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Abstract

Magnetic reconnection is a fundamental physical process converting magnetic energy into not only plasma energy
but also particle energy in various astrophysical phenomena. In this Letter, we show a unique data set of a solar
flare where various plasmoids were formed by a continually stretched current sheet. Extreme ultraviolet images
captured reconnection inflows, outflows, and particularly the recurring plasma blobs (plasmoids). X-ray images
reveal nonthermal emission sources at the lower end of the current sheet, presumably as large plasmoids with a
sufficiently amount of energetic electrons trapped in them. In the radio domain, an upward, slowly drifting
pulsation structure, followed by a rare pair of oppositely drifting structures, was observed. These structures are
supposed to map the evolution of the primary and the secondary plasmoids formed in the current sheet. Our results
on plasmoids at different locations and scales shed important light on the dynamics, plasma heating, particle
acceleration, and transport processes in the turbulent current sheet and provide observational evidence for the
cascading magnetic reconnection process.

Unified Astronomy Thesaurus concepts: Solar magnetic reconnection (1504); Solar particle emission (1517); Solar
electromagnetic emission (1490); Solar flares (1496); Solar radiation (1521)

1. Introduction

Magnetic reconnection is a fundamental process in plasma
physics that is relevant not only in the context of solar and
stellar flares, but also in planetary magnetospheres, magnetars,
accretion disks, and in laboratory plasmas (Priest &
Forbes 2000; Lin et al. 2008; Zweibel & Yamada 2009). It
was first proposed and has been widely used to explain the
energy release in solar eruptions (Su et al. 2013; Li et al. 2016;
Cairns et al. 2018; Gou et al. 2019). In the classical CSHKP
model (Carmichael 1964; Sturrock 1966; Hirayama 1974;
Kopp & Pneuman 1976), a closed magnetic structure is
stretched by a rising flux rope (usually observed as a filament),
forming a current sheet (CS) where oppositely directed
magnetic field lines flow in and reconnect. The energy
prestored in the magnetic field is then converted into various
energy forms such as heating of plasma, acceleration of
particles, bulk mass motions, and emissions in almost all
wavelengths. The newly formed field lines retract both
downward and upward from the reconnection site, forming
postflare loops and coronal mass ejections (CMEs). The
CSHKP model agrees well with the large-scale dynamics of
the observed eruptive events. However, the reconnection rate
estimated from the model is often found to be too low to
explain the rapid energy release in solar flares (Shibata &
Magara 2011). Moreover, with a single diffusion (reconnec-
tion) region, the CSHKP model also shows an apparent
inability to account for the acceleration of the observed large

number of energetic particles (Fletcher 2005; Krucker et al.
2008).
Because of these difficulties, a scenario of cascading

reconnection was suggested by Shibata & Tanuma (2001). In
this scenario, the initial CS is continually stretched by the rising
flux rope (CME). At some point the tearing-mode instability
sets in and multiple magnetic islands (also called plasmoids)
are formed, interleaved with thin CSs. The newly formed
plasmoids are subjected to increasing separation, leading to the
secondary tearing instability that causes the CSs to be further
filamented. As the process continues, third and higher orders of
tearing instabilities take place and plasmoids with smaller and
smaller sizes are formed until the widths of the CSs reach
plasma-kinetic scales at which the magnetic energy is
dissipated. This scenario was later supported by the analytical
theory of chain plasmoid instability (Loureiro et al. 2007;
Uzdensky et al. 2010) and confirmed by various numerical
simulations (Bhattacharjee et al. 2009; Samtaney et al. 2009;
Huang & Bhattacharjee 2010; Bárta et al. 2011; Shen et al.
2011; Mei et al. 2012; Ni et al. 2015; Mei et al. 2017; Li 2019;
Zhao et al. 2021). It has been shown that the reconnection rate
as well as the acceleration of solar particles can be significantly
enhanced by the formation and ejection of the secondary and
higher orders of plasmoids.
These theoretical predictions are consistent with laboratory

modeling of secondary CSs in laser plasma interaction (Dong
et al. 2012) and in situ observations of a secondary magnetic
island in the Earth’s magnetotail (Wang et al. 2010). In solar
eruptive events, the plasmoids were first recognized from soft
X-ray images during the impulsive phase of a solar flare
(Shibata et al. 1995). Later, they were also identified in hard
X-ray, extreme ultraviolet (EUV), white light, and radio images

