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comparable to, or at least a sizable fraction of, the size of the
active region) to probe their site of origin in the low corona in
detail. In the present study, we are able to precisely pinpoint
the beam-origin site to within a region of ∼600 km2 where, as
discussed earlier, magnetic reconnection most likely occurs. This
upper limit of the size of the magnetic reconnection site,
determined directly from the radio imaging observations, is
comparable to the intrinsic width of nonflaring coronal structures
(Brooks et al. 2013; Aschwanden & Peter 2017) and the spatial

scale on which efficient electron acceleration is thought to operate
in the low corona (Aschwanden 2002). Moreover, the closest end
of the beam trajectories is located only Δd<1000 km away
from the beam-origin site (cf. Figure 3). Previous studies have
suggested that a minimum distance Δdmin≈daccδ is needed for
an electron beam to develop sufficient bump-on-tail instability for
generating type III bursts, where dacc is the size of the
acceleration site (which is the magnetic reconnection site in the
present case) and δ is the power-law index of the electron velocity

Figure 8. Observations and magnetic modeling of the jet eruption. Initially, an unstable filament visible as a dark feature in EUV, is embedded near the base (a),
shown as a twisted magnetic flux rope in the magnetic model (d) and depicted in the schematic (g) as yellow twisted curves. The flux rope slowly rises, pushes against
the ambient field (b, e, h), and transfers magnetic flux via slow reconnection (orange curves in e and h). During the eruption phase, fast magnetic reconnection occurs
at multiple locations trailing the erupting jet spire (f). Electrons are accelerated from discrete reconnection sites to high speeds and escape along freshly opened field
lines (i; only one site is shown for illustration), observed as multitudes of electron beam trajectories emanating from common reconnection sites (c, same as Figure 3).
Reconnected and retracted magnetic field lines manifest as compact closed arcades or bright points at the jet base seen in EUV and X-ray. Semitransparent shading in
the model shows current density in Gauss/Mm.
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2. Multi-wavelength signatures of energetic electrons 
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continuum images from the Helioseismic and Magnetic
Imager (Scherrer et al. 2012) at this time. The conjugate
footpoint HXR source is presumably hidden beyond the limb.
For similar events, see Krucker et al. (2015). A larger, more
extended nonthermal HXR source is shown in Figure 2(a) at a

position that agrees well with the MW emission above the
AIA bright loops. In order to image this weak nonthermal
source, a two-step CLEAN procedure (Krucker et al. 2011)
was used in which the brighter footpoint source was first
imaged and subtracted from the HXR visibility data. A second

Figure 2. Comparison of AIA, RHESSI, and EOVSA images at the three times marked in Figure 1. Each image shows the corresponding AIA 193Å image (in reverse
grayscale of log intensity) superposed with filled 50% contours of EOVSA MW emission at 26 spectral windows, with hues shown in the color bar. RHESSI HXR 30%,
50%, 70%, and 90% contours are also superposed for two energy ranges. (a) Zoomed in (2 × 2 arcmin) field of view (FOV) of the limb flare near 15:54 UT. (b) Same as
(a), but showing a larger 5×5 arcmin FOV. This view shows additional low-frequency MW sources flanking the main source to the north and south. The white box
outlines the area shown in (a). (c) Same as (a), for the peak time near 16:00 UT, except RHESSI 12–20 keV contours are 40%, 55%, 60%, 75% and 90%. (d) 5×5 arcmin
FOV corresponding to (c). The horizontal dashed line marks the position of the cut used for the height–time plots of Figures 3 and 4. (e) Same as (a), for a time near 16:41
UT in the decay phase. (f) 5×5 arcmin FOV corresponding to (e). The dashed contour in (e) and (f) is the 10% contour for the RHESSI 35–50 keV image.
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3. Locations of electron energization
Important for 

• Flare geometry and morphology
• Relation between reconnection and acceleration
• Atmospheric response

Challenges

• Instrument sensitivity and dynamic range 
• Angular resolution 
• Temporal resolution 

Where are electrons accelerated? 
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Where are electrons accelerated? 



