing frequency (color contours in Figure 9(b),
which show the first, second, and third harmonic layers
with [v/Hz] ~ 2.8x10%,[B/G], where s, is the harmonic
number of the ECM emission from the source region).
Hence, if radio sources I and II are due to ECM emis-
sion at low harmonics of the electron gyrofrequency, the
local conditions would favor the needed wave growth. In
comparison, plasma radiation at the observed frequency
of 1-2 GHz requires an electron number density of 1.2—
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Figure 6. Temporal correlation between the light curves of the VLA radio looptop source (source III) and the Fermi/GBM
X-ray emission. (a) Cross-correlation coefficient between the VLA source III and Fermi/GBM 11-26 keV light curves. The
cross-correlation is calculated using the detrended VLA source III vector dynamic spectrum and the Fermi/GBM 11 — 26 keV
flux temporal profile. The results are normalized to unity. (b) and (c) Identification of individual radio and X-ray pulses on
Fermi/GBM 11-26 keV X-ray and VLA source III 1.2-1.4 GHz radio light curves, respectively (solid curves represent the original
normalized light curve and dashed curves represent the detrended light curves). The FWHM-duration of each pulse is marked
in thick bars. (d) Correlation plot between the times of the X-ray pulsations and those of the radio pulsations. The horizontal
(blue) and the vertical (red) thick bars mark the times of the X-ray pulses and those of the radio pulses, respectively.

5 x 10'% em ™3, which corresponds to a very low height
(beyond the maximum of DEM-derived electron density,
~ 3 x 10°cm™?), entering the transition region/upper
chromosphere. Unless a strong over-dense region exists
in the otherwise tenuous corona (see, however, an ex-
ample reported by Chen et al. 2013), plasma radiation
is deemed unlikely to account for the observed sources I
and II.

Furthermore, the observed locations of sources I and 11
are both near the regions where the magnetic field lines
converge, which is favorable for ECM emission gener-
ated due to the loss-cone instabilities (Aschwanden et al.
1990). In addition, the ECM emission, generated at
low harmonics of the electron cyclotron frequency, needs
to overcome the absorption by the overlying gyrores-
onance layers with a magnetic field that corresponds
to a higher harmonics of the electron gyrofrequency at
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Figure 7. RHESSI and Fermi/GBM X-ray spectra and fit results. (a) RHESSI X-ray spectrum obtained by its detector 1 for
21:09:44-21:12:12 UT (black curve). We use an isothermal model (“vth”) to fit the observed spectrum in 6-12 keV (demarcated
by the dotted and dashed lines, respectively). The higher-energy range is excluded due to the impact of the pulse pile-up. Also
included in the fit is the “drm-mod” module for fine-tuning RHESSI response (not shown). The fit returns a volume emission
measure of 0.00225 x 10*° cm ™3, plasma temperature of 1.95 keV or 22.6 MK. The relative coronal abundance parameter is fixed

to 1.0. The reduced chi-squared value of the fit is 1.50.

(b) Similar to (a), but showing Fermi/GBM X-ray spectrum (black

curve) and the corresponding isothermal fit results (red curve) based on data from its detector 3 for the same time interval as
RHESSI. The best fit parameters and the chi-square value are indicated in the legend.

V = Sqlee = 2.8 x 10° Hz s,[B/G], where s, > s, is
the harmonic number of the absorbing gyroresonance
layer. To investigate the absorption effect, at a given
observing frequency v, we first locate the correspond-
ing gyroresonance iso-gauss layers at different harmon-
ics of s, with a magnetic field strength that satisfies
[B/G] = [v/Hz]/2.8 x 105s,. We then calculate the op-
tical depth 7, (s, v, 0) at these gyroresonance layers for
both the x— and o— mode using the following equation
(after Gary & Hurford 2004):

n.Lp(0) s> s*sin?6 |
v ;( 2M ) Fx,o(g)

(2)

where 6 is the angle between the line of sight (LOS)

and the magnetic field direction (taking the acute an-

gle, ranges [0°, 90°]), Lp(0) is the scale length of the

magnetic field along the line of sight (Lg(#) = B/%2).