The Astrophysical Journal Letters, 924:L7 (9pp), 2022 January 1 https://doi.org/10.3847/2041-8213/ac42c6
© 2022. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0002-3032-6066
https://orcid.org/0000-0002-3032-6066
https://orcid.org/0000-0002-3032-6066
https://orcid.org/0000-0003-4655-6939
https://orcid.org/0000-0003-4655-6939
https://orcid.org/0000-0003-4655-6939
https://orcid.org/0000-0003-2073-002X
https://orcid.org/0000-0003-2073-002X
https://orcid.org/0000-0003-2073-002X
https://orcid.org/0000-0002-9893-4711
https://orcid.org/0000-0002-9893-4711
https://orcid.org/0000-0002-9893-4711
mailto:lfeng@pmo.ac.cn
mailto:lfeng@pmo.ac.cn
mailto:lfeng@pmo.ac.cn
http://astrothesaurus.org/uat/1504
http://astrothesaurus.org/uat/1517
http://astrothesaurus.org/uat/1490
http://astrothesaurus.org/uat/1490
http://astrothesaurus.org/uat/1496
http://astrothesaurus.org/uat/1521
https://doi.org/10.3847/2041-8213/ac42c6
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ac42c6&domain=pdf&date_stamp=2022-01-04
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ac42c6&domain=pdf&date_stamp=2022-01-04
http://creativecommons.org/licenses/by/4.0/


(Hudson et al. 2001; Ko et al. 2003; Shimojo et al. 2017).
Additionally, drifting pulsation structures (DPSs) which are
sometimes observed in the solar radio dynamic spectra are also
interpreted as signatures of plasmoids (Kliem et al. 2000;
Karlický 2004; Liu et al. 2010). However, the formation of
DPSs is a very complex process that requires many specific
conditions. They can only be observed in some special cases. In
this Letter, we present a unique data set where the plasmoid
formation and evolution in a turbulent current sheet during
magnetic reconnection are directly observed in unprecedented
detail.

2. Observations and Analysis

The event of interest with clear observations of a current sheet
occurred on 2012 July 19. Observations (the 131Å passband)
from the Atmospheric Imaging Assembly (AIA; Lemen et al.
2012) on board the Solar Dynamics Observatory (SDO) show that
on July 18, a pre-existing flux rope (Figure 1(a)) became
destabilized, impulsively accelerated (Figures 1(b)–(c)), and
eventually evolved into a white-light CME. Behind the CME, a

long, vertical current sheet formed, with its lower end connecting
to the cusp-shaped flare loops. According to the peak soft X-ray
(1−8Å) flux (Figure 4(a)) recorded by the Geostationary
Operational Environmental Satellites (GOES), the flare can be
classified as an M7.7 flare. Previous studies have investigated
different aspects of the event, for instance, the microwave imaging
of the hot flux rope (Wu et al. 2016), a general timeline of the
particle acceleration, plasma heating, and dynamic processes in
the current sheet (Liu 2013; Liu et al. 2013; Sun et al. 2014;
Huang et al. 2016), properties of the above-the-loop-top hard
X-ray sources (Krucker & Battaglia 2014; Oka et al. 2015), as
well as formation of the related CME (Patsourakos et al. 2013).
Taking advantage of the EUV, X-ray, and radio observations in
synergy, here we are moving forward to the most comprehensive
and direct observations of plasmoids formed in the current sheet.
The current sheet is found to be highly dynamic. Starting from

about 05:13 UT, a blob-like structure (blob1) was observed to
move upward with almost a constant speed of ∼640 km s−1

(Figures 1(d)–(i)). Then at about 05:14:57 UT, another blob
(blob2) appeared with an average speed of ∼1180 km s−1

Figure 1. Snapshots of the eruption recorded by the 131 Å filter of SDO/AIA. West is rotated to the top and south to the right. Panel (a) shows the flux rope formed in
an earlier confined C4.5 flare. Panels (b)–(r) show the eruption and evolution of the flux rope and the associated M7.7 flare. “S1” and “S2” in panel (c) indicate two
slits placed along and perpendicular to the current sheet. Panels (d)–(l) are running ratio images, showing motions of two blob-like plasmoids. “R1” and “R2” in panel
(f) indicate two subregions used for the DEM analysis. The arrow in panel (r) refers to the long current sheet. The contours overplotted in panels (m)–(r) show the
RHESSI X-ray sources at 6–12 keV (blue) and 25–50 keV (cyan) reconstructed with the “clean” algorithm. The percentages define the contour levels.
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(Figures 1(h)–(l)). Different from blob1, blob2 moves fast at the
beginning, and then slows down. Such blobs are interpreted as
plasmoids, which are supposed to be generated due to the tearing
instabilities of the continually stretched CS. After about 05:16
UT, the impulsive phase of the flare starts, showing a sudden
increase of hard X-ray (25–50 keV) flux as measured by
RHESSI (Lin et al. 2002). Here the RHESSI thermal (6–12 keV)
and nonthermal (25–50 keV) sources (Figures 1(m)–(r)) were
reconstructed using the “clean” algorithm and detectors 3, 5, 6,
7, 8, and 9. Depending on the count rate, the integration time for
the reconstruction ranges from 32 s during the flare impulsive
phase to 2 minutes during the flare early and decay phases. Since

