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ABSTRACT

The accelerated electrons during solar flares produce radio bursts and nonthermal X-ray signatures.

The quasi-periodic pulsations (QPPs) and fine structures in spatial-spectral-temporal space in radio

bursts depend on the emission mechanism and the local conditions, such as magnetic fields, electron

density, and pitch angle distribution. Radio burst observations with high frequency-time resolution

imaging provide excellent diagnostics. In converging magnetic field geometries, the radio bursts can

be produced via the electron-cyclotron maser (ECM). Recently, using observations made by the Karl

G. Jansky Very Large Array (VLA) at 1–2 GHz, Yu et al. (2023) reported a discovery of long-lasting

auroral-like radio bursts persistent over a sunspot and interpreted them as ECM-generated emission.

Here, we investigate the detailed second and sub-second temporal variability of this continuous ECM

source. We study the association of 5-second period QPPs with a concurrent GOES C1.5-class flare,

utilizing VLA’s imaging spectroscopy capability with an extremely high temporal resolution (50 ms).

We use the density and magnetic field extrapolation model to constrain the ECM emission to the

second harmonic o-mode. Using the delay of QPPs from X-ray emission times, combined with X-ray

spectroscopy and magnetic extrapolation, we constrain the energies and pitch angles of the ECM-

emitting electrons to ≈4-8 keV and > 26◦. Our analysis shows that the loss-cone diffusion continuously

fuels the ECM via Coulomb collisions and magnetic turbulence between a 5 Mm–100 Mm length scale.

We conclude that the QPP occurs via the Lotka-Volterra system, where the electron from solar flares

saturates the continuously operating ECM and causes temporary oscillations.

Keywords: Sun: magnetic fields — Sun: radio emission, X-ray — Sun: oscillations

1. INTRODUCTION

During a solar flare, a large amount of magnetic en-

ergy is dumped into the solar corona. A portion of this

energy is responsible for the acceleration of particles,

which travel away from the acceleration site, guided by

surrounding magnetic fields. Some particles can get con-

fined into magnetic traps, depending on the magnetic

field configurations and the particle’s energy and pitch

angles (Benz 2017). With time, these particles diffuse
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into the loss cone, eventually precipitating in the chro-

mosphere (e.g. Melrose & Dulk 1982). For a steady radio

emission, the particle acceleration must balance diffu-

sion into loss cone and loss (e.g. Melrose & Brown 1976;

Aschwanden & Benz 1988a). Most recently, Yu et al.

(2023) discovered a radio burst event over a sunspot

lasting for many hours. Interestingly, flare activities are

located ≈ 70′′ away from the radio source and showed

no obvious temporal association with the radio bursts.

They attributed the radio burst event to ECM emission.

Here, the coronal volume above the sunspot possessed a

converging magnetic topology necessary for hosting the

ECM source and guide particle transport.
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Unraveling magnetic topology is essential to under-

stand particle transport. Evolving plasma and magnetic

field loops rooted in the photosphere inhabit the so-

lar corona. In sunspots, the magnetic field strengths

can be as high as ≥ 1000 G. Broadly, the magnetic

topology above sunspots consists of a fountain-like 3-

D topology with a central high magnetic field umbra

and a low magnetic field penumbra featuring outward

directing magnetic fields on the periphery. In addition,

many large-scale magnetic loops are commonly seen de-

pending on the level of complexity of the sunspot/active

region. The accelerated flare electrons follow these mag-

netic field features and travel large distances. For low

thermal densities, the transport of the energetic elec-

trons can fall into the collisionless regime. However,

in denser coronal loops, collisions must be taken into

consideration (e.g. Bai 1982). Particle propagation is

further modified by the presence of turbulence in the

magnetic loops, resulting in a more isotropic distribu-

tion of electron pitch angles. (Kontar et al. 2011, 2014;

Musset et al. 2018). The magnetic inhomogeneities and

turbulence impact the radio wave propagation via wave

scattering (e.g. Steinberg et al. 1971; Kontar et al. 2019;

Sharma & Oberoi 2020).

The accelerated electrons can emit X-rays via the ther-

mal and nonthermal bremsstrahlung from their inter-

actions with the ambient plasma in the chromosphere

or corona. At radio wavelengths, emissions from the

accelerated electrons can come from a variety of pro-

cesses depending on the ambient plasma conditions, and

the responsible emission mechanisms can be, e.g. ther-

mal bremsstrahlung, gyro-synchrotron, and a variety

of coherent emission mechanisms (McLean & Labrum

1985). Near strong magnetic field regions, especially

near sunspots, the ECM is a favourable mechanism

for producing radio emission from metric to microwave

wavelengths under the right conditions (Melrose & Dulk

1982; Robinson 1991). The ECM mechanism is ex-

cited by the accelerated electrons having positive gra-

dient along the perpendicular velocity direction, i.e.

∂f/∂v⊥ > 0 in the regions where ωpe/Ωce < 1 (Wu

& Lee 1979). Here v⊥ is the electron’s velocity in the

perpendicular direction to the magnetic field, ωpe is the

electron’s plasma frequency and Ωce is the electron’s gy-

roresonance frequency. Energetic electron distributions

like loss-cone, horseshoe or ring etc. have been sug-

gested to be responsible for inducing the instabilities

to excite the emission. Such particle distributions can

form in the coronal loops with the trapped electrons that

originated in a solar flare. The ECM emission in solar

context has been applied to a variety of radio bursts

ranging from radio spikes (e.g. Sharma & Vlahos 1984)

to type-III bursts (e.g. Wu et al. 2005; Chen et al. 2017).

The growth of O- and X- modes depends on the coro-

nal environment, more precisely on the ratio of plasma

frequency (ωe) to the gyro-frequency (ΩB). In the coro-

nal regions, where ωpe/Ωce < 1 the growth rates of the

s = 2 X-mode and fundamental O- mode are higher

than other modes (e.g. Sharma & Vlahos 1984). Such

regions are formed near the high magnetic field regions,

e.g. sunspots with converging magnetic field geometry.

However, the timescale of the ECM instability growth

is short compared to the observational capabilities (e.g.

Melrose & Dulk 1982).

The ECM instability can produce prolonged radio

sources either by repeated injections or the large dif-

fusion timescales (Aschwanden & Benz 1988a). Under

quasi-linear relaxation, the trapped electrons or protons

diffuse slowly for both O- and X-mode. The resultant

timescales can vary from sub-second to many hours de-

pending on the harmonic of the mode and details of

the wave-particle interaction. The ECM sources, which

are produced by the interplay of the driver source and

quasi-linear relaxation, can produce pulsations due to

wave-wave interactions (Aschwanden & Benz 1988b).

This phenomenon is one of the possible explanations for

QPPs in radio bursts. We note that QPPs observed

in other wavelengths, e.g. extreme-ultraviolet (EUV)

and X-rays (Simões et al. 2015) may be explained by

multiple physical mechanisms (e.g. Nakariakov & Mel-

nikov 2009; Zimovets et al. 2021; McLaughlin et al. 2018;

Kupriyanova et al. 2020). For example, many QPPs seen

in EUV can be associated with MHD processes like os-

cillations via sausage modes (Kolotkov et al. 2015). Se-

quential chromospheric evaporation can produce repet-

itive EUV loop top source (e.g. Patsourakos et al. 2004;

Sharma et al. 2016), and the fast evaporation flows can

produce turbulence in the looptop (Ruan et al. 2019).

QPPs can also occur from the turbulence via kelvin-

Helmholtz instability, leading to emission fluctuations

(e.g. Ruan et al. 2019). X-ray and radio imaging of the

QPPs provide greater depth in the involved physical and

emission processes and even magnetography of the solar

flaring loops (Gary et al. 2013). Luo et al. (2022) ob-

served a QPP source at the looptop and observed con-

current sources in different loops but with different emis-

sion mechanisms. Previously, such concurrent sources

with different origins in solar flares were observed by

(e.g. Sharma et al. 2020), however, not in QPPs. Kou

et al. (2022) observed two QPP microwave sources with

differing brightness temperatures (TB) and periods of

about 10-20 s and 30-60 s, respectively, and attributed

them to arising from the modulation of magnetic is-

lands. The timescales of the radio emission possess finer
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structures down to millisecond levels (e.g. Wang & Xie

1999; Magdalenić et al. 2006). The other mechanisms in-

clude periodic magnetic reconnections, loop coalescence,

and thermal dynamical cycles (McLaughlin et al. 2018;

Clarke et al. 2021; Nakariakov et al. 2006). QPPs and

solar flares can show interesting correlations, for e.g. be-

tween the QPP period and flare duration(Hayes et al.

2020). However, a coherent relationship between the

ECM radio emission, QPPs and the energetic electrons

is not well-established due to the lack of radio imaging

with sub-second resolution, especially in the context of

a turbulent coronal medium.

