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Overview
1. Solar flares: open questions

2. The standard solar flare scenario 

3. Emission mechanisms at X-ray and EUV wavelengths

4. Electron acceleration: Distribution and energies of accelerated 
electrons from simultaneous EUV and X-ray analysis

5. Chromospheric response: chromospheric evaporation seen in X-
rays and EUV
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1. Solar flares: open questions 

What is the energy 
contained in the 

flare?

Where are 
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accelerated
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How are electrons accelerated? 
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2. The standard solar flare scenario

Shibata et al. 1995 

magnetic
reconnection 

Google: Hudson Flare Cartoon

http://solarmuri.ssl.berkeley.edu/~hhudson/cartoons/
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X-ray and EUV emission in the standard solar flare scenario

Solar	surface	

Corona	

Chromosphere	

X-ray	footpoints	

Coronal	X-ray	source	

Accelera7on	region?		

Gyrosynchrotron	
emission	

Accelerated		
par7cles	 Plasma	emission	

The	standard	solar	flare	model	

EUV Loop

Using observations at X-ray and (E)UV 
wavelengths we can investigate many 
aspects of a flare: 

• Hard X-rays: acceleration region, 
spectrum of accelerated electrons, 
and total non-thermal energy

• SXR/EUV: chromospheric, transition 
region, and coronal response, 
plasma heating

• optical/UV: photospheric, 
chromospheric, and transition 
region response, plasma flows
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3. Emission mechanisms at X-ray and EUV wavelengths

Emission mechanism: bremsstrahlung

heisses Plasma

Elektronen

Wechselwirkungen 
von Ionen

thermal bremsstrahlung T~25 MK

non-thermal bremsstrahlung
accelerated electrons with 

energies typically > 10 keV

Ion recombination lines

Lin et al. 2002

proton

accelerated electron

X-ray photon

Idealized X-ray flare spectrum
Solar Webinar 2019
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Non-thermal bremsstrahlung from flare accelerated electrons
number of electrons, total non-thermal energy, acceleration region

Thermal bremsstrahlung: temperature and emission measure of heated 
plasma

Krucker & Battaglia 2014

Reuven Ramaty High 
Energy Solar 
Spectroscopic Imager 
(RHESSI)
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Movie by L. Kleint

Interface Region Imaging 
Spectrograph (IRIS)

Emission from partially ionized ions in the solar atmosphere.
Different lines are formed under different conditions (temperature, density). 
Doppler shifts indicate upflowing and downflowing plasma
Diagnostic of atmospheric response (from photosphere to corona) to flare 
energy input

EUV line emission 

Si II Fe II Fe II C IH2 Si II Fe II Fe II

Fe XXI 
1354.1Å 

-87 km/s
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RHESSI photon spectrum 

Mean electron flux 
spectrum from RHESSI 
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Fig. 3.— AIA images in 4 wavelength-channels at the time for which the RHESSI spectrum

was fitted. 30%, 50%, and 70% contours from a RHESSI CLEAN image at 6-12 keV are

given in red.

The challenge: infer mean electron flux
spectrum <nVF> over largest possible 
energy range

4. Electron acceleration: Distribution and energies of 
accelerated electrons from simultaneous EUV and X-ray 
analysis
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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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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

Mean electron 
flux spectrum 
from combined 
observations

Battaglia & Kontar 2013

logT

à Can use AIA differential emission measure!

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

<nVF> is directly related to DEM:

DEM from regularized 
inversion 
(Hannah & Kontar 2012)
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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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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

Mean electron 
flux spectrum 
from combined 
observations

Battaglia & Kontar 2013

logT

à Can use AIA differential emission measure!

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

<nVF> is directly related to DEM:

DEM from regularized 
inversion 
(Hannah & Kontar 2012)

Quite the 
patchwork.
Can do better 
than that!
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Simultaneous fitting of RHESSI and AIA data (Motorina & Kontar 2015) 



Simultaneous fitting of RHESSI and AIA data (Motorina & Kontar 2015) 
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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.
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• Treat RHESSI and AIA data as one dataset

• Generate one temperature
response matrix

• Forward-fit model DEM

• Find electron flux distribution from DEM

Detected  X-ray or EUV signal is 

signal =temperature response x DEM x temperature bin width 

– 12 –

4. Combined RHESSI and SDO/AIA data analysis

RHESSI is sensitive to plasma temperatures higher than ∼ 8 MK, while combination

of the six coronal AIA wavelength-channels (94 Å, 131 Å, 171 Å, 211 Å, 335 Å, and

193 Å) covers the ∼ 0.5–16 MK range. Thus simultaneous analysis of RHESSI and AIA

data improves the measurement of the low-temperature component of a given electron

distribution and allows for extending the accessible energy range down to ∼ 0.1 keV.