the production of X-ray bremsstrahlung requires a certain level
of target density, hard X-ray sources are commonly observed at
low altitudes at the flare footpoints or above the loop top (cyan
contours). The footpoint sources are generally thought to be
produced by thick-target bremsstrahlung (or braking radiation)
of energetic electrons stopped in the cold and dense solar
atmosphere (Brown 1971; Hudson 1972). The above-the-loop-
top sources from the corona, however, is still under much
debate, and several ideas regarding their origin have been
proposed (Masuda et al. 1994; Fletcher 1995; Karlický & Bárta
2011; Kong et al. 2019). One of them suggests that they can be
interpreted as a result of successive merging of plasmoids above

Figure 2. Temporal evolution of plasma inflows and outflows during magnetic reconnection as observed in EUV by SDO/AIA. (a) Time–distance plot in AIA
131 Å along the current sheet (S1), showing the eruption of the flux rope and the bidirectional reconnection outflows. (b) Time–distance plot in AIA 171 Å along S2
(perpendicular to the current sheet), showing the separation (blue lines) and approach (cyan lines) of oppositely directed magnetic structures (the numbers denote the
average speeds in units of km s−1). The horizontal white dashed line denotes the position of the current sheet. (c) Time profiles of the RHESSI X-ray emission in
different energy bands and time derivative of GOES flux in 1–8 Å. The two vertical dashed lines indicate the flare impulsive phase.
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the flare loop top, during which a large plasmoid trapping a
sufficient amount of energetic particles is formed (Karlický &
Bárta 2011). As revealed in the magnetohydrodynamic and
particle kinetic simulations (Kong et al. 2020), the other
possibility of the above-the-loop-top sources is the nonthermal
electrons accelerated around the up-moving termination shock
due to plasmoid–shock interactions.

To quantitatively investigate the dynamic process, we select
two oblique slices in AIA images (S1 and S2 in Figure 1(c)),
with S1 along the CS and S2 in its perpendicular direction. The
time–distance plots clearly show that after the eruption of the
flux rope, various plasmoids were formed and ejected along the
trailing CS (Figure 2(a)). The ambient coronal plasma that is
frozen in the magnetic field was first pushed aside (blue lines in
Figure 2(b)) then possibly under the restoring force of the
magnetic field, the cool plasma (visible in 171Å, ∼1 MK) on
both sides kept converging on the CS with an average velocity

of about 16−50 km s−1 (cyan lines in Figure 2(b)), and once
they came into contact, the magnetic energy prestored in the
plasma was impulsively released, observed as a sudden flux
increase in hard X-ray (�25 keV) and the time derivative of
GOES 1–8Å flux, according to which the flare impulsive phase
is defined (Figure 2(c)). Note that, the start time of the flare
impulsive phase is defined as a sudden rise of the RHESSI
25–50 keV flux while due to the RHESSI night, the end time
was defined by the time derivative of GOES 1–8Å flux
according to the Neupert effect (Neupert 1968; Veronig et al.
2005). Meanwhile, the plasma is strikingly heated and outflow
tracers such as fast upward-moving blobs and downward-
shrinking loops become visible in the AIA high-temperature
passband such as 131Å (cyan lines in Figure 2(a)).
Figure 3(a) shows the intensity profile of AIA 131Å along

S1 at different times, with h1 and h2 indicating the upper and
lower boundaries of blob1. The height (h= (h1 + h2)/2) and