Here, we use radio imaging spectroscopy with a

fine temporal resolution from VLA, X-ray spectroscopy

observations from Fermi’s Gamma-ray Burst Monitor

(GBM) (Atwood et al. 2009), EUV images from the At-

mospheric Imaging Assembly (AIA; Lemen et al. 2012)

on board the Solar Dynamics Observatory (SDO; Pes-

nell et al. 2012), and magnetic field modeling to explore

the details of the radio ECM source and the associated

QPP phenomenon. We explore second and sub-second

variations from the long-lasting radio emission over a

sunspot reported by Yu et al. (2023). Combining VLA’s

high-time resolution capability within the holistic pic-

ture from multiwavelength analysis and realistic coronal

models allows us to study the temporal variations of

ECM in exceptional detail. The observational overview

is given in Section 2. The X-ray and radio data anal-

ysis are presented in Section 3. The spatial-spectral-

temporal characteristics and analysis of the radio emis-

sion and emission mechanism are discussed in Section 4.

An electron propagation model for the ECM emission is

presented in Section 5. An analysis of QPPs in ECM

is discussed in Section 6, followed by an analysis of fine

structures in Section 7. Later, we discuss the findings in

Section 8, followed by conclusions in Section 9.

2. OBSERVATIONS

The event of interest, the C1.5-class solar flare, oc-

curred on 2016 April 9, from 18:40 UT to 18:46 UT and

peaked at 18:44 UT. We study the flare using the ra-

dio data from the VLA, GBM X-rays, and AIA’s EUV

wavelengths. The day is marked by high solar activity

with nine C-class flares, including the one under study,

all in the active region 12529 positioned at N10E52 that

hosts a β-class sunspot. Figure 1(A) shows the VLA to-

tal power dynamic spectrum for the 5-hour period from

17:55 to 22:55 UT. It is obtained by median-averaging

over all baselines from VLA’s L-band receiver for right-

hand circular polarization (RCP). Note that the en-

tire VLA observation period is marked by low-frequency

dominated radio bursts. Yu et al. (2023) investigate

the long-term variation over many hours and attributes

to auroral-like radio emission over the sunspot. Here,

we focus on finer variations of the emission. Figure

1(B) shows a zoomed-in dynamic spectrum (DS) of the

SOL20160409T18:44 event. We note that the radio

emission occurs from 18:44 to 18:46 UT, dominantly

between the 1.0 and 1.5 GHz frequency range. There

are also fainter spiky emissions between 18:42 and 18:44

UT preceding the stronger radio emission. The emis-

sion fluctuated but was steady before 18:44 UT, while

brighter and more pronounced later. Therefore, we clas-

sify the period from 18:44 UT to 18:46 UT as radio

bursts. The radio bursts in RCP are highly polarised

(∼ 70%). The radio bursts are bright with the peak flux

densities ≈18 Solar Flux Units (SFU; 1 SFU =10−22 J

m−2 Hz−1 s−1) at 1 GHz. They are brighter at low fre-

quencies and fainter at higher frequencies. As the VLA

observation did not cover frequencies below 1 GHz, al-

though the bursts may likely extend to lower frequen-

cies, they will not be analyzed in this study. The radio

bursts are impulsive in time and show a QPP on the

second timescale. Some fainter bursts can also be seen

in prior times before 18:44 UT in the low frequencies

in a lower frequency range (1.0 to 1.3 GHz) down to

maximum flux density ∼ 10 SFUs.

2.1. Event Outline

The multi-wavelength behaviour of the solar flare is

captured in Fig. 1 (C & D). Panel D shows the detected

X-ray emission from the Fermi/GBM X-ray for 5–12 keV

(low-energy) and 18-28 keV (high-energy) and GOES

wavabands. In panel C, the VLA light curve shows the

spiky nature of the radio emission and is obtained by

averaging the DS over frequency. The light curve lead-

ing to the radio burst begins to rise from 18:44:24 UT,

i.e. start time of the radio burst. In panel C, the AIA

light curves are obtained by averaging the flaring region

shown as the magenta spot in Fig. 2(B) for each im-

age in time. The rising phase of the AIA light curve

starts at ∼ 18:41:55 UT, reaches the peak at ∼ 18:43:50

UT and decays thereafter, while the radio burst peaks at

18:44:44 UT, i.e. 54 sec later. We also note that the peak

of the high energy X-rays does not coincide with either

EUV or radio and precedes the AIA light curve peak

at 18:43:50 UT by ∼28 sec. However, the low-energy

X-ray peaks at 18:44:03 UT shortly after the AIA peak

by 13 sec. Most notably, the start of the radio bursts

occurs at 18:44:24, ∼ 49 sec and 21 sec later than the

high and low energy Fermi/GBM X-ray peaks, respec-

tively. Overall, the time lags between the burst’s start

time and AIA EUV, Fermi/GBM low- and high-energy

X-ray peaks are ∼ 34, 21, and 49 sec respectively.
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Figure 1. Panel A: VLA total power dynamic spectrum of radio emission from 1-2 GHz for 5 hour time period and RCP
polarisation on 16 April 2016. The region in between the yellow lines shows the radio burst of interest. Panel B: Zoom-in total
power spectrum from panel A, i.e. in between the yellow vertical lines for the time of interest of the radio burst. Some bad
channels have been flagged between 1.5 GHz and 1.7 GHz. Panel C: Time series of various AIA bands obtained by taking a
spatial average over the flaring region marked in the magenta spot in Fig. 2 (B) at (-810”, 205”). The blue, orange, green, and
red show the wavelength 94 Å, 131 Å, 335 Å, 1600 Å respectively. The black curve shows radio emission timeseries by averaging
frequency bands from 1.0 to 1.25 GHz. Note that the amplitudes are arbitrary and scaled to highlight the temporal association
with EUV and X-ray emission. The thin gray vertical dashed lines mark the start of EUV emission (18:41:55), the peak of EUV
(18:43:50), the peak of thermal X-rays (18:44:03), radio burst start time (18:44:24) and radio burst peak (18:44:44), while bold
dashed gray line shows the nonthermal X-ray peak at 18:43:35. The cyan curve is the GOES 0.5-4.0Å forwardly time shifted by
38 sec. Note that all curves have arbitrary amplitudes. Panel D: GOES light curves for low- and high-energy bands are shown
in blue and green, respectively. The GOES y-axis (j × 10−8 W m−2) values have multiplicative factors j = 100 and j = 1 for
1.0-8.0 Å and 0.5-4.0 Å respectively. The brown and magenta curve shows the time series from Fermi/GBM’s X-ray emission
for 5-12 and 18-28 keV energy bands respectively.
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The GOES X-ray light curve at 1–8 Å and 0.5–4.0 Å in

panels (D) shows the X-ray continuum of the event. We

note that GOES 0.5-4.0 Å closely resembles low-energy

X-ray FERMI/GBM lightcurve, while the radio bursts

(panel C) appear to be delayed with respect to GOES

0.5-4.0 Å curve. By visual inspection, we delayed the

time axis by 38 sec (call it tdelay) and plotted the time-

shifted GOES curve in panel C. The GOES and radio

burst profile match temporally, including a small peak

between 18:44:00 to 18:44:24 UT. This small peak has a

delay of 38 sec with respect to (w.r.t.) the high-energy

X-ray peak.

3. DATA ANALYSIS

Here, we discuss the results of radio imaging spec-

troscopy for the event using VLA L-band data and X-ray

spectral analysis of the associated solar flare. Further,

we also perform magnetic extrapolation modelling for

the active region and the sunspot. Using them along

with density models, we constrain the conditions for

ECM. Finally, we analyze the observed radio source in

the framework of the magnetic and density models and

discuss it in detail.

3.1. Radio Analysis and Imaging

For the VLA observing program (VLA/16A-377), the

VLA observation had L-band frequency coverage (1-2

GHz) with a spectral resolution of 1 MHz and temporal

resolution of 50 ms with dual RCP and LCP polariza-

tion. The VLA observations were taken in sub-array

mode in configuration C. In the sub-array mode, 14 an-

tennas were used to observe in the L-band, while the rest

13 were in the S-band (2-4 GHz). Since the radio bursts

occur mostly between 1.0 to 1.5 GHz, we will ignore the

S-band in this paper. The L-band sub-array had a max-

imum baseline of 3.06 km and produced a synthesised

beam of ≈15” at 1 GHz. The beam size further scales

inversely with the frequency (1/ν).

We produce radio maps for a frequency average of 4

MHz and a time resolution of 50 ms. Therefore, a total

of 76,800 radio maps were produced from 18:44:00 UT to

18:46:00 UT. In addition, we also produced radio maps

for one channel at 1 GHz from 18:40:00 to 18:44:00 UT

to study the emission before the radio burst. We per-

form standard radio data reduction and synthesis imag-

ing steps, including flagging, calibration, and deconvo-

lution using CASA (McMullin et al. 2007). For this

observation, we use 3C48 as the flux and bandpass cal-

ibrator and the phase calibrator. An attenuation of 20

dB was applied on the solar scans in the signal path to

reduce the antenna gain, and corrections of their phase

and amplitude have been applied following the method

in Chen (2013). The obtained radio maps were made

using suncasa1 for comparison with EUV and X-ray

maps. The values in the radio maps were brightness

temperature (TB) obtained using the same prescription

mentioned in Sharma et al. (2020). Fig. 2(A-C) shows

the radio source contours during the continuum phase

(A) and burst (B & C). Panel C also shows the location

of the centroids for all radio sources for the 2 minutes of

analysis (18:44 - 18:46 UT). This is obtained by fitting

90% contour w.r.t the brightness peak of the respective

image with an ellipse. The centroid location of the fit-

ted ellipses is shown. We note that all the radio sources

originate from a compact region above the sunspot. A

more detailed discussion can be found later in Section

4.4.