We developed a method with which RHESSI and AIA data can be fitted simultaneously

by means of generating a single temperature response matrix that consists of the AIA

temperature response and the RHESSI temperature response. We then apply the method

using ξκ(T ) in the form of Equation (7).

4.1. Simultaneous fitting of RHESSI and AIA data

The signal gi detected at a given X-ray energy or EUV wavelength is the DEM of the

source multiplied by the detector response and the temperature contribution function:

gi = RijξjdTj (11)

where g = (gAIA, gRHESSI). gAIA is a vector containing the EUV data numbers (DN/s)

from the total flaring area in the 6 wavelength-channels. gRHESSI is the observed RHESSI

count rate spectrum (counts/s). R is the combined temperature response matrix, including

the SDO/AIA temperature response (for i=1,...6) and the RHESSI temperature response

(for i ≥ 7). The latter is constructed using the RHESSI spectral response (SRM, see Smith

et al. 2002) and the thermal bremsstrahlung radiation function for the plasma temperatures

contained in the AIA temperature response. Figure 5 shows the AIA thermal response and

the RHESSI thermal response for 7 keV, 15 keV, and 24 keV. The temperature coverage

of R ranges from 0.043 keV (0.5 MK) to ∼ 86 keV (1000 MK). The extension to 86 keV

AIA temperature response 
@  6 coronal wavelengths 

1 
. 
6 

RHESSI SRM x isothermal 
X-ray bremsstrahlung  
function (f_vth) 0 

7
. 
. 
. 
. 
. 
n

d
a
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h
a
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n

e
l 

Temperature (logT) 9 6 
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Fig. 4.— Left and middle: RHESSI photon spectra with fitted model. Left: ξκ(T ). Middle:

thin kappa plus Gaussian line. The dashed lines indicate the fitted energy range (7-24 keV).

The purple line gives the background. Right: Mean electron flux spectrum ⟨nV F (E)⟩ from

thin kappa (red) and ξκ(T ) (blue). The grey areas give the confidence range of the fit.

Fig. 5.— AIA temperature response for 6 AIA wavelength-channels (solid lines, left axis)

and RHESSI temperature response at 7 keV, 15 keV, and 24 keV (dashed lines, right axis),

for an emission measure of 1049 cm−3.
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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
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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.
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Fitfunction: kappa-distribution

Thermal + power-law

à T, EM, γ, flux normalization
, Ecut
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Why kappa? 

• Single analytic function to describe whole spectrum
• No cutoff needed 
• Supported by stochastic acceleration models (e.g. Bian et al 2014)
• Found in multiple RHESSI observations (e.g. Kasparova & Karlicky 2009, Oka et. 

al. 2013/2015)
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AND: Can express kappa-distribution as differential emission measure!

– 7 –

2.1. Kappa-distribution expressed via differential emission measure

The mean electron flux spectrum ⟨nV F (E)⟩ =
∫

V n(r)F (E, r)dV in the emitting

volume V is the only observable that can be directly inferred from the X-ray spectrum

without assumptions on the density or emitting volume. It can be related to the DEM

ξ(T ) via the Maxwellian electron distribution at temperature T (Brown & Emslie 1988;

Battaglia & Kontar 2013):

⟨nV F (E)⟩ =
23/2E

(πme)1/2

∫

∞

0

ξ(T )

(kBT )3/2
exp (−E/kBT )dT [electrons keV−1s−1cm−2]. (3)

Therefore, knowing the differential emission measure, one can compute the mean electron

flux spectrum in the emitting volume. We introduce a DEM ξ(T ) of the shape:

ξ(T ) ∝ T−(κ+0.5) exp

(

−
Tκ

T
(κ− 1.5)

)

(4)

