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Abstract

Quantifying the energy content of accelerated electron beams during solar eruptive events is a key outstanding
objective that must be constrained to refine particle acceleration models and understand the electron component of
space weather. Previous estimations have used in situ measurements near the Earth, and consequently suffer from
electron-beam propagation effects. In this study, we deduce properties of a rapid sequence of escaping electron
beams that were accelerated during a solar flare on 2013 May 22 and produced type III radio bursts, including the
first estimate of energy density from remote-sensing observations. We use extreme-ultraviolet observations to infer
the magnetic structure of the source active region NOAA 11745, and Nancay Radioheliograph imaging
spectroscopy to estimate the speed and origin of the escaping electron beams. Using the observationally deduced
electron-beam properties from the type III bursts and cotemporal hard X-rays, we simulate electron-beam
properties to estimate the electron number density and energy in the acceleration region. We find an electron
density (above 30 keV) in the acceleration region of 10*> cm > and an energy density of 2 x 10~ erg cm . Radio
observations suggest the particles travelled a very short distance before they began to produce radio emission,
imglyin% a radially narrow acceleration region. A short but plausibly wide slab-like acceleration volume of
107°-10°® cm® atop the flaring loop arcade could contain a total energy of 10**~10% erg (~100 beams), which is
comparable to energy estimates from previous studies.

Unified Astronomy Thesaurus concepts: Solar physics (1476); Radio bursts (1339); Solar flares (1496)

1. Introduction

The Sun is the most prolific particle accelerator within the
solar system, and our close proximity provides one of the best
opportunities to analyze and understand astrophysical particle
acceleration and transport. Exactly how much energy goes into
accelerating electrons during solar eruptive events is part of a
major outstanding science question in this field. Such
information is crucial for refining particle acceleration models
and to understand the electron component of space weather.

S. Krucker et al. (2007) calculated the number of electrons
needed to produce observed hard X-rays, assuming the thick
target model (J. C. Brown 1971), and compared this to the
number of electrons that escaped into interplanetary space, as
inferred from electron spectra measured at 1au. While they
found the hard X-ray sources were typically produced by
10*°210°% electrons above 50 keV, only 10°'210* electrons
above the same energy escaped (an average of ~(0.2% escaping
electrons).

Where S. Krucker et al. (2007) examined 16 relatively strong
flares (nine M-class flares, six C-class flares, and one B-class
flare), T. James et al. (2017b) performed a similar analysis
using six weak (<C1.0) flares. Also assuming the thick target
model (which is supported by their observations), T. James
et al. (2017b) found their hard X-ray sources were produced by
10°°-10% electrons, while 10°°-10°? electrons escaped.
Interestingly, the fraction of electrons that produced hard
X-ray sources and electrons that escaped varied significantly
from flare to flare. In one flare, the number of escaping
electrons was ~6% of the number that produced the hard X-ray
sources, but in another the same fraction was 148%, i.e., more
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electrons escaped than produced the hard X-ray emission.
Furthermore, by fitting the differential electron flux measured
at 1 au, T. James et al. (2017b) found energies in the escaped
electron beams of ~1 x 10**=1 x 10*° erg above the break
energy of 74 keV. The energies of the associated hard X-ray
electron signatures at the Sun ranged from 10** to 10%° erg.

For another comparison, N. Dresing et al. (2021) studied 17
B-class and C-class flares (somewhat intermediate between the
weak flares studied by T. James et al. 2017b and the strong
flares of S. Krucker et al. 2007). N. Dresing et al. (2021)
identified a break energy of 45keV (close to that seen by
S. Krucker et al. 2007) and found 10**-10* electrons in the
hard X-ray flares and 10°°-10°' electrons in the escaping
beams above the break energy. This corresponds to low
fractions of escaping electrons, ranging from 0.18% to 0.24%,
supporting the work on stronger flares by S. Krucker et al.
(2007).

To estimate the energy content of escaping energetic
electrons using remote-sensing observations instead of in situ
measurements, we require estimations of three quantities of the
accelerated electrons: the energy distribution, the volume of the
source, and the number density.

The energy distribution of escaping electrons is measured as
a power law, typically with a spectral break that can be situated
either in the deca-keV range or up to a few hundreds of keV
(S. Krucker et al. 2009). The spectral break has been associated
with the generation of Langmuir waves during propagation
through simulations (E. P. Kontar & H. A. S. Reid 2009;
H. A. S. Reid & E. P. Kontar 2010, 2013) and via observations
(C. Y. Lorfing et al. 2023), and also the presence of pitch-angle
scattering (N. Dresing et al. 2021). The three studies detailed
above (S. Krucker et al. 2007; T. James et al. 2017b; N. Dre-
sing et al. 2021) found a very good agreement with the spectral
index of the power-law electron energy distribution derived
from X-rays, and the spectral index of the electron-beam
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power-law energy distribution measured in situ, above the
break energy.