The total power (Fig. 1 (B)) captures the integrated

flux density of the radio source and includes a spatial av-

erage quantity over the source extent. Since our source

is resolved by the instrument PSF, especially at low fre-

quencies, the radio source model would consist of mul-

tiple superposed sources. To best capture the temporal

variability of the radio source, the maximum brightness

of the radio source is a better estimate than any spa-

tially averaged quantity, like integrated flux density. We

note that the derived brightness temperatures, TB , are

contingent upon the observed source size, which is at

least as large as the synthesized beam (12′′ν−1
GHz). Cru-

cially, the observed source size might be several orders

of magnitude larger than the actual intrinsic size of the

source. Consequently, the intrinsic brightness temper-

ature could potentially be orders of magnitude higher

than the derived TB values. This significant difference

is discussed in (Yu et al. 2023).

3.2. Fermi/GBM X-ray Spectrum

We fit the Fermi/GBM X-ray spectrum between

18:43:25 UT and 18:43:37 UT, around the high-energy

X-ray peak using the standard OSPEX package (Smith

et al. 2002) shown in Figs. 1 & 3. The spectral fit as-

sumes a thermal model for the low energies and a non-

thermal power-law component for higher energies un-

der the thick-target bremsstrahlung regime (denoted as

“vth+thick2”). Fig. 3 shows the observed and fitted

spectrum along with the background. The background

emission computed from 18:39:09 UT to 18:40:30 UT

was subtracted. The fit results suggest that a weak

nonthermal emission was present during the high energy

X-ray peak (∼18:43:25–18:43:37 UT).

1 https://github.com/suncasa
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(A) AIA 171Å (B) Composite map

(C) Radio centroids (D) Centroid histograms

Figure 2. Panel A: Background image is AIA 171Å along with 1 GHz VLA radio source contours during continuum time at
18:40:10 UT. The radio contours levels are at 5%, 10%, 20%, 40%, 60%, 70%, 80% and 90% w.r.t image’s maximum TB (≈ 40
MK). Panel B: HMI magnetogram, radio burst contours along with AIA 171 Å in transparent blue-magenta colormap. Radio
burst contours are shown for four frequencies at 60%, 70%, 80%, and 90% w.r.t respective maximum TB . We note that the burst
source is extended at lower frequencies while compact at higher frequencies. The blue ellipse in the middle shows the size of
the synthesized radio beam at 1 GHz. Panel C: AIA 171 Å image with 40 random radio centroid locations between 18:44-18:46
UT, and 1 GHz radio burst contours (red) at 18:44:43 UT. The random locations were chosen to avoid over-crowding of the
centroids. The centroid locations are shown for three frequencies, i.e. 0.99 GHz, 1.12 GHz, and 1.26 GHz. We note that the
centroid locations for all sources are compact. The radio burst contour levels are at 60%, 70%, 80% and 90% w.r.t image’s
maximum, where maximum TB ≈ 110 MK at 18:44:43 UT. Panel D: Normalised histograms of the X- and Y-coordinates of all
the radio centroids. Note that the histogram extremities are within one primary beam.

The fitted parameters are listed in Tab. 1. We note

that a weak nonthermal component is present in the

spectrum with sufficient signal-to-noise until ≈ 30 keV

with an electron spectral index δ of 6.4 and a low-energy

cutoff (Ecut) of 13.25 keV and total electron flux of

9.2 ± 2.6 × 1034s−1 (Fe(s
−1); i.e., the total number of

nonthermal electrons above the cutoff energy Ecut per

unit time). The electron nonthermal density nnth is

given by nnth = Fe

veA
, where ve and A are the electron

beam velocity and flare footpoint area respectively. We

can use Ecut to estimate ve =
√

2Ecut

me
≈ 6.8×109 cm/s.

For the flare footpoint area, we use the 171 Å EUV flare

bright spot shown in magenta in Fig. 2 (B) around (-

810”, 205”), i.e., A ≈ 10” × 10” = 5.27 × 1017 cm2.

Using them, we get nnth ≈ (2.57 ± 0.85) × 107 cm−3.

Further, the nonthermal power in the nonthermal elec-

trons is given by

Pe = (
δ − 1

δ − 2
)FeEcut. (1)
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Figure 3. Fermi/GBM spectrum along with the fitted ther-
mal and nonthermal components between 18:43:25 UT and
18:43:37 UT. The black datapoints show the Fermi/GBM
spectrum, while the red curve shows the sum of the ther-
mal (green line) and nonthermal (yellow line) components.
The magenta histogram shows the background spectrum for
18:39:09 to 18:40:30 UT.

Putting in the above-calculated values, we obtain the

total nonthermal power as Pe ≈ (2.4 ± 0.7) × 1027 ergs

s−1. While the thermal density is given by, nth,l =√
EM/V for a source volume V . We approximate the

source volume V ∼ A1.5, i.e V ≈ 3.8 × 1026 cm3 and

nth,x ≈ 1.2 × 1010 cm−3. The subscript x in nth indi-

cates thermal density derived near the X-rays deposition

site. Note that this footpoint area will be larger than

the actual X-ray source due to its coronal origin, i.e.

true thermal density will be larger, and the calculated

value is a lower limit.

4. AN OVERVIEW OF EMISSION FEATURES AND

MECHANISM

In this section, we discuss the evolution of radio emis-

sion w.r.t EUV flare evolution and constraining radio

emission mechanism and heights.

4.1. Spatial Features

Fermi/GBM Parameters Values

Electron flux (Fe) (9.2± 2.6)±×1034 s−1

Electron spectral index (δ) 6.4±1.4

Emission Measure (1.4± 0.1)× 1047 cm−5

Thermal density (nth,x) (6.1 ± 0.1)×109 cm−3

Nonthermal density (ne) (2.57± 0.85)× 107 cm−3

Low Energy Cut-off (Ecut) 13.25 ± 0.62 keV

Nonthermal Power (Pe) (2.4± 0.7)× 1027 ergs s−1

Table 1. Thermal and nonthermal X-ray spectral fit param-
eters done between 18:43:25 to 18:43:37 UT. The spectrum
is shown in Fig. 3.

Figure 2(A) shows the flare location in the AIA 171

Å map and radio source before the burst. We note that

the location of the bright radio source is far away from

the flare site (≈ 75”). The radio burst source occurs

at the same location as a bright radio source before the

bursts (Fig. 2(C)) at (-750”,180”). When superimposed

with the HMI magnetogram (Fig. 2(B)) and AIA 171

Å (Fig. 2 (C)), we can clearly observe the separation

between the radio burst location and the flare location.

The image also shows the footpoints of the large-scale

loops near the sunspots (-750”,180”) and in the away

regions (-850”,200”). Figure 2(B) shows the radio burst

source for different frequencies of L-band. We note that

the source is compact at the high frequencies (e.g. 1.4

GHz) and marginally extended at 1 GHz in North-South

direction in a kidney-bean shape. The extension at 1

GHz is roughly twice the beam size shown in blue ellipse.

Fig. 4 (D) shows that the source is resolved at 50%

contour levels w.r.t. synthetic beam. In addition, the

center position of the high-frequency source is closer to

the sunspot than low-frequencies (Fig. 2 (B)).

4.2. Spectral & Temporal Features

Figure 4(A) shows the light curve of the radio bursts

for 1 GHz for the maximum TB of each radio map. The

brightness levels are much higher, with a brightness tem-

perature of ∼ 20–30 MK, compared to the quiet Sun lev-

els. We observe temporal variations in radio emission,

and these bright features can be seen as a mixture of sec-

ond and sub-second-level variations. The yellow region

in Fig. 4(A) shows a wavy emission structure in time

(e.g. 18:40 to 18:41 UT) with spiky emission of sub-

second scale (e.g. 18:43:22 UT). Fig. 4(A) grey region

shows the radio bursts to possess similar temporal vari-

ations with an additional seconds timescale oscillation

between 18:44:30 UT to 18:45:14 UT. The radio bursts

are characterized by a prominent rise of 40 MK above

the continuum levels. The brightness temperatures of

the radio bursts are higher by an order of magnitude
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(A) 1 GHz TB timeseries

(B) TB (C) Degree of Circular Polarisation (D) Area of the source

Figure 4. Panel A: The maximum brightness temperature variation of the radio source at 1 GHz for the entire observation
computed over the radio map. The yellow shaded region shows the continuum emission duration, while gray region shows radio
burst duration. Panel B: Frequency spectrum of the maximum TB of the radio source from the images during the continuum
emission and the bursts. The errorbars are the 1-σ error, where σ is the RMS from the region far away from the radio source.
The blue and red dotted lines show the power-law fits (Sec. 4.2) to the spectrum for continuum emission and bursts, respectively.
Note that steep slope values are in the legend panel. Panel C: The degree of polarisation (ratio of stokes V and stokes I brightness
temperature) of the radio source computed from the stokes-V images for continuum emission and bursts. The errorbars are
computed via same process as in panel B. Panel D: The variation of the effective radius of the area at 50% contour of the radio
burst with frequency. The effective radius is reff =