F, (0) is a function of angle which can be approximated

Tz0(S,v,0) = 0.0133

as (for low harmonics and 6 away from 90°):
Foo(0) = (1 — ocosh)?, (3)

where o = +£1 for the o and = mode, respectively. By
comparing the source location and opacity of the gyro-
resonance layers at different harmonics, we conclude
that the second harmonic (s, = 2) ECM emission is the
most likely for the emission to escape from the overly-
ing gyro-resonance layers with a higher harmonics (i.e.,
Sq > 2). More specifically, for the fundamental ECM
emission (s, = 1), the opacity at the second harmonic
gyro-resonance layer (s, = 2) is very large at all loca-
tions above the source site (see Figures 9(e) and (f)),
while for ECM at higher harmonics (s, > 3), the maser
growth is much less efficient (Wu et al. 2002; Lee et al.
2013).

We show the observed source locations (color con-
tours) overlaid on the second-harmonic iso-gauss layers
(magenta domes) in Figures 10(b-d, f-g), with the as-
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Figure 9. Coronal parameters at the locations of radio sources I and II. (a) Context image of radio sources I (50% contour)
and II (70% contour) overlaid on SDO/HMI LOS magnetogram. (b) Magnetic field strength in a selected two-dimensional
plane. The bottom boundary of the plane is shown as the red line in (a) and its vertical axis is along the line of sight. Pink,
orange, and green contours represent the first, second, and third harmonics of the electron gyrofrequency vc. for a representative
emission frequency v at 1.5 GHz, respectively (i.e., v = Selce, where s = 1, 2, 3). (c) Similar to (b), but showing the viewing
angle between the local magnetic field vector and the line of sight direction #. (d) Distribution of the plasma-frequency-to-
gyrofrequency ratio £ = vpe/Vee in the selected plane. Blue and red regions are for Q < 1 and > 1 regions, respectively. The
two shaded regions represent the line-of-sight locations of sources I and II (the width is the same as the synthesized beam size
shown as an orange ellipse in (a)). (e) and (f) Calculated opacity 7o, at the first, second, and third harmonic layers for the o-
and z-mode, respectively.
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sumption that the ECM emission is produced at the
second harmonic (i.e., s, = 2, or [v/Hz] = 2v, =
5.6 x 10°[B/G]). We show these layers at different emis-
sion frequencies at 1.1, 1.5, and 1.9 GHz, which cor-
respond to a magnetic field strength of B = 196 G,
268 G, 339 G, respectively). We then “paint” the iso-
gauss domes with the calculated third-harmonic gyrores-
onance opacity 7, (s, = 3) along the line of sight using
a white to blue color scale (blue means a larger opacity).
The region where 7, (s, = 3) < 1 is rendered transpar-
ent, representing a “opacity hole.” It is evident from
Figures 10(b)—(d) that, for the o-mode, a large opac-
ity hole is present at the close vicinity of the observed
radio sources I and II, allowing the o-mode ECM emis-
sion to escape easily. In comparison, such an opacity
hole is much smaller for the z-mode as shown in Figures
10(f)—(h), causing most of the z-mode ECM emission
being absorbed by the overlying s, = 3 gyroresonance
layer. We argue that this is the main reason why we
have observed dominating o-mode emission for the con-
jugate sources I and II from opposite magnetic polari-
ties. Here we note that since the radio ECM source is
probably point-like and unresolved, it can be anywhere
in the opacity hole (including, e.g., its edge). There-
fore, the observed radio source morphology shown in
Figure 10 does not necessarily match that of the opac-
ity holes. Also, there are likely uncertainties associated
with the coronal magnetic field extrapolation and the
assumed density model, both of which would affect the
exact shape and location of the opacity holes. Hence we
conclude that the results are consistent with our pro-
posed scenario within uncertainties.

It is intriguing to note that while the northern radio
source I is broadband, the southern source II is nar-
rower in frequency and shorter in duration. Although
fully understanding such a difference requires a more
detailed radiation modeling, we suggest that they may
be affected by the much smaller opacity hole above
source II, rendering the emission more difficult to es-
cape. In addition, owing to the much smaller photo-
spheric field strength at the location of source II, ECM
emission at the same frequency is likely originated from
a much smaller coronal height than Source I. The local
plasma frequency may be high enough to suppress, if
not quenching, the ECM emission. These factors may
contribute to the more intermittent and narrow-band
nature of source II.