Many previous studies have supported the idea that these
hard X-ray emissions and solar radio bursts are products from
common particle acceleration events. The emissions are often
correlated in time (both their peak emissions and short-
timescale variations) and space, with spatially resolved imaging
demonstrating radio sources close to flaring regions with hard
X-ray sources (for a comprehensive overview, see M. Pick &
N. Vilmer 2008, H. A. S. Reid et al. 2014, and H. A. S. Reid &
N. Vilmer 2017, and the many references within). Some radio
bursts and hard X-ray sources that first appear to be linked may
originate from subsequent episodes of reconnection in different
locations, suggesting multiple episodes/stages of reconnection
and particle acceleration (e.g., N. Vilmer et al. 2003). There
was also less agreement in the spectral index when in situ
electrons were delayed compared to the onset of hard X-rays
(S. Krucker et al. 2007). However, the general agreement
between hard X-rays, radio bursts, and in situ energetic
electrons provides reasonable confidence for estimating the
energy distribution of escaping electron beams using X-ray
measurements.

The volume of solar acceleration regions are currently ill-
defined, largely due to the lack of direct electromagnetic
emission. It is not until electrons propagate away from the
acceleration region that they typically produce hard X-rays or
solar radio bursts. In the standard 2D CSHKP model of solar
flares (H. Carmichael 1964; P. A. Sturrock 1966; T. Hiray-
ama 1974; R. A. Kopp & G. W. Pneuman 1976), the
acceleration of particles occurs at an “X-point” beneath an
overlying rising plasma structure (e.g., an erupting magnetic
flux rope) and above the observable flaring arcade. Extending
this concept to 3D, this “X-point” becomes a quasi-separatrix
layer (QSL; E. R. Priest & P. Démoulin 1995; P. Demoulin
et al. 1996), manifesting as a current sheet which separates the
flare arcade and the overlying structure (M. Janvier et al. 2013).

Previously, J. Guo et al. (2012) suggested the loop-top
acceleration region studied in their work was of the order half
the width of the observed loops, corresponding to 10—15 Mm.
Furthermore, M. Gordovskyy et al. (2020) identified a
cylindrical acceleration region with a length of 20-25 Mm (of
similar order to J. Guo et al. 2012) and a 5 Mm diameter,
equating to a volume of 10*°cm’. While not necessarily
exclusively representative of the acceleration region, G. D. Fle-
ishman et al. (2022) estimated that a loop-top region of interest
where they saw the main energy release in a flare had a
spherical volume of 10*7 cm?®.

Beams of electrons cause type III radio bursts, which are
characterized by starting frequencies of <1 GHz (H. A. S. Reid
& H. Ratcliffe 2014, and references within), suggesting they
originate from regions of the corona with higher densities
(typically lower altitudes), and fast frequency drift rates as the
high-speed electrons rapidly traverse the coronal plasma
density gradient. A remarkably small acceleration region was
identified by B. Chen et al. (2018) using GHz radio emission
detected using the Very Large Array, with a plane-of-sky area
of only 600 km?. Using lower-frequency type III radio bursts,
the longitudinal extent of acceleration regions was deduced
from combined X-ray and radio observations, relating to the
low-high-low trend in starting frequency that mirrors the soft-
hard-soft trend in X-ray spectral index. Considering a beam of
electrons that travels radially away from the Sun, the coronal
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height at which type III radio bursts begin, Ay, is not the
location where the electron beams are accelerated, /,... Rather,
these heights are separated by the instability distance, do:

hIH = hacc + dOé, (1)

where « is the electron spectral index and d is the length of the
acceleration region (H. A. S. Reid et al. 2011, 2014). Therefore,
the length of an acceleration region, d, can be quantified by
measuring the associated spectral index, «, observing the
height at which type III radio bursts begin, and deducing the
location of the acceleration region. H. A. S. Reid et al. (2014)
used this technique to deduce acceleration region lengths of
2-13 Mm.

Approximations for the cross-sectional area of electron
beams can be deduced from the area of radio burst sources. The
FWHM radio source size was shown by E. P. Kontar et al.
(2019) to vary with frequency, f, close to f~' using a
combination of observations from numerous studies. One can
extrapolate radio source size down to 1GHz, providing a
FWHM around 30 Mm. However, we might expect the actual
source sizes to be slightly smaller as scattering from density
fluctuations can artificially increase our measured source sizes,
particularly for fundamental radio emission, where the
frequency of radio waves is emitted close to the plasma
frequency.

The number density of escaping electrons is not typically
estimated from remote-sensing observations. The nonlinear
plasma emission mechanism makes deducing electron-beam
densities from radio bursts difficult. A connection between the
electron energy density and the bulk electron-beam velocity
deduced from radio bursts has been found numerically
(H. A. S. Reid & E. P. Kontar 2018). Therefore, by measuring
the spectral index and estimating the beam velocity, we can
estimate the electron number density in the solar acceleration
region. We can compare this electron density to that observed
in hard X-ray sources which are produced when the downward
component of the beam bombards the chromosphere to gain
insight into the fraction of particles that are accelerated. From
this, we can quantify the energy in the electron beam, which is
useful for understanding space-weather effects.

In this work, we analyze observations of type III radio burst
activity that occurred around the time of a coronal mass
ejection (CME) and an associated M-class flare on 2013 May
22, simulate one of the electron beams to determine the
electron density at the beam source, and use the derived
energetics of the event to infer the size and location of the
particle acceleration region. We outline the data used in this
work in Section 2, and present extreme-ultraviolet (EUV)
observations of a CME and flare in Section 3. We analyze
X-ray and radio observations of accelerated particle beams in
Sections 4.1 and 4.2, and describe our simulation of an
observed electron beam in Section 4.3. Finally, we discuss our
findings in Section 5 and summarize the main conclusions in
Section 6.

