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X-ray view on solar flare accelerated 
electrons 
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How do we infer the energetic properties of the solar-flare 
accelerated electron distribution?

Inverse or forward fitting problem -  
apply a sensible model!

Accelerated electron spectrum, F0

F 0

E

!

Solar flare electron energetics
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Why X-rays?  
 Emission mechanism: bremsstrahlung 

proton 

accelerated electron 

X-ray photon 

Konus-Wind 2019 

X-ray intensity (at a given photon energy) 
depends on: 
 
•  accelerated electron flux density 
•  ambient plasma density 
•  does NOT depend on magnetic field strength 

 

(Brown 1971, Holman et al. 2011) 

 X-ray flux spectrum at Earth  
Ambient plasma density 
Electron flux 
X-ray bremsstrahlung cross-section 
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Some questions regarding electron acceleration in solar flares 

Konus-Wind 2019 

1) Where are electrons accelerated?  

2) How are electrons accelerated?  

4) What are the time scales of 
electron acceleration? 

5) How are electrons transported in 
the corona?  

3) How much energy is contained in 
accelerated electrons?  

à X-ray images 

à X-ray spectra 

à X-ray lightcurves  

à X-ray images and spectra 
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X-rays in the standard solar flare scenario - imaging 

Konus-Wind 2019 
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X-ray 
footpoints 

Coronal 
X-ray source 

Acceleration region?  

Accelerated  
electrons 

Above- 
the-looptop  
source 

Sketch of the standard scenario overlaid 
on extreme UV-Image  

X-ray image contours overlaid on 
extreme UV-image  

Krucker & Battaglia 2014 

6-8 keV: soft X-rays (SXR) 
30-80 keV: hard X-rays (HXR) 
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X-rays: spectroscopy 

Konus-Wind 2019 

thermal bremsstrahlung T~10-25 MK 

non-thermal bremsstrahlung  
of accelerated electrons with  
energies typically > 10 keV 

Krucker & Battaglia 2014 
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X-rays: spectroscopy 

Konus-Wind 2019 

thermal bremsstrahlung T~10-25 MK 

non-thermal bremsstrahlung  
of accelerated electrons with  
energies typically > 10 keV 

Krucker & Battaglia 2014 

à photon energies > 20 keV of interest for studying flare accelerated electrons 

Spectrum often described as a power-law with photon index γ:  f (ε) ~ ε−γ



HESSI Observing Summary Count Rates
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X-rays time evolution  

Konus-Wind 2019 

Generally (with MANY 
exceptions) 
 
low photon energies:  
gradual evolution, heating and 
cooling of ambient plasma 
 
higher photon energies:  
impulsive evolution, signatures 
of accelerated electrons 
 
photon energies > 20 keV of 
interest for studying flare 
accelerated electrons 
  

accelerated electrons 
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Some questions regarding electron acceleration in solar flares 

Konus-Wind 2019 

1) Where are electrons accelerated?  

2) How are electrons accelerated?  

4) What are the time scales of 
electron acceleration? 

5) How are electrons transported in 
the corona?  

3) How much energy is contained in 
accelerated electrons?  

à X-ray images 

à X-ray spectra 

à X-ray lightcurves  

à X-ray images and spectra 
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1) Where are electrons accelerated?  

Konus-Wind 2019 

limb 

thermal loop X-ray footpoints 
above-the-  
loop-top-source 

Masuda et al. 1994: first observation of a HXR source in the corona with 
Yohkoh à now interpreted as signature of accelerated electrons  
 
Krucker & Lin 2008: HXR emission in most of the  
studied coronal sources with RHESSI,  
but mostly co-spatial with SXR source 
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v 

ambient  
pre-flare 

f 
   flare 

v 

accelerated  

Low ambient density & strong X-ray source à very large number 
of accelerated electrons 
à  Entire plasma is accelerated (non-thermal) in bulk 

energization process 

Krucker et al. 2010  
& Krucker & Battaglia 2014 
 

Above the loop-top-source is the acceleration region 
 



models involving the injection and propagation of nonthermal elec-
trons. In x 4.2.1, we consider a model in which electrons are in-
jected from a compact acceleration region into a uniform-density
collisional target. We also consider (x 4.2.2) a modification of
this simple model incorporating an electron energy loss rate that
varies with energy according to a formula that is a generalization
of the Coulomb collision energy loss rate. In x 4.2.3 we briefly
discuss point injection collisional models that have a nonuniform
density in the target. We then make a rather important modifi-
cation to the model by including an acceleration region of finite
length, both tenuous (x 4.2.4) and dense (x 4.2.5).

4.1. Thermal Model

We first consider (Fig. 2a) an extended-source thermal model,
with the temperature T varying with position s along the loop ac-
cording to

T (s) ¼ T0 exp
"s2

2!2
T

: ð3Þ

The thermal bremsstrahlung emission at position s obeys the
proportionality

I ("; s) % 1

"½T (s)'1=2
e""=kT (s); ð4Þ

i.e.,

I("; s) % 1

"T 1=2
0

exp
s2

4!2
T

exp " "

kT0
exp

s2

2!2
T

! "
: ð5Þ

The intensity at position s relative to the (maximum) intensity at
s ¼ 0 is then given by

j("; s) ( I("; s)

I ("; 0)
¼ exp

s2

4!2
T

exp " "

kT0
exp

s2

2!2
T

" 1

! "# $
: ð6Þ

Fig. 2.—Source models: (a) thermal model; (b) collisional model with a compact acceleration region; (c) collisional model with an extended (tenuous) acceleration
region of half-length L; (d) collisional model with an extended (dense) acceleration region.
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Electron acceleration along the loop  

Konus-Wind 2019 

introduced (G. J. Hurford et al. 2008, in preparation) that interprets
the observed time variations directly in terms of a set of visibilities
(calibrated measurements of specific spatial Fourier components
of the source distribution). As with image reconstruction in radio
interferometry, the set of X-ray visibilities can then be used to in-
fer the spatial properties of the X-ray source. In this case we use
a forward-fit algorithm that fits the observed visibilities to simple
parametric source forms. The variation of the forward-fit param-
eters with photon energy provides the information necessary for
our study.