3.2. Flare Arcade Source

Unlike sources I and II, radio source III is weakly po-
larized in RCP (< 10%) with a relatively low bright-
ness temperature (<2 MK). We extract the average
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brightness temperature spectrum of the source from the
VLA images made between 21:12:15-21:12:25 UT when
sources I and IT are temporally absent. The obtained
brightness temperature spectrum of full 1-2 GHz band
(eight spectral windows) is shown in Figure 11. The un-
certainty of each brightness temperature measurement
is estimated as the root mean square variation of an
empty region in the image that contains no apparent
radio source. The derived radio spectrum shows a typ-
ical nonthermal gyrosynchrotron emission pattern with
an optically thick, rising slope at low frequencies and
an optically thin, descending slope at high frequencies.
To further confirm the gyrosynchrotron nature of source
II1, we perform a spectral fitting using the fast gyrosyn-
chrotron code (Fleishman & Kuznetsov 2010) to calcu-
late the model gyrosynchrotron spectrum. The best-fit
spectrum is shown as a solid curve in Figure 11 with
the corresponding fit parameters listed therein. We
note that our spectral analysis is performed in a lim-
ited frequency range and assumes a homogeneous emis-
sion source. Given the limited spatial resolution at the
low frequencies, Source IIT is likely under-resolved (see
Figure 3(a) for beam size versus source size), such an
assumption is likely invalid. Therefore, the fit param-
eters used here may not be unique and may not pre-
cisely represent the exact properties of the source region.
However, we argue that our fitting practice is sufficient
to confirm that source III is most likely associated with
gyrosynchrotron emission generated by flare-accelerated
nonthermal electrons at the looptop. We note that the
gyrosynchrotron nature of source I1I is further corrobo-
rated by its presence at the location of the flare arcade
in the close vicinity of a looptop X-ray source observed
by RHESSI, shown in Figure 3(a).

4. DISCUSSION AND CONCLUSIONS

In the previous sections, we have reported radio and
X-ray sources observed during the impulsive phase of a
C1.8 flare on 2016 February 18. VLA’s radio imaging
spectroscopy capability allows us to identify the radio
source as three spatially distinct sources. Radio source
I is located close to the main negative sunspot near the
northern footpoint of the erupting magnetic flux rope.
Radio source II is present near the conjugate southern
footpoint of the flux rope above a positive magnetic po-
larity. They both have a strong polarization with op-
posite senses, suggestive of o-mode radiation. Source
ITI, unlike sources I and II, is weakly polarized and
less bright. It shares a similar spatial location with an
RHESSI X-ray source at the top of the flare arcade.

We then investigate the emission mechanism respon-
sible for the different radio sources based on their lo-
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above Elow, power-law index &’ of the electron density distribution, total thermal electron number density n¢,, and viewing
angle 6. Note that since the source is under-resolved by VLA in this frequency range, the observed spectrum likely deviates
from the assumption of a homogeneous source. Hence the fit parameters should be treated as representative values.

cation, polarization, and spectral properties. NLFFF
extrapolation is performed to construct the magnetic
field strength and direction in the AR. By comparing
with the plasma frequency using a DEM-derived den-
sity model, we argue that sources I and II are likely
due to the coherent ECM emission. In addition, the
sense of polarization (in o-mode) is consistent with the
gyro-resonance opacity above the two sources. For radio
source III, we performed spectral analysis and concluded
that it is likely due to incoherent gyrosynchrotron emis-
sion from flare-accelerated nonthermal electrons trapped
in the looptop region. The same energetic electrons are
likely responsible for the presence of the X-ray looptop
source, which shares a similar spatial location and has a
close temporal correlation to this radio source. Two of
the broadband radio sources—sources I and I1I—exhibit
a quasi-periodic pattern. In the following, we will dis-
cuss their oscillation mechanisms.

Radio source I has a relatively short period of ~5.2
seconds. We have shown that it is most likely associated
with the coherent ECM emission driven by nonthermal
electrons. Owing to the complex emission processes that
involve electron injection, nonlinear wave growth, and
conversion, the modulation of the emission could occur

in any stage. As introduced previously, MHD oscilla-
tions are one of the plausible drivers of the QPP. Sausage
mode MHD oscillations in coronal condition has been
suggested to be responsible for second- to ten-second-
scale QPP events (Aschwanden et al. 2004; Morton et al.
2011; Van Doorsselaere et al. 2011; Yu et al. 2013; Carley
et al. 2019). The period of such oscillation is (Nakari-
akov et al. 2012):

a
where a is the coronal loop cross-section radius, v, is
the Alfvén speed and c, is the sound speed. In this
event, we have shown that the source region has a rela-
tively strong magnetic field strength (179-357 G). With
a plasma density of 5 x 10%3-5 x 10% cm 3, the observed
period of 5.2 s of source I requires a magnetic tube with
a radius of 10-61 Mm to host the oscillations, which is
comparable with the cross-section of the EUV loop bun-
dles as observed by SDO/AIA (Figure 8). Other types
of MHD oscillation such as the kink mode usually have
much longer periods than those reported here (Zimovets
et al. 2021). One possible scenario of ECM emission
modulated by sausage-mode MHD oscillations was sug-
gested by Zhao et al. (1990), in which the sausage mode