This DEM drops with increasing T since ξ(T ) ∝ T−(κ+0.5) for T ≫ Tκ and it falls off

quickly for T < Tκ due to exp(−Tκ/T ). The DEM has a single maximum, dξ(T )/dT = 0

at Tmax = Tκ(κ− 1.5)/(κ+ 0.5) (see Figure 1). It has the advantage that the integral over

ξ(T ) can be solved analytically. Moreover, it represents the kappa-distribution given in

Equations (1) and (2). This can be shown as follows:

The total emission measure EM is defined as the integral of ξ(T ) over all temperatures in

the plasma

EM =

∫

∞

0

ξ(T )dT ∝
∫

∞

0

T−(κ+0.5) exp

(

−
Tκ

T
(κ− 1.5)

)

dT [cm−3]. (5)

This integral can be solved using the gamma function Γ(x) ≡
∫

∞

0 yx−1 exp(−y)dy resulting

in

EM =
Γ(κ− 0.5)

(κ− 1.5)(κ−0.5)
T−(κ−0.5)
κ (6)

Hence, one can write ξ(T ) as:

ξ(T ) =
EM(κ− 1.5)(κ−0.5)

Γ(κ− 0.5)Tκ

(

Tκ

T

)κ+0.5

exp

(

−
Tκ

T
(κ− 1.5)

)

(7)
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Fig. 1.— Differential emission measure, ξ(T ), for plasma with emission measure EM =

1049 cm−3 and two sets of parameters: κ = 6.5, Tmax = 20 MK (solid line); κ = 8.5,

Tmax = 10 MK (dashed line).

Fig. 2.— RHESSI lightcurves of SOL2010-08-14T10:05 at 6-12 keV (black), 12-24 keV (red),

and 24-50 keV (blue). The grey bar gives fitted time-interval. The green line is the GOES

lightcurve.
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quickly for T < Tκ due to exp(−Tκ/T ). The DEM has a single maximum, dξ(T )/dT = 0

at Tmax = Tκ(κ− 1.5)/(κ+ 0.5) (see Figure 1). It has the advantage that the integral over

ξ(T ) can be solved analytically. Moreover, it represents the kappa-distribution given in

Equations (1) and (2). This can be shown as follows:

The total emission measure EM is defined as the integral of ξ(T ) over all temperatures in
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∞
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∫
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T−(κ+0.5) exp
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−
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)
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This integral can be solved using the gamma function Γ(x) ≡
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∞

0 yx−1 exp(−y)dy resulting

in

EM =
Γ(κ− 0.5)

(κ− 1.5)(κ−0.5)
T−(κ−0.5)
κ (6)

Hence, one can write ξ(T ) as:

ξ(T ) =
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i.e. the proportionality constant in Equation (4) is EM ×T (κ−0.5)
κ (κ− 1.5)(κ−0.5)/Γ(κ− 0.5).

For a uniform plasma density n, the emission measure can be written as EM = n2V , where

V is the emitting volume. Inserting Equation (7) into Equation (3) one finds:

⟨nV F (E)⟩ = n2V
23/2

(πme)1/2(kBTκ)1/2
Γ(κ+ 1)

(κ− 1.5)1.5Γ(κ− 1/2)

E/kBTκ

(1 + E/kBTκ(κ− 1.5))κ+1
. (8)

If we introduce an isotropic electron distribution function ⟨f(v)⟩, n =
∫

⟨f(v)⟩d3v, so that

F (E)dE = v⟨f(v)⟩d3v, and d3v = 4πv2dv we can write:

⟨f(v)⟩ =
men

4πv2
23/2

(πmekBTκ)1/2
Γ(κ+ 1)

(κ− 1.5)3/2Γ(κ− 1/2)

mev2/(2kBTκ)

[1 +mev2/(2kBTκ(κ− 1.5))]κ+1
(9)

where E = mev2/2 was used. Or, simplifying:

⟨f(v)⟩ = n

(

me

2πkBTκ(κ− 1.5)

)3/2 Γ(κ+ 1)

Γ(κ− 1/2)

(

1 +
mev2

(κ− 1.5)2kBTκ

)

−κ−1

. (10)

This is identical to Equation (2) when Tκ is expressed via the characteristic speed.