Since the fundamental geometry in the events studied is that of
an extended, curved source, we chose to fit curved ellipticalGauss-
ian source forms. Such forms are described by the equation

I (x; y; !) ¼ I0 exp ("s2=2"2) exp ("t2=2# 2); ð1Þ

where s(x; y) is a coordinate along a circular arc of radius $, t is
the coordinate locally perpendicular to this arc, and "(!) and #(!)
are the standard deviations of the source extent in the parallel
and perpendicular directions, respectively. The source geom-
etry (eq. [1]) is characterized by a set of seven parameters: the
location (x0; y0) of the center of the arc on which the source lies,
the radius of curvature of the arc $, the direction % defining the di-
rection on the plane of the sky between the center of the arc
and the emission centroid, the peak intensity I0, and the standard

deviations3 " and # . Corresponding to the image form (eq. [1])
are the visibilities

V (u; v; !) ¼
Z 1

"1

Z 1

"1
I(x; y; !) exp 2&i(uxþ vy)½ ' dx dy; ð2Þ

characterized by the same seven parameters (x0; y0; $; %; I0;"; # ).
Forward fitting the data with such parametric visibility forms
yields the best-fit values for each of the parameters involved.

It is important to note that this visibility-based forward-fit tech-
nique provides not only the values of the seven parameters de-
fining the source geometry [and in particular the longitudinal
source extent "(!)] but also the quantitative uncertainties asso-
ciated with counting statistics.

4. MODEL PREDICTIONS

Before presenting the results of the parametric fits, we first
consider a few simple models for the variation of source size
with energy. The first model (x 4.1) consists of a thermal source
located near the apex of the loop. We then turn our attention to

TABLE 1

List of Events

Date Integration Time Location on Solar Disk (Heliocentric [West, North]; arcsec) GOES Classification

2002 Apr 12........... 17:33:56–17:34:56 414, 443 M4.5

2002 Apr 15........... 00:05:00–00:10:00 784, 382 M4.1

2002 Apr 17........... 17:00:00–17:05:00 928, "247 M1.1

2003 Jun 17 ........... 22:47:00–22:50:00 "813, "147 M6.8

2003 Jul 10 ............ 14:15:00–14:19:00 943, 220 M3.7

2003 Dec 2 ............ 22:54:00–22:58:00 917, "340 M1.5

2004 May 21.......... 23:47:00–23:50:00 "757, "157 M2.6

2004 Aug 31.......... 05:33:00–05:38:00 944, 96 M1.4

2005 Jun 1 ............. 02:37:00–02:41:00 "692, "294 M1.8

2005 Aug 23.......... 14:27:00–14:31:00 920, "236 M3.0

Fig. 1.—CLEAN and visibility-based forward-fit images for all the events listed in Table 1. First and third rows: RHESSI hard X-ray CLEAN images in the energy
ranges 10–15 and 15–30 keV. Second and fourth rows: Visibility-based curved elliptical Gaussian fits for the same energy ranges.

3 The forward-fit software actually provides the full widths at half-maximum
sFWHM, tFWHM, which are readily converted to " and # using the relationships
fs; tgFWHM ¼ 8 ln 2ð Þ1/2f"; #g.

RHESSI HARD X-RAY IMAGING SPECTROSCOPY 577
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Fig. 1. a) Time profile in different RHESSI energy ranges of the flare
starting around 23:55 UT on 2002 April 14. The vertical lines indicate
the five time intervals for which the spectral fitting and visibility-based
imaging were performed. b) The spatially integrated RHESSI X-ray
spectrum fitted with an isothermal plus thick-target nonthermal model
for the third time interval (00:06−00:08 UT). c) An example of a pho-
ton flux map (for the third time interval and energy bin 18−20 keV)
obtained by the Clean method (Hurford et al. 2002).

Fig. 2. Mean electron flux maps for the time interval 00:06−00:08 UT,
obtained through visibility-forward-fit (left), Maximum Entropy
(MEM-NJIT) (middle) and uv-smooth (right) procedures applied
to electron visibilities. Energy bins are from 12−14 keV (top) to
28−30 keV (bottom). The range for x-axis is [744, 824] arcsec and the
range for y-axis is [342, 422] arcsec.

where L(ϵ) (arcsec) is the loop length at photon energy ϵ (keV);
L0 (arcsec) is the extent of the acceleration region, and α
(arcsec keV−2) is a parameter inversely proportional to the
plasma density n in the flare loop:

α =
1

Kn
(δ − 2)

(δ − 3)(δ − 4)
· (10)

Here K = 2πe4Λ (e being the electronic charge and Λ be-
ing the Coulomb logarithm) and δ is the spectral index of the
injected electron flux (Xu et al. 2008). This model assumes
that electrons are accelerated within a tenuous region extend-
ing from −L0/2 to L0/2 and are injected into an external region
where the loop density is sufficiently high that propogating elec-
trons may lose energy through Coulomb collisions and produce
hard X-ray emissions1. Moreover, electrons with higher energies

1 Note that a more correct “dense acceleration region” form for L(ϵ),
which incorporates emission from the acceleration region itself, exists
(Xu et al. 2008). The pertinent form of L(E) is more difficult to use in a
best-fit analysis; however, this model yields results for L0 and n that are
very similar to the more straightforward-to-apply “tenuous acceleration
region” result (9).