Puou < 2.62

(4)



can modulate the magnetic field configuration and the
pitch angle distribution of the energetic electrons in the
coronal loop. The modulation can subsequently result
in a quasi-periodic variation of the loss-cone instability
and, consequently, the ECM emission.

For short-period QPPs associated with coherent ra-
dio emissions, another candidate is self-organized wave-
wave or wave-particle interactions (Aschwanden & Benz
1988a; Fleishman et al. 1994; Korsakov & Fleishman
1998; Chen & Yan 2007). The periodicity arises as the
system tries to balance itself between wave growth and
wave-particle diffusion. The oscillation periods can be
estimated as 7, = 27\/Tyrowth X |Taif¢| When the sys-
tem is close to the steady state (Aschwanden & Benz
1988a). Here Tyrowtn and 74;5s are characteristic times
for wave growth and diffusion, respectively. Although
we do not have sufficient information to constrain these
time scales, the observed period falls into a plausible
range in coronal conditions (Aschwanden & Benz 1988b;
Kuznetsov 2011).

Quasi-periodic injections of energetic electrons into
the ECM source region with a loss-cone type distribu-
tion is another possibility. Freshly injected particles can
temporally fill up the loss cone to reduce the instabil-
ity for the ECM wave growth, which can subsequently
reduce, or even quench, the ECM emission (Zaitsev &
Stepanov 1975; Benz & Kuijpers 1976; Fleishman et al.
1994; Chen & Yan 2008). This process will lead to a
quasi-periodic modulation of the emission intensity, and
may account for the observed QPP behavior of radio
source I. However, despite having an ultra-high time res-
olution of 0.05 s, we did not detect any frequency drift in
the source I pulses, which is a typical feature of the in-
jection of fast electron beams in the dynamic spectrum.
Assuming ECM emission, the expected frequency drift
can be written as: |v| /v = vy/Lp, where v, is the speed
of the injected electron beams and Lp = —B/V B is the
scale height of the magnetic field. We take the average
scale height Lp of ~10 Mm in the vicinity of the second
harmonic gyroresonance layer above source I. Assuming
vy = 0.1-0.5¢ (typical for electron beams that produce
type III radio bursts; c.f., Reid & Ratcliffe 2014), the ex-
pected frequency drift rate is || /v &~ 3-15 s~1. There-
fore, the time delay for the ECM emission to traverse the
1-2 GHz band is expected to be At = 0.05-0.23 s, which
should have been detected by the VLA with a time res-
olution of 0.05 s, unless the electron beams have much
larger speeds than those typically expected to drive the
type III radio bursts (see, however, Poquerusse 1994,
Klassen et al. 2003, and Chen et al. 2018 for a few cases
in which 20.5¢ electron beams are implied). For such a
reason, we suggest that the repetitive injection of elec-
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tron beams for the cause of the source I QPPs is deemed
unlikely.