Figure 3. Temporal evolution of the physical parameters of Blob1. (a) Intensity distributions along S1 at eight selected times. The curves are shifted vertically to avoid
overlap. “h1” and “h2” indicate the lower and upper boundaries of the blob. (b) Evolution of the blob height (h = (h1 + h2)/2). The size (h2 − h1) of the blob is
regarded as the uncertainties (error bars). (c) The electron density inside the blob. (d) The DEM-weighted temperature of the blob. The error bars in (c) and (d) are
obtained from 100 Monte Carlo simulations.
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size (s= h2− h1, error bars) of the blob are shown in
Figure 3(b). The average electron density (Figure 3(c)) as well
as the average temperature (Figure 3(d)) of the blob was
estimated from the analysis of its differential emission measure
(DEM; see Appendix A for details). As the blob propagated
radially outward, it expanded in size. This expansion is
probably due to the ambient magnetic field decreasing with
height. Meanwhile, the plasma electron density inside the blob
correspondingly decreased. The temperature of the blob did not
change significantly at the beginning (T ∼ 6.4 MK), but
quickly rose to 7.7 MK after about 05:15 UT, implying that a
number of suprathermal and/or nonthermal electrons may have
been injected into the plasmoid and/or the plasmoid is locally
energized and heated.

The plasmoid (blob1) left the field of view (FOV) of AIA at
about 05:15:21 UT, and in about two minutes, a clear DPS
event (hereafter, the initial DPS), was observed by Yunnan
Astronomical Observatories Radio Spectrometers (Gao et al.
2014). The DPS consists of many narrowband pulsation
structures with a characteristic repetition time of about 200 s
(Huang et al. 2016) and as a whole it drifts from high to low
frequencies at a rate of about −0.68± 0.13 MHz s−1, obtained

from a linear fit to its upper and lower boundaries (Figure 4(b)).
The magenta and white lines in Figure 4(b) represent the
RHESSI hard X-ray (25–50 keV) time profile and the time
derivative of the GOES 1–8Å light curves, which show a rapid
energy release during the DPS. Shortly after the initial DPS
(from about 05:33:13 UT), a pair of oppositely drifting structures
(hereafter, O-DSs) appeared (Figure 4(c)). The drift rates of the
upper and lower branches of the O-DSs were estimated to be
−1.96± 0.58 MHz s−1 and 1.22± 0.32 MHz s−1, respectively.
Similar oppositely drifting features were also reported by
Karlický & Rybák (2020). According to previous studies (Kliem
et al. 2000; Shibata & Tanuma 2001; Karlický et al. 2002;
Karlický 2004), the initial DPS together with the subsequent
O-DSs are supposed to map the evolution of the primary and
secondary plasmoids that were formed due to the cascading
tearing instabilities in the CS as it was continually stretched.
These plasmoids were then exited by energetic electron beams
accelerated during the magnetic reconnection process and
producing radio emissions via plasma emission mechanism.
Moreover, some narrowband spike-like structures can be
distinguished in between the oppositely drifting structures,
which is suggestive of the reconnection outflows being in a

Figure 4. The X-ray and radio observations of the flare impulsive phase. (a) GOES soft X-ray fluxes in 1–8 Å (red line) and 0.5–4 Å (blue line), the two vertical
dashed lines indicate the flare impulsive phase from 05:16 to 05:43 UT. (b) Combined radio dynamic spectra obtained by the Yunnan (yellow vertical bar) and
Culgoora (magenta vertical bar) spectrographs, showing drifting pulsation structures (DPSs). The overplotted magenta and white light curves show the hard X-ray
(50–100 keV) and time derivative of GOES 1–8 Å fluxes, respectively. (c) Zoomed-in view of a pair of oppositely drifting structures. The arrows points to some spike-
like structures.
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turbulent state (Bárta & Karlický 2001; Karlický & Bárta 2011;
Zhao et al. 2018; Ye et al. 2019).

3. Discussion

Generally it is assumed that the observed radio frequency fobs is
equal to the fundamental or second harmonic of the electron
plasma frequency fp inside a plasmoid, where fp can be converted
into the electron plasma density ne via =f n8980p e . The
electron density ne, however, is usually related to the height of the
plasmoid in the solar corona. Thus, if we know how the density of
the plasmoid varies with its height, we can estimate the kinetics of
the radio-related plasmoids. Here we use a plasmoid density
model derived by considering the balance of pressure inside and
outside the plasmoid by Nishizuka et al. (2015; see Appendix B
for details). Assuming second harmonic plasma emission, the
physical parameters (height and density) of the plasmoid can be
inferred from the initial DPS are consistent with parameters of the
blob1 observed in EUV images considering the two-minute
measurement gap. Therefore, we suppose that the initial DPS is
likely to be generated inside blob1 or the blob1-liked plasmoid.
This could also be supported by the sudden temperature increase
of blob1 (implying energetic electron injection) near the early
phase of the radio emission. Based on the drift rate of the DPS, the
velocity of the related plasmoid is estimated to be about 486 km
s−1, which is smaller than that observed in EUV images, implying
deceleration of blob1 after it left the FOV of AIA. Again
assuming second harmonic plasma emission, the starting heights
of the oppositely drifting plasmoids (the O-DSs) were estimated to
be about 3.4× 105 km and 3.1× 105 km, respectively. At these
large heights we are not able to identify the EUV counterparts in
AIA images since the AIA field of view is too small. The velocity
of the downward plasmoid (∼508 km s−1) is much smaller than
that of the upward plasmoid (∼1035 km s−1), implying that the
downward plasmoids are subject to more resistance than the
upward ones.