A53, page 4 of 7

J. Guo et al.: Sizes of the acceleration region

Fig. 3. Mean electron flux maps obtained through uv-smooth algorithm
(Sect. 2.3) for time intervals 00:04−00:06 (left), 00:08−00:10 (middle),
and 00:10−00:12 (right) UT. Energy bins are from 12−14 keV (top) to
28−30 keV (bottom). The ranges for x-axis and y-axis are the same as
in Fig. 2.

can propagate further and hence produce photon emission over
a larger spatial extent. Employing a similar analysis, we can ex-
tend the above photon-based model to the electron domain. This
yields the result:

L(E) = L0 + βE2, (11)

where L(E) (arcsec) is the electron loop length at electron en-
ergy E (keV) and

β =
1

Kn
1

(δ − 3)
· (12)

Since the emission at photon energy ϵ is a weighted sum of elec-
tron flux at energies E ≥ ϵ, the overall loop extents in the photon
domain (Fig. 4) are generally larger2 than those in the electron
domain (Fig. 5).

Figure 1b shows the spatially integrated RHESSI X-ray
spectrum at the third time interval (00:06−00:08 UT) obtained
using all front detectors excluding 2 and 7 (Smith et al. 2002).
By fitting the spectrum with an isothermal plus collisional thick-
target nonthermal model (Brown 1971), we have found that the

2 From Eqs. (9) and (11), the ratio of the propagation lengths is
αϵ2/βE2 = ([δ − 2]/[δ − 4)]) × (ϵ/E)2.

(a)

(b)

Fig. 4. Flare loop lengths for each 2-keV photon energy bin, for five
different time intervals throughout the flare impulsive phase. a) Results
from forward-fit algorithm; b) Results from uv-smooth method. The
solid curves represent the fits of the model described in Eq. (9). The χ2

of the fittings are also shown.

transition energy between the themal and nonthermal compo-
nents is about 15 keV during this event. Therefore, we fit the
acceleration model in both the photon and electron domains
(Eqs. (9) and (11)) starting from E = 14 keV. Spectral inver-
sion of the photon-based data allows reconstruction of electron
maps at energies (up to 30 keV) higher than the photon energies
(up to 26 keV) observed.

The loop lengths and fits based on both FWD and UVS meth-
ods are presented in Fig. 4 (photon domain) and Fig. 5 (electron
domain). The best-fit acceleration region lengths L0, and their
statistical uncertainties (given by Monte Carlo simulations), are
shown in Table 1. For each time interval, we have also estimated
the loop width W averaged over different energies. Assuming W
is the approximate extent of the acceleration region across the
magnetic loop and the loop is essentially a cylindrical column,
we obtain the volume of the acceleration region to be

V0 = πW2L0/4. (13)

The values of W and V0, and their statistical uncertainties,
are also shown in Table 1. From these results, it can be
deduced that:

– the models describe the data accurately in all contexts: both
the photon and electron source lengths are well-fit by a

A53, page 5 of 7

Guo et al. 2012 

•  Some flares show loop  
     structure up to high      
     energies 
•  Loop length increases 

energy 
•  Observations can be 

explained with a model, 
featuring an extended 
acceleration region  

  

extended 
acceleration 
region 
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Some questions regarding electron acceleration in solar flares 

Konus-Wind 2019 

1) Where are electrons accelerated?  

2) How are electrons accelerated?  

4) What are the time scales of 
electron acceleration? 

5) How are electrons transported in 
the corona?  

3) How much energy is contained in 
accelerated electrons?  

à X-ray images 

à X-ray spectra 

à X-ray lightcurves  

à X-ray images and spectra 
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3) How much energy is contained in accelerated electrons?  

Simplest approach: “cold thick target model” (Brown 1971)  

Electrons are completely stopped in a very dense = thick target, where 
electron energy E > kT of the target = “cold” target 

 

Konus-Wind 2019 

observed 
photon 
spectrum 

Energy 

inferred 
electron  
spectrum 
F0(E) 

Energy 

How do we infer the energetic properties of the solar-flare 
accelerated electron distribution?

Inverse or forward fitting problem -  
apply a sensible model!

Accelerated electron spectrum, F0

F 0
E

!

Solar flare electron energetics

Ecut 

Total power:  P = EF0 (E)dE
Ecut

∞

∫
Problems with this approach: 
P depends strongly on Ecut, target may not be cold 
New developments using a “warm” target, e.g. Kontar et al. 2015   
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Kliem 2005). The CME process carries an energy of
= +E E ECME kin grav, consisting of the kinetic energy Ekin

and the gravitational potential energy Egrav, to lift a CME from
the solar surface into the heliosphere. These primary energy
dissipation processes allow us to test the primary energy
closure equation,

( )
= + +
= + + + +

E E E E
E E E E E , 1

mag nt dir CME

nt,e nt,i dir CME,kin CME,grav

where the left of the equation contains the total (magnetic)
energy input (or storage) and the right contains the total energy
output (or dissipation).

After this primary step in the initiation of a flare and CME,
secondary energy dissipation processes kick in. Nonthermal
particles are accelerated along bi-directional trajectories that
lead out of the magnetic reconnection region, where most
particles precipitate down to the chromosphere, then heat
chromospheric plasma and drive evaporation of the heated
plasma up into the corona (e.g., Antonucci & Dennis 1983),
while other particles escape into interplanetary space (see
reviews by Hudson & Ryan 1995; Aschwanden 2002;
Lin 2007). The flare arcade that becomes filled with heated
chromospheric plasma radiates and loses its energy by
conduction and radiation in soft X-rays (SXR) and extreme
ultraviolet (EUV). The thermal energy content Eth can be
calculated from the total emission measure observed in SXR
and EUV and should not exceed the nonthermal energy,