2. Data

We use radio images taken by the Nancay Radioheliograph
(NRH; A. Kerdraon & J.-M. Delouis 1997) at nine frequencies
between 150.7 and 445.0 MHz. The images span 4 R, with a
spatial resolution of 30” and a cadence of 0.225s. For added
context, we also look at radio emission in the 20 kHz—1004 MHz
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range using the Wind/WAVES (20 kHz-13.825 MHz; J. L. Bou-
geret et al. 1995; K. W. Ogilvie & M. D. Desch 1997), Nancay
Decameter Array (NDA; 10-80 MHz; A. Lecacheux 2000), and
Observations Radiospectrographiques pour Fedome et 1'Etude
des Eruptions Solaires (ORFEES; 144-1004 MHz; A. Hamini
et al. 2021) instruments.

We use hard X-ray images and spectra from the RHESSI
(R. P. Lin et al. 2002). Hard X-ray fluxes were analyzed in the
range 3—-200 keV. We also examine the full disk-integrated soft
X-ray intensity of the Sun measured by the Geosynchronous
Operatlonal Environmental Satellite (GOES) network in the
1.0-8.0 A range.

EUV observations of the corona are made by the Atmo-
spheric Imaging Assembly (AIA; J. R. Lemen et al. 2012) on
board the Solar Dynamics Observatory (SDO; W. D. Pesnell
et al. 2012). We examined data from all channels of AIA, but
particularly of note in this paper are observations from the
171 A channel (temperature response peak at 107°K), the
193 A channel (double-peaked at 10°K and 10’ K), 211 A
(10°?K), 131 A (response peaks at 10>°K and 10"°K), and
1600 A (1050K) We also use additional EUV observations
taken by the the Extreme Ultraviolet Imager (EUVI) on board
the Solar Terrestrial Relations Observatory A (STEREO-A;
M. L. Kaiser et al. 2008) spacecraft for a complementary view
of the western limb 137° ahead of the Earth.

We identify CMEs using white-light observations from the
Large Angle and Spectrometric Coronagraph (LASCO;
G. E. Brueckner et al. 1995) on board the Solar and Heliospheric
Observatory (SOHO; V. Domingo et al. 1995). Regions of
coronal magnetic field that were open to the heliosphere are
found using potential field source surface (PFSS) extrapolations
of photospheric magnetograms made in IDL SolarSoft.

3. CME and Flare Observations
3.1. The CME

Two CMEs erupted from the Sun’s western limb (as seen
from Earth) on 2013 May 22. The first CME entered the LASCO
C2 field of view at 08:48 UT and the second at 13:25 UT (times
from the SOHO LASCO CME catalog).' Previous studies have
estimated the speeds of these CMEs using the graduated
cylindrical shell method (A. F. R. Thernisien et al. 2006;
A. Thernisien et al. 2009; A. Thernisien 2011), finding speeds
of ~500 and ~1500kms ', respectively (L.-G. Ding et al.
2014; E. Palmerio et al. 2019).

EUV observations from SDO/AIA show that the second
CME originated from NOAA AR 11745, which was at the
western limb in the northern solar hemisphere. At 12:17 UT,
filament material in the active region (AR) brightened and an
arched plasma structure was seen to rise until it left the AIA
field of view at ~13:00 UT. This arched structure was observed
in the 131 A channel of AIA (see Figure 1(a)) but not in the
171 A channel (see Figure 1(b)), demonstratmg that the
emitting plasma was very hot at around 10”°K. We suggest
this structure corresponds to an erupting magnetic flux rope, as
with other similar hot plasma emission structures seen in the
AIA 131 A channel (e.g., X. Cheng et al. 2011; J. Zhang et al.
2012; S. Patsourakos et al. 2013; A. Nindos et al. 2015;
A. W. James et al. 2017a, 2020).

! https: / /cdaw.gsfc.nasa.gov/CME_list/
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Further evidence of an erupting flux rope comes from
observed double-J hooked flare ribbons (e.g., M. Janvier et al.
2013) that brighten during the eruption, particularly in the AIA
171 A and STEREO-A 195 A channels (see Figures 1(b) and
(d)), and twin EUV dimmings seen clearly in base-difference
images of the AIA 211 A channel (Figure 1(c)).

Overlying loops (AIA 193 A and 171 A; see Figure 1(b)) are
seen to deflect away from the erupting flux rope and disappear
as the flux rope rises. As these loops vanish from the AIA
channels with cooler temperature response functions, plasma
around the same location brightens in the hotter AIA 131 A
channel, suggesting possible plasma heating.

The flux rope CME drove a shock at its leading edge that
caused a type II radio burst from 12:55 UT (E. Palmerio et al.
2019; see Figure 2(a)), and encountered the trailing edge of the
previous, slower CME at 13:12 4+ 00:09 UT (L.-G. Ding et al.
2014). This shock—CME interaction has been attributed as the
cause of moving radio bursts that were observed at frequencies
of 150.9 and 173.2MHz by the NRH (D. E. Morosan et al.
2020).