4. Summary

In summary, the multi-wave band and high-resolution observa-
tions in EUV, X-ray, and radio of the flare allow us to investigate
the plasmoids at the vertical current sheet behind an erupting flux
rope in great detail. The plasmoids were first observed as upward-
moving blob-like structures in EUV images during the early phase
of the flare. Then with the onset of the flare impulsive phase, a
large number of electron beams were accelerated, which can excite
the plasmoids to oscillate and produce radio emission through
plasma emission mechanism or hard X-ray emission via the
bremsstrahlung mechanism. Since energetic electrons require a
certain level of target density for the production of nonthermal hard
X-ray, hard X-ray sources were only observed near the lower end
of the CS (i.e., the above-the-loop-top, hard X-ray sources).
Meanwhile a strong DPS, followed by a rare pair of oppositely
drifting structures, were clearly observed from radio dynamic
spectra. According to previous studies (Ohyama & Shibata 1998;
Kliem et al. 2000; Karlický 2004), these structures were supposed
to map the evolution of the primary and secondary plasmoids
generated due to the tearing instabilities in the current sheet. Based
on the observations, we have compared the physical properties
of the plasmoids at different stages and found that the initial
DPS might evolve from the blob1 seen in AIA images. The
aforementioned analyses show that there are multiple small-scale
short-lived dissipative regions at multiple X lines. Therefore the

energy release during the magnetic reconnection probably occurs
in a fragmented manner. These results are consistent with
theoretical prediction of the plasmoid generation by an unstable
CS, and support the concept of cascading reconnection. All these
findings help us to obtain a deeper understanding of the magnetic
reconnection processes which are the engine of solar eruptions, and
shed light on the energy release in other astrophysics processes.
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Appendix

In these appendices, we provide technical details of main
results in the main text.

Appendix A
Differential Emission Measure Reconstruction

The DEM is a physical quantity that measures the amount of
materials emitting at a certain temperature T. Assuming an
optically thin coronal plasma, the DEM can be related to the
narrowband EUV (or broadband X-ray) observations yi as

( ) ( ) ( )ò d= +y K T T dT yDEM , A1i i i

where Ki(T) is the temperature response function which can be
computed using the CHIANTI package (Landi et al. 2013), δyi
represents a random error involved in a measurement. Using the
observations in AIA’s six EUV passbands that are centered on iron
emission lines (94, 131, 171, 193, 211, and 335Å), the DEM(T)
can be inverted. The procedure we use is xrt_dem_iterative2. pro,
which is available in the Solar Software (SSW) package. In the
supplementary Figure A1, we show 100 Monte Carlo (MC)
simulations of the DEM distributions (for each MC, a small
random error is added to the observations). The black line
represents the best-fit DEM distribution.
The total emission measure EM and the DEM-weighted

temperature Tmean are calculated via the following equations:

( ) ( )ò= T dTEM DEM , A2
T

T

min

max
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( )

( )
( )

ò

ò
=T

T TdT

T dT

DEM

DEM
. A3

T

T

T

Tmean
min

max

min

max

The temperature range is set to be 6.0� log T� 6.5 for the
quiet corona and 6.0� log T� 7.3 for the plasmoid, within
which the DEM is well constrained (see Figure A1). The
average electron plasma density inside the plasmoid is deduced
via

( ) ( )= -n
l

EM
cm , A4e

3

where l represents the effective depth along the line of sight.
We assumed that the plasmoid has a similar extent in depth and
in length. The length of the plasmoid is shown by the error bars
in Figure 3(b), from which we estimate its average value
of∼ 2.4× 109 cm. Three standard deviations (3σ) of 100
Monte Carlo simulations away from the best fit are considered

as the uncertainties of the temperature, EM and electron density
for the plasmoid (see error bars in Figures 3(c)–(d)).