= +E E Ent nt,e nt,i, unless there are other heating processes
besides the electron beam-driven heating observed in hard
X-rays (according to the thick-target bremsstrahlung model of
Brown 1971). Thus we can test the following energy inequality

between thermal and nonthermal energies (if we neglect direct
heating),

( )- = +E E E E . 2th nt nt,e nt,i

Radiation is produced not only at SXR and EUV wavelengths
(Eth), but also in visible and near-ultraviolet wavelengths, recorded
as white-light flare emission; this is the largest contributor to the
bolometric energy or luminosity Ebol, which contains vastly more
radiative energy than observed in SXR (Woods et al. 2004, 2006;
Kretzschmar 2011). Using a superimposed epoch analysis of 2100
C-, M-, and X- class flares, Kretzschmar (2010, 2011 and Table1
therein) calculated the total solar irradiance for five synthesized
flare time profiles. The continuum emission produced by white-
light flares determined in this way allows us to compare another
pair of energies—the total thermal energy Eth and the bolometric
luminosity, produced by the flare impact of precipitating particles,
radiative backwarming, and locally enhanced ionization, enhan-
cing bound–free and free continuum emission (e.g., Najita &
Orrall 1970; Hudson 1972; Ding et al. 2003; Battaglia & Kontar
2011; Battaglia et al. 2011; Xu et al. 2014),

( )»E E . 3bol th

Another secondary process is the acceleration of nonthermal
particles by the CME, which is produced by shock acceleration
in very fast CMEs, observed in the form of solar energetic
particle (SEP) events (e.g., see review by Reames 2013), which
allows us to test another energy inequality,

( )- = +E E E E . 4SEP CME CME,kin CME,grav

The energy closure studied here depends, of course, on
specific physical models of flares and CMEs. Here we discuss

Figure 1. Schematic diagram of energy input (free magnetic energy Emag), primary energy dissipation processes (electron acceleration Ent,e, ion acceleration Ent,i,
direct heating Edir, and launching of CME ECME), and secondary energy dissipation processes (thermal energy Eth, solar energetic particles ESEP, and bolometric
luminosity Ebol, with radiative energies observed in white light EWL, and soft X-rays and EUV Erad).

2

The Astrophysical Journal, 836:17 (17pp), 2017 February 10 Aschwanden et al.

Aschwanden et al. 2017 

to three orders of magnitude, depending on whether a low-
energy cutoff of =e 6 keVc or =e 20 keVc is chosen. The
warm-target model of Kontar et al. (2015) offers a new method

to constrain this low-energy cutoff, i.e., d=e k Tc B e, but a
reliable method to choose the correct temperature for the warm
target has not yet been established. This may be a difficult task,
since the relevant temperature may be a mixture of cool preflare
plasma and hot upflowing evaporating flare plasma. As a first
attempt we used the DEM peak temperatures evaluated from
AIA data, which yield a mean temperature of Te=8.6 MK or

=k T 0.74 keVB e (Paper III). This then yields a low-energy
cutoff of d= »e k T 3.7c B e –5.9 keV for d = 5–8. Such low
values of the low-energy cutoff have dramatic consequences.
Since the warm target offers a physical model of the low-

energy cutoff, for which we infer a typical value of »e 6c keV
(based on a mean temperature of Te=8.6 MK in flaring active
regions), we consequently obtain nonthermal energies one to
three orders of magnitude higher in electrons, which constrains
a lower limit of the energy cutoff or an upper limit for
nonthermal electron energies. Because of the highly nonlinear
dependence of the nonthermal energy on the low-energy cutoff,
it produces the largest uncertainty in the nonthermal energy.
The relative energy partition of nonthermal electrons is the

largest difference from the study of Emslie et al. (2012), and is
explained by the highly nonlinear scaling behavior of the low-
energy cutoff (see Figure 11 for estimates of the relative change
in the energy partition). It dominates all other energetics, is
mainly responsible for the energy closure, and together with the
lower CME energies it reverses the flare–CME energy partition
derived by Emslie et al. (2012); in addition, it completely
dominates over the thermal flare energy, in contrast to the
results of Saint-Hilaire & Benz (2005) and Warmuth & Mann

Figure 10. Pie chart of energy closure, obtained from previous work of Emslie et al. (2012) (left panel) and from this study (right panel).

Figure 11. The dependence of the nonthermal energy in electrons Ent,e on the
low-energy cutoff ec, calculated for four different power-law slopes (g = 4–7)
of the hard X-ray photon spectrum. Two typical low-energy cutoffs are
marked: 6 keV assumed for the warm-target model, and 20 keV as a typical
value of the crossover energy (Paper III).

13

The Astrophysical Journal, 836:17 (17pp), 2017 February 10 Aschwanden et al.

Based on several extensive statistical studies 
Used warm thick target, average Ecut = 6 keV 
Latest, but probably not last word on flare energy partition! 
 
  

So, how much energy IS contained in accelerated electrons?  
  

~50% of magnetic free 
energy goes into 
accelerated electrons 
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Some questions regarding electron acceleration in solar flares 

Konus-Wind 2019 

1) Where are electrons accelerated?  

2) How are electrons accelerated?  

4) What are the time scales of 
electron acceleration? 

5) How are electrons transported in 
the corona?  

3) How much energy is contained in 
accelerated electrons?  

à X-ray images 

à X-ray spectra 

à X-ray lightcurves  

à X-ray images and spectra 
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4) What are the time scales of electron acceleration?  

Konus-Wind 2019 

HESSI Observing Summary Count Rates
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L144 GRIGIS & BENZ Vol. 625

Fig. 1.—Top: SOHO EIT 195 image of postflare loops with the RHESSIÅ
HXR source positions superposed. The positions of the 20–50 keV sources
from the CLEAN images are represented by crosses with arm lengths pro-
portional to the errors, positions from the PIXON images are given by circles.
Simultaneous FPs are connected and color coded according to the time intervals
defined in the bottom part. The neutral line is shown in gray. Bottom: Time
evolution of the flux and spectral index. Fig. 2.—Time evolution of the source positions relative to the trend lines.

