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Outline
• Radiation	from	energetic	particles
• Bremsstrahlung	à Lecture	20
• Gyromagnetic	radiation	
(“magnetobremsstrahlung”)	
• Other	radiative	processes

• Inverse	Compton,	coherent	radiation

• Diagnosing	flare	energetic	particles	using	hard	X-ray	
and	radio	spectroscopy	and	imaging	
• Where?	à previous	lecture
• What?	à this	lecture

• Suggested	reading:	Ch.	13	of	Aschwanden’s book	for	
hard	X-rays	and	Ch.	15	for	radio

à Lecture	21

à Lecture	22



Diagnosing	energetic	electrons

• Each	mechanism	provides	a	method	to	probe	the	
thermal	plasma	and/or	energetic	electrons	
à Acceleration:	Where?	When?	What?
• HXR:	

• Thermal	bremsstrahlung	à	𝑛#,	𝑇#
• Nonthermal	thin-target	and	thick-target	bremsstrahlung	à
𝑓(𝐸)

• Inverse	Compton	àmostly	corrections	to	𝑓(𝐸)
• Radio:	

• Thermal	bremsstrahlung	à 𝑛#,	𝑇#
• Gyrosynchrotronà 𝑓(𝐸), 𝑛#,	𝑇#,	𝐵,	𝜃
• Coherent	radiation	à 𝑛# (possibly	𝑓(𝐸),	𝐵, model	dependent)



A	note	on	electron	energies
• For	an	electron

• Total	energy	𝜀,-,./ = 𝛾𝑚#𝑐4
• kinetic	energy	ε = (𝛾 −1)	𝑚# 𝑐4,	where	𝛾 = 1/ 1 − 𝛽4�

• Thermal	electron	in	the	corona:	T	~	1	MK,	𝛽~0.018,	or	
ε ≈ 0.086 keVà nonrelativistic
• Type-III-burst-emitting	electron 𝛽 ≈0.1-0.3	or	ε ≈	5-50	
keVà 5~20	x	thermal	speed	à bump-on-tail	instability	
à nonrelativistic	to	mildly	relativistic
• HXR-emitting	electron	ε	 ≈ 20-200	keVà 𝛽 ≈0.2-0.5	à
mildly	relativistic
• Gyrosynchrotron-emitting	electron 𝛾 ≈ 2 − 6à 𝛽 ≈0.6-
0.9	or	ε ≈ 0.5-3	MeV	à (upper-end	of)	mildly	relativistic

Each	emission	probes	a	different	part	of	the	electron	
energy	spectrum!



HXR	spectral	analysis

• Currently	the	most	straightforward	method	to	
derive	the	distribution	function	of	the	accelerated	
electrons	𝑓B, 𝐸 .	Also	capable	of	obtaining	𝑓B, 𝐸
of	>~20	MK	flare	plasma
• Number	density	ratio	𝑛B,/𝑛,C (previous	lecture)

• Energy	density	ratio	𝜀B,/𝜀,C
• Details	of	𝑓B,(𝐸) and	its	spatiotemporal	evolution	
provide	diagnostics	for	acceleration	and	transport	
processes



From	HXR	spectra	to	electron	distribution
• Forward	fitting	with	parameterized	model(s):	Thermal	
+	power-law?	Thermal	+	superhot?	Thermal	+	kappa?	
Thin-target?	Thick-target? …
• Regularized	inversion



Forward	fitting	HXR	spectra
• People	often	use	a	two-
component model	
electron	energy	spectrum	
to	fit	the	HXR	spectrum

oIsothermal	Mexwellian
oBroken	power-law	with	
low-energy	cutoff

318 E.P. Kontar et al.

Fig. 9 Fit to a
spatially-integrated spectrum
from SOL2002-07-23T00:35
(X4.8). Top panel: Photon flux
spectrum (plus signs) integrated
over the 20 s time period
00:30:00–00:30:20 UT. A fit to
the spectrum (solid curve)
consisting of the sum of the
bremsstrahlung from an
isothermal plasma (dotted curve)
and the bremsstrahlung from a
double power-law mean electron
flux distribution with a
low-energy cutoff. Middle panel:
Residuals from the fit in the top
panel (observed flux minus
model flux divided by the 1σ
uncertainty in the observed flux).
Bottom panel: Best fit mean
electron flux distribution times
the mean plasma density and
source volume, plotted as a
function of electron energy in
keV (after Holman et al. 2003).
Note that pulse pileup (Smith et
al. 2002;
Kontar et al. 2003) might be an
issue for this flare

Boltzmann’s constant and EM is the emission measure (
∫

neni dV ). The fit in Fig. 9, for
example, gave a temperature of 37 MK and an emission measure of 4.1 × 1049 cm−3. A fit
to thermal bremsstrahlung alone is often adequate, but this does not account for the spectral
line complexes at ∼6.7 keV and ∼8 keV or for recombination radiation.5 The thermal com-
ponent of RHESSI spectra is now routinely fitted (included into standard RHESSI software)
using the latest version of Chianti (Landi et al. 2006), which incorporates all the emission
mechanisms important at low energies. The multithermality of plasma and the correspond-
ing emission measure differential in temperature are addressed in Sect. 4.6.