√
As/π, where As is the source area . The profile of the effective radius of

PSF (=
√
bmin ∗ bmax) with frequency is shown in orange, where bmin and bmax are minor and major axis respectively. Note

that the effective area is shown for the peak of the radio burst, i.e. at 18:44:42.9 UT.

than the continuum time. We see seven distinct periodic

peaks between 18:44:40 UT to 18:45:00 UT in the radio

burst as a QPP. The radio emission before and during

this QPP shows a steep spectral dependence shown in

Fig. 4(B), which shows the frequency spectrum of the

radio source for the bursts (red curve) and the contin-

uum source (blue curve), respectively. We note that a

steep power-law index (β) of −2.58 and −3.93, where

TB ∝ νβ and ν is the frequency respectively. Both these

components are also circularly polarised. Fig. 4(C)

shows the degree of polarisation, defined as the ratio

between stokes V and stokes I. The radio bursts show a

nearly constant and high degree of right-handed circular

polarization of ≈ 60− 70% at 1 GHz during continuum

ECM and bursts. A high degree of circular polarisa-

tion is a characteristic of ECM emission (Vlahos 1987).

The circular polarisation decreases from 1.0 GHz to 1.5

GHz, reaching up to 40% before the bursts at 1.2 GHz,

and it decreases to almost (< 20%)) until 1.5 GHz. For

bursts, the circular polarization goes to < 20% around

1.9 GHz. For frequencies >1.9 GHz, the circular polar-

isation of bursts is lost. This could be a result of the

fainting of the intrinsic ECM source as we probe the

higher frequencies and lower coronal heights.

4.3. Conditions for ECM emission

To study the origin of the radio source, its location

w.r.t. ambient magnetic field topology is crucial. The

radio emission mechanism from the energetic electrons

depends on the wave-particle and wave-wave interac-

tions, i.e. indirectly on the ambient magnetic fields and

densities in the loops, and incoming electron energy dis-

tributions. We build a density and magnetic field model,

which provides the framework to highlight the origin of

the radio sources and the overall event picture.

To obtain the radial electron density profile at the ra-

dio burst site, we use PSIMAS ( Predictive Science in-

corporated Magnetohydrodynamic Algorithm outside a
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Figure 5. 1-D profiles of the plasma and gyro-resonance fre-
quencies near the observed radio bursts location. Note that
both gyroresonance frequency and plasma frequency equals
at ≈ 100 Mm.

Sphere) model2 for 9 April 2016, 18:45:00 UT. PSIMAS

comprehensively models magnetic fields, densities, and

temperature in a realistic and self-consistent way using

resistive 3-D MHD. The electron plasma density (ωp)

at the site of the burst is plotted in Fig. 5. From the

PSIMAS 3-D density cube, we extract the 1-D radial

profile near the radio burst site at (-780”, 230”). We

can approximate this 1-D density profile. We assume

a cartesian 3-D geometry of XYZ, where X and Y are

in the plane of the solar surface, while Z is the radial

height direction. A typical form of a 1-D coronal model

of electron density is an exponential,i.e.,

ne(Z) = n1e
−Z/Z1 , (2)

where ne is the electron density profile, n1 is the base

coronal electron density, and z1 is the coronal scale

height, respectively. For the selected 1-D density profile,

we get the values of n1 ≈ 9.5 × 108 cm−3 and z1 ≈ 31

Mm using an exponential fit (Eq. 2).

Further, we perform a 3D coronal magnetic field ex-

trapolation to explore the magnetic field topology and

radio burst location. We use gx simulator package

(part of the IDL SolarSoftware distribution; Nita et al.

(2015)) and make a 3-D magnetic field vector cube for

the active region shown in Fig. 6 (A) using nonlinear

force-free field (NLFFF) method. We show bigger loops

connecting the site of the EUV brightening to the site

of the radio burst over the sunspot. Small closed loops

are the loops brightened in EUV 171 Å during the flare.

Therefore, the magnetic reconnection site is likely to be

in between them, their meeting region close to the foot-

2 https://www.predsci.com/corona/model desc.html

prints. A tentative reconnection region near the conflu-

ence of the bigger and smaller magnetic fields is shown

as a yellow star in Fig. 6 (A). The cross-sectional ge-

ometry of the loops in the X-Z plane is shown in panel

B. Figure 6 (C) shows the magnetic fields projected on

the HMI maps along with the radio contours for the ra-

dio bursts at 1.0, 1.2, and 1.5 GHz. We note that radio

burst sources nicely match the projected large-scale loop

in their location. The extrapolation yields a magnetic

vector at each grid point in the simulation cube; hence,

we construct the tangential component of the magnetic

field (Bt) along the bigger loop w.r.t the local magnetic

field vector. We note that the ratio of Bt/|B| is almost

unity at the loop top. For a qualitative calculation, we

construct a 1-D radial magnetic field strength. To build

a 1-D magnetic field model near the observed radio burst

location, we extract the radial profile from the 3-D mag-

netic field cube near the site of the radio burst. Fig. 5

shows the gyro-frequency (ΩB) radial profile using rela-

tion ΩB = 2.8B(Gauss).

Parameter Values

Total loop length ≈ 250 Mm

Magnetic scale height (λ) ≈ 80 Mm

(Btop, Bm) (40, 200 G)

X-ray-radio time delay (tdelay) 38 s

(hLMP , hRMP ) (20, 35 Mm)

(h1GHz, h1.2GHz, h1.5GHz) (46, 40, 36 Mm)

(ne,top, ne,1GHz, ne,1.5GHz) (0.3, 1, 6)× 108 cm−3

Loss cone at top (α0) 26o

Trapping length (Ltrap) 195 Mm

Growth rate (Γ; o-mode;s=2) 4.0 s−1

Mean free path (λei) 0.7 Mm

ECM source Area (A) at 1 GHz 520 Mm2

Table 2. Table showing the values of various parameters
obtained using density and magnetic field model. Note that
the values are rounded to the next decimal place. The h
represents a coronal height from the solar surface. Note that
the hLMP and hRMP are the estimated coronal heights of
the eastern (left) and western (right) mirroring points. The
ne,top, ne,1.5GHz are the electron densities eastern (right) at
the loop top and the gyrofrequency layer corresponding to
1.5 GHz emission, i.e. h1.5GHz. The ne,100Mm is the electron
density at the 100 Mm coronal height, i.e. start of the masing
volume.

4.4. Observational ECM Source heights

Figure 5 shows the constructed gyro-frequency and

plasma density radial profiles. We note that the magni-

tude of the gyro-frequency exceeds plasma frequency for

a considerable range of coronal height, one of the essen-



10 Sharma et al.

(A) Magnetic extrapolation model (B) |Bz| in X-Z plane

(C) Projected magnetic fields (D) |Bt|/|B| in X-Z plane

Figure 6. Panel A: Schematic of the 3-D magnetic extrapolation model showing the approximate location of the reconnection
site, ECM radio source, EUV flare source and the coronal loops connecting the reconnection site to the observed radio source
locations. Note that two sets of smaller and larger coronal loops are responsible for the electron transport producing EUV and
radio sources, respectively. The yellow star marks a tentative location of the reconnection region near the confluence of the
big and small magnetic loop. Panel B: X-Z plane projection of the large-scale magnetic loops colour-coded with the absolute
magnitude of the Bz. The red bar shows the gyro-resonance layer for s=2 harmonic at 1 GHz, while the magenta bar is the
same for 1.5 GHz. The mirror point is shown in a black dashed line. The cyan trapezoid marks the tentative ECM source
region. Note that the dashed cyan lines are straight lines connecting the ends of 1.5 gyrofrequency layers with the uppermost
possible ECM layer. Panel C: The extrapolated magnetic field re-projected on the HMI maps, along with the radio contours of
the bursts. The blue, green and red are 1.5, 1.2 and 1.0 GHz respectively. Panel D: The ratio of the tangential magnetic field
and total magnetic field in the X-Z plane. The cyan trapezoid marks the tentative ECM source region, the same as panel B.
The vertical dotted line is the approximate width of the loops at the top. The vertical dashed line is the approximate ECM
region width at the loop top and is discussed in detail in section 5.

tial conditions for ECM. The other emission mechanism

candidate, i.e., plasma emission, is expected in denser

and low magnetic field regions, which is unlikely over a

sunspot. Therefore, the plasma emission mechanism is

unlikely to dominate over the ECM emission (Melrose

1991). Yu et al. (2023) also found that the plasma radi-

ation can not explain the observed spatial distribution

in frequency unless a <10 Mm density scale height is

present above the sunspot. For the coronal heights less

than 100 Mm, the ratio ωpe/ΩB < 1, making the region

suitable for ECM instability (Fig. 5). In addition, the

steep spectral behaviour observed in radio emission is

unlikely to be from incoherent emission mechanisms like

thermal bremsstrahlung and gyro-resonance. Overall,

a persistently high degree of RCP, spatial location on

the footpoint of the large-scale converging loop geome-

try at the sunspot, steep spectral power-law index, and

ωpe/ΩB < 1 coronal conditions support the evidence of

the observed radio bursts is most likely to be from ECM

source. From the magnetic extrapolation, the magnetic
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loop connecting the flare site and the sunspot is shown

in Fig. 6 (A & B). We note that the converging magnetic

field over the sunspot at X = 25–50 Mm is favourable

for coherent ECM, while the other footpoint shows non-

converging complex fields. Yu et al. (2023) already con-

strains the radio source emission to be s = 2 o-mode

from the opacity calculation for the same sunspot and

shows the s = 2 o-mode is most likely to escape. We

observe the RCP radio emission over a negative mag-

netic polarity confirming an o-mode emission. Fig. 6

(B) also shows that the gyro-resonance layers for s = 2

for 1 GHz, 1.2 GHz and 1.5 GHz are located at Z1GHz

= 46 Mm, Z1.2GHz = 40 Mm and Z1.5GHz = 36 Mm

respectively. All these heights are measured from the

base of the right footpoint (Fig. 6 (B)) and shown in

Table 2. An upper limit on the ECM volume can be

deduced where ΩB < ωr at a height to ≈100 Mm (Fig.