Bulk acceleration in the above-the-loop-top source 

• RHESSI imaging spectroscopy to infer density of accelerated  electrons: nnt~109 cm-3

• SDO/AIA differential emission measure analysis to determine ambient density n0
à ratio nnt/n0 is close to 1 

Interpretation: Entire plasma is accelerated 
(non-thermal) in bulk energization process
Above the loop-top-source is acceleration 
region
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3. Locations of electron energization 
Multiple acceleration sites 

EUV

X-ray Radio

Radio emission during microflare 3

Figure 1. Temporal evolution of radio and X-ray emission during the B1.7-class flare on 2012 February 25 (SOL2012-02-
25T20:50:34). Top: VLA dynamic spectrum showing the total flux computed from the radio images for each frequency-time
pixel in the observation. Each pixel has a size of 4 MHz and 1 s in frequency and time respectively. The second panel shows
the frequency averaged VLA spectrum from 1.65 GHz to 2.03 GHz. The inset shows 5 distinct radio bursts marked by letters.
The third panel shows X-ray light curves from RHESSI and GOES.

ditional longer loop that connects the southern ribbon
with the eastern end of the northern ribbon.

3. RADIO AND X-RAY ANALYSIS

The VLA observations had a frequency coverage of 1
GHz to 2.03 GHz (� = 15–30 cm) with a spectral reso-
lution of 1 MHz and temporal resolution of 1 second in
both the right-hand- and left-hand-circular polarization
(RCP and LCP). The spectral range of the observation
was divided uniformly into 8 spectral windows. Each
spectral window had 128 1-MHz-wide frequency chan-
nels. The observations were taken in the C configura-
tion of the VLA, which had a maximum baseline length
of ⇠3 km. A total of 27 antennas (i.e., the full array)
were used for the observation. This provides an angular
resolution, represented as the full width half maximum

(FWHM) of the synthesized beam, of 1500 by 1000 at
2 GHz, which is inversely proportional to the observ-
ing frequency (1/⌫GHz). RHESSI observed this event
in its standard observing mode. It had completed an
annealing procedure of its germanium detectors three
days prior to the present observations, which resulted
in seven out of nine detectors being in optimal working
condition with good sensitivity and spectral resolution.

3.1. X-ray imaging and spectral analysis

Using the standard RHESSI data analysis package
in the IDL SolarSoftware, we produced images and
spectra between 20:46 UT and 20:59 UT, using 60 sec-
onds time integration to ensure high enough count rates,
except for the time interval between 20:47 UT and
20:48 UT which was split into two intervals lasting from

Radio emission during microflare 9

(A) (B) (C)

(D) (E)

Figure 8. Evolution of the AIA 94 Å EUV ribbons (black and white image, color table inverted), X-ray RHESSI sources
(magenta and blue contours) and VLA radio centroid (crosses) positions. The RHESSI contour levels are at 65%, 75%, 85%
and 95% w.r.t map’s peak. The AIA and RHESSI images are temporally closest to the radio bursts. The start times of AIA,
VLA and RHESSI images are displayed in each panel. Note that RHESSI has an integration time of 28 sec in A, B and C, but
1 minute for D and E. The colorbar indicates the frequencies of plotted radio centroids.

ray spectrum by a factor of ⇠4, while the nonthermal
density from the gyrosynchrotron fit is two orders of
magnitude higher than the RHESSI estimates. This dis-
crepancy in Elow and nnth is present in burst A through
C, a possible indication that the two instruments ob-
serve two di↵erent electron populations. Table 2 also
lists the uncertainty in each parameter. We note that
these are large, especially for bursts B and C. The dom-
inant reasons for the large uncertainties are the limited
frequency range available for gyrosynchroton fitting, and
the Signal-to-Noise Ratio (SNR) of the data. Due to the
limited frequency range, neither the peak of the spec-
trum nor the optically thin part were observed. Hence,
both, the magnetic field strength and the spectral index
are not well constrained. The rather low SNR resulted
in relatively large uncertainties of the observed spectra
and consequently large uncertainties of the fitted param-
eters. The SNR of burst A is better than burst B and
C, i.e. the spectral fit is relatively well-constrained, and
the fitted parameters are more reliable.

4. SPATIAL EVOLUTION OF FLARE
PARAMETERS

The spatial evolution of the radio bursts A, B and C
shows interesting behaviour that is discussed in more
detail in the following. Before the main bursts, the cen-
troid locations show a large scatter. During the radio
bursts, the source centroids at all frequencies become
clustered together within 7” near the northern ribbon
(e.g. Figure 8 A). The observed compact clustering
suggests a bright common radio source for all shown
radio frequencies. Figure 9 shows the temporal vari-
ation of the radio centroid locations at a representa-
tive frequency of 1.7 GHz. The radio centroid location
varies during the flare. A distinct change in the cen-
troid location of the radio source is seen during each
burst. Since the observed displacement in the centroids
in Figure 9 is co-temporal with the brightness temper-
atures of the bursts (Figure 6, top panel), these dis-
placements are significant and real. We also computed
positional uncertainties (�X,Y ) for the radio sources by

Sharma et al. 2020

Imaging and 
spectroscopy
à different electron 
populations
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Carley et al. 2016

Type III burst associated 
with an erupting flux 
rope (Carley et al. 2016) 

L34 M. Battaglia and A. O. Benz: Do decimetric spikes originate from coronal X-ray sources?