The nonthermal component of the spectra can usually be fitted adequately with either a
single or a double power-law photon flux spectral model. Sometimes a third, flatter power-
law component is included at low energies to simulate a low-energy cutoff in the electron
distribution. Such fits are useful for examining the evolution of flare spectra with time. They
do not, however, contain any direct physical information about the electrons responsible
for the observed emission. It is therefore more interesting to fit the photon spectra with the
radiation from a model electron distribution, typically assumed to have the form of a double
power law with a possible low- and/or high-energy cutoff. This form allows sharp breaks in

5RHESSI spectroscopy in the range of energies below ∼10 keV is often complicated by non-diagonal in-
strument response (Smith et al. 2002; Schwartz et al. 2002) and some instrumental features (Phillips et al.
2006).
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Fig. 10 Albedo-corrected RHESSI spectrum (crosses with error bars) at the hard X-ray peak
(11:44:28–11:44:32 UT) of SOL2002-06-02T20:44 (M1.0). The solid line shows the combined isothermal
(dotted line) plus double power-law (dashed line) spectral fit. The spectral fit before albedo correction is over-
laid (gray, solid line). Left panel: The nonthermal part of the spectrum is fitted to a double power-law model
with a break energy at ∼21 keV. Right panel: The same spectrum is fitted to a double power-law model with
a break energy at ∼40 keV. The reduced χ2 values of the fits in the left and right panels are 1.4 and 1.0,
respectively. The normalized residuals are plotted below each spectrum (after Sui et al. 2007)

the electron distribution (either a mean electron flux F(E); Equation (2.4) or, for a thick-
target model, an injected electron distribution F0(E0); Equation (2.7)). However, due to the
filtering of the bremsstrahlung cross-section Q(ϵ,E), such breaks are generally smoothed
out in the corresponding photon spectrum I (ϵ).

The nonthermal part of the flare spectrum in Fig. 9 is fit with the bremsstrahlung from a
double power-law mean electron flux distribution with a low-energy cutoff

F(E) =

⎧
⎨

⎩

0; E < Ec

AE−δ1; Ec < E < Eb

AE
δ2−δ1
b E−δ2; Eb < E

(4.1)

(bottom panel). The highest value of the low-energy cutoff Ec consistent with a good fit
to the data was used; the value of Ec is not constrained below this value because of the
dominance of thermal radiation. This fit therefore provides a lower limit to the energy in
nonthermal electrons. The spectrum could not be acceptably fit with a single power law;
note that the location of the break energy Eb is at a higher energy than the apparent location
of the break in the photon spectrum; this is because all electrons with energies above a given
photon energy contribute to the radiation at that photon energy.

The photon spectrum residuals (using a sum of the isothermal and nonthermal models)
are shown in the middle panel of Fig. 9. Besides providing a reduced χ2 (χ2 divided by
the number of degrees of freedom in the fit) close to 1, the residuals from a good fit should
be random and uncorrelated and have a near-normal distribution N(0,1). For the event in
question, the residuals do not exhibit this desired behavior, with significant deviation at
photon energies between 10 and 15 keV (see Caspi and Lin 2010). Practically, a broad
spectral “line” is often included in the model to account for this feature; with the inclusion
of this ad hoc feature, it is generally possible above ∼10 keV to obtain good fits to the
RHESSI spectra without assuming the presence of any systematic uncertainty in the data
above the level of Poisson noise.

Mean	electron	flux	(electrons	cm-2 s-1 keV-1,	
different	from	𝑓 𝐸 -- c.f.	Lecture	17) Holman	et	al.	2003

Low-energy	cutoff

Breaking	energy 𝐸D
𝐸E



Spot	the	difference…
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Fig. 10 Albedo-corrected RHESSI spectrum (crosses with error bars) at the hard X-ray peak
(11:44:28–11:44:32 UT) of SOL2002-06-02T20:44 (M1.0). The solid line shows the combined isothermal
(dotted line) plus double power-law (dashed line) spectral fit. The spectral fit before albedo correction is over-
laid (gray, solid line). Left panel: The nonthermal part of the spectrum is fitted to a double power-law model
with a break energy at ∼21 keV. Right panel: The same spectrum is fitted to a double power-law model with
a break energy at ∼40 keV. The reduced χ2 values of the fits in the left and right panels are 1.4 and 1.0,
respectively. The normalized residuals are plotted below each spectrum (after Sui et al. 2007)

the electron distribution (either a mean electron flux F(E); Equation (2.4) or, for a thick-
target model, an injected electron distribution F0(E0); Equation (2.7)). However, due to the
filtering of the bremsstrahlung cross-section Q(ϵ,E), such breaks are generally smoothed
out in the corresponding photon spectrum I (ϵ).

The nonthermal part of the flare spectrum in Fig. 9 is fit with the bremsstrahlung from a
double power-law mean electron flux distribution with a low-energy cutoff

F(E) =

⎧
⎨

⎩

0; E < Ec

AE−δ1; Ec < E < Eb

AE
δ2−δ1
b E−δ2; Eb < E

(4.1)

(bottom panel). The highest value of the low-energy cutoff Ec consistent with a good fit
to the data was used; the value of Ec is not constrained below this value because of the
dominance of thermal radiation. This fit therefore provides a lower limit to the energy in
nonthermal electrons. The spectrum could not be acceptably fit with a single power law;
note that the location of the break energy Eb is at a higher energy than the apparent location
of the break in the photon spectrum; this is because all electrons with energies above a given
photon energy contribute to the radiation at that photon energy.

The photon spectrum residuals (using a sum of the isothermal and nonthermal models)
are shown in the middle panel of Fig. 9. Besides providing a reduced χ2 (χ2 divided by
the number of degrees of freedom in the fit) close to 1, the residuals from a good fit should
be random and uncorrelated and have a near-normal distribution N(0,1). For the event in
question, the residuals do not exhibit this desired behavior, with significant deviation at
photon energies between 10 and 15 keV (see Caspi and Lin 2010). Practically, a broad
spectral “line” is often included in the model to account for this feature; with the inclusion
of this ad hoc feature, it is generally possible above ∼10 keV to obtain good fits to the
RHESSI spectra without assuming the presence of any systematic uncertainty in the data
above the level of Poisson noise.

What	is	the	difference	in	the	model?	Which	forward	fit	result	is	better?