3.2. The Flare

In association with this flux rope CME, an M-class flare was
detected in NOAA AR 11745 by GOES. There were no other
significant flares on the solar disk around this time, so we can
assume the disk-integrated soft X-ray flux measured by GOES
is representative of the flare evolution seen in NOAA AR
11745. The soft X-ray counts increase gradually from the time
the active region filament brightens and the arched flux rope
begins to rise (x<12:15UT). A sharp increase in soft X-rays
occurs at 13:08 UT (the registered start time of the GOES M5.0
flare), and the flare peaks at 13:32 UT before gradually
decreasing in intensity over the next several hours.

Two J-shaped flare ribbons brighten in the active region
(Figures 1(b) and (d)) and separate from each other from 13:09
to 14:30 UT, signifying the expansion of the flaring arcade
sweeping outward as magnetic reconnection continues at
higher and higher altitudes beneath the erupting CME (see
R. A. Kopp & G. W. Pneuman 1976; and, e.g., L. Fletcher &
H. Hudson 2001). In the 131 A AIA channel, the flare arcade
appears ~100” (=70 Mm) long.

In the AIA 171 A passband, we see fan loops that extend
almost radially away from the northwest of NOAA AR 11745
(top panel of Figure 3). A PFSS extrapolation on 22 May
shows open magnetic field rooted in this general location that
aligns well with the observed fan loops (bottom panel of
Figure 3). We learn more about this fan structure by examining
the evolution of the region over the previous several days
(when it was closer to disk center). Using 171 A EUV images
and another PFSS extrapolation, we can see that there were
quasi-open EUV fan loops to the northwest of NOAA AR
11745 when the region was close to disk center on 2023 May
16, suggesting this aspect of the active region’s structure is
somewhat long-lived.

4. Electron Beams
4.1. Confined Electron Beams

Hard X-ray intensity in the 25-50 keV RHESSI band began
to rise at 12:57 UT and peaked at 13:12 UT (see Figure 2(c)).
There was also a second, lower peak at 13:19 UT. Two
coherent hard X-ray sources in this energy range were imaged
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Figure 1. (a) Arched plasma structure seen in the AIA 131 A channel (outlined with a red dashed line), interpreted as a hot magnetic flux rope signature. (b) Overlying
loops (blue line) and two J-shaped flare ribbons (black dashed lines) seen in the AIA 171 A channel. (c) Twin EUV dimmings seen in base-difference images in the
AIA 211 A channel (yellow arrows, base time at 12:00 UT on 2013 May 22). Overlying loops (blue arrow) dim and disappear from in this channel as they are
deflected by the erupting CME. (d) Two J-shaped flare ribbons seen in the 195 A channel of STEREO-A /EUVI, outlined with black dashed lines.

by RHESSI between 13:16:28 UT and 13:22:28 UT (Figure 3).
The X-ray images were created using the Pixon algorithm with
an integration time of 2 minutes. These sources lie along the
flare ribbons, indicating that they are signatures of energetic
particles bombarding the solar surface after having been
accelerated at a reconnection site in the corona and streaming
down newly reconnected flaring loops.

We estimate the energy distribution of the downward
accelerated particles from the hard X-ray sources. We fit the
main impulsive phase of the X-ray flare as observed by RHESSI
(Figure 4), which lasts from 13:11:26 to 13:12:34 UT (see
Figure 2(d)). The high-energy part of the spectrum was fitted
with the “thick 2 power-law component in the OSPEX software,
taking into account corrections for albedo. The low-energy part
of the spectrum was fit with a thermal component. The spectral
index fitting the power law is found to be 5 in energy space (10
in velocity space) and the low-energy cutoff is around 30keV.
Fitting the spectra in 4 s intervals (RHESSI spin period) over the
~1 minute peak in hard X-rays, neither the spectral index or the
low-energy cutoff was found to vary during this interval.

4.2. Escaping Electron Beams

We observe electron beams accelerated upward from the
coronal reconnection site, away from the Sun, evidenced by
type III radio bursts. The radio bursts are first observed at

relatively high frequencies by the NRH and ORFEES
(corresponding to emission at low coronal plasma densities),
and then at lower frequencies, seen by the NDA and eventually
as an interplanetary type III burst by Wind/WAVES.

The intense type III radio bursts are first seen in the NRH
data at 13:09:54 UT. Many successive bursts occur roughly
every 2 s until 13:13:09 UT, totaling more than 100 bursts (for
example, see Figure 2(b)). Each burst is associated with a beam
of electrons traversing a gradient of decreasing density as they
escape the Sun.

Strong radio sources are imaged by the NRH at frequencies
from 445.0 to 228.0 MHz (see Figure 3). There is also some
emission at 173.2 and 150.9 MHz, but much weaker. Each
source is offset slightly from the others along roughly the solar
radial direction, with higher-frequency sources closer to the
Sun and lower-frequency sources further from the surface. This
resembles a column of radio emission and signifies the path of
the escaping electron beams. The radio sources—and therefore
the electron-beam paths—closely follow the set of EUV fan
loops described in Section 3 that extend approximately radially
outward from NOAA AR 11745 (see Figure 3).