Fig. 1. Top: Phoenix-2 spectrogram. Bottom: RHESSI light-curves at 25–50 keV and 50–100 keV. GOES light-curve in the 1–8 Å band. Time
intervals containing the spikes are indicated by white vertical lines in the spectrogram.

source, the location of the spikes would then be expected to be
at or close to the position of coronal hard X-ray sources. Benz
et al. (2002) studied a number of solar flares with associated
hard X-ray sources and spikes, finding the location of the spikes
to be offset by up to 400′′ from the flaring site as observed in
hard X-ray footpoints, soft X-rays, and EUV. Since their events
were observed on the solar disk, the complete geometry of the
events could not be determined. Khan & Aurass (2006) analyzed
a limb event, finding that the spike emission originates high in
the corona. No coronal hard X-ray source was observed in the
events studied to date.

Where do spikes occur relative to coronal hard X-ray flare
emission? RHESSI (Lin et al. 2002) now provides the possibility
of studying the X-ray morphology of flares, including the hard
X-ray component of coronal sources. Here, we study the spatial
relations between the X-ray sources, both soft and hard, and the
position of the radio emission in a spike event. We find that the
locations of the spikes do not coincide with the locations of ei-
ther the footpoints or the coronal X-ray source, but seem to be
completely disconnected from the flaring site, as is clearly seen
in X-rays.

2. Observations and data analysis

Out of the seven years of RHESSI observations since launch, an
event was selected that is uniquely suited to this study. It was not
only observed by RHESSI during the impulsive phase, but also
by the Phoenix-2 spectrometer (Messmer et al. 1999) and the
Nançay radioheliograph (Kerdraon & Delouis 1997). Additional
observations from the GOES/SXI X-ray instrument (Hill et al.
2005) are available. The event was a non-occulted limb event,
thus the geometry could be studied with only minor projection
effects.

The selected event occurred on August 23rd 2005. The hard
X-ray peak-time (in the 25–50 keV energy band as observed by
RHESSI) was at 14:37 UT. The GOES class M3 event allows

the study of the entire loop geometry including the hard X-ray
coronal source and footpoints. The time evolution of the event is
shown in Fig. 1. The top panel of the figure displays the 80 to
1000 MHz part of the Phoenix-2 spectrogram. There were two
extended time intervals of spike activity, lasting from 14:35:30
to 14:43:15 UT and from 14:43:25 to 14:45:00 UT. The first in-
terval shows one (and possibly two) harmonic structures in the
typical 1:1.4 ratio (Benz & Guedel 1987), and the second group
is randomly distributed. In the bottom panel of Fig. 1, the time
evolution of the flare is illustrated by light-curves in hard X-rays
(RHESSI) and soft X-rays (GOES). The flare displays several
hard X-ray peaks starting at 14:22. The spikes first appeared at
the onset of the main hard X-ray peak (the most intense peak in
the 50–100 keV band).

2.1. X-ray observations

The flare was observed by both RHESSI and GOES/SXI during
the impulsive phase. GOES images provide information about
the thermal plasma at a few MK. RHESSI observations were
used to image the soft and hard X-ray component of the coronal
source as well as the footpoints, and to determine their positions.
CLEAN images were generated using detectors 3–8. Figure 2
displays the contours of images taken from 14:36:00–14:38:00
and from 14:43:15–14:45:00. The thermal component of the
coronal source was imaged at energies in the range 6–12 keV,
and the footpoints at 25–50 keV. The coronal source could be
imaged up to energies from 18–22 keV. At higher energies, the
footpoints become dominant. The coronal source spectrum as
found from imaging spectroscopy indicates a nonthermal com-
ponent at higher energies, where the transition between the ther-
mal and nonthermal emission is found to occur at around 20 keV.
Thus, the emission in the 18–22 keV energy band is expected to
be at least partly of nonthermal origin.