After	Sui	et	al.	2007



Low-energy	cutoff	plays	a	key	role
• Let’s	assuming	a	single	power-law	with	a	low-energy	
cutoff:	𝐹G 𝐸 = 𝐴𝐸IJ	(𝐸 > 𝐸D)
• Nonthermal	electron	flux	(electrons	cm-2 s-1):

∫ 𝐴𝐸IJ𝑑𝐸N
OP

= Q
JIR

𝐸DIJSR (if	𝛿 > 1)
• Nonthermal	electron	energy	flux	(erg	cm-2 s-1):

∫ 𝐴𝐸IJSR𝑑𝐸N
OP

= Q
JI4

𝐸DIJS4 (if	𝛿 > 2)
• Both	are	very	sensitive	to	𝐸D

• e.g.,	for	𝛿 = 4 (“typical”	in	a	flare	peak),	a	factor	of	2	error	in	
𝐸D means	a	factor	of	4	error	in	energy	flux!	

• Both	are	very	important	observables	to	examine	
particle	acceleration	mechanisms	
à e.g.,	a	smaller	low-energy	cutoff	would	require	a	much	more	
efficient	acceleration	mechanism



Low	energy	cutoff	plays	a	key	roleQ1:,which,term,dominates?,,,
,,,,,,in,which,part,of,phase,space?,

v$3,
D(col),

D(turb),

Ec,

vp, p,>,$3,

Lecture	19	by	Prof.	Longcope

To	Maxwellian To	power-law



Low-energy	cutoff:	Can	we	determine	
it	from	HXR	spectral	analysis?562 CHAPTER 13. HARD X-RAYS
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Figure 13.5: (Left) Theoretical hard X-ray spectrum consisting of a thermal and a nonthermal
(powerlaw) component with equal energy content above the cutoff energy εc. The parameters
are chosen for a large flare with Te = 30 MK, ne = 1011 cm−3, EMV = 1049 cm−3, γ = 3,
and duration τflare = 1000 s; and for a small flare with Te = 10 MK, ne = 1010 cm−3,
EMV = 1046 cm−3, γ = 5, and duration τflare = 100 s. (Right) Synthetic spectra between 4
and 10 keV show line features at 6.7 keV (Fe) and at 8.2 keV (Fe/Ni) that become progressively
stronger for increasing flare temperatures. The spectra have been calculated with the CHIANTI
code, with coronal abundances of Fe and Ni, and smoothed with a Gaussian filter with a width
of FWHM=0.8 keV. Spectra are given in 1 MK intervals from 8 to 33 MK. Fluxes are those at
the mean solar distance and for a flare with volume emission measure

∫
V

n2
edV = 1049 cm−3

(Phillips 2004).

13.3 Hard X-ray Spectra

13.3.1 Thermal-Nonthermal Spectra

Soft X-ray measurements show that the flare plasma has typical electron temperatures
in the range of Te ≈ 10 − 30 MK (see compilation in Table 9.4; e.g., Pallavicini et
al. 1977; Metcalf & Fisher 1996; Reale et al. 1997; Garcia 1998; Sterling et al. 1997;
Nitta & Yaji 1997). This temperature range corresponds to electron energies of ε =
kBTe ≈ 0.9−2.6 keV (Appendix E). In the thick-target bremsstrahlung model (§13.2.2),
nonthermal populations of electrons and ions accelerated in the corona precipitate to
the chromosphere, heat up the plasma at flare loop footpoints, and cause an overpres-
sure that drives upflows of heated plasma into the flare loops seen in soft X-rays. In
this so-called chromospheric evaporation process we expect that the energy of the pre-
cipitating nonthermal electrons has to exceed the thermal energy of the heated plasma
that is produced as a consequence. Let us compute such a combined thermal-plus-
nonthermal hard X-ray spectrum in order to understand the energy ranges in which
the two components dominate: the cutoff energy that separates them and the overall
spectral shape.

In §2.3 we defined the thermal flux spectrum Fth(ϵ) (Eq. 2.3.13), which yields
the photon number by dividing by the photon energy ϵ [i.e., the photon spectrum is
Ith(ϵ) = Fth(ϵ)/ϵ]. Assuming a uniform temperature throughout the flare volume

Thermal

Power	law



HXR	spectra:	low-energy	cutoffs

Holman	2003

N(E)	=	KE-3
el.	cm-3 keV-1

N(E)	=	KE-5
el.	cm-3 keV-1

Low	energy	cutoff	flattens the	HXR	spectra	at	lower	energies



Low-energy	cutoff

• Results	in	a	flattening	of	HXR	
spectrum	below	𝐸D
• But	usually	masked	by	the	thermal	
component!
• For	a	typical	flare	with	distinctive	
thermal	+	nonthermal	component:

oWell	constrained	at	the	high-energy	
side

oPoorly	constrained	at	the	low-energy	
side
• Low-energy	cutoff	is	usually	really	
the	“highest	value of	𝐸D that	still	fits	the	data”,	which	gives	a	lower	limit of	
the	total	nonthermal	energy

116 G.D. Holman et al.

Fig. 2 Typical full-Sun flare
spectrum. Dashed: Nonthermal
thick-target spectrum from an
accelerated electron distribution
with δ = 4, and a low-energy
cutoff of 20 keV. Dotted:
Thermal spectrum, from a plasma
with temperature T = 20 MK
and emission measure
EM = 1049 cm−3. Solid: Total
radiated spectrum. The multiple
peaks in the thermal spectrum are
from spectral lines, as observed
by an instrument with ∼1 keV
spectral resolution

The last expression in each equation is the result for a power-law electron flux distribution
of the form F0(E0) = A · E−δ

0 . The constant κE = 1.60 × 10−9 is the conversion from keV
to erg. Ec is a low-energy cutoff to the electron flux distribution. These expressions are
valid and finite for δ > 2 and Ec > 0. We call this form of low-energy cutoff a sharp low-
energy cutoff. An electron distribution that continues below a transition energy Ec that has a
positive slope, is flat, or in general has a spectral index δlow < 1 also provides finite electron
and energy fluxes, but these fluxes are somewhat higher than those associated with the sharp
low-energy cutoff.