4.2.1. Speed of Escaping Electron Beams

We estimate the speeds of several of the observed electron
beams. For each beam, we find the time of peak flux at each
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Figure 2. (a) Radio flux in the frequency range 10-1004 MHz from NDA and ORFEES. A type II burst is seen from 13:00 UT with a starting frequency of 30 MHz.
Strong type III bursts are observed from 13:09-13:14 UT. The red box corresponds to the time and frequency range represented in panel (b). (b) Zoom-in on the time
and frequency range indicated by the red box in panel a, showing the radio flux around the time of peak hard X-ray activity. (c¢) RHESSI hard X-ray light curve in the
energy range 25-50 keV (solid blue line). Spikes in the data that were anomalously larger than neighboring values have been removed. GOES disk-integrated soft
X-ray emission is shown by the dashed black curve. The vertical red lines show the time interval presented in panels (b) and (d). (d) Zoom around the main peak of

RHESSI hard X-ray emission from panel (c).

frequency by fitting Gaussian distributions to the measured
flux—time profiles. Then, we select the NRH image that was
taken closest to the peak-flux time for each frequency and fit a
2D elliptical Gaussian to the observed radio source. We take
the coordinate of the fitted maximum intensity of each ellipse
as the centroid of the beam at that frequency and fit an
approximate beam path to these coordinates (and a point at the
base of the EUV fan loops).

The fitted source centroid of the 445 MHz source appears
slightly to the northeast of the 432 MHz and 408 MHz sources
(i.e., further from the Sun). However, the sources are all
relatively large, and much of the extended 445 MHz source still
appears directly between the lower-frequency sources and the
flare arcade. Therefore, to avoid potentially overfitting, we use
a quadratic function (rather than a cubic) to represent the
curved path of the electron beam.

We take the points along the fitted beam path where the
distance to each source centroid is minimal and use these as
representative coordinates for each radio source along the fitted
beam path. We calculate the plane-of-sky distances along the
beam path between these points, and the differences between
the peak-flux times at each frequency. The gradient of the fit to
these distances and times therefore gives an estimation of the
plane-of-sky speed of each electron beam. We assume the type
IIT burst was created by fundamental emission, on account of

the high polarization measurements made by the NRH
of ~60%.

We repeat the above analysis to determine the speeds of
several electron beams that were observed between 13:10 UT
and 13:14 UT, finding speeds that range from 0.44 to 0.59¢
(frequency drift rates ~300-400 MHzs '). However, the
fastest of these speeds are found at times when there are
multiple beams in particularly quick succession, which led to
increased levels of background flux and less reliable fits.
Therefore, we are less confident in our estimation of these
higher speeds. In the rest of this section, we analyze a beam
that we confidently estimate to have had a plane-of-sky speed
of 0.45¢ (see Figure 5). The associated type III burst was first
observed in the 445 MHz NRH channel at 13:11:56 UT, and
was therefore accelerated around the time of the peak
25-50 keV hard X-ray emission measured by RHESSI.

4.2.2. Altitude of the Acceleration Region

We use the observed radio sources to estimate how the local
plasma density varies with height in the corona, and thereby
infer the density (and associated plasma frequency) around the
acceleration region. Assuming the radio sources are produced
by fundamental plasma emission, we calculate the electron
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Figure 3. Left: fan loop structure seen in EUV AIA 171 A at 13:11:59 UT on 2013 May 22. Colored contours of radio sources at different NRH frequencies are drawn
at 70% of the maximum intensity and their centroid coordinates (colored crosses) are taken by fitting 2D Gaussian ellipses to each source. The (quadratic) beam path
fitted to these centroids is shown by the black dashed line. The 70% size of the NRH beam at 445 and 228 MHz is shown in the bottom left. Hard X-ray sources
observed by RHESSI are shown with black contours at 70% and 30% of the maximum intensity observed in the 27-70 keV band. Right: potential field source surface

extrapolation at 12:04 UT showing only open magnetic field lines (pink).
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Figure 4. X-ray spectrum fitted with a power law, thermal distribution, and
correcting for albedo.

density, n,, of the emitting plasma in each source, as

47%m, €
ne= 2 02, )

where fis the radio source frequency. By estimating a quadratic
fit to the logarithm of plasma density and the distance of the
radio source centroids along the beam path from the base of the
fan loops, we derive an electron density profile along the beam
(see Figure 6).

The inferred coronal density profile suggests a plasma
density at the base of the fan loops of 4.8 x 10° cm ™, which
corresponds to a plasma frequency of ~620 MHz. We use
ORFEES data to identify the time and frequency at which the
radio emission began (i.e., after the beam had traveled the
instability distance from the acceleration region). The type III
starting frequency exhibits the characteristic low-high-low
behavior reported by H. A. S. Reid et al. (2014). At the
beginning and the end of the period of type III bursts (i.e., at
13:09 UT and 13:14 UT), the starting frequency is ~485 MHz,
but around the time of peak hard X-ray activity (13:12 UT), the
starting frequency is ~600 MHz (see Figure 2(a)). Assuming
density, and therefore frequency, indeed simply decrease with
distance from the Sun, the plasma frequency in the acceleration
region would be lower than at the base of the fan loops, but
greater than the type III starting frequency of ~600 MHz
observed by ORFEES. For illustration, a 600 MHz source
corresponds to a plasma density of 4.5 x 10° cm ™ and would
lie at a distance of ~3 Mm from the base of the fan loops along
the fitted beam path.

There is only a ~10 Mm height range (in the plane of sky)
between the height where the type III bursts begin and the
flaring loops where the acceleration region must lie. Given the
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Figure 5. Top: type III burst from around the RHESSI 25-50 keV peak time.
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and fluxes are normalized to the peak value at each frequency. Times of peak
flux at each frequency from Gaussian fitting are indicated with red circles, and
FWHM times are indicated by horizontal black lines. Bottom: distance along
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spectral index, o = 9.4, from hard X-ray observations, we can
use Equation (1) to deduce the acceleration region length must
be d ~ 1 Mm.