RHESSI 6-12 keV
RHESSI 18-22 keV
RHESSI 25-50 keV

dm radio emission

Decimetric spikes from 
above the flare
site (Battaglia & Benz 
2009)

Where are electrons accelerated? 
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comparable to, or at least a sizable fraction of, the size of the
active region) to probe their site of origin in the low corona in
detail. In the present study, we are able to precisely pinpoint
the beam-origin site to within a region of ∼600 km2 where, as
discussed earlier, magnetic reconnection most likely occurs. This
upper limit of the size of the magnetic reconnection site,
determined directly from the radio imaging observations, is
comparable to the intrinsic width of nonflaring coronal structures
(Brooks et al. 2013; Aschwanden & Peter 2017) and the spatial

scale on which efficient electron acceleration is thought to operate
in the low corona (Aschwanden 2002). Moreover, the closest end
of the beam trajectories is located only Δd<1000 km away
from the beam-origin site (cf. Figure 3). Previous studies have
suggested that a minimum distance Δdmin≈daccδ is needed for
an electron beam to develop sufficient bump-on-tail instability for
generating type III bursts, where dacc is the size of the
acceleration site (which is the magnetic reconnection site in the
present case) and δ is the power-law index of the electron velocity

Figure 8. Observations and magnetic modeling of the jet eruption. Initially, an unstable filament visible as a dark feature in EUV, is embedded near the base (a),
shown as a twisted magnetic flux rope in the magnetic model (d) and depicted in the schematic (g) as yellow twisted curves. The flux rope slowly rises, pushes against
the ambient field (b, e, h), and transfers magnetic flux via slow reconnection (orange curves in e and h). During the eruption phase, fast magnetic reconnection occurs
at multiple locations trailing the erupting jet spire (f). Electrons are accelerated from discrete reconnection sites to high speeds and escape along freshly opened field
lines (i; only one site is shown for illustration), observed as multitudes of electron beam trajectories emanating from common reconnection sites (c, same as Figure 3).
Reconnected and retracted magnetic field lines manifest as compact closed arcades or bright points at the jet base seen in EUV and X-ray. Semitransparent shading in
the model shows current density in Gauss/Mm.
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In addition to their different polarization properties, the two
type III burst families also clearly differ from each other in their
spectrotemporal properties: bursts in the highly polarized group
appear more “patchy” than their weakly polarized counterpart
(Figures 2(d) and (e)). The more chaotic nature for the highly
polarized bursts is consistent with the well-known scenario in
which fundamental plasma radiation suffers more from
propagation effects through the inhomogeneous corona to the
observer (Bastian 1994; Kontar et al. 2017). Therefore, we
conclude that the group with higher DOP is likely due to
fundamental plasma radiation (s=1, or ν≈ νpe) and the one
with lower DOP is due to harmonic plasma radiation (s=2, or
ν≈ 2νpe). A detailed comparison between the fundamental and
harmonic dm-λ type III bursts will be the topic for a future
study. Here we choose to focus on the harmonic bursts, because
the propagation effects are less significant and the electron
beam trajectories derived from the harmonic type III bursts are
much better defined.

For each 50 ms time pixel in the radio dynamic spectrum,
independent radio images at all the spectral channels are
produced using the standard CLEAN image reconstruction
technique, resulting in a 3D spectral image cube: two spatial
dimensions in helioprojective X and Y coordinates (θx and θy,
which are along east–west and south–north directions of the
solar disk respectively) and one additional dimension in
frequency. An example is shown in Figure 1(c) visualized
with 3D volume rendering, as well as in Figure 1(d) as a series

of contours colored from red to blue in increasing frequency.
We further obtain the peak intensity Ipk in each frequency slice
ν of the spectral image cube and find the corresponding source
centroid location (θ(ν), f(ν)) based on a second-order
polynomial fit on nearby pixels. The peak intensity values
obtained from the interferometric images were originally
measured in Jy/beam (as in Figure 1(c)), which are
subsequently converted to their equivalent brightness temper-
ature values in kelvin. The imaging and centroid-fitting
processes are repeated for all frequency and time pixels where
type III bursts are present, resulting in a four-dimensional (4D)
data cube for the burst centroids, i.e., Ipk(θ, f, ν, t). One of the
many uses of the 4D cube is to construct a “vector dynamic
spectrum,” i.e., the peak intensity variation as a function of
frequency and time Ipk(ν, t) obtained within a selected region of
interest in the image plane (θ, f). Unlike the conventional total-
power dynamic spectrum, such a vector dynamic spectrum
effectively reduces confusion from other sources if they are
also present on the solar disk, and thereby reveals the
spectrotemporal intensity variation intrinsic to the source of
interest itself. An example is shown in Figure 1(b) for the dm-λ
type III burst source; though, the improvement against the
total-power dynamic spectrum is minimal because the type IIIs
are the only dominating sources during the burst period. The
power of such a technique has been better demonstrated in
an earlier study by Chen et al. (2015) based on VLA data:
using vector dynamic spectra made from spatially distinctive