The color code is the same as in Fig. 1, referring to the major subpeaks.
Triangles and stars with error bars refer to values derived using CLEAN,
squares and circles using PIXON, for the western and eastern FPs, respectively.
Top: The upper curve displays the parallel coordinates of the western FPs;
the lower curve shows the same, but for the eastern FPs. Bottom: Time evo-
lution of the coordinate perpendicular to the regression lines. The upper curve
refers to the western FP (scale on the right), the lower curve to the eastern
FP (scale on the left). Both panels show in black the averaged smoothed motion
for each FP (PIXON value), defining a new reference for detailed analysis.

HXR images averaged over two rotation periods (∼8 s) in the
energy band 20–50 keV using the CLEAN (Hurford et al. 2002)
and the PIXON (Metcalf et al. 1996) reconstruction algorithms.
The images resulting from the two different methods were
inspected and compared. We discarded images of poor quality,
obtaining 43 CLEAN and 69 PIXON images. Most images
show two sources located at opposite sides of the magnetic
neutral line; for some others only one source is clearly defined.
We computed the source positions in each image by fitting a
two-dimensional elliptical Gaussian to each visible source sep-
arately. For the CLEAN images we were able to estimate the
statistical positional error by dividing the 1 j source width
(provided by the Gaussian fit) by the signal-to-noise ratio (ob-
tained dividing the peak flux by the standard deviation of the
fluctuations in the image outside the sources). The average error

estimated in this way amounts to 1!.4. This method cannot be
applied for the PIXON images, since the PIXON algorithm
suppresses the noise in the image.
The evolution of the positions of the eastern and western

FPs are shown in the top panel of Figure 1 superposed on a
SOHO/EIT (Delaboudinière et al. 1995) image taken at 13:48
UT showing a postflare loop arcade. The crosses represent the

Grigis & Benz 2005  

Multiple HXR bursts in short succession, each associated with spectral hardening, 
à  individual acceleration events  
RHESSI time resolution: 4 seconds (2 seconds) à acceleration time scales possibly 
not resolved  

soft-hard-soft 
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Figure 1. Overview of the 2002 August 19 flare. (a) Dynamic spectra from the Culgoora Radio Observatory, showing
Type III radio bursts. Although Type III emission is prevalent in this jet, the most intense plasma emission is not
concurrent with the most intense broadband emission. (b) Broadband emission observed in OVSA microwaves, showing
strong and quickly changing spectral variability. The dotted rectangle indicates the range of frequencies and times used to
obtain the microwave image shown in Figures 2 and 7. The vertical dashed lines indicate the times for the instantaneous
spectra used in our 3D modeling; (c) SXR light curves in two GOES channels. (d) HXR count time profiles from
Konus-Wind and RHESSI . The RHESSI curve includes its 8 segmented detectors (out of 9) and the counts have been
scaled for comparison with Konus-Wind . The shaded area indicates the time interval used for RHESSI imaging shown
in Figure 2.

emission was not strong enough for detailed spectroscopy to precisely determine the parameters of the emitting
electron distribution.
In this work we continue the progression of knowledge on accelerated electrons escaping the Sun in jets.

While context measurements from Type III observations and in-situ studies have long established the existence
of these escaping electrons, it was not until the HXR studies of Glesener et al. (2012) and Bain & Fletcher
(2009) that energetic estimates of the escaping populations could begin to be performed. These limited previous
observations rarely allowed detailed spectroscopy due to limited HXR imaging dynamic range, and did not have
cotemporal spectrally and spatially resolved microwave observations. In this work, we combine imaging and
spectral HXR observation by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI ) with
high cadence spectroscopy from Konus-Wind , microwave spectral and imaging data from the Owens Valley
Solar Array (OVSA), and extreme ultraviolet (EUV) data from the Transition Region and Coronal Explorer

(TRACE ). We do not know of any previous flare-related jet that has been studied using this set of observational
tools. The observations are augmented by 3D modeling utilizing photospheric line-of-site measurements of the
magnetic field and linear force-free reconstruction of the coronal magnetic environment for one of the 16 jet
events reported by Krucker et al. (2011). With these tools we investigate accelerated electron distributions
on open field, the relation of these accelerated electrons to the flare and the jet, and fast spectral changes in

Glesener & Fleishman 2018: 
 
acceleration time scales < 1s in  
joint flare observation with RHESSI 
& Konus-Wind 

5

observed a solar jet associated with a flare from active region 10069 (see GOES curve in Figure 1), with coverage
in the 195 Å filter at approximately 23 second cadence during the impulsive part of the event. This passband is
sensitive to Fe XII and Fe XXIV lines with peak temperature sensitivity at log[T(MK)]=6.2 and 7.2, respectively
(Landi et al. 2013). The top set of panels in Figure 2 shows TRACE snapshots of the jet. Some panels evidence
saturation and diffraction during the bright flare, which had a GOES class of M3.1. EUV jet emission continued
for several minutes after the initial bright phase.
TRACE pointing knowledge is not precise and could be incorrect by a few arcsec (Handy et al. 1999). For the

2002 August 19 event, there are no context observations at a similar time and wavelength that can be used for
absolute calibration of this pointing. Instead, we coaligned quiescent Fe XII plage features observed by TRACE

to SOHO/MDI magnetic data. The primary feature utilized can be seen in Figure 2 extending southeast from
∼[520, -310] arcseconds. All TRACE images shown in this paper include this alignment correction.