5). Combining the above calculations with the feasible

coronal ECM volume, we find the extent of the possible

ECM-unstable volume from 36 < Z < 100 Mm, span-

ning 64 Mm in coronal height. The X-Z plane cut of this

possible ECM-unstable volume is shown as cyan trape-

zoid in Fig. 6 (B). Note that the upper limit of the

ECM volume (Z ≈ 100Mm) partially spans the loop

top region.

5. ANALYSIS OF TIME DELAY IN ECM

This section aims to characterize some properties of

the electrons producing ECM radio source. Accelerated

electrons with sufficient energy can travel to the ECM

site over the sunspot separated by ≈ 120 Mm (in X-Z

plane) with an observed time delay (tdelay ≈ 38s). The

delay depends predominantly on collisional and mag-

netic mirroring timescales.

5.1. Electron Dynamics for the ECM

Sustaining an ECM source for many hours would re-

quire an equilibrium between electrons responsible for

the ECM instability via electron injection and losses

(Fig. 1). A persistent or intermittent supply of ener-

getic electrons into the magnetic trap must be balanced

by a continuous weak diffusion into the loss cone and the

precipitation loss (Fig. 11). The leakage of the trapped

electrons most likely happens at the reflections at the

mirror points, which are dense and also due to turbu-

lence in the loops.

5.1.1. Electron Injection

Figure 6 (A) represents the magnetic field model show-

ing the geometry of the magnetic fields and the connec-

tion for the accelerated electrons from the eastern sec-

tion of the active region to the sunspot via the marked

larger loops. The smaller loop shown is probably con-

nected to EUV brightening seen as magenta spot in

Fig. 2(B) at (-810”, 205”). We note that the smaller

loop’s eastern leg mixes with the larger loop’s eastern

footpoint. Although given the limitations of the mag-

netic field modelling in resolution, force-free assump-

tions, etc., getting the exact field lines for the electron

injection/propagation into the larger loop is highly non-

trivial. We assume the energetic electrons are injected

from the eastern footpoint region in the active region

AR12529, which remains continually active before the

solar flare and radio bursts. The electron injection into

the larger loops can happen from this mixed loop region

as this region hosts flux lines from both small and larger

loops. An approximate position of the reconnection is

marked as a yellow star in Fig. 6 (A) near the eastern

bend close to the small loop top (≈ 25 Mm high from the

surface). For an electron with energy EkeV , the velocity

(ve) is given by,

ve(Mm/s) = 300

√
(1− 1

(0.002EkeV + 1)2
). (3)

Table 3 lists the relevant range of electron energies and

velocities.

5.1.2. Electron Mirroring

The converging magnetic field topology at the sunspot

facilitates magnetic mirroring and trapping. The elec-

trons can get captured in the large closed loops via trap-

ping (Fig. 6 (A)). In the continuum phase, the active

region AR1259, on average, emits at intermediate A- &

B-class level, i.e. the average energy of electrons in the

trap would be ≤ 10 keV (Glesener et al. 2020). Under a

simplistic model of a single flux tube, accelerated elec-

trons with favourable pitch angle (α > α0) will likely

get trapped in the higher magnetic field arches, forming

an electron reservoir. Here, the loss cone angle, α0 at

the loop top is given by,

α0 = sin−1(

√
Btop

Bm
), (4)

where Btop and Bm are the magnetic fields at the loop

top and mirror point, respectively. The coronal heights

of the mirroring point are not trivial to estimate. How-

ever, we note that radio emission occurs predominantly

below 1.5 GHz before the burst (Fig. 1 (B)). We note

that during bursts, the FT features do occur until 1.9

GHz; however, overall, considering during and before

QPP, the emitted radio power is mostly below 1.5 GHz

as seen in Fig. 1. Therefore, assuming a nominal

1.5 GHz ECM cut-off and corresponding second gyro-

frequency layer as a nominal mirroring point for most
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Energy ve Lstop,top /Lstop,1.5GHz (Mm) τstop,top/τstop,1.5GHz (s) Ldrift (Mm)

1 keV 19.0 Mm/s 90.6 / 4.5 4.8 / 0.2 11.3

2 keV 27.0 Mm/s 362.3 / 18.1 13.5 / 0.7 22.5

3 keV 33.0 Mm/s 815.3 / 40.8 24.9 / 1.2 33.8

4 keV 38.0 Mm/s 1449.4 / 72.5 38.4 / 1.9 45.0

5 keV 42.0 Mm/s 2264.7 / 113.2 53.8 / 2.7 56.3

8 keV 53.0 Mm/s 5797.6 / 289.9 109.3 / 5.5 90.1

10 keV 59.0 Mm/s 9058.7 / 452.9 153.2 / 7.7 112.6

15 keV 72.0 Mm/s 20382.2 / 1019.1 283.6 / 14.2 168.9

20 keV 82.0 Mm/s 36235.0 / 1811.7 439.7 / 22.0 225.2

25 keV 91.0 Mm/s 56617.2 / 2830.9 618.9 / 30.9 281.5

30 keV 100.0 Mm/s 81528.7 / 4076.4 819.4 / 41.0 337.8

Table 3. Various relevant electron propagation parameters for different electron energies. The stopping length (Lstop), and

stopping time (τstop =
Lstop

ve
) for the loop top and at 1.5 GHz gyrofrequency layer are shown. The drift lengths (Ldrift) due to

diffusion at the loop top are shown in the last column. The range of τstop between loop top and 1 GHz gyrofrequency layer for
the middle rows from 4 keV to 10 keV are consistent with the observed tdelay (≈ 38 s), and suitable Ldrift consistent with the
loop top width wtop, and are shown in bold.

electrons, we estimate Bm ≈ 40 G and hRMP ≈ 35 Mm,

where hRMP is the coronal height of the right (western)

mirror point. An approximate position of the mirroring

layers is shown in Fig. 6 (B) and values tabulated in

Tab. 2. Using them, we get α0 ≈ 26o, i.e. the electrons

can remain trapped from α > 26◦ and form an electron

reservoir in the magnetic arch (Fig. 6 (A)), while the

electrons with α < α0 will precipitate into the sunspot.

The left (eastern) leg and right (western) leg mirroring

layer are at 20 Mm and 35 Mm from their respective loop

base (Table 2) for the 1.5 GHz gyrofrequency layer. The

right leg over the sunspot shows a coherent variation of

the Bz magnetic field or gyrofrequency layers suitable

for magnetic mirroring. The left leg is not coherent,

i.e. the mirroring layer is just an average description of

the mirroring points corresponding to varied field lines.

Therefore, from the average 1.5 GHz gyro-frequency lay-

ers subtraction from the total loop length, an upper limit

on the average, the trapping length (Ltrap) is≤ 195 Mm.

The trapping length for smaller electron energies will be

shorter, and the mirroring points will be higher. The

portion of this trapping region where columb collisions

are strong, i.e. dense regions, will most plausibly make

the electrons undergo into loss cone. Therefore, such

denser regions near the loop leg over the sunspot will

be suitable for ECM emission. We call this region as

masing volume. The cyan curve in Fig. 6 (B) shows the

extent of the masing volume, where the upper height

cut-off comes from ωp/ΩB < 1 limit, while the lower

cut-off comes from the 1.5 GHz gyro frequency layer.

5.1.3. Electron Reservoir

The accelerated electrons responsible for the ECM

must enter the loss cone within the masing volume via

collisions. The extremely low electron energies would be

stopped quickly due to collisions, while extremely high

energies would be trapped for longer than observed ttrap
(38 s). The stopping length (Lstop), i.e., the length trav-

elled by an electron before stopping, can approximate

the length travelled by the electron before entering the

loss cone. Based on the density profile and a range of

electron energies, we compute stopping distance assum-

ing a thick target medium.