For this single-power-law electron flux distribution with a sharp low-energy cutoff, the
non-thermal power (erg s−1), and ultimately the non-thermal energy (erg), from the power-
law electron flux distribution depends on only three parameters: δ, A, and Ec. Observations
indicate that δ is greater than 2 (Dennis 1985; Lin and Schwartz 1987; Winglee et al. 1991;
Holman et al. 2003). Hence, were Ec = 0, the integral would yield an infinite value, a de-
cidedly unphysical result! Therefore, the power-law electron distribution cannot extend all
the way to zero energy with the same or steeper slope, and some form of low-energy cutoff
in the accelerated electron spectrum must be present. As we will see, the determination of
the energy at which this cutoff occurs is not a straightforward process, but it is the single
most important parameter to determine (as the other two are generally more straightforward
to determine—see Sect. 2 and Kontar et al. 2011). For example, with δ = 4 (typical during
the peak time of strong flares), a factor of 2 error in Ec yields a factor of 4 error in Pnth. For
larger δ (as found in small flares, or rise/decay phases of large flares), such an error quickly
leads to an order of magnitude (or even greater) difference in the injected power Pnth and in
the total energy in the non-thermal electrons accelerated during the flare!

3.2 Why Is the Low-Energy Cutoff Difficult to Determine?

The essence of the problem in many flare spectra is summarized in Fig. 2: the non-thermal
power-law is well-observed above ∼20 keV, but any revealing features that it might possess
at lower energies, such as a low-energy cutoff, are masked by the thermal emission.

Even if a spectrum does show a flattening at low energies that could be the result of a
low-energy cutoff, other mechanisms that could produce the flattening must be ruled out (see
Sect. 3.4). The low-energy cutoff has the characteristic feature, determined by the photon
energy dependence of the bremsstrahlung cross-section (see (2.9)), that the X-ray spectrum
eventually approaches a spectral index of γ ≈ 1 at low energies (cf. Holman 2003). It is



Different	forms	of	low-energy	cutoff
Implications of X-ray Observations for Electron Acceleration 117

Fig. 3 Different shapes of low-energy cutoff in the injected electron distribution (left) lead to slightly dif-
ferent photon spectra (right). The cutoff/turnover electron energy is Ec = 20 keV. The thin curve in the right
panel demonstrates how the cutoff can be masked by emission from thermal plasma. See also Holman (2003)
for a thorough discussion of bremsstrahlung spectra generated from electron power-laws with cutoff

currently impossible, however, to observe a flare spectrum to low enough photon energies
to see that it does indeed become this flat. Generally we can only hope to rule out the other
mechanisms based on additional data and detailed spectral fits.

3.3 What Is the Shape of the Low-Energy Cutoff, and How Does It Impact the Photon
Spectrum and Pnth?

Bremsstrahlung photon spectra are obtained from convolution integrals over the electron
flux distribution ((2.1) and (2.8)). Hence, features in an electron distribution are smoothed
out in the resulting photon spectrum (see, e.g., Brown et al. 2006).

As can be seen in Fig. 3, both a sharp cutoff at Ec and a “turnover” (defined here to be
a constant F0(E) below Ec , a “plateau”) in the injected electron distribution lead to similar
thick-target photon spectra. This subtle difference is difficult to discriminate observationally,
and the problem is compounded by the dominance of the thermal component at low energies.

A sharp cutoff would lead to plasma instabilities that should theoretically flatten the dis-
tribution around and below the cutoff within microseconds (see Sect. 6). On the other hand,
the electron flux distribution below the cutoff must be flatter than E−1, as demonstrated by
(3.1), or the total electron number flux would be infinite. Having a constant value for the dis-
tribution below Ec (turnover case) seems like a reasonable middle ground and approximates
a quasilinearly relaxed electron distribution (Sect. 6; Krall and Trivelpiece 1973, Chap. 10).
Coulomb collisional losses, on the other hand, yield an electron distribution that increases
linearly at low energies (see Fig. 4), leading to a photon spectrum between the sharp cutoff
case and the turnover case.

Notice that the photon spectra actually flatten gradually to the spectral index of 1 at low
energies from the spectral index of γ = δ + 1 at Ec and higher energies. Below Ec, it is not
a power-law. Fitting a double power-law model photon spectrum, and using the break (i.e.,
kink) energy as the low-energy cutoff typically leads to a large error in Ec (e.g., Gan et al.
2001; Saint-Hilaire and Benz 2005), and hence to an even larger error in Pnth.

• Different	forms	of	low-energy	cutoff	lead	to	subtle	difference	in	
the	observed	X-ray	spectra	à difficult	to	determine	

• Luckily,	the	exact	shape	of	low-energy	cutoff	is	not	dramatically	
important	in	terms	of	energetics



Low-energy	cutoff:	An	example1160 E. P. Kontar et al.: Compton backscattered X-rays from solar flares

Fig. 3. Spectrum dependency of the reflected flux. Upper panel: pri-
mary (dashed line), reflected (solid line) and total (dotted line) pho-
ton spectra calculated for a modelled flare spectrum IP(ϵ) ∼ ϵ−3

for ϵ > 45 keV, IP(ϵ) ∼ ϵ−2 + exp(−ϵ/1.7) for ϵ < 45 keV. The
lower panel shows the reflectivity for a X-ray source at heliocentric
angle θ = 45◦, defined as the ratio of reflected to primary fluxes
R(ϵ, θ = 45◦) = IR(ϵ)/IP(ϵ) (solid line). The reflectivity assuming
power-law for a primary source with spectral index 3 (dotted line)
and 2 (dashed line).