The DEM given in Equation (7) thus indeed represents the kappa-distribution. It is

defined by three parameters, EM, Tκ, and κ, which can readily be found by fitting X-ray

and EUV spectra. It is implemented in OSPEX (called f multi therm pow exp.pro and

henceforth referred to a ξκ(T ))1. Note that the function implemented in OSPEX does not

give the parameters κ and Tκ, directly, but α = κ+ 0.5, and Tmax = Tκ(κ− 1.5)/(κ+ 0.5).

3. Observations of a single-loop GOES C4.1 flare

We demonstrate fitting of the two different functions (ξκ(T ) versus the original

f thin kappa.pro routine, henceforth referred to as thin kappa) to one of the flares that

1for documentation on OSPEX see http://hesperia.gsfc.nasa.gov/rhessi3/software/

spectroscopy/spectral-analysis-software/index.html

Tail

DEM:

via:

gives:

= kappa-distribution!
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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.

19
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Fig. 3.— AIA images in 4 wavelength-channels at the time for which the RHESSI spectrum

was fitted. 30%, 50%, and 70% contours from a RHESSI CLEAN image at 6-12 keV are

given in red.
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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.
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5.1. Total electron number density and flare energy

The electron number density n can be found from the observed emission measure and

the volume via n =
√

EM/V . We approximate the volume as V = A3/2 = 1.5 × 1027

cm3, using the area A of the 50% contour in the RHESSI 6–12 keV CLEAN image and

accounting for the CLEAN beam-width. In the presented event, the total electron number

density inferred from RHESSI data is n = 1.4 × 1011 cm−3 when the spectrum is fitted

with thin kappa and n = 4.5 × 1010 cm−3 when the X-ray spectrum is fitted with ξκ(T ).

This constitutes a reduction by a factor of 3. When AIA data is added to further constrain

the lowest energies, the resulting total number is n = 4.5 × 109 cm−3 where both ξκ(T )

components were taken into account. This is a total factor of ∼ 30 reduction compared with

thin kappa (see also Table 1). Upper and lower limits were calculated using the upper and

lower limits of the fit-parameters. In addition to the electron number density we can also

calculate the total energy density from Equation (8) as (see Appendix for full derivation):

Uκ =
3

2
kBnTκ, (12)

as well as the total energy by multiplying Uκ with the volume (compare Table 1). Fitting

RHESSI spectra with ξκ(T ) reduces the total energy by a factor of ∼ 2.9 compared with

thin kappa. Simultaneously fitting RHESSI and AIA data ξκ(T ) gives a factor of ∼ 5 less

energy than thin kappa. This shows that, while fitting RHESSI spectra with ξκ(T ) already

leads to a significant reduction of the total electron number, the lowest electron energies

can only be truly recovered by simultaneously fitting RHESSI and AIA data, as can be seen

in Figure 7.

We conclude that: a) fitting a thin-target kappa-distribution to RHESSI data leads to

overestimation of the total number of energetic electrons needed to produce the observed

X-ray emission by around a factor of 3 compared with fitting ξκ(T ); b) Simultaneous fitting

of RHESSI spectra with AIA is necessary to properly constrain the low-energy part of the

Total energy:  UκV where V ≈1.5x1027 cm3
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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.

Without low-energy 
constraint, total 
energies derived from 
RHESSI data could be 
over-estimated by 
factor ~5
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Electron energization in 
the pre-impulsive phase 
of SOL2012-07-19T05:58
(see also Liu et al. 2013, Sun et al. 2014, Oka et al. 
2015, Huang et al. 2016, Krucker & Battaglia 2014)

Electron energization in magnetic reconnection outflows 3
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6-12 keV   12-25 keV    25-50 keV  GOES 

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

impulsive phase
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reconnection 
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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

Two sources during the pre-impulsive phase: 
One Below the reconnection region, one Above

Use simultaneous EUV and X-ray fitting to investigate 
time evolution of electron spectrum from to 0.1 keV to 
30 keV

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.

Below Above

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

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.
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Energies 
Electron energization in magnetic reconnection outflows 7

Figure 5. Energy losses due to conduction (red) and free streaming electrons (blue) in source B (left) and source A(right). At
the center, values from Warmuth & Mann (2016), where red and blue stands for thermal conduction and non-thermal power,
respectively, and Battaglia et al. (2009) (only conduction) are shown.