4.2.3. Cross Section of the Acceleration Region

Figure 7 shows how the beam diameter varies with
increasing distance along the beam path. Here, we define the
beam diameter, D = 2,/21n2 ¢,0;,, where o, and o, are the
major and minor standard deviations of the ellipses fitted to
the radio sources at each frequency. Simply, this diameter is the
average FWHM intensity of each elliptical source.

We account for the effects of frequency-dependent scattering
to estimate the intrinsic source sizes from the observed sizes
(E. P. Kontar et al. 2019). The 445 MHz source has an
observed FWHM of 138 Mm, and based on the relationship
from E. P. Kontar et al. (2019) that a 35 MHz source has a
FWHM from scattering of 1.1 R, the scattering FWHM at
445 MHz is 60 Mm. Subtracting this in quadrature from the
observed FWHM gives an intrinsic source size of 124 Mm at
445 MHz. For reference, the NRH beam size at 445 MHz
is 43 Mm.
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Generally, we see a linear expansion of the source diameters
along the beam (see Figure 7). Unusually, the 445 MHz source
seems larger than the 432 and 408 MHz sources, but this may
simply result from poor fitting to the 445 MHz source. The
smallest radio source (432 MHz) has an intrinsic diameter of
~111 Mm, and the linear fit to the beam diameters in frequency
(d = 3.4D-353 Mm, where d is the distance from the base of
the fan loops) suggests the beam would have had a diameter of
104 Mm at the base of the fan loops, if it had originated there
and expanded at a constant, linear rate. We expect the beam
originated from an acceleration region somewhere between the
base of the fan loops and the height at which it started to
produce radio emission, suggesting the beam had a diameter
100 < r < 110 Mm at its origin. However, it is plausible that
the beam could have started smaller than this, first undergoing a
rapid, nonlinear expansion before it began producing the radio
sources observed by the NRH.

4.3. Electron-beam Energy Density

To estimate the energy distribution of the accelerated
particles in the escaping beams, we can make the assumption
that the distributions of the upward and downward accelerated
electron beams are the same. Previous studies have shown a
correlation between these energy distributions (S. Krucker et al.
2007; N. Dresing et al. 2021) using X-rays and in situ electron
measurements. In Section 4.1, we fitted the main impulsive
phase of the X-ray flare and found a spectral index of 10 in
velocity space, with a low-energy cutoff around 30 keV.

H. A. S. Reid & E. P. Kontar (2018) showed a direct
dependence of the type III velocity on the spectral index, the
background density, and the density of the accelerated
electrons. They simulated an electron beam with the initial
source function

S, r, 1) = g(V)eXP ((xdizx())z)Az CXP(%}

-
3)

where 7 and d describe the characteristic temporal and spatial
properties of the acceleration region. The velocity dependence
g(v) was a single power-law (spl) that we denote here as g, (v),
given by the following:

gsp] (V) = Aspl Vﬁas (4)
with
Npeam (O — 1
Agr = % ®)
min — Ymax

for the beam density npeam, minimum and maximum velocities
Vmin and vyax corresponding to energies of 0.3keV and
125 keV, respectively. Above Vax, minimal Langmuir waves
are generated by the electron beam on account of low electron
energy densities, and their consideration would require
accounting for relativistic effects.

Using the background density model estimated from the
radio emission (Figure 6) and the spectral index obtained from
the X-ray observations, we can find the density of the
accelerated electrons that accurately simulates the propagation
of the observed electron-beam velocity. Figure 9 in
H. A. S. Reid & E. P. Kontar (2018) shows that, for similar
peak velocities, increasing the spectral index by 1 corresponds
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to an order of magnitude increase in beam density. For
example, at a peak velocity of ~0.5c, beams with spectral
indices of a=6 and «a=7 have beam densities of
Npeam = 10" cm > and npegm = 108 cm ™3, respectively. Since
our fundamental type III emission drifts with a comparable
velocity of 0.45¢, the observed spectral index of a =10
suggests a beam density of npeam = 10" em 3.

A beam density of npeam = 10" ¢cm ™3 would result in a
nonphysical density given the coronal acceleration region
obtained from radio observations has a background electron
density around 4 x 10°cm™® (plasma frequency around
600 MHz). Consequently, we do not expect the power law of
accelerated particles to extend all the way down to 0.3 keV.
Instead, we assume a broken power law with a break around
30keV (the break energy is derived from the X-ray observa-
tions). The rationale is that Coulomb collisions would damp the
acceleration of electrons below 30 keV.

For the broken power law (bpl), we define the velocity
dependence

v)“
Bopt (V< Vo) = Abpl 8y (V = o) = Abpl(v_) , (6)
0

where

—a —1

AbPl = nbeam[vo — Vmin + Pmax (VmaX/VO) VO] (7)
1 -«

is normalized so that npe,, describes the beam density above

30keV (velocity vy around 10'°cms™"). The broken power

law was investigated in H. A. S. Reid & E. P. Kontar (2018)

but for smaller break energies.