Note that Bai & Ramaty (1978) and Zhang & Huang
(2004) assumed a different absorption approximation from
us based on earlier photoelectric absorption cross-sections by
Fireman (1974) and photospheric abundances by Withbroe
(1971). However, we should note that the difference is rather
modest accounting for around 30% of reflectivity at low ener-
gies and becoming smaller at higher energies, where absorption
is less important (Fig. 2). The reflectivity, and thus the contribu-
tion of Compton back-scattered photons into observed spectra
is spectrum-dependent (Fig. 3). Therefore, the albedo spectrum
depends on the shape of the primary spectrum (Fig. 3), – pre-
vious studies (Bai & Ramaty 1978; Alexander & Brown 2002)
considered only the results for prescribed power-law primary
spectra. This difference is important when one tries to infer a
primary spectrum from an observed one.

We verified that we can reproduce the forward results of
Bai & Ramaty (1978) by numerically evaluating Eq. (1) for the
particular case IP ∼ ϵ−γ and the parameters described in Fig. 2.
Consistency with previous treatments being established in this
way, we now turn to the inverse problem – deduction of the
primary spectrum from observations of the total spectrum.

4. From observed to primary X-ray spectrum

In the absence of data noise we could immediately invert
Eq. (2) to obtain IP:

IP(ϵ j) = Ai jI(ϵi), A = (1 + G(µ))−1. (5)

The same result as Eq. (5) can be obtained solving the origi-
nal system of linear Eqs. (4) using, for example, singular value

Fig. 4. Temporal variation in four energy channels (4 seconds cadence)
of the count rates summed over seven front RHESSI detectors for the
September 17, 2002 solar flare. The vertical lines show the accumula-
tion interval selected 5:50:48–5:51:36 UT for further spectral analysis.

decomposition. In reality, we have photon spectra contami-
nated by noise. If the resulting matrix has a large condition
number (ratio of largest to smallest singular values), then a
regularized approach should be adopted (e.g. Craig & Brown
1986; Piana et al. 2002; Kontar et al. 2004). In practice, we can
incorporate the effects connected with solar albedo as a part of
instrument response.

4.1. SPEX and albedo correction

For a given instrument such as RHESSI, the count flux C(ϵi) is
the linear composition of instrument response matrix Ri j and
the photon flux I(ϵ j) coming from the Sun (Schwartz et al.
2002)

C(ϵi) = Ri j I(ϵ j). (6)

However, since we are interested in the flare primary spectra
rather than the observed flux, we can combine Eqs. (3) and (6)
to get

C(ϵi) = R′i j Ip(ϵ j) (7)

where R′i j = Rik(1k j + αGk j). Here we introduced a coefficient
α that accounts for anisotropy of the source in the Eddington
approximation – that is, distinct but constant specific intensities
in the downward and in the upward hemispheres, in the ratio α.

This approach has already been incorporated into the SPEX
software (Schwartz et al. 2002) including the object oriented
version (OSPEX). The software is publicly available as a part
of Solar SoftWare (SSW).

5. RHESSI solar flare HXR spectra

5.1. Photon spectral correction

The spectral effect of Compton back-scattering on HXRs is
most pronounced for harder (flatter) spectra such as in the flare
of September 17, 2002 around 05:50 UT (see Fig. 4) which
we study here though quite a number of such flares have been
observed: August 20, 2002 (Kasparova et al. 2005), April 25,
2002 (Kontar & Brown 2005). The location of our flare, which
uniquely determines the Green’s function, was in the western

X-ray	light	curve

3-12	keV

12-25	keV
25-50	keV

50-299	keV

E. P. Kontar et al.: Compton backscattered X-rays from solar flares 1161

Fig. 5. Spectrum of the September 17, 2002 solar flare in the time
interval 5:50:48–5:51:36 UT. The solid line shows the observed spec-
trum; the dash line is the primary spectrum (corrected for Compton
back-scattering).

hemisphere at (560,−300) arcseconds corresponding to a he-
liocentric angle of θ ≃ 41◦.

We consider the spectrum around flare maximum
(5:50:48–5:51:36 UT) when we have enough counts over the
range 3 keV up to >100 keV. We used 7 out of 9 front segments,
excluding detectors 2 and 7 due to their low energy resolution
at the time of observation (Smith et al. 2002). The time interval
is shown in Fig. 4.

After background subtraction, spectral results are shown in
Fig. 5 for both the total observed spectrum, and the primary
spectrum IP determined via the method of the previous section
and using α = 1 (isotropic emission). We note how removal of
backscattered photons, as expected, reduces the primary flux
and steepens the spectrum in the 20–50 keV photon energy
range and slightly flattens the spectrum at energies above the
albedo maximum.

5.2. Effect of albedo on photon spectral index

The albedo changes the spectral indices of photon spectra, both
of power-law fits and of the local energy dependent spectral
index defined by

γ(ϵ) ≡ − ϵ
I(ϵ)

dI(ϵ)
dϵ
= −d ln I(ϵ)

d ln ϵ
· (8)

Direct numerical calculation of any derivative gives poor re-
sults in the presence of data noise, even for data as good as
that from RHESSI. Differentiation is a specific case of solv-
ing an integral equation and to obtain meaningful results in
the presence of noise needs some sort of stabilization such as
Tikhonov regularization, which we use here following Kontar
& MacKinnon (2005). We limited our analysis to the most in-
teresting range between 10 and 40 keV, where the albedo effect
is most pronounced. At the energies above 40 keV the count
rate is small and thus uncertainties are large, whereas at the
energies below 10 keV Fe/Ni lines affect the bremsstrahlung
spectra.