The upper integration limit, T
emf

is the temperature at which the electron mean free path becomes larger than the
temperature scale length �

emf

> L
1/2, where (e.g. Benz 2002):

�
emf

= 5.21⇥ 103
T 2

emf

n
[cm]. (7)

Hence
T
emf

= 1.4⇥ 10�2

q
nL

1/2 [K], (8)

with the standard expression for the density n =
p
EM/V . Electrons with a temperature higher than this threshold

can be considered as free-streaming and the energy they carry away calculated from the mean electron flux distribution
as:

P
free

=

Z 1

Eemf

EF (E)dE =
As

nV

Z 1

Eemf

EhnV F (E)idE. (9)

The results from these calculations are summarized in Figure 5. The uncertainties are dominated by the source size
estimates. The error bars given in the figure result from the assumption of a 20% uncertainty on the source half length,
volume, and area. The density in source A increases from 2.7⇥ 109 cm�3 to 2.9⇥ 109 cm�3 and from 2.8⇥ 109 cm�3

to 3.4⇥ 109 cm�3 in source B during the course of the flare. The resulting threshold temperature for free-streaming
electrons rises from 22.9 to 23.4 MK in source A and from 28 MK to 31 MK in source B. Expressed in electron energy,
this corresponds to electron threshold energies of between 2 and 3.5 keV.

4. DISCUSSION AND SUMMARY

We investigated electron energisation and energy loss in the magnetic reconnection outflow regions up to 40 minutes
before the impulsive phase of the flare SOL2012-07-19T05:58. As shown in Figure 5, conductive loss rates range
between 1.6 ⇥ 1027 � 3.7 ⇥ 1027erg/s. The dominant mechanism of energy transport out of the source region is by
free streaming electrons with an average loss rate between 1.8 ⇥ 1028 � 3.5 ⇥ 1028erg/s. To put these numbers into
perspective, we compare them with some results from the literature. Warmuth & Mann (2016) analysed the time
evolution and energetics of 24 RHESSI flares of GOES classes C to X and found maximum conductive loss rates
between 1027 � 1029 erg/s. Conductive loss rates specifically during the pre-impulsive phase of flares were reported as
109 � 1010 erg/cm2/s by Battaglia et al. (2009). Assuming a source area of ⇡ 5 ⇥ 1018 cm2, as done in the present
study, this amounts to 5⇥1027�5⇥1028 erg/s. These values are comparable to the values found in the present study.
A di↵erent picture arises when comparing the non-thermal powers. Warmuth & Mann (2016) found maximum

non-thermal powers between 8 ⇥ 1027 � 2 ⇥ 1029 erg/s. Many authors investigated the total energy content, rather
than power, hence a comparison is less straightforward. We make an estimate of the non-thermal total energy lost
during the 15 minutes observation using the average losses during this period and multiplying them by the duration.

Electron acceleration in source A vs density increase due to evaporation in 
source B 
Energy loss by free streaming electrons dominates in both sources
à efficient acceleration even in this early flare phase
à importance of pre-impulsive phase in overall flare energetics
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5. Chromospheric response: chromospheric evaporation 
seen in X-rays and EUV

Energy deposition in the chromosphere leads to overpressure and heating 
causing plasma to expand upward = “chromospheric evaporation”
à EUV / soft X-ray loops
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Temporal and spatial correlation of HXR emission with upflows and downflows
à explosive evaporation driven by non-thermal electron beam

Milligan et al. 2009: Velocities of evaporating plasma observed with Hinode/EIS 

No. 2, 2009 VELOCITY CHARACTERISTICS OF EVAPORATED PLASMA USING HINODE/EIS 971

Figure 3. Top three rows: intensity maps in each of the 15 lines used in this study, ranging from 0.05 to 16 MK. Two footpoints are clearly visible, with the southeastern
one being the brighter of the two. Overlaid are the 20–25 keV emission contours (at 60% and 80% of the maximum) as observed by RHESSI from 14:14:28–14:15:00
UT. The pixel marked with an “×” within the HXR contour was the focus of a more detailed spectral analysis. Bottom three rows: except for the Fe xxiii and Fe xxiv
maps, the corresponding velocity maps for each of the above intensity maps. Red pixels denote material moving away from the observer, while blue pixels represent
material moving toward the observer. The same RHESSI 20–25 keV contours are overlaid. All velocity maps are scaled to ±150 km s−1. The Fe xxiii and Fe xxiv
maps are images formed over the enhanced blue wing of each line with the blue color scaled with the flux.

of this work is not unique; many of the neighboring pixels within
the footpoint show similar profiles with a dominant stationary
component in the two hottest lines.