Figure 2. Polarization of the dm-λ type III bursts. (a, b) Dynamic spectrum of the observed dm-λ type III bursts in RCP and LCP, respectively, colored by their peak
intensity Ipk in brightness temperature units. (c) Same as (a) and (b), but colored by their degree of circular polarization. (d, e) Fundamental (labeled “F1” and “F2”)
and harmonic (labeled “H1” and “H2”) burst groups separated by their degree of polarization properties. They correspond, respectively, to the weakly and strongly
polarized groups in the left and right portion of the histogram plot of (f) separated at a degree of polarization level of 45% (vertical dashed line). Only bursts with SNR
>13 are shown in (d–f).
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Where are electrons accelerated? 
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4. Spectral signatures of electron energization 
Important for 

• Total energetics
• Thermal – nonthermal energy partition 
• Acceleration mechanism  
• Atmospheric response

Challenges

• Energy coverage 
• Spectral inversion / fitting models 
• Low energy cutoff 

How much energy is contained in accelerated electrons? How are electrons accelerated? 
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4. Spectral signatures of electron energization 
Spectral models and the kappa-distribution 

X-ray

Thermal + power-law

T, EM, 𝛿, 
flux normalization
, Ecut

à Tκ, EMκ, κ

Energy [keV]

<n
V

F>
 [c

m
-2

s-1
ke

V
-1

] F(E)∝E 1+ E
kBTκ

(κ −1.5)
#

$
%

&

'
(

−(κ+1)

Why kappa? 
• Single analytic function to 

describe whole spectrum
• No cutoff needed 
• Found in multiple RHESSI 

observations (e.g.
Kasparova & Karlicky 2009, 
Oka et. al. 2013/2015)

• Supported by stochastic 
acceleration models 

(e.g. Bian et al 2014)

How much energy is contained in accelerated electrons? How are electrons accelerated? 
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4. Spectral signatures of electron energization 
Electron spectra from combined EUV and X-ray observations

EUV

X-ray

The Astrophysical Journal, 779:107 (9pp), 2013 December 20 Battaglia & Kontar

distribution at temperature T (r) is given as

F (E, r) = 23/2

(πme)1/2

n(r)E
(kBT (r))3/2

exp (−E/kBT (r)), (1)

where E is the electron kinetic energy, me is the electron mass,
and kb is the Boltzmann constant. This is related to the mean
electron flux spectrum ⟨nV F ⟩ in the emitting volume V and the
DEM ξ (T ) following, e.g., Brown & Emslie (1988):

⟨nV F ⟩ =
∫

V

n(r)F (E, r) dV (2)

=
∫

T

n(r)
23/2

(πme)1/2

n(r)E
(kBT (r))3/2

exp (−E/kBT (r))
dV

dT
dT ,

(3)

where n2dV/dT = ξ (T ) is the DEM and thus

⟨nV F ⟩ = 23/2E

(πme)1/2

∫ ∞

0

ξ (T )
(kBT )3/2

exp (−E/kBT ) dT . (4)

Therefore, knowing the DEM, one can compute the electron flux
spectrum in the emitting volume (electrons keV−1 s−1 cm−2).
Although Equation (4), which is an equivalent of the Laplace
transform of a function f (t)

F (s) =
∫ ∞

0
exp(−st)f (t) dt, (5)

is formally a straightforward integration over temperature, the
numerical integration could be rather challenging due to the
exponential kernel (e.g., Prato et al. 2006). Following Rossberg
(2008), we rewrite the Laplace transform (Equation (5)) via
the convolution integral, which will allow efficient numerical
computations of ⟨nV F ⟩ via ξ (T ) and vice versa. Using the
change of variables s = exp(y) and t = exp(−x), let us rewrite
Equation (5) in the following form:

F (ey) =
∫ ∞

−∞
K(y − x)h(x) dx, (6)

where K(y − x) = exp(y − x) exp[− exp(y − x)] and h(x) =
φ(e−x) with φ(t) =

∫ t

0 f (t ′)dt ′. Equation (4) can be similarly
brought into the form of Equation (5) using the variable change

t = 1/T ; dt

dT
= − 1

T 2
; dT = − 1

t2
dt, (7)

which results in

⟨nV F ⟩ = 23/2E

(πme)1/2k
3/2
B

∫ ∞

0

ξ (T (t))
t1/2

exp (−Et/kB) dt, (8)

so that f (t) = (ξ (T (t))/t1/2) and exp(−st) = exp(−Et/kB) in
Equation (5), which is then brought into the form of Equation (6)
and solved.