Lstop =
E2

2Kne
(5)

where, E is the electron energy, K = 2πe4lnΛ, e is the

electron charge (Brown et al. 2002) and lnΛ ≈ 20. Cor-

responding to the Lstop, the time taken by the electron

to stop will be τstop =
Lstop

ve
. The ambient thermal den-

sity governs the Lstop. Table 3 lists the Lstop for the loop

top and 1.5 GHz gyrofrequency layer. The loop top is

the least, and the 1.5 GHz gyrofrequency layer is the

most dense region of the masing volume. The 1.5 GHz

is a high-frequency cut-off for the ECM, i.e., the stop-

ping time of the electrons would be between the range

of τstop,top and τstop,1.5GHz.

The coulomb collision and the magnetic fluctuations

or turbulence can facilitate the entry of electrons into

the loss cone. This diffusion of electrons is perpendicular

transport across the magnetic field. We define B⊥ as the

turbulent perpendicular magnetic field component. We

assume the maximum diffusion at the loop top, where

|B⊥|/|B| ≈ 1 (Kontar et al. 2011). The perpendicular

transport of fieldlines is given by Ldrift (Kontar et al.

2011),

Ldrift =
√
2DMLstop, (6)
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where DM = (
B2

⊥
|B|2λ|| is the diffusion coefficient, λ|| is

the parallel correlation length of the perturbations. We

assume the correlation length is of a similar order to the

mean-free path (i.e. λ|| ≈ λei). The Ldrift must be

constrained within the loop width of the larger loop, i.e.

(Ldrift < wtop) for coherent transport to the sunspot.

Fig. 6 shows that the loop top region width is quite wide

wtop ≈ 90 Mm, while it’s ≈ 35 Mm falls in the masing

volume. Table 3 lists the values of Ldrift for various

electron energies. We note that the range of electron en-

ergies satisfying the time delay and perpendicular drift,

i.e. τstop,1.5GHz < 38 s < τstop,top and Ldrift < 90 Mm

are 4-8 keV.

6. ANALYSIS OF QPP IN ECM

The VLA lightcurve shows QPP during the radio

burst (Fig. 1 (C)). We distinguish the temporal vari-

ations in the radio bursts into two based on timescales,

i.e. second level > 1 sec and sub-second < 0.1 sec

timescales. The periodic variations will fall under the

second timescale, while the latter is studied in the next

section 7. We employ the running median subtraction

technique to remove variations in desired timescales. In

this approach, a continuum time series was formed with

a smoothing time window of 20 sec, formed by calculat-

ing the median over it. Then, we subtract it from the

main time series to get the desired running median sub-

tracted time series. For this analysis, we chose the maxi-

mum TB time series from the radio maps. The maximum

TB captures the variability of the radio source more ro-

bust than spatially-integrated flux density. Here, the

choice with the smoothing window determines the vari-

ability retained in the subtracted time series. The con-

tinuum obtained for the former highlights the second-

level undulations of the periodic pulses. This running

median subtracted time series was passed to the wavelet

analysis to characterise the varying second timescales

further. An example of the running median subtracted

time series with 20 sec smoothing window is shown in

Fig. 7 (A) top panel for 1 GHz made from TB time

series shown in Fig. 4 (A).

6.1. Wavelet Analysis

We perform wavelet analysis for all TB time series of

32 frequency bands in L-band for both the continuum

and radio burst period. We chose the “morlet” mother

wavelet and temporal wavenumber corresponding to the

timescales spanning 20 sec to 1 sec. Figure 7 (A) shows

a wavelet spectrum for the brightest 1 GHz time-series.

During radio burst times, we clearly note a periodicity

of 5 seconds. The right panel shows the time-averaged

wavelet power with scales. Figure 7 (B) shows the 2-

D array for time-averaged wavelet power for each of 32

frequency channels. Here the entire array is normalized

to unity. We note that wavelet power is at its maximum

at a 5-second periodicity for the frequency range from

1.0 GHz to 1.3 GHz.

Prior to the radio bursts, the radio continuum shows

fine structure at a brightness level of 20-25 MK. The

detailed study by Yu et al. (2023) shows a persistent

sunspot microwave source lasting for many days, which

is attributed to the sunspot ”auroral” emission. Our

present observation explores smaller time scales, i.e.

minutes, seconds, and sub-second variations. We sub-

ject the continuum time series to wavelet analysis to

find potentially weaker periodicities. Figure 7 (C) shows

the wavelet power spectrum for the 1 GHz. We do not

see any clear indications of periodicities before QPPs.

The 5-sec periodicity of the radio bursts loses signifi-

cance above 1.3 GHz (Figure 7 (B)). The continuum

emission global power does not show 5-sec periodicities

but enhances uniform power above 1 sec. For a qual-

itative comparison, we produce a white noise time se-

ries and subject it to wavelet transformation. The data

points for the white noise time series are derived from

a zero mean normal distribution. The continuum power

is spread across the higher period compared to a typical

white noise time series shown in black in Fig. 7 (D).

6.2. Saturation of ECM

The brightness of the ECM emission depends on the

positive gradient in an electron’s velocity distribution

function in the loss cone and the growth rate of the o-

mode (Γ ≈ 103 s−1). The ECM can be saturated in

the loss cone due to a stagnant growth rate. This can

occur if the scattering of electrons into the loss cone is

limited or the loss cone is saturated by a finite rate at

which it becomes empty. The latter mechanism domi-

nates when δ = ve/(LtrapΓ) < 1 (Melrose & Dulk 1982).

We use typical masing volume estimates and most prob-

able electron energies at 4 keV, i.e. ve, Ltrap and Γ are

electron velocity, trapping length and growth rate, i.e.

42 Mm/s, 195 Mm and 103 respectively. Therefore, we

get δ = 2.1 × 10−4. We note that this scenario is feasi-

ble, and the finite emptying rate of the loss cone should

determine saturation. The saturation level is reached in

≈2.5 sec, half of 5-second oscillations. At saturation,

most of the free energy available gets converted into ra-

diation and the saturated energy density (W , Melrose

& Dulk 1982) for small pitch angles is given by,

Wsat = (δ)nemv2eα
3
0. (7)

Here, the factor δ reduces the energy density saturation

due to the finite discharge rate of the loss cone. We use

α3
0 = 3.7×10−3 and the timescale of loss cone emptying
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(A) QPP at 1 GHz (B) Global Power Spectrum

(C) Emission during non-QPP duration at 1 GHz (D) Global Wavelet Power

Figure 7. Example of the wavelet analysis for the light curve at the frequency at 1 GHz. Panel (A): Wavelet power spectrum
for 1 GHz time series for radio bursts. The top time-series is the running median subtracted maximum TB of the radio source.
The start time is 18:44:10 UT. Panel (B): Normalised time-averaged wavelet power spectrum for each frequency channel from
1 GHz to 1.5 GHz. Panel (C): Wavelet power spectrum for 1 GHz time-series for the running median subtracted maximum TB

before the QPPs. The start time is 18:40:10 UT. Panel (D): Line plot of global wavelet power spectrum for QPPs (orange) and
non-QPP time (red). The black curve is the wavelet power for a simulated white noise time series.
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is ≈ 1
δ = 1.5 × 103 sec. We also assume beam density

ne ≈ 107 cm−3 (assuming X-ray nonthermal densities),

and get Wsat = 1.3× 10−7 erg cm−3. For a masing vol-

ume of V = A3/2 (= 1.18×1028 cm3), we get volumetric

radiation energy as WsatV ≈ 2.0 × 1021 erg. Further,

the TB of a saturated ECM is approximated as (Melrose

& Dulk 1982; Yu et al. 2023),

TB,sat(K) ≈ 2× 1012(
E

1keV
)(

ν

200MHz
)−2(

Ltrap

R⊙
)−1.

(8)

At 1 GHz frequency and 4 keV electrons, we estimate

the TB,sat ≈ 5 × 1011 K. This estimate is much higher

than the observed maximum TB,obs ≈ 108 K (assuming

a synthesised beam size of 12′′). Such contrast can be

due to ECM operating at lower efficiency in an unsat-

urated regime and/or absorption in 3rd gyroresonance

layer with optical depth(τ0). Assuming simple radiation

transfer, a back calculation of τ0 = −ln(
TB,obs

TB,sat
) gives

τ0 ≈ 8.5 (< 10 necessary for transparent s=3 layer).

Therefore, the opacity falls within a reasonable range

estimated in Yu et al. (2023).

6.3. ECM Pulsations

As found in previous sections, the geometry and elec-

tron propagation in the large loops are favourable for

continuous operations of the ECM from the electron

reservoir at the loop top. During the solar flare, addi-

tional acceleration of the electron population contributes

to the reservoir and perturbs the continuous ECM oper-

ation. Unlike the continuum ECM phase (before 18:40

UT), the ECM burst shows a relatively spiky light curve

and six quasi-periods of ≈ 5 seconds each (Fig. 7).

Interpretation, like MHD-driven oscillation or sausage

modes, does produce second timescale oscillations. How-

ever, it would result in a much smoother variation in

brightness (e.g. Carley et al. 2019),i.e. less feasible for

observed spiky variation. In addition, the absence of 5

seconds during continuum emission also hints towards

the lack of a persistent MHD waves-driven ECM source.