2.2. Hard X-ray data from RHESSI and Konus-Wind

The flare/jet event was observed by the RHESSI spacecraft, which provides high-resolution X-ray spectra
and full-disk images of the Sun from 3 keV to 17 MeV (Lin et al. 2002). RHESSI utilizes high-purity germa-
nium detectors and rotation modulation collimation, an indirect, Fourier-based imaging system (Hurford et al.
2002). RHESSI emission comes from two types of populations: hot thermal (!10 MK) plasma and accelerated
electrons. The brightest nonthermal HXR sources customarily occur at flare footpoints; due to limited imaging
dynamic range, RHESSI only occasionally observes fainter nonthermal sources in the corona.
The middle row of panels of Figure 2 shows RHESSI images in three energy ranges for the 2002 August

19 flare overlaid on a TRACE 195 Å image of the emerging jet. Images were produced using the CLEAN
method with subcollimators 1, 3, 4, 5, 6, and 7 and a clean beam width factor of 0.9, integrated over 28 seconds.
This set of subcollimators is chosen to elucidate fine structure in the flare and jet. All three RHESSI images
show contour levels at 30, 50, 70, and 90% of their respective maxima. At low energies (10–18 keV), HXR
emission is dominated by the thermal flare, while the highest energies (30–100 keV) are nonthermal and most
likely trace out footpoints at the base of the flare/jet. In the intermediate range (18-30 keV), HXR emission
is elongated along the jet, as indicated by the 30% green contour. (No imaging was attempted below 10 keV
because RHESSI ’s thickest attenuator was inserted.) The RHESSI sources at the flare and the jet are not
isolated enough to perform imaging spectroscopy to separate the sources. X-ray power-law spectral fits to the
spatially integrated emission were performed using the RHESSI OSPEX software and are used as upper limits
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Figure 3. HXR spectral evolution. (a) Konus-Wind HXR light curves obtained with 256 ms time resolution in wide
energy channels G1 (∼20–70 keV) and G2 (∼70–300 keV). A 10.6 GHz OVSA light curve (shifted in time by 2.224 s to
correct for OVSA clock error) with 4 s time resolution is shown for comparison. Sub-second time variability of the HXR
emission is apparent. (b) (Green) evolution of the effective spectral index defined using the the Konus-Wind hardness
ratio as explained in Fleishman et al. (2016b). This spectral index displays time variability similar to that of the HXR
light curves (blue, red), with the spectrum hardening at most HXR peaks. On average, the effective spectral index agrees
well with that determined from the RHESSI fit (black) in 2-second time bins.
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Some questions regarding electron acceleration in solar flares 

Konus-Wind 2019 

1) Where are electrons accelerated?  

2) How are electrons accelerated?  

4) What are the time scales of 
electron acceleration? 

5) How are electrons transported in 
the corona?  

3) How much energy is contained in 
accelerated electrons?  

Above the loop-top?  
Along the loop?  
Both?  

~ 50% of magnetic free energy?  

sub-second?   
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The past, present, and future of X-ray solar flare studies  
•  To conclusively answer the question summarized earlier we need 

•  Imaging at high (~ arcsec) spatial resolution: RHESSI until 2018,  

•  Imaging with large dynamic range  

•  Spectroscopy at high spectral (~ 1 keV) resolution: RHESSI until 2018, Fermi 
(Konus-Wind)  

•  High temporal (< 1s) resolution: Konus-Wind  

•  Energy coverage from a few keV up to a few 100 keV: RHESSI, Konus-Wind, 
Fermi 

•  High sensitivity for studying the smallest flares: NuSTAR 

Konus-Wind 2019 
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Fig. 2.— NuSTAR images of the microflare in two energy bands. The top two rows show images from FPMA at 2-4 keV and
4-8 keV, and the bottom two rows show the same for FPMB. Images have been integrated for one minute, livetime-corrected,
and smoothed over 17 arcseconds using a Gaussian kernel to reduce statistical noise. The same intensity scale is used for all
images in each row. A diagonal gap across the source in the FPMB images is due to the space between detector quadrants. By
4:07 UT (last column), the microflare has subsided and only quiescent emission is observed. The 2-4 keV images show bright
emission from the quiescent active region in addition to the microflare.

4

Glesener et al. 2017: 
faintest ever observed HXR flare 
GOES class ~ A0.1  
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Upcoming X-ray imaging-spectrometer: STIX on Solar Orbiter 

Remote sensing instruments:  
-  EUI: Extreme Ultraviolet Imager 
-  Metis: Coronagraph 
-  PHI: Polarimetric and Helioseismic imager 
-  SoloHI: Heliospheric imager 
-  SPICE: Spectral Imaging of the Coronal environment 
-  STIX: Spectrometer / Telescope for Imaging X-rays 
 
 
In-situ instruments: 
- EPD: Energetic Particle Detector 
- MAG: Magnetometer 
- RPW: Radio and Plasma Waves 
- SWA: Solar Wind Plasma Analyser 

Solar Orbiter: ESA mission to study how the Sun forms, shapes and affects the  
heliosphere  
Launch: February 5 2020 
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STIX on solar orbiter 

Konus-Wind 2019 

32 CdTe detectors, 1 cm2 detector area 
Energy range 4 – 150 keV 
Energy resolution 1-15 keV  
Time resolution: nominally < 1s, telemetry-dependent 
Fourier imager with spatial resolution ~ 7 arcsec @ 1 AU  



23 

Beryllium “window” 
in heat shield 

1 pair tungsten grids 
separated by 55 cm 

Detector 
Electronics 
Module  
with 32 
detectors 

STIX components 

Beryllium “window” in heat shield 

32 CdTe detectors,  
1 cm2 detector area 
à  energy range 4 – 150 keV, resolution 1-15 keV  

Konus-Wind 2019 
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STIX imaging 

Konus-Wind 2019 
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Other developments  
•  We currently have no solar-dedicated X-ray imager and 

spectrometer  

•  STIX (from 2020) will have similar capabilities as RHESSI  

•  Still missing high dynamic range imaging à difficult to observe X-
rays from low-density regions such as the (suspected) 
acceleration regions  

à focusing optics  

Konus-Wind 2019 

The Astrophysical Journal Letters, 793:L32 (5pp), 2014 October 1 Krucker et al.