Figure 5 shows the derived line-of-sight velocities from this
pixel as a function of the peak formation temperature for each

of the lines listed in Table 1. Assuming a linear relationship
between velocity (vup and vdown) and temperature (T) of the
form v = A + BT , where A and B are constants, a least-
squares fit was applied to both the blueshifted and redshifted
data points and their associated uncertainties (excluding He ii).
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Figure 5. Plasma velocity from a flare footpoint at ∼14:14:51 UT as a function of temperature for each of the emission lines used in this study. The dashed lines
represent a weighted least-squares fit to the data points from 0.5 to 1.5 MK and 2.0 to 16 MK.

omitted from any further calculations. Taking the mean and
standard deviation of each fit parameter for each component
across the five individual detectors currently provides the best
estimate of the parameter and its uncertainties. The isothermal
fits yielded a temperature (T) and emission measure (EM) of
17 ± 1 MK and 7 ± 2 × 1046 cm−3, respectively. The low-
energy cutoff to the assumed power-law electron spectrum was
found to be Ec ! 13 ± 2 keV with a spectral index, δ, of
7.6 ± 0.7.

The combination of high-resolution images and spectra from
RHESSI allows a measurement of the flux of nonthermal
electrons responsible for driving chromospheric evaporation to
be determined. Given the values of the low-energy cutoff and
the spectral index of the electron distribution, the total power
contained in the electron beam can be calculated using

Pnth(E " Ec) =
∫ ∞

Ec

EF (E)dE erg s−1, (1)

where F (E) = CE−δ electrons s−1 keV−1 and C is a normaliza-
tion constant proportional to the total integrated electron flux, I.
Using the above values Pnth # 8 ± 3 × 1027 erg s−1.

In order to compare observations with the predictions of
theory, the total energy flux (in erg cm−2 s−1) of nonthermal
electrons must be established. This requires knowledge of
the footpoint areas that can be derived from RHESSI images.
Knowing that the highest energy emission was predominantly
nonthermal, HXR images were formed over the same time range
as the spectrum using the CLEAN algorithm, from 20–25 keV
and using detectors 1–6. Two HXR sources were identified
which aligned with the footpoint emission detected by TRACE
(shown in the inset of the first panel of Figure 1) and EIS
(Figure 3). As an approximation, summing over all pixels within
the 60% contour of the 20–25 keV CLEAN images yielded an
area of ∼3 × 1017 cm−2 for the sum of both footpoints. A
similar value was found by summing over all the pixels within
the 40% contour of the TRACE image. Both of these percentage
levels were chosen as they comfortably distinguish between
footpoint and background emission. It is known that CLEAN can
overestimate source areas by as much as a factor of 10 compared
to other image reconstruction algorithms (Schmahl et al. 2007),
thereby placing a lower limit on the value of the electron flux,
assuming a filling factor of unity. Dennis & Pernak (2009) have

Figure 6. RHESSI photon spectrum from detector 4 taken during the time
that blueshifted emission was observed by EIS (14:14:28–14:15:00 UT). The
dotted line represents the best fit to the thermal component while the dashed
line represents the thick-target component. The solid line shows the sum of the
two components and the triple-dot-dashed line marks the background. The two
vertical dot-dashed lines mark the energy range over which the spectral model
was fitted to the data. Beneath the spectrum are the associated residuals from
the least-squares fit normalized to 1σ at each energy.

compiled a detailed comparison of how each available algorithm
can be optimized to provide reliable estimates of source sizes.
Using the CLEAN algorithm, for example, the authors compute
the moments for individual CLEAN components as functions
of the azimuthal angle about the source. The moments then
define the parameters of the equivalent elliptical Gaussian, and
can be used to determine the source area within 1σ of the
centroid. Applying this technique to the HXR images for this
event resulted in a combined footpoint area of 1 × 1017 cm−2,
a factor of 3 smaller than the above approximation. A similar
value was found using the Pixon algorithm. Dividing Pnth by this
footpoint area gives a flux value of Fnth # 5×1010 erg cm−2 s−1,
which is comfortably above the limit that Fisher et al. (1985a)
stated is needed to drive explosive chromospheric evaporation.