To test this prediction of beam density, we simulated an
electron beam being injected into the corona with a source
function described by Equation (3) that has an electron velocity
broken power law described by Equation (6). The kinetic
equations used to propagate the system through time are
described in H. A. S. Reid & E. P. Kontar (2017, 2018). The
Parker density model (E. N. Parker 1958) is used, scaled to
provide an acceleration region around 15 Mm above the solar
surface, with a background frequency of 600 MHz. This
density model naturally provides a similar background
frequency profile that matches the distances derived from the
radio observations (Figure 6).

To reproduce the electron beam described above that we
observed around the peak of 25—50keV hard X-ray activity, as
measured by RHESSI, we simulated an electron beam with a
spectral index of 10 (in velocity space) with an initial electron
density of npeam ~ 10*° cm ™ for E > 30 keV. For E < 30 keV,
we use a flat spectrum. The initial injection properties are given
in Table 1.

We infer a magnetic field expansion angle of 17° from the
expansion of the intrinsic source sizes shown in the bottom
panel of Figure 7. This is lower than the expansion angles used
in other works to explain observed fluxes at 1au
(33.6% H. A. S. Reid & E. P. Kontar 2010, 2013).

The resultant simulated electron beam (shown in Figure 8)
had a velocity of 0.45¢, matching the velocity of the beam we
obtained by fitting to NRH observations (Figure 5).

We can analytically calculate the energy density of the beam
by assuming a single power law. The energy density of the
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Table 1
Initial Parameters for the Electron Beam Injected into the Solar Corona

Energy Range Break Energy Spectral Index Injection Time Beam Size Source Height Beam Density
Above Break Above Break
0.28-125 keV 30 keV a=10.0 7=0.001s d=10%cm h=15Mm 10> cm™?

0.00 0.20 0.40 0.60 0.80 1.00
Normalised Brightness Temperature
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205 127
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Figure 8. Simulated dynamic spectrum using the electron-beam parameters
derived from the radio and X-ray observations.

beam above the cutoff energy is

1 VmﬂX
6:Emef0 gv = vo) v dv

lme

3 @ dex‘ 8
=05 @®)
For vo=10""cms™, vpax =2 x 100cms™! (125 keV),
n, = 10%° cm 3, and o =10, we find e =2 X 1077 erg cm 3

5. Discussion

A CME erupted from NOAA AR 11745 at around 13:00 UT
on 2023 May 22. An associated M5.0 flare began in the active
region at 13:08 UT and peaked at 13:32 UT. RHESSI measured
a steep rise in hard X-ray activity in the 25-50keV range
starting at ~13:09 UT, with a strong peak at 13:12UT and a
second, smaller peak at 13:19 UT (see Figure 2(c)). Strong type
M1 radio bursts started just before 13:10 UT and continued until
shortly after 13:13 UT, with a burst occurring approximately
every 2 s (Figures 2(a) and (b)). After this time, type III radio
bursts continued to occur, but with much weaker fluxes. We
suggest the rapid sequence of electron beams that caused the
type II radio bursts was accelerated by quasi-periodic
oscillatory magnetic reconnection (e.g., J. A. McLaughlin
et al. 2009) associated with the M5.0 flare and the hard X-ray
emission. Such quasi-periodic reconnection can be driven by an
aperiodic driver (J. A. McLaughlin et al. 2012a), such as
magnetic flux emergence (M. J. Murray et al. 2009;
J. A. McLaughlin et al. 2012b), or perhaps in our event the
continuous inflow of magnetic field that would have occurred
beneath the erupting hot magnetic flux rope.

Radio imaging spectroscopy by the NRH shows that the
radio bursts traveled along a set of fan loops rooted in the
northwestern part of the active region. These loops are seen
clearly in the EUV 171 A channel of AIA, and a PFSS
extrapolation supports that the fan loops are open to the
heliosphere (Figure 3). For the electrons accelerated in the core
of the active region to escape along these quasi-open fan loops,
a reconfiguration of the magnetic field must have occurred. We
propose that either overlying loops that were draped over the
erupting flux rope or the growing flare arcade itself expanded
and pushed against the fan loops at the active region boundary,
leading to component magnetic reconnection that enabled the
beams of particles accelerated in the eruptive flare to access the
quasi-open magnetic field and escape the Sun (see Figure 9).
This is similar to the scenario simulated by S. Masson et al.
(2013, 2019).

5.1. Electron-beam Energy Budget

We have estimated the energy density in the acceleration
region by 1nferr1ng the electron-beam speed and deducing the
electron density via simulation. We observe >1 x 10> strong
type III bursts, so we can estimate the total energy budget
available to accelerate the electron beams if we can constrain
the volume of the acceleration region. As shown in
Equation (1), the length of the acceleration region is related
to the instability distance between the acceleration region and
the location where type III radio emission starts (H. A. S. Reid
et al. 2011). Therefore, we can begin to constrain the size of the
acceleration region by examining the distance the electrons
traveled before they started emitting radio bursts.