Figure 1. Comparison of RHESSI (left) and FOXSI (right) images of a B2.7 microflare during FOXSI’s first flight on 2012 November 2. The RHESSI image was
produced using the CLEAN imaging algorithm with subcollimators 3–9; typical image reconstruction artifacts are visible across the entire image. Since FOXSI is a
direct imager, the image on the right does not include this imaging noise and has a much improved imaging dynamic range. The FOXSI image, using data from a
single optic/detector pair, shows the instrument’s entire field of view, while the RHESSI image has been restricted to the same field of view as that of FOXSI. The
same color table and scaling is used in both images.
(A color version of this figure is available in the online journal.)

(2014) and show that FOXSI’s high-sensitivity observations pro-
vide new constraints on the presence of a high-temperature com-
ponent in active regions. In the first three targets, an average rate
of 1–2 counts per second was distributed across the entire FOV.
This flux could come from focused solar sources, singly re-
flected (stray) photons from a flaring region outside the FOV, or
nonsolar background, providing an upper limit for the nonsolar
background. For a flare study, a relevant background would be
the detector area corresponding to the HPD of the optics. From
the flight data, an upper limit on the nonsolar background within
the HPD is 6 × 10−4 counts s−1 keV−1 within 4–15 keV, which
would be negligible for all previously detected flares.

In the fourth and final target, FOXSI observed a microflare
(SOL2012-11-02T17:59; GOES class B2.7 after background
subtraction) associated with AR 11598 at the western limb. A
simultaneous RHESSI observation shows an extended thermal
source above the limb. RHESSI image reconstruction depends
on the choice of subcollimators, which measure different spatial
frequencies (Hurford et al. 2002). Here, the finest subcollimator
(2.3 arcsec) shows no measurable modulation, indicating no
detectable source structure at that spatial scale. The detector
behind the second subcollimator was not functional at these
low energies at the time of FOXSI’s flight, so the best RHESSI
image is attained using subcollimators 3–9, corresponding to an
angular resolution of 9.8 arcsec. Figure 1 shows a comparison
of the image of the microflare made by RHESSI (produced using
the CLEAN imaging algorithm) and an image produced using
raw FOXSI counts from one detector. FOXSI’s pointing was
corrected by the coalignment of the flare locations as measured
by FOXSI and RHESSI, a difference of approximately 2 arcmin.
The excess of imaging artifacts in the RHESSI reconstruction as
compared with the FOXSI raw image is evident.

A cut across the FOXSI image shows that the flux drops to
10% of its maximum (a dynamic range of 10) within 26 arcsec
and 1% (a dynamic range of 100) within 47 arcsec. This is an
underestimate of the true dynamic range because of the finite
size of the flare, i.e., the flux profile is a convolution of the

PSF with the flare morphology. RHESSI’s dynamic range for
this event (which is a small event with poor statistics) is ∼3. To
get an in-flight measurement of the FOXSI PSF, an observation
of a point source would be required. The observed microflare
source is spatially extended and a simple direct measurement
of the PSF is therefore not possible. A following paper will
extend these preliminary results by deconvolving the PSF from
the FOXSI microflare images and will present a more detailed
comparison with the RHESSI images.

The microflare occurred at an off-axis location of 7.3 arcmin
from the optical axis, so the optics response is slightly degraded.
The optics PSF becomes elongated, with FWHMs of 5.1 ± 0.4
and 3.7 ± 0.4 arcsec in the azimuthal and radial directions for
an off-axis source position of ∼7 arcmin. Combined with the
detector strip pitch, this corresponds to an angular resolution of
∼9 arcsec. At this off-axis position, the throughput is 70% of its
on-axis value.

Figure 2 shows a FOXSI count spectrum for the data shown
in Figure 1, including all counts within 50% of the maximum
on a raw image of 3–15 keV counts. The dashed line shows
the background spectrum at a distant location from the flaring
site, scaled to the same area, demonstrating the ability to easily
perform imaging spectroscopy within a single image. The true
background for a nonflaring Sun is likely even lower than this
curve since the measured data include some flux from the
wings of the optics’ response to the flare. A fully calibrated
photon spectrum is not presented here because its determination
requires an extensive recalibration of the instrument response to
account for the excess blanketing; a following paper will present
that analysis. That recalibration does not affect the quality of the
image shown in Figure 1, nor does it affect the ratio of intensities
of the flaring and nonflaring Sun shown in Figure 2.

4. SUMMARY

FOXSI’s first flight was a comprehensive success, obtaining
both HXR images and spectra. This Letter reports an initial,
unprocessed image. A following paper will provide a detailed
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Krucker et al. 2014 

Flare observed with RHESSI and the  
Focusing Optics X-ray Solar Imager 
(FOXSI) sounding rocket 

DSI: Imaging Performance

Imaging technique 
proven on FOXSI 
sounding rocket 
(Krucker et al. 2014)

FALL AGU 2017 82017-Dec-14

Simulation of a flare observed with a 
(hopefully future!) solar dedicated 
focusing optics space mission (The 
FOXSI team, AGU 2017) 
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Summary  

•  X-ray observations provide crucial insight into electron 
acceleration and transport in solar flares  

•  A lot of progress has been made in the past ~20 years 

•  For a complete picture of the flaring process, multi-wavelength 
observations are needed (see talk by G. Fleishman) 