Appendix B
Plasmoid Density Model

The plasmoid density model, i.e., the variance of the electron
density inside the plasmoid nin with its height h in the solar
corona, is derived by considering the balance of pressure inside
and outside the plasmoid by Nishizuka et al. (2015). The gas
and magnetic pressure outside the plasmoid are estimated by
assuming a plasma density model and a dipolar global
magnetic field, respectively. Here we only give the derived
expression (see Nishizuka et al. 2015 for details):

( )
( )

( ) ( )
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⎝

⎞
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=

+ +

- + +

-
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n h
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h

h

T
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B

k T

h

h
h h

n exp
h T

T

B

k T

h

h
h h

8 2
1 ,

8 2
1 ,

p

D

Q
T D

in

1
1 out

in

0
2

B in

6

1

out

in

0
2

B in

6

1

Figure A1. Panel (a): DEM of the quiet coronal region (R1 in Figure 1(g)). Panels (b)–(i): DEM of the blob region (R2 in Figure 1(g)) at eight selected times. The
yellow, cyan, and purple colors represent regions in which 50%, 80%, and 95% of 100 Monte Carlo (MC) solutions are contained, respectively. The black line
represents the best-fit DEM distribution. The total emission measure and the DEM-weighted temperatures are given in each panel. Three standard deviations (3σ) of
the 100 Monte Carlo simulations are regarded as the uncertainties.
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where h1= 1.6× 1010 cm is the transition height between the
lower and the higher corona, p= 2.38 is the power-law index,
n1= 4.6× 107 cm−3, nQ= 4.6× 108 cm−3 are the base den-
sities, kB= 1.38× 10−23 J K−1 is the Boltzmann constant, and
λT= RT/g= 6.9× 109 cm is the density scale. B0= 100 G and
hD= 7.5× 108 cm are two parameters used to estimate the
coronal magnetic field. Tin and Tout represent temperatures
inside and outside the plasmoid, which are obtained from our
DEM results.

The maximal and minimal electron density nmax and nmin
derived from the frequency range of the DPS are then converted
into the minimal and maximal heights hmin and hmax of the
plasmoid. Subsequently, the height and size of the plasmoid are
obtained from ( )= +h h h 2max min , and = -W h hpla max min.

For each DPS in Figure 4, two time instances are selected for
calculation. The supplementary Table B1 shows the physical
parameters of the related plasmoids inferred by assuming both
fundamental (the bracketed values) and second harmonic
plasma emission. As can be seen, comparing to the results
with the fundamental plasma emission assumption, the results
calculated by assuming the second harmonic plasma emission
reveal a higher plasma density and smaller coronal height of the
related plasmoid.
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Table B1
Radio-inferred Parameters of the Plasmoid

Radio Features The Initial DPS DS Upper DS Lower

Time (UT) 05:17:00 05:24:00 05:33:14 05:33:20 05:33:14 05:33:20
( )f MHzmax 610 360 230 225 285 293

( )f MHzmin 420 110 212 195 267 275

( )-n 10 cmmax
8 3 11.5(46.1) 4.02(16.1) 1.64(6.56) 1.57(6.28) 2.52(10.1) 2.66(10.6)

( )-n 10 cmmin
8 3 5.47(21.9) 0.38(1.50) 1.39(5.57) 1.18(4.72) 2.21(8.84) 2.34(9.38)

( )h 10 kmmin
5 2.41(1.88) 2.95(2.27) 3.34(2.63) 3.36(2.65) 3.10(2.44) 3.07(2.42)

( )h 10 kmmax
5 2.78(2.15) 6.32(3.67) 3.43(2.71) 3.53(2.78) 3.17(2.50) 3.14(2.47)

hpla (10
5 km) 2.59(2.02) 4.64(2.97) 3.38(2.67) 3.44(2.72) 3.13(2.47) 3.10(2.45)

Wpla (10
4 km) 3.62(2.66) 33.7(14.0) 0.94(0.75) 1.68(1.33) 0.70(0.55) 0.67(0.53)

vpla (km s−1) 486 (227) 1035 (822) −508 (−403)

Note. “DS Upper” means the upper branch (drifting toward lower frequencies) and “DS Lower” means the lower branch (drifting toward higher frequencies) of the
oppositely drifting structures. fmax and fmin are the high- and low-frequency cutoffs. By default, the values are computed by assuming the second harmonic plasma
emission. The bracketed values indicate the results calculated with the fundamental plasma emission assumption.
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