The acceleration region should be above the observed flaring
arcade and below the highest-frequency (445 MHz) NRH
source. The plane-of-sky distance between the 445 MHz fitted
source centroid and the top of the flaring loops observed in AIA
171A i images is ~15 Mm. Considering only that the fan loops
along which the radio sources follow are in the background of
the active region, this plane-of-sky distance is an under-
estimated projected distance. On the other hand, a number of
factors suggest the distance between the flare arcade and the
acceleration region may be even smaller than it first appears,
including that the scattering of the radio sources would shift the
observed sources closer to the Sun (E. P. Kontar et al. 2019),
the flaring arcade appears larger in other AIA channels than as
we have considered in the 171 A channel (e. g., in particular the
131A channel), and the ORFEES observations suggest the type
II bursts start at ~600 MHz around the time of peak hard
X-ray activity, which would be relatively low in the corona.
While it is difficult to quantify the height of the acceleration
region precisely, it is clear that the instability distance (do)
between the acceleration region (%,..) and the height where the
electron beams start producing radio emission (/) must be
very small (see Equation (1)). Since the spectral index « =~ 10,
even an instability distance Ay — h,c & 10 Mm suggests a very
short acceleration region ~1 Mm.
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Figure 9. Two-stage reconnection scenario. First, magnetic reconnection associated with a CME accelerates particles (left), and then further reconnection between
either the flaring arcade or the overlying loops above the CME and quasi-open fan loops enables the particles to escape into interplanetary space.

To estimate the width of the acceleration region, we consider
the magnetic reconnection scenario. It is thought that 3D
magnetic reconnection occurs in QSLs (E. R. Priest &
P. Démoulin 1995; P. Demoulin et al. 1996), so perhaps
energetic particle acceleration also occurs in these layers. In our
scenario, such a QSL would overlie the flaring arcade, and
therefore the width of the acceleration region may be
comparable to the width of the flaring loops and the fan loops
(just above the flaring arcade) observed in the EUV images.

Taking the width of the acceleration region as comparable to
the width of the EUV fan loops along which the electron beams
escape (~15Mm just above the flare arcade, similar to the
width identified by J. Guo et al. 2012) up to the full width of
the flaring arcade itself (=70 Mm; as in the scenario of a loop-
top acceleration region) or the ~100 Mm inferred by the beam
expansion (see Figure 7; the acceleration volume would be
1 x 10%°-1 x 102 cm? , although uncertainty is introduced here
by assuming the cross-sectional area of the region is equal to
the width squared). This compares favorably with the
cylindrical volume found by M. Gordovskyy et al. (2020;
10**cm’) and the loop-top energy release re%ion volume
inferred by G.D. Fleishman et al. (2022; 10?7 cm).

Considering ~10? beams were accelerated, a volume in this
range with an electron density above 30keV of npeam ~
10*° cm ™ and energy density €peam~2 X 10 > ergem > (sup-
ported by our simulation) would contain a total of
1 x 10°'-1 x 10* electrons and an energy of 10*-10% erg.
These numbers of escaping electrons are comparable to those
found by S. Krucker et al. (2007, 1031210 ), and are at the higher
ends of the numbers found by T. James et al. (2017b; 10*°-10° 2)
and N. Dresing et al. (2021; 10*°-10%"). Our energy estimates are
comparable to those of T. James et al. (2017b; 10**~10% erg).

6. Conclusions

On 2013 May 22, an MS5.0 flare occurred in NOAA AR
11745 after a flux rope CME erupted. RHESSI measured a
strong peak of 25-50keV hard X-ray emissions and imaged
sources at the footpoints of flaring loops in the active region
core. More than 1 x 10 strong type III radio bursts were
observed in a period of less than 5 minutes, suggesting many

10

electron beams were being accelerated from the flare site.
Radio sources in the range 445.0-228.0 MHz aligned with
quasi-open fan loops at the northwestern edge of the active
region. We propose that component magnetic reconnection
between either the expanding loops above the erupting flux
rope or the growing flare arcade beneath erupting material and
quasi-open fan loops at the periphery of the active region
enabled the flare-accelerated electrons to escape into inter-
planetary space.

We used radio imaging observations to determine the speeds
of several electron beams, finding high speeds that range from
0.44 to 0.59¢. The beam closest in time to the hard X-ray peak
had a speed of 0.45¢, and the spectral index at this time was
a=10. We successfully simulated the 0.45¢ electron beam
using this spectral index and an electron density above 30 keV
in the source region of 10*°cm >, giving insight into the
conditions in the acceleration region.

The acceleration region should be located above the top of
the flare arcade and below the height at which the radio bursts
begin. The plane-of-sky distance between the 445 MHz source
centroid and the top of the flaring loops observed in 171 A AIA
images is ~15Mm, but the type III bursts are observed by
ORFEES to start at ~600 MHz, which would occur very close
to the flare arcade. Furthermore, the electron beams must travel
an instability distance before they start producing radio
emission, which is related to the spectral index and the length
of the acceleration region. Our findings suggest this instability
distance must be very short, and since the measured hard X-ray
spectral index is large, the acceleration region must be ~1 Mm.

A radially short but tangentially wide acceleration region
above the flaring arcade with a width comparable to the size of
the fan loops or the flaring arcade (15-100 Mm) could contain
1 x 10*'-1 x 10>* electrons and a total energy of
10%-1 x 10*° erg. We suggest quasi-periodic reconnection
accelerated the many observed electron beams from a thin
but broad QSL atop the flare arcade.

Future work could compare estimates of escaping particle
beam properties deduced from remote-sensing observations—
as we have made for the first time in this work—with in situ
measurements taken by Solar Orbiter (D. Miiller et al. 2020)
within the inner helisophere. This will require magnetic
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connectivity to be established between particle acceleration
regions on the Sun and the spacecraft.
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