Konus-Wind 2019 

5

observed a solar jet associated with a flare from active region 10069 (see GOES curve in Figure 1), with coverage
in the 195 Å filter at approximately 23 second cadence during the impulsive part of the event. This passband is
sensitive to Fe XII and Fe XXIV lines with peak temperature sensitivity at log[T(MK)]=6.2 and 7.2, respectively
(Landi et al. 2013). The top set of panels in Figure 2 shows TRACE snapshots of the jet. Some panels evidence
saturation and diffraction during the bright flare, which had a GOES class of M3.1. EUV jet emission continued
for several minutes after the initial bright phase.
TRACE pointing knowledge is not precise and could be incorrect by a few arcsec (Handy et al. 1999). For the

2002 August 19 event, there are no context observations at a similar time and wavelength that can be used for
absolute calibration of this pointing. Instead, we coaligned quiescent Fe XII plage features observed by TRACE

to SOHO/MDI magnetic data. The primary feature utilized can be seen in Figure 2 extending southeast from
∼[520, -310] arcseconds. All TRACE images shown in this paper include this alignment correction.

2.2. Hard X-ray data from RHESSI and Konus-Wind

The flare/jet event was observed by the RHESSI spacecraft, which provides high-resolution X-ray spectra
and full-disk images of the Sun from 3 keV to 17 MeV (Lin et al. 2002). RHESSI utilizes high-purity germa-
nium detectors and rotation modulation collimation, an indirect, Fourier-based imaging system (Hurford et al.
2002). RHESSI emission comes from two types of populations: hot thermal (!10 MK) plasma and accelerated
electrons. The brightest nonthermal HXR sources customarily occur at flare footpoints; due to limited imaging
dynamic range, RHESSI only occasionally observes fainter nonthermal sources in the corona.
The middle row of panels of Figure 2 shows RHESSI images in three energy ranges for the 2002 August

19 flare overlaid on a TRACE 195 Å image of the emerging jet. Images were produced using the CLEAN
method with subcollimators 1, 3, 4, 5, 6, and 7 and a clean beam width factor of 0.9, integrated over 28 seconds.
This set of subcollimators is chosen to elucidate fine structure in the flare and jet. All three RHESSI images
show contour levels at 30, 50, 70, and 90% of their respective maxima. At low energies (10–18 keV), HXR
emission is dominated by the thermal flare, while the highest energies (30–100 keV) are nonthermal and most
likely trace out footpoints at the base of the flare/jet. In the intermediate range (18-30 keV), HXR emission
is elongated along the jet, as indicated by the 30% green contour. (No imaging was attempted below 10 keV
because RHESSI ’s thickest attenuator was inserted.) The RHESSI sources at the flare and the jet are not
isolated enough to perform imaging spectroscopy to separate the sources. X-ray power-law spectral fits to the
spatially integrated emission were performed using the RHESSI OSPEX software and are used as upper limits
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Figure 3. HXR spectral evolution. (a) Konus-Wind HXR light curves obtained with 256 ms time resolution in wide
energy channels G1 (∼20–70 keV) and G2 (∼70–300 keV). A 10.6 GHz OVSA light curve (shifted in time by 2.224 s to
correct for OVSA clock error) with 4 s time resolution is shown for comparison. Sub-second time variability of the HXR
emission is apparent. (b) (Green) evolution of the effective spectral index defined using the the Konus-Wind hardness
ratio as explained in Fleishman et al. (2016b). This spectral index displays time variability similar to that of the HXR
light curves (blue, red), with the spectrum hardening at most HXR peaks. On average, the effective spectral index agrees
well with that determined from the RHESSI fit (black) in 2-second time bins.

to three orders of magnitude, depending on whether a low-
energy cutoff of =e 6 keVc or =e 20 keVc is chosen. The
warm-target model of Kontar et al. (2015) offers a new method

to constrain this low-energy cutoff, i.e., d=e k Tc B e, but a
reliable method to choose the correct temperature for the warm
target has not yet been established. This may be a difficult task,
since the relevant temperature may be a mixture of cool preflare
plasma and hot upflowing evaporating flare plasma. As a first
attempt we used the DEM peak temperatures evaluated from
AIA data, which yield a mean temperature of Te=8.6 MK or

=k T 0.74 keVB e (Paper III). This then yields a low-energy
cutoff of d= »e k T 3.7c B e –5.9 keV for d = 5–8. Such low
values of the low-energy cutoff have dramatic consequences.
Since the warm target offers a physical model of the low-

energy cutoff, for which we infer a typical value of »e 6c keV
(based on a mean temperature of Te=8.6 MK in flaring active
regions), we consequently obtain nonthermal energies one to
three orders of magnitude higher in electrons, which constrains
a lower limit of the energy cutoff or an upper limit for
nonthermal electron energies. Because of the highly nonlinear
dependence of the nonthermal energy on the low-energy cutoff,
it produces the largest uncertainty in the nonthermal energy.
The relative energy partition of nonthermal electrons is the

largest difference from the study of Emslie et al. (2012), and is
explained by the highly nonlinear scaling behavior of the low-
energy cutoff (see Figure 11 for estimates of the relative change
in the energy partition). It dominates all other energetics, is
mainly responsible for the energy closure, and together with the
lower CME energies it reverses the flare–CME energy partition
derived by Emslie et al. (2012); in addition, it completely
dominates over the thermal flare energy, in contrast to the
results of Saint-Hilaire & Benz (2005) and Warmuth & Mann

Figure 10. Pie chart of energy closure, obtained from previous work of Emslie et al. (2012) (left panel) and from this study (right panel).

Figure 11. The dependence of the nonthermal energy in electrons Ent,e on the
low-energy cutoff ec, calculated for four different power-law slopes (g = 4–7)
of the hard X-ray photon spectrum. Two typical low-energy cutoffs are
marked: 6 keV assumed for the warm-target model, and 20 keV as a typical
value of the crossover energy (Paper III).
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