Figure 6 shows the energy dependent spectral index for
our flare spectrum. Both spectra (with and without albedo

Fig. 6. Energy dependent photon spectral index γ(ϵ) of the
September 17, 2002 solar flare. The solid line shows the spectral in-
dex of the observed spectrum; the dash line is the spectral index for the
primary spectrum (corrected for Compton back-scattering). The con-
fidence intervals represent the range of solutions found by allowing
the incident photon spectrum to range randomly within the estimated
(instrument + shot noise) errors.

correction) increase toward the ends of the energy interval. At
low energies this is probably due to a thermal component while
at higher energies it is likely connected with softening of a non-
thermal electron spectrum. The spectral index of the observed
data shows a clear minimum around 15 keV, while the spec-
trum corrected for albedo has a rather extended minimum in
the broad range 15−30 keV. The albedo correction increases
the minimum value of γ from 2.0 to 2.6. The opposite effect
can be seen at higher energies: the spectral index at 40 keV
decreases from 3.5 to 3.2, albedo correction making the pri-
mary spectrum harder. Qualitatively similar results have been
obtained for forward modelled spectra (Bai & Ramaty 1978;
Zhang & Huang 2004).

5.3. Effect of albedo on inferred source averaged
electron spectra

The primary photon flux is directly connected with the mean
source electron (so-called thin target) spectrum (Brown 1971;
Brown et al. 2003)

IP(ϵ) =
1

4πR2 n̄V
∫ ∞

ϵ
F̄(E) Q(ϵ, E) dE, (9)

where Q(ϵ, E) is the bremsstrahlung cross-section differential
in ϵ (Haug 1997) and the density weighted mean radiation
source electron flux spectrum F(E) (electrons cm−2 s−1 keV−1)
is defined by

F̄(E) =
1

n̄V

∫

V
F(E, r) n(r) dV (10)

with F(E, r) and n(r) the local electron spectrum and source
proton density at position r in radiating volume V with mean
target proton density n̄ = V−1

∫
n(r) dV .

Solution of Eq. (9) for F(E) is a somewhat unstable in-
verse problem (Craig & Brown 1986; Piana et al. 2003) and so
results are strongly affected when the observed I(ϵ) is used in-
stead of the albedo corrected IP(ϵ) required for correct solution

Observed	HXR	spectrum

Compton	
backscatter	
corrected 1162 E. P. Kontar et al.: Compton backscattered X-rays from solar flares

Fig. 7. Mean electron flux spectra of the September, 2002 solar flare.
The solid/dash lines show the spectrum without and with albedo
correction.

of Eq. (9). F(E) is important in the study of acceleration mech-
anisms and of the flare electron energy budget. Of particular
interest are data such as from the flare discussed above which
exhibit very flat regions which may correspond to F(E) with a
low energy cut-off in the mean electron spectrum which would
have major implications for electron acceleration and propaga-
tion, and for the energy budget (Kontar & Brown 2005).

We used standard SPEX software (Schwartz et al. 2002)
to fit to the observed X-ray counts an approximate parametric
F(E) comprising an isothermal plus broken power-law form
with low energy cut off. The minimum χ2 fit of the observed
spectra gives emission measure EM = 8.0×1046 cm−3, temper-
ature kT = 1.36 keV, spectral indexes δlow = 1.11, δhigh = 3.01
with break energy EB = 54 keV and a low energy cut-off at
18 keV very clearly visible above the isothermal part (Fig. 7).

Next we carried out the same model fit but using the instru-
ment response matrix corrected for albedo as described above
– i.e. we repeat the process for IP instead of I. The result shows
the same tendency as we saw in the analysis of energy depen-
dent photon spectral index. The primary photon spectrum is
softer at low energies and harder at high energies. Now we find
a slightly bigger emission measure EM = 9.2 × 1046 cm−3

and slightly smaller temperature kT = 1.29 keV. The spec-
tral index of energetic electrons becomes softer at low ener-
gies δlow = 1.28 and harder at high energies δhigh = 2.73 with
the break energy at higher energies EB = 59 keV. Most im-
portantly, in contrast with the fit to the observed spectrum, the
primary spectrum fit yields a much lower low energy cut-off,
around 10 keV, not clearly visible above the large thermal com-
ponent there (Fig. 7). Therefore, we cannot conclude that the
true F(E) derived from the primary photon spectrum has a well
defined low-energy cut-off.

Figure 8 gives a further example from the flare of
August 20, 2002 (Kasparova et al. 2005). We have obtained
regularized F̄(E) using the method of Kontar et al, 2005 start-
ing from the total observed spectrum I(ϵ) and the albedo-
corrected primary spectrum IP(ϵ). Note that a local maximum
in F̄(E) at ∼40 keV, difficult to accommodate in conventional
thick-target models (Kontar & Brown 2005), is no longer re-
quired when albedo is properly accounted for.

Fig. 8. Inverted mean electron flux of the August 20, 2002 solar flare
for the time interval 08:25:20–08:25:40 UT. The dash line shows the
spectra with albedo correction. The confidence intervals represent the
range of solutions found by allowing the incident photon spectrum to
range randomly within the estimated (instrument + shot noise) errors.

6. Discussion and conclusions

We have shown how the Compton backscatter Green’s func-
tion of Magdziarz & Zdziarski (1995) may be employed to de-
duce primary hard X-ray spectra from observations. We have
applied this procedure to RHESSI data, particularly from a cou-
ple of flares with hard photon spectra. Without a treatment of
albedo, spectral hardening found in some flares at photon en-
ergies of ∼40 keV appears to require a local minimum in the
mean fast electron distribution (Piana et al. 2003; Kasparova
et al. 2005). These local minima are particularly interesting,
since they might, if steep, (Kontar & Brown 2005) be incon-
sistent with the very widely used collision-dominated thick-
target model for X-ray production (Brown 1971; Lin & Hudson
1976). Here we have seen that a complete treatment of albedo
removes much of the spectral hardening in this photon energy
range, potentially restoring the viability of the collisional thick
target.