Aschwanden & Benz (1988b) applied the Lotka-

Volttera system to the spectroscopic observation of the

QPPs. Here, the electron distribution and photon pop-

ulation naturally exchange energies, producing oscilla-

tions. This model is most feasible for our observation,

where the incoming electrons cause perturbation to the

distribution function and turn ECM into an oscillatory

mode due to the particle and wave coupling. The pe-

riod of such oscillation of the ECM emission is given

by τp = 2π
√
(τdiff × τgrowth), where τdiff is the dif-

fusion timescale of momentum of electron distribution,

and τgrowth is the ECM instability growth timescale. As-

chwanden (1990) estimates typically τdiff=5-20τgrowth

using 2-D PIC simulation for o-mode ECM emission. We

use a nominal growth rate estimate τdiff ≈ 10τgrowth.

Therefore, using the observed pulsations of 5 sec, we get

τgrowth ≈ 0.25 s and τdiff ≈ 2.5 s. We note that the dif-

fusion timescales are larger than the trapping timescales

(τstop) mentioned in table 2, especially at low energies.

Large τdiff implies “weak” diffusion into the loss cone

(≈ 10 mins), which is a suitable mechanism to sustain

continuum ECM sources given the availability of the en-

ergetic electrons.

7. ANALYSIS OF SUB-SECOND FINE

STRUCTURES IN ECM

In this section, we focus on characterising sub-second

structures in the ECM source. We utilize VLA’s fine

temporal resolution (50 ms) to study sub-second tem-

poral variation present in the radio bursts. We use the

same running median analysis employed in the previ-

ous section 6. Here, we chose a 20-second time window

for studying second-level variabilities. Here, we charac-

terise the shape of features in the frequency-time plane

and compute power spectral density and wait-time dis-

tributions.

7.1. Frequency-Time Structures

Despite the spectral-temporal behaviour’s complexity,

we observe some coherent Frequency-Time (FT) struc-

tures in the DS. These coherent structures occur as col-

lective shapes in the FT plane and appear “drifts”. The

FT structures are seen in the running median subtracted

time series with a smoothing window of 20 sec. Figure 8

(A & B) shows four examples of the FT structures seen

during a 15-second time segment. Note that the radio

burst peak at 33.35 sec in Fig. 8 (A & B). A zoomed-

in version of these four FT structures (I-IV) is shown

in Fig. 8. The three structures (II, III and IV) occur

during the periodic bursts. Considering electron prop-

agation, the flare 13 keV originated electron streams

(Tab. 2) and loop model would correspond to a fre-

quency drift range of 1.85 GHz/s to 4.2 GHz/sec. Such

a large drift rate will correspond to ≈ 100 MHz/50ms to

≈ 210 MHz/50ms. These drifts are much larger than the

observed FT structure during the first pulsation, which

has a 0.9 GHz/sec drift rate and is many times slower.

Therefore, the FT structures seen are not produced by

a single bunch undergoing instability; more likely a col-

lective effect of many-electron streams undergoing in-

stability. Assuming a characteristic Alfven wave speed

at 1.0 to 1.5 GHz gyrofrequency (≈ 16− 18 Mm/s), the

observed modulation drift rates can also have a contribu-

tion due to a fast-moving MHD disturbance. However,

the exact dependence of FT structures on MHD waves is
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(A) FT Structures

(B) Zoomed FT structures (C) Wait-time distribution

Figure 8. Panel (A): A 15-sec segment of the running median subtracted DS showing the FT structures during the burst, with
a 20-second smoothing window. Some individual coherent features are shown in sections I to IV. The section III is the peak
of QPP. The start time, i.e. t=0, is 18:44:10 UT. Panel B: Zoomed-in DS is apparently showing drifting features for sections
I to IV in panel A. Both positive and negative drift slopes are seen. Panel C: The data points correspond to the wait-time
distribution of the time series of the fine structures for three frequency bands. The lines correspond to the linear fits done on
each frequency band. Note that the slope for 1 GHz is slightly more gentle than the high-frequency slope.

beyond the scope of this study. Here, the narrow band-

width of the radio emission (∼ 50 MHz) suggests a quick

dissipation of the electron beam within the ECM source

with dissipation distance.

7.2. Sub-Seconds Fine Structures

Power Spectral Density (PSD) describes energy trans-

fer from the large to small eddies in a turbulent medium,

for example, in solar winds (Jatenco-Pereira et al. 1994).

To quantify the sub-second features, we pass running

median subtracted time-series to PSD, which captures

the variability scales in the signal. Since we want to

characterize sub-second features, we choose a window

size of 3 sec for the running median subtraction. The

length scales for the wavenumber (k) are obtained by

inversely scaling sampling timescales by Alfven velocity

corresponding to the gyro frequency layer for a given

frequency, i.e. wavenumber k = ts/vA, where ts is the

timescale. We vary ts from 50 ms to 3 sec and vA ≈
16-18 Mm/s corresponding to 1.5 GHz and 1 GHz gyro-

frequency layer, respectively, for all 32 frequency chan-

nels. Figure 9 (A) shows the PSD of the running median

subtracted time series of the entire time series, including

burst and continuum emission times for two frequencies

≈1.2 GHz and ≈2.0 GHz. We fit a power-law to the PSD

between 10−2 Mm−1 < k < 2 × 10−1 Mm−1. We note

that for the time-series below 1.5 GHz, the power law fit

of the PSD is close to 1.42±0.41. The 2 GHz PSD shows

a flat PSD similar to a flat white noise PSD spectrum.

The right panel shows the power-law fits of the PSD

for all the frequencies. For the frequencies where radio

bursts are seen, the power-law remains flat to near 1.6.

Within the error bars, all of them follow the Kolmogorov

index (5/3). The 1 GHz continuum emission also shows
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(A) PSD of TB time series

(B) Frequency dependence of the PSD index

Figure 9. Panel A: The PSD distribution and fit of the fine
structures of the time series. The curves in panels (I) and
(II) correspond to the wavenumber distribution of ≈1.2 GHz
and ≈2.0 GHz, respectively. The solid black lines are the
linear fit to the tail part of the distribution. Note that the
index for the 1.2 GHz tail is ≈-3/2. Panel B: The linear fit
index to the PSD tail is plotted with a function for frequency
bands.

a similar power law as the radio bursts, while 1.5 GHz

and 1.7 GHz deviate away and flatten, resembling the

white noise.

7.3. Wait-time distribution

The FT structures can arise from a self-organised sys-

tem governed by self-organised criticality (SOC). Wait-

time distribution of the events is considered to be a

measure of SOC systems. Aschwanden et al. (2021) cal-

culates the power-law index for the wait-time distribu-

tion for the SOC processes to be ≈ 2. We compute

the wait-time distribution for the running median sub-

tracted time series with a smoothing window of 20 sec

(e.g. a frequency slice in Fig. 8 (A)). To compute the

wait time, we need to define an event. We assume a

qualitative definition of features above 1 σrun to consti-

tute an event. Here, σrun is the standard deviation of

the full median subtracted time series. We compute the

wait-time distribution for 1 GHz, 1.5 GHz and 2 GHz for

a qualitative estimation. Waiting times are calculated

from the start time of the event. Fig. 8 (C) plots the

wait-time distribution for the three frequencies. We note

that the distributions of wait times for just noise (2.0

GHz) are slightly steeper than 2, while 1 GHz and 1.5

GHz plots are consistent with a slope of 2. Therefore,

these exponential wait times imply that the timescale

of the emission cascade is smaller than the time inter-

val of the next event, or in general terms, “no memory

of prior events”. Assuming the event is caused by the

next bunch of incoming electrons in the masing volume,

i.e., no delays and instant emission in the event occur-

rence. Such occurrences are more probable in multiple

masing cells rather than a single cell. One possibility is

that many cells can carry multiple electron bunches, and

we would observe a combined emission from these cells

within each 50 ms time. However, a more detailed and

focused study is required to establish this possibility.

8. DISCUSSION

Imaging and spectroscopy of the VLA radio bursts of-

fer new insights into the ECM emission, particle accel-

eration, trapping and turbulence in the magnetic loops.

Our analysis supports the following evidence of the ex-

istence of multiple phenomena like electron injection,

electron trapping in the magnetic loops, conducive con-

ditions for ECM instability, periodically coupled elec-

tron diffusion into loss-cone and growth of maser source,

and modulation of emission by turbulence. We also con-

strain the energies and pitch angles of the electrons that

produce the ECM, which is consistent with the stan-

dard flare model. The major findings from the study

are as follows based on the analysis in section 5, 6 and

7, respectively.

1. Energetic electrons (≈4-8 keV) from eruptions on

the eastern leg are trapped in the over-arching

loops and cause a time delay of ECM emission

over the sunspot from EUV emission.

2. The electron acceleration from the solar flare per-

turbs the continuously operating ECM, resulting

in QPPs caused by oscillatory wave-particle energy

exchange in the loss cone.

3. The turbulence contributes to the sub-second tem-

poral structures in the ECM, and the arrival times

of the ECM emission are consistent with a self-

organised system.