2.1. Application on Synthetic DEM

We illustrate the method using two synthetic DEMs. The first
is a single-temperature DEM, i.e., a δ-function in temperature
space (Figure 1, top) at temperature T0 = 5 MK. The mean
electron flux spectrum corresponding to this DEM is calculated

Figure 1. Top: synthetic DEM (cm−3 K−1) as a function of T for peak
temperature 5 MK and two different widths (red: δ-function, black: σ = 0.1,
compare Equation (10)). Middle: reconstructed mean electron flux spectrum
from DEM (black lines). The total EM of the DEM with width σ = 0.1
was chosen one order of magnitude larger than the δ-function to give clearly
distinguishable electron spectra. The red line gives a Maxwellian distribution
at temperature 5 MK. The purple and green lines are Maxwellian distributions
at 5 MK and 9 MK; the dashed blue line is the sum of these two Maxwellians.
Bottom: model flux divided by flux from DEM in the case of a δ-function DEM
(red solid line), and in the case of DEM of width σ = 0.1 relative to a single-
temperature Maxwellian (dashed green) and two Maxwellians at 5 MK and 9
MK (dashed blue line).
(A color version of this figure is available in the online journal.)

using Equations (4)–(8). The result is shown in the middle panel
of Figure 1. This is compared to the Maxwellian distribution as
defined in Equation (1). From Equation (2) one finds the mean
electron flux spectrum for a uniform distribution over the whole
volume as

⟨nV F ⟩ = n2
eV

(
2

kBT

) 3/2
E

(πme)1/2
exp (−E/kBT ), (9)

2

<nVF> is directly related to DEM:
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(a) (b)

(c) (d)

Figure 2. Panel (a): AIA 131 Å image overlaid with RHESSI contours (red; 20%, 30%, 50% in 8–10 keV CLEAN image). Panel (b): AIA DEM from area corresponding
to RHESSI 50% contours in 8–10 keV CLEAN image. Panel (c): mean electron flux spectrum derived from AIA (green) and RHESSI thermal fit (blue) and non-thermal
fit (red). The gray shaded area gives the confidence interval. Dashed lines indicate the extension of the flux to energies that were not observed with the respective
instrument. Dash-dotted line: electron flux spectrum from GOES temperature and emission measure. The dotted line represents a Maxwellian distribution with
T = 6 MK and EM = 4.5 × 1046 cm−3 for illustration (not from an actual fit). Panel (d): mean electron velocity distribution.
(A color version of this figure is available in the online journal.)

effective temperature resolution, obtained from the regularized
inversion (see Hannah & Kontar 2012, for full details). The DEM
suggests the presence of two main temperature components, a
weak one at 2 MK and one at 10 MK. The low-temperature
component can most likely be attributed to background emis-
sion, while the high-temperature component is dominated by
flaring emission (see also Battaglia & Kontar 2012). Note that
in this case we did not impose a positivity constraint on the
reconstructed DEM (see the Appendix) because the assumption
of a positive DEM is quite strong and only correct in the case
of purely thermal plasma. From the DEM, the mean electron
flux spectrum is calculated using the method described in Sec-
tion 2. Figure 2 shows the mean electron flux spectrum in units
of (electrons cm−2 keV−1 s−1) as a function of energy from the
combined AIA and RHESSI observations, where we use the re-
sult from the 50% contours and 20% contours as a confidence
interval. Dividing by energy and multiplying with m2

e , we can
also display the spectrum as a velocity distribution function
⟨nVf (v)⟩ (Figure 2, panel (b)). The distribution found from
AIA is consistent with a Maxwellian of temperature T = 6 MK
and emission measure EM = 4.5×1046 cm−3, but deviates from
the Maxwellian distribution at energies greater than 1 keV. The
extrapolation of the RHESSI thermal distribution into the AIA
regime is a factor ∼ 3 larger than the distribution from AIA. We
discuss several reasons for this discrepancy in Section 4. The

overall distribution over all energies resembles particle distri-
butions often found in the solar wind with a core-halo-strahl
structure (see Marsch 2006, for a review).