The major assumption here is the isotropy of the down-
ward directed radiation. At the relevant photon energies here
10−100 keV, the intrinsic bremsstrahlung cross-section polar
diagram has a characteristic width of about 30◦ (see figure in
Massone et al. 2004). Since the emitting electron angular dis-
tribution will be broadened by pitch-angle scattering (Leach &
Petrosian 1981; MacKinnon & Craig 1991), the resulting hard
X-ray flux might be fairly close to downward isotropic.

Inclusion of the albedo effect reduces the number of en-
ergetic electrons required for the production of the observed
spectra. The total flux of energetic electrons

⟨vnenV⟩ =
∫ ∞

Elow

⟨F̄(E)nV⟩ dE, (11)

where v is the average electron velocity. A thin-target fit of
the observed spectrum of the September, 2002 event gives
⟨vnenV⟩ = 6.2 × 1054 cm−2 s−1, 15% larger than the value ob-
tained for the albedo corrected spectrum. This effect is more
pronounced in the total energy than in total numbers, the en-
ergy flux ⟨vEnenV⟩ being 30% overestimated when Compton
back-scattering is ignored. The influence of albedo can be even

Forward	fit	spectrum

Compton	
corrected

Can	you	identify	the	possible	
location	of	𝐸D and	𝐸E?			

Kontar et	al.	2006



HXR	spectra:	high-energy	cutoffs

Holman	2003

N(E)	=	KE-3
el.	cm-3 keV-1

N(E)	=	KE-5
el.	cm-3 keV-1

High	energy	cutoff	leads	to	a	steepening of	the	HXR	spectra	at	high	energies
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Fig. 1 Example of coronal emission before the impulsive phase in the 23 July 2002 flare. Top left X-ray time
profiles and spectrogram from GOES and RHESSI, showing thermal emission with a gradual evolution and
a second component at higher energy with fast time variations of tens of seconds. Top right photon spectrum
with thermal fit (red) including fits to the Fe and Fe/Ni complexes (Phillips 2004), and non-thermal fit in
blue. Bottom imaging reveals that the fast time variation component mostly comes from the corona. RHESSI
contours in the thermal range (red) and at higher energies (blue) are shown for the time range outlined by
vertical bars in the panel to the left. The image shown is a TRACE 195Å image taken at 00:26:00 UTC

suggesting that the two components come from different emission plasma components.
X-ray spectral fitting reveals a relatively flat spectrum that can either be represented by
a (broken) power law5 (with photon power law index γ ≈ 5), or by a multi-thermal fit

5 In this paper we normally describe the spectral photon flux by a power law (hν)−γ , and the electron
number spectrum by E−δ , both indices positive.
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Break	“down”

• HXR	spectral	fit	results	
usually	show	a	spectral	
break	at	~30-60	keV

• Flatter at	lower	
energies,	and	steeper
at	higher	energies	



Possibility	1:	less	e- at	higher	energies
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Figure 4. Energy spectra of electrons at the end of the simulation (Ωi t = 130.0).
The energy spectra are normalized using Nevthe(ωpi/c)2/keV, where Ne is
the total number of electrons used in the simulations and vthe is the initial
electron thermal speed. The red solid, dot, and dashed lines represent the energy
distributions for all the electrons in downstream region at the end of simulation
for runs 5, 6, and 7, respectively. The blue solid, dot, and dashed lines represent
results from runs 2, 3, and 4, respectively.

upstream magnetic turbulence is included. For higher variance
of magnetic turbulence, there are more particles accelerated to
high energy. For run 4 (δB2/B2

0 = 0.3), 9.8% of electrons are
accelerated to more than 15 keV by the end of the simulation.
The efficient electron acceleration can be understood as stronger
magnetic turbulence allows for increased field-line meandering,
and the electrons move along field lines of force that intersect
the shock at several places, which therefore allows for efficient
energy gain at the shock front. Compared with earlier work (Guo
& Giacalone 2010), we find the maximum energy is proportional
to the square of upstream inflow speed in shock frame. This is
consistent with diffusive shock acceleration in which the energy
gain is proportional to V 2

sh, where Vsh is shock speed in the
upstream frame.

In Figure 4, we examine the effect of changing the coherence
length of the magnetic turbulence and focus on the high-energy
part of the energy spectra. It shows results from runs 5–7
(red lines, Lz = 800c/ωpi) along with corresponding runs
2–4 (blue lines, Lz = 400c/ωpi). It is shown that for larger
coherence length, the electrons reach higher energy and the
spectral slope is flatter. The more efficient acceleration in runs
5–7 can be understood as the larger simulation domain in the
direction of magnetic field allows more field lines wandering
normal to the shock (∆X2 ∝ ∆Z, where ∆X is the field-line
random walk normal to the averaged magnetic field and ∆Z is
distance along the field), therefore the electrons move across the
shock more easily. This dependence shows that long-wavelength
fluctuations are important to accelerate electrons to high energy.

Figure 5 shows the relation between the amplitude of mag-
netic turbulence δB2/B2

0 injected in hybrid simulation and the
percentage of electrons eventually accelerated to more than
15 keV. The triangles represent the case with Lz = 400c/ωpi,
whereas the squares represent the case with Lz = 800c/ωpi.
This result shows that for a larger amplitude of magnetic tur-
bulence, more electrons get accelerated to high energies. Once

Figure 5. Relation between the turbulence amplitude δB2/B2
0 injected in hybrid

simulation and the percentage of electrons eventually accelerated to more than
15 keV.