5. DISCUSSION AND CONCLUSIONS

This is the first detailed study of chromospheric evaporation
carried out using data from Hinode/EIS during the impulsive
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Battaglia et al. 2015: spatial and temporal evolution of chromospheric evaporation 
with IRIS and RHESSI
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Figure 1. Left: GOES lightcurve (green) and RHESSI corrected count rate lightcurve (red, arbitrary units). The HXR emission after ∼

17:48 UT was dominated by (thin red line). The grey shaded area indicates the time during which HXR emission was imaged from the
flare ribbons. The dashed lines mark the start times of the IRIS rasters analysed here (173 to 176). Other panels: IRIS 2796 Å slit-jaw
images taken during rasters 173, 174, and 175 (times given on the maps) overlaid with 50%, 70%, and 90% contours from RHESSI CLEAN
images at 6-12 keV (blue) and 30-70 keV (red). The 8 slit-positions are indicated by vertical lines in the second panel.

explosive to gentle evaporation if the conductive flux out
of the explosively heated plasma becomes comparable
to the energy flux in the electron beam. This transition
occurs on time-scales from a few seconds to a few
tens of seconds. Brosius (2009) present the analysis of
such a transition in a flare observed by the Coronal
Diagnostic Spectrometer (CDS) on onboard the Solar
Heliospheric Observation (SOHO, Harrison et al. 1995).
More detailed studies of chromospheric evaporation
became possible with the higher resolution and more
complete temperature coverage of Hinode/EIS (Culhane
et al. 2007). Milligan & Dennis (2009) and Watanabe
et al. (2010) observed explosive evaporation in C-class
flares with and without additional RHESSI (Lin et al.
2002) observations. Graham et al. (2011) analysed
a C-class flare using Hinode/EIS and RHESSI HXR
observations. They find signatures of chromospheric
evaporation but the RHESSI observations do not allow
them to distinguish between electron-beam energy input
or a purely thermal scenario.

Here we present EUV observations of the Fe XXI

λ1354.1 line (formed at ∼ 107 K, Jordan (1970) and first
observed in solar flares by Doschek et al. (1975)). Com-
bined observations were made with the Interface Region
Imaging Spectrograph (IRIS, De Pontieu et al. 2014) and
with the Ramaty High Energy Solar Spectroscopic Im-
ager (RHESSI) during the X-flare on 2014 March 29.
The high spatial resolution of IRIS allows for tracing the
location, velocity, and timing of hot evaporated plasma
along the flare ribbon. Combining these observations
with RHESSI imaging and spectroscopy, it is possible to
investigate the type of energy input that causes evapora-
tion (electron-beam versus conductive energy input) and
the nature (explosive versus gentle).

2. OBSERVATIONS AND DATA ANALYSIS

The GOES X1 flare occurred on 2014 March 29with
the HXR rise starting at 17:44 UT and peaking at 17:47
UT. RHESSI imaging and spectroscopy gives the timing,
location and amount of electron-beam deposited energy.
IRIS observations of the Fe XXI λ1354.1 line give the

location, speed, and intensity of evaporating material at
a temperature of 10 MK. The IRIS data were obtained

during a coordinated flare observing campaign on 2014
March 29 with the observation lasting from 14:09-17:54
UT (Kleint et al. 2015). A total of 180 8-step rasters with
a cadence of 75 s were observed. In the paper we refer
to the raster numbers of the Level 2 filenames (starting
at raster 000 to raster 179), which are already calibrated
(De Pontieu et al. 2014). Each raster had a field of view
of 14′′ x 174′′. During the X1 flare, the western ribbon
and a small part of the eastern ribbon was caught during
several rasters (compare Figure 1). The far UV (FUV)
data had an exposure time of 8 s and a dispersion of 25.46
mA pixel−1 with a plate scale of 0.166′′ pixel−1. The
Fe XXI spectral window, which we analyze here, was not
overexposed for the whole duration of the observations
and is limited at ± 350 km s−1 from the line center at
rest. I.e. higher velocities may not be visible, although
one might expect to see the tail of a velocity distribution
at the edge of our spectral window, which is not the case
for this observation.
Here we focus on the main HXR peak when HXR emis-