These results from spectroscopic imaging multi-

wavelength data have provided a deeper understanding
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of the origins of long-lasting radio sources and pulsa-

tions. We discuss the implications of the findings in the

following sub-sections.

8.1. Physical Picture of features in ECM

Yu et al. (2023) established the model for the over-

arching reservoir for the auroral-like ECM emission over

the sunspot. Fig. 10 shows the schematic of the

ECM phenomenon, which includes modification from

the physical picture described in (Yu et al. 2023) based

on the current study. Our electron dynamics model

and extrapolation show the possibility of an electron

reservoir formation and long-lasting converging topol-

ogy that can inhibit the ECM source for many hours

(Yu et al. 2023), and ECM operate continuously. Note

that electron reservoir means trapped electrons with a

broad range of energies and pitch angles. Given a consis-

tent supply of energetic electrons, the trapped electrons

near the loop top can form a reservoir of electrons. The

mostly positively charged magnetic region AR12529 re-

mains persistently active on 16 April 2014 (Fig. 2 (B)).

It fluctuated around the B-class flare level and produced

4 C-class bursts in 7 hours before the 18:46 UT burst,

suggesting a constant reconnection activity in this AR

providing regular intervals of energetic particle produc-

tion. Thus, sustained availability of energetic electrons

from the eastern loop leg in the connecting loop is en-

sured. A subset of these energetic electrons travel down-

wards to produce EUV bright footpoints are seen in Fig.

2 per the standard flare model. Under suitable condi-

tions, the accelerated electrons travelling upwards can

get trapped near the bigger loop top. Untrapped parti-

cles precipitate into the sunspot.

The reservoir of energetic electrons can slowly and

constantly diffuse into the loss cone driven by coulomb

collisions and turbulence. The trapping time is deter-

mined by magnetic mirroring and collisions, causing a

time delay (the dark green block in Fig. 11). The elec-

trons enter the loss cone and undergo ECM instability

at the sunspot leg of the loop to produce ECM. The

temporal profile resemblance between the low-energy X-

ray and radio bursts with time delay hinted towards

electron transport effects and trapping, which are quite

well studied with X-ray observations and modelling (e.g.

Aschwanden et al. 1997; Li et al. 2022, etc.). In solar

flares, the low-energy X-ray peak fluxes are also known

to correlate with the high-energy peak fluxes (Isola et al.

2007). Therefore, the temporal association of thermal

X-ray fluxes and nonthermal ECM is possible. Even

though we compute the Elow ≈13 keV cut-off FERMI

X-ray fits, the nonthermal population with < 13 keV

could still be present, but it could be obscured due

to strong thermal background and instrumental limita-

tions. Based on the location, timing delays and mag-

netic topology of the observations, a plausible sequence

of the electron dynamics for the ECM is shown in Fig.

11.

An occasional surge of new electrons from the reservoir

is released from a solar flare. These electrons perturb

the ECM, producing QPPs. This effect increases ECM

growth rate due to perturbed electron velocity distribu-

tion (Aschwanden & Benz 1988a), the ECM maser can

operate in an unsaturated regime. Therefore, the over-

all electron dynamics consists of electron injection into

the connecting loop, electron mirroring, which forms the

trap and electron reservoir, coulomb collision, and tur-

bulence, which knocks the electrons into the loss cone.

Another way of producing QPPs can be due to a delay

in triggered multiple reconnections leading to the sec-

ondary acceleration sites. For e.g. Battaglia et al. (2021)

showed radio emissions originating from secondary ac-

celeration sites. Such processes can produce non-co-

spatial multiple brightenings but are associated in time.

Here, the Fermi/GBM X-ray curve does show a smaller

peak before the flare peak. However, we do not observe

any clear signature of secondary acceleration in EUV

lightcurves and images.

-

8.2. Turbulent and Stochastic nature of the ECM

We note evidence of turbulence and “self-criticality”

in producing fine structures and a variety of FT features

(Fig. 9 ). Wave-particle interactions are non-linear pro-

cesses, and exponential growth of mode can cause rapid

amplitude fluctuation. Since the growth rate is con-

tributed by the density gradient in the loss cone, a mi-

nor fluctuation of the electron distribution affects the

growth rate linearly, but the wave energy exponentially

(e.g. Melrose & Dulk 1982; Aschwanden & Benz 1988a).

Therefore, in a turbulent inhomogeneous medium, the

wave energies would intrinsically have a complex spatial

and temporal pattern, which can result in the observed

FT features. The ECM growth rate is driven by per-

sistent nonthermal electron populations, i.e. excitation

and quenched by quasi-linear relaxation in the velocity

space, i.e. relaxation, respectively. Their interplay can

produce regular spatial-spectral-temporal patterns, un-

like the random pattern. The entire system can become

“self-similar”, where the emission is amplified not by ex-

ternal nonthermal electrons but by fluctuations ampli-

fied by the feedback like a non-linear relaxation. Such

a system can also become “critical” (SOC), for exam-

ple, if continuously driven by nonthermal electrons and

relaxed randomly, not episodically (Aschwanden et al.
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Figure 10. Cartoon showing the ECM masing volume (sunspot radio aurorae) in the solar loop and connection with the solar
flare. The figure is adopted and modified from Yu et al. (2023) to include turbulent magnetic field lines shown by zig-zag lines.

Figure 11. Flowchart of the particle (electron) dynamics in-
volved in producing the ECM emission. The orange boxes
show the electron acceleration and transport sequence. The
light green box shows the intermediate low energetic events.
The electrons get trapped (green box) at the loop top, and
produce long-lasting ECM and QPPs (blue). QPPs are the
result of ECM saturation in the wave-particle exchange.

2021). In such case, the radio emission would contin-

uously show FT features and slopes of the wait time

distribution ≈2 (Fig.8 (C)), i.e. a fast emission cascade

(Sec. 7.3). One plausible scenario could be the presence

of multiple masing cells forming a combined coherent

FT structure in the ECM source. A similar power-law

slope of α ≈ 2.1–2.4 was found in the soft X-rays fitted

with a non-stationary Poisson process (e.g. Wheatland

2000). Similar behaviour can be reproduced with a shell

model of turbulence (Boffetta et al. 1999), or with a Levy

function (Lepreti et al. 2001). Therefore, the wait-time

power law’s uniqueness is ambiguous and makes it hard

to classify it as SOC-dominated, turbulent, or both. In

the present case, the consistency in Ldrift and loop top

extrapolation width, the Kolmogorov PSD distribution

of the ECM fine structures over turbulent scales (lturb)

between 5 Mm ≤ lturb ≤100 Mm (Fig. 9), and the pres-

ence of FT structures support both the turbulence and

SOC nature in the ECM.

9. CONCLUSION

Using a comprehensive multi-wavelength investigation

and modelling in the spatio-temporal-spectral domain,

we studied the nature of long-lasting auroral-like ECM

emission over the sunspot, over-arching electron reser-

voir for ECM and the role of the accelerated nonthermal

electrons originating in a solar flare in ECM emission.

We constrain the emission mechanism to be ECM at

the second harmonic (s=2) o-mode. At EUV and X-ray

wavelengths, a solar flare was seen at the eastern edge

of the active region, while the ECM source was per-

sistently present at the western edge over the sunspot.

Several hot magnetic loops connecting the flare site to

the sunspots are seen in AIA 171 Å, and modelled by

magnetic extrapolation. By simple modelling of electron

dynamics in the magnetic loop, we proposed trapping

of accelerated electrons injected from the active eastern

loop leg, forming a loop top electron reserve, which is

consistent with the standard flare model. Using X-ray

spectroscopic analysis, we obtained energies and densi-

ties of thermal and nonthermal electron populations dur-

ing the flare. Radio bursts with 5-second period QPPs

were seen with a 38-second time delay w.r.t. the solar

flare. The X-ray fits capture the higher end of the accel-

erated population, Elow > 13keV , while the lower end

is responsible for the ECM emission. Using the X-ray

analysis and delay in ECM emission, we estimate the en-

ergies between ≈4-8 keV form the electron reservoir with

varied pitch angles α0 > 26o. As Yu et al. (2023) showed

that this ECM source lasts for many hours, we find that

at smaller second and sub-second temporal scales, the
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emission is governed by loss cone diffusion supported

by collisions and magnetic turbulence with Kolmogorov

power-law distribution over ≈5 Mm ≤ lturb ≤100 Mm

length scales. Fulled by over-arching electron reservoir

and loss-cone diffusion, the ECM operates continuously

and sometimes shows coherent and self-similar FT struc-

tures. The additional electrons from intermittent solar

flare saturate the ECM emission and produce 5-second

period QPPs, otherwise absent in the continuous phase

of ECM.

Overall, long-lasting ECM sources are viable under

conducive magnetic geometry and electron acceleration

sites and can help us develop more detailed particle

transport models. The fine structures offer a more

detailed view of the emission mechanism and coronal

medium. Therefore, more observations and analysis of

long-lasting radio sources are required using a multi-

wavelength approach. In addition, combined radio ob-

servations with solar-based observatories like Parker So-

lar Probe and Solar Orbiter with AIA can help get

stereoscopic views. This would allow us to constrain

the particle propagation and emission more precisely.
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