3.2. SOL2012-07-19T05:58

For this limb event three distinct sources were observed
with RHESSI (SXR coronal source, HXR above-the-looptop
source, HXR footpoints; see Figure 3). The event has been
analyzed in detail by Liu et al. (2013) with respect to several
aspects of its time evolution and with a focus on the coronal
densities by Krucker & Battaglia (2013). AIA exposure times
where as short as 0.2 s during the course of the flare. Thus,
there are unsaturated images in all wavelength channels even
at the flare peak time. Here we focus on the same time
interval (05:20:30 to 05:23:02 UT, attenuator state 1) used
by Krucker & Battaglia (2013), who analyzed the first HXR
peak using imaging spectroscopy, and we present mean electron
distribution functions for three different sources observed by
RHESSI: the SXR coronal source, the HXR above-the-looptop
source, and the northern footpoint. A weak second footpoint
that was likely occulted was also observed. STEREO images
of the region suggest the presence of loops or a loop arcade
for which, as seen from Earth, the southern footpoint would be
occulted. Note that the northern footpoint was also likely partly
occulted. Footpoint sources at higher energies are formed deeper
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Figure 5. Reconstruction of electron distributions for Cases A (upper panels) and B (lower panels). Left (a and d): DEM profiles obtained by the regularized
inversion code. Middle (b and e): Electron distributions reconstructed from the DEM (black curve) and RHESSI spectral fit (colored curves). The dashed curves show
extrapolations of the fitted curves. Right (c and f): The differential density level as a function of filling factor f (bottom axis) or RHESSI contour level L (top axis).

correction. In Figure 5(b), we simply plotted the case of ζ =
1 (i.e., no correction). Whatever value ζ takes, we can safely
conclude that both the thermal+power-law and kappa models
are plausible if f = 1.

It should also be noted that we may need to consider different
temperature responses for non-thermal plasmas. We verified that
temperature responses developed by Dudı́k et al. (2009) modify
the reconstructed distribution only slightly. This is probably
because DEM ξ (E) affects the distribution through an integral
(see Equation (5)). The uncertainties expressed as f and ζ are of
greater concern.

Let us now consider cases with f < 1. This consideration
would not allow us to further constrain the spectral models, but
it can give us an order estimate of the filling factor f and thus
a better estimate of the number density in a later section of
this paper. Recall that the filling factor f represents the fact that
the X-ray imaging has a limited spatial resolution. The actual
source size may be smaller and may contain substructures that
cannot be identified by the current observation. Here, we make
an assumption that the source does not have substructures and
can be modeled by different levels of RHESSI contour. Then,
we reconstructed the distribution using AIA pixels within L%
RHESSI contour, where L = 50%, 60%, 70%, 80%, 90%, 95%,
and 99%. For each L, we computed the area A(L) within the
contour and derived the filling factor as f = A(L)/A(50).

Figure 5(c) shows the resultant differential density averaged
in the 1–2 keV range as a function of f (bottom axis) and L (top
axis). The solid and dashed lines show results for ζ = 1 and 3,
respectively. In the case of ζ = 3, for example, the differential
density becomes as small as the level predicted by the kappa
model (the horizontal green line) when f reaches ∼0.3. The

range f < 0.3 is unlikely, under the assumption of the kappa
model because the differential density of the kappa distribution
becomes larger than that derived from the AIA images. In such
case, we should have seen an EUV spatial feature that outlines
the above-the-looptop source. We can still have f as small as
0.06 under the assumption of the thermal+power-law model
because the differential density predicted by the thermal+power-
law model (the horizontal blue line) is smaller than that of the
kappa model. Note, however, this smaller differential density
comes from the smaller emission measure obtained as an artifact
of the lower-energy cutoff Ec (see Section 2).

3.2. Case B of the 2003 October 22 Flare

Case B, 2003 October 22 flare, is another example of a clearly
non-thermal, above-the-looptop source (Ishikawa et al. 2011).
Figure 3(d) shows the time profile of the hard X-rays measured
by RHESSI. Following Ishikawa et al. (2011), we analyze data
from the period 19:57:30 to 19:58:02 UT, which showed an
intense emission from the above-the-looptop source.

Figure 3(e) shows the RHESSI contours taken during this
X-ray flux peak time (19:57:30–19:58:02 UT) with the same
format as Figure 3(b). The two-step CLEAN is not used and
the background image was captured by the SOHO/EIT 195 Å
wavelength channel at 19:57:30 UT. The above-the-looptop
source (off-disk blue contours) is clearly visible. The coronal
sources (both the above-the-looptop and looptop sources) are
well separated from the footpoints. Then, we made images
at 16 different energy ranges and used the combined flux of
the above-the-loop and looptop sources to obtain an energy
spectrum.
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Mean electron 
flux spectrum 
from combined 
observations

Combining AIA with RHESSI we can extend the energy range down to 
~ 0.1 keV

Battaglia & Kontar 2013 Oka et al. 2015
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4. Spectral signatures of electron energization 
Electron spectra from combined EUV and X-ray fitting

EUV

X-ray
– 17 –

Fig. 6.— Left: Comparison of DEMs from different methods: DEM from fit with one ξκ(T )

to RHESSI data (light-blue dashed); DEM from simultaneous fit of RHESSI and AIA with

two ξκ(T )s (blue dashed line and green dashed line). The red line gives the sum of the two

fits. AIA loci-curves are indicated near the top of the plot. The grey area indicates the

DEM (with confidence range) from AIA data, only, found by regularized inversion. Right:

⟨nV F (E)⟩ obtained from the simultaneous fit of AIA and RHESSI data (red). The dotted

black line and dashed light-blue lines give ⟨nV F (E)⟩ from thin kappa and from a single ξκ(T )

fitted to RHESSI data.