sion was observed from the flare ribbons (grey area in
Figure 1) and where considerable upflows were detected
in Fe XXI. Figure 1 shows SXR lightcurves from GOES
and HXR RHESSI lightcurves. The start times of the
analyzed IRIS rasters (rasters 173, 174, 175, 176) are
indicated.

2.1. X-ray analysis

RHESSI full-sun spectra were fitted during the time of
the main peak, integrating over the same time-interval
as the images. The spectra were fitted with a thermal
component at low energies and a thick-target power-law
component at energies above∼ 20 keV. RHESSI CLEAN
(Hurford et al. 2002) images at 6-12 keV (using grids 3-6,
natural weighting with a clean beam width factor of 1.4,
resulting in an effective CLEAN beam of 12.8′′) and at
30-70 keV (using grids 1-6, natural weighting with a clean
beam width factor 1.4, resulting in an effective resolution
of 3.4′′) were made for an overview of the flare morphol-
ogy. We integrated over 75 seconds from the start time
of each IRIS raster to be consistent with the time it takes
to complete one raster (except for the first raster where
the RHESSI shutter came in during the period hence
the start time of the image was 17:46:02 UT). For the

GOES X1 flare from 29 March 2014

Two moving flare ribbons 
HXR emission during 2 min coinciding with location of 
ribbons
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Slit position relative to location of HXR source 

Chromospheric evaporation in the 29 March 2014 flare 5

Figure 4. Top left: IRIS 2796Å slit-jaw image overlaid with 50%, 70%, and 90% contours from RHESSI CLEAN images at 6-12 keV
(black) and 30-70 keV (colors, 70% contours only). The slit positions are indicated with coloured dashed lines. The RHESSI contours show
the position of the HXR footpoint for each slit-position in the respective color. Top, other panels: Doppler velocity maps of Fe XXI along
the slit for rasters 173 to 176 (indicated by white numbers). Grey areas denote pixels where either no Fe XXI emission was detected or the
fit was bad. The contours of the HXR footpoints observed during a given raster are overlaid in the respective colors of the slit-positions.
Middle and bottom row (from left to right): Individual slit positions relative to HXR footpoint location during rasters no. 173 and 174,
overlaid on IRIS 2796 Å and 1400 Å slit-jaw images (raster steps where no HXR footpoints were observed or no 2796 Å and 1400 Å SJI
were available are omitted).

4.2. Spatial Association of HXR footpoint emission with
Fe XXI blue-shifts

According to the above calculation, the non-thermal
power input is big enough to trigger explosive evapora-
tion. According to Fisher (1987), explosive evaporation
ceases and becomes gradual once the conductive flux out
of the evaporated plasma becomes comparable to the
beam flux. The change occurs at temperatures around
∼ 107 K over time-scales of a few seconds to a few tens of
seconds. In the presented event, the time scale would be
of the order of 10 seconds. This scenario could explain
blue-shifts that are still observed long after the HXR

source since gentle evaporation will continue as long as
there is a temperature gradient. Gentle evaporation is
further supported by the observed velocities of less than
200 km s−1. Thus the observations described in Section
3.1 can be explained with energy input by a non-thermal
electron beam resulting in explosive evaporation followed
by a transition to gentle evaporation whose signatures are
observed once the IRIS slit covers the respective area.

4.3. Co-temporal observation of HXR emission and
upflows

Time

à Upflows along the 
flare ribbon

à Maximum speed ~ 
200 km/s

à Sustained several 
minutes after HXR

Interpretation
Electron beam driven chromospheric evaporation dominates early in the flare
Evaporation is sustained in later phase due to conductive energy input from hot 
loop
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Summary and conclusion 

Signatures of flare accelerated electrons and chromospheric response are 
readily observed at X-ray and EUV wavelengths 

Combining observations at these wavelengths with new data analysis 
methods is key to understanding particle acceleration and transport in solar 
flares 
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