Figure 6. Energy spectra of protons downstream of the shock at the end of the
simulation (Ωi t = 130.0), normalized using Npvthp(ωpi/c)2/keV, where Np is
the total number of protons used to plot the spectra and vthp is the initial proton
thermal speed. The red solid, dot, and dashed lines represent the energy spectra
for protons in downstream region at the end of simulation for runs 5, 6, and 7,
respectively. The blue solid, dot, and dashed lines represent results from runs 2,
3, and 4, respectively.

δB2/B2
0 reaches 0.3 or higher, about 10% of electrons are even-

tually accelerated to more than 15 keV. For the cases in which
Lz = 800c/ωpi, the simulations generally give slightly more
electrons accelerated to high energies.

We also analyze the acceleration of protons, which are treated
self-consistently in this problem (i.e., they are included in the
hybrid simulation). Figure 6 shows the downstream energy
spectra of protons in shock frame at Ωcit = 130.0 for runs
2–7, normalized using Npvthp(ωpi/c)2/keV, where Np is the
total number of protons used to plot the spectra and vthp is the
initial proton thermal speed. Similar to Figure 4, the results
from runs 5–7 are represented by red lines and the results

5

Acceleration	by	termination	
shock	(Guo &	Giacalone 2012)



Possibility	2:	loss	of	low	energy	e-

• Return	current:	large	number	of	electrons	
precipitating	to	the	footpointà “returning”	
ambient	electrons	to	re-establish	neutral	charge	à
self-induced	“return	current”
• Return	current	generates	an	electric	field	(Ohm’s	
law)	along	the	loop
• Lower	energy	electrons	lose	a	larger	fraction of	
energy	than	their	higher	energy	counterparts	à
flattening	of	the	HXR	spectrum	at	lower	energies



Spectral	breaks	at	higher	energy

• At	higher	energies,	the	
HXR/𝛾-ray	spectrum	
break	“up”	again
• Contribution	from	the	e-e	
bremsstrahlung
• Acceleration	mechanism?

the overall shape of the photon spectrum I(!), even at energies !
that lie wholly below Emax (this is because the lack of electrons
with E > Emax has a measurable effect on the photon spectrum at
lower energies). An accurate assessment ofEmax by this technique
requires accurate measurements of I(!) out to energies !P Emax.
However, the spectral break produced by the ‘‘switching off ’’ of
electron-electron bremsstrahlung at high values of ! can occur at
energies ! substantially less than Emax (Fig. 2), where, especially
for steep spectra, photon statistics may be much better. However,
it should be noted that due to the fairly strong dependence of
!max/E, and hence the location of the spectral break point, on "
(Figs. 1 and 2), the inferred value of Emax depends significantly
on the value of ", and may indeed be masked if a range of " val-
ues (i.e., a beam distributed widely in solid angle) is involved.

3. DATA ANALYSIS

In selecting suitable events for analysis, we searched for a clear
identification of high-energy photons in the flare light curve, and
specifically a count rate high enough to provide good count statis-
tics in energy channels above 300 keV. Quasi-logarithmic energy
binning was used in order to enhance the signal-to-noise ratio
in each energy channel, and the time bins were chosen equal to
RHESSI’s rotation period (as given for the time of the flare), to
ensure that there is no differential modulation of the light curve
from varying aspects of the imaging grids.

The data were corrected for the following effects: decimation,
detector energy response, detector live time, attenuator transmis-
sion, imaging grid transmission, and pulse pile-up. These steps
were performed using standard software incorporating the most
up-to-date information on the instrumental calibration (Schwartz
et al. 2002). The background was then subtracted using the SPEX
package to interpolate between two background time intervals,
one before, and one after the flare. Data fromdetectors 2 and7were
not used, because their energy resolution is significantly poorer
than for the other detectors (Smith et al. 2002).

Figure 3 shows the photon spectrum for the time interval
09:43:16Y09:44:24 UT (the time of approximate peak flux) for
the 2005 January 17 (GOES class X3.8) event. This event, which
produced several strong gamma-ray lines, was previously studied
by Kontar & Brown (2006), who concluded that the pitch angle
distribution for electrons up to !300 keV is close to isotropic.

We focus attention on the highest energy spectrum (! > 200 keV)
in this paper.

This event was located at position (x ¼ 38000; y ¼ 32000) on
the solar disk, corresponding to a heliocentric angle !30#. Con-
sequently, the assumption of a downward-directed electron beam
leads to angles " between the beam direction and the observer in
the second quadrant; this enhances the possibility of observing the
spectral features noted in x 2 associated with the upper limit to
electron-electron bremsstrahlung emission (see Figs. 1 and 2).

4. DETERMINATION OF THE MEAN SOURCE
ELECTRON SPECTRUM

Before attempting to determine the form of the mean source
electron spectrum responsible for the observed hard X-ray/
gamma-ray continuum, it is first necessary to subtract the emis-
sion from strong gamma-ray spectral lines. In the energy range
under consideration, the twomost significant ranges forwhich this
subtraction is necessary are (483Y512) keV and (829Y882) keV.
The corrected spectrum is presented in Figure 3. The first of these
corresponds to the electron-positron annihilation line at 511 keV
and its associated positronium continuum at lower energies; the
second corresponds to a variety of strong emission lines from

Fig. 3.—Photon spectrum for the time interval 09:43:16Y09:44:24 UT in the
2005 January 17 event with gamma-ray line features (see text) removed.

Fig. 2.—Left: Ratio of the total photon spectrum to that produced by electron-ion bremsstrahlung alone, for different viewing angles ". The mean source electron
spectrum is a power law with