Combine AIA and RHESSI response
matrix into one and forward-fit 
kappa-distribution 
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Electron energization in magnetic reconnection outflows 3
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Figure 1. RHESSI count-rate lightcurves (corrected for instrumental e↵ects) at 6-12 keV (black), 12-25 keV (red), and 25-
50 keV (blue). The green line is the GOES lightcurve. The red arrow indicates the time-range on which this study focuses.
Representative images of the flare morphology during three distinct phases are given (see Figure 2 for larger images).

Time 

This study Impulsive phase 

Figure 2. AIA 131 Å images at three times (two from before the impulsive phase, one from the impulsive phase). The image
on the lefthand side shows a snapshot from the time interval that was analysed in the present study. 40%, 70%, 90% contours
from a RHESSI CLEAN image are given in four energy bands: 7-8 keV (red), 13-14 keV (blue), 16-20 keV (yellow), 38-44 keV
(green). Two sources, one above the reconnection region (labelled A) and one below (labelled B) were observed during the early
pre-impulsive phase until source A disappeared at ⇠ 04:51 UT.

we interpret these sources as lying below the reconnection region (henceforth referred to as source B) and above the
reconnection region (henceforth referred to as source A), respectively. In the second image, source A is not visible
anymore. The third image shows the flare morphology at the onset of the impulsive flare phase during which a HXR
footpoint was observed in addition to source B. In the following we focus on the pre-impulsive phase.
In the next section, we present observations of electron energization over a ⇠ 20 minute interval of pre-impulsive

activity, starting 50 minutes before the HXR peak of the event.

2.1. RHESSI and SDO/AIA data processing

Using the RHESSI data analysis software1 we generated CLEAN images over three minutes integration time between
04:34 UT and 04:51 UT, with the last image only having an integration time of 2 minutes due to an attenuator state
change. The event evolved rather gradually during this phase, therefore the long integration time improves count

1 https://hesperia.gsfc.nasa.gov/rhessi3/software/software-overview/software-overview/index.html

Electron energization in magnetic reconnection outflows 5

Figure 3. Time evolution of fit parameters, di↵erential emission measure and mean electron flux spectrum from simultaneous
fits of the -distribution to RHESSI and AIA data. For the source below the reconnetion region (left, source B) and above the
reconnection region (right, source A). Top to bottom: emission measure, kinetic temperature T, -index, DEM, mean electron
flux spectrum.

Electron energization in magnetic reconnection outflows 5

Figure 3. Time evolution of fit parameters, di↵erential emission measure and mean electron flux spectrum from simultaneous
fits of the -distribution to RHESSI and AIA data. For the source below the reconnetion region (left, source B) and above the
reconnection region (right, source A). Top to bottom: emission measure, kinetic temperature T, -index, DEM, mean electron
flux spectrum.

Example: Continuous 
hardening in Source A 
vs overall rise in 
spectrum in Source B 

How much energy is contained in accelerated electrons? How are electrons accelerated? 

Motorina & Kontar 2015,Battaglia et al. 2019
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4. Spectral signatures of electron energization 
Electron spectra from joint X-ray and radio fitting 

X-ray Radio

Chen et al. 2021

How much energy is contained in accelerated electrons? How are electrons accelerated? 
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5. A change of perspective

The Spectrometer/Telescope
for Imaging X-rays (STIX)

32 CdTe detectors
30 grid pairs 
Imaging via Moiré patterns 
(Fourier imaging) Energy range 4 – 150 keV 

Energy resolution 1 keV at lowest energies 

Temporal resolution 1 s (nominal)

Angular resolution 7 arcsec (at 1 AU)
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Electron energization in 3D with STIX 
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Two different viewing angles

• First pseudo-3D model of 
electron energization in solar 
flares

• Directivity studies

5. A change of perspective

VLA
EOVSA
LOFAR
et al.



STIX sees flares! 
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6. Summary
Multi-wavelength imaging and spectroscopy allows us to study 
many aspects of electron energization in flares, such as where, 
when, and how electrons are energized, to what energies, and how 
these energies are partitioned. 

Solar Orbiter adds a new perspective: Combining STIX X-ray 
observations with radio observations from Earth provides a quasi-3D 
picture of electron energization. 
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7. Questions?
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