Different from the radio source I QPPs, radio source
IIT and the looptop X-ray source share a longer period
of ~25-45 s. In Section 3.2, we have shown they co-
incide spatially and have a close time correlation, sug-
gesting they are likely associated with the same trapped
energetic electron population. Radio and X-ray QPPs
with relatively longer periods are usually suggested to
be associated with local MHD oscillations (Nakariakov
& Melnikov 2006; Mossessian & Fleishman 2012), pe-
riodic injections of nonthermal electrons (Kupriyanova
& Ratcliffe 2016; Kupriyanova et al. 2016; Clarke et al.
2021), or periodic energy release or electron accelera-
tion (Aschwanden 1987; Asai et al. 2001). Fleishman
et al. (2008) conducted a detailed investigation of the
two models and compared their results using the ob-
served radio and HXR emission properties including the
spectral index and polarization. They concluded that
the injection of nonthermal electrons, which leads to the
variation of electron distribution instead of the magnetic
field, was the more likely cause of the observed QPPs.
On the other hand, the modulation of the looptop emis-
sion can also be owing to the modulation of local electron
acceleration at the looptop region. Yu et al. (2020) re-
ported periodic impulsive looptop X-ray and microwave
emission and demonstrated their close correlation with
sun-ward plasma outflows. They suggest repetitive out-
flows can transport the released energy to accelerate the
electrons in the looptop region. In addition, the loop-
top oscillations can be related to the “magnetic tuning
fork” mechanism, driven by reconnection outflows im-
pinging upon the loops below and creating an oscillating
horn-shaped magnetic field structure (Takasao & Shi-
bata 2016; Reeves et al. 2020). In our event, although
complementary information from X-ray and radio imag-
ing and spectroscopy (Figures 7 and 11) has helped us
identify the location and timing correlation as well as
their underlying emission mechanisms, due to, in part,
the pileup effect in the X-ray data, detailed spectral
analysis of the nonthermal component is not possible.
Also, as we discussed in Section 3.2, the spectral fitting
for the radio looptop source is limited by the angular
resolution and the frequency bandwidth of the radio in-
strument, which hampers us from obtaining more accu-
rate constraints for the source parameters. Therefore,
our data do not allow us to explicitly distinguish the
different oscillation scenarios.

Although the observed QPPs at the flux rope foot-
point and the looptop can be due to a variety of mecha-
nisms, an outstanding question is whether or not these
QPPs can be explained by a common driver. We ar-
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Figure 12. Schematic diagram of the observations and a possible scenario of the physical processes that drives the observed
QPP phenomena. An erupting magnetic flux rope led to magnetic reconnection in a current sheet as in the standard flare
scenario. Nonthermal electrons that gain access to the erupting flux rope through reconnection can travel along the field
line to the conjugate footpoints of the flux rope. These regions are unstable to ECM wave growth thanks to the presence
of a loss-cone-type configuration and a favorable vp./vee < 1 condition, producing the observed coherent radio sources I
and II. Meanwhile, nonthermal electrons trapped in the looptop region produce X-ray bremsstrahlung and incoherent radio
gyrosynchrotron emission, observed as a RHESSI looptop X-ray source and VLA radio source III, respectively. Modulation of
the intensities of the spatially distinct sources may be due to different drivers, resulting in the observed QPPs with a variety of

periodicities.

gue that it is unlikely the case because the periodicities
of the observed QPPs differ by a factor of six to eight.
Therefore, at least one, if not all, of the spatially distinct
QPPs should result from oscillations in the local source
rather than driven by a common external mechanism
(e.g., periodic injections of electrons from the reconnec-
tion region).

To summarize, we propose a possible scenario summa-
rizing the observations, illustrated in Figure 12. First,
magnetic reconnection in a current sheet is induced by
the eruption of a magnetic flux rope. Energetic electrons
are accelerated at the reconnection site or, perhaps more
likely, in the above-the-looptop region (see, e.g., Chen
et al. 2020b). According to the scenario depicted by
Chen et al. (2020a), some upward-propagating nonther-
mal electrons can gain access to the erupting flux rope,

possibly following the freshly reconnected magnetic field
lines that join the flux rope, and then propagate down-
ward toward the conjugate footpoints of the flux rope.
The magnetic configuration near the flux rope footpoints
features strongly converging magnetic field lines, and is
favorable for developing a loss-cone-type distribution to
generate coherent ECM emission through a non-linear
growth of o- and z-mode waves. The loss-cone distri-
bution in the ECM-unstable region may be modulated
by either wave-particle relaxation oscillation or the fast-
mode sausage oscillation. The opacity above the mag-
netic polarities at the flux rope footpoints allows o-mode
to escape much more easily, which contributes, in part,
to the strongly polarized o-mode emission at both lo-
cations. At the flare reconnection current sheet, non-
thermal electrons are trapped at the top of the flare



arcade. They generate incoherent gyrosynchrotron ra-
dio emission and X-ray bremsstrahlung emission, which
are observed by VLA and RHESSI as the radio source
IITI and X-ray looptop source, respectively. A quasi-
periodic electron acceleration/injection or modulations
of the looptop region can give rise to the observed QPP
signatures of the looptop radio and X-ray source. How-
ever, because the periodicities of the looptop sources and
the footpoint sources are vastly different, they cannot be
explained by a single modulation mechanism. Instead,
it must involve multiple mechanisms which operate in
different magnetic loop systems and at different periods.

This work makes use of public VLA data from the
observing program VLA/16A-377. The NRAO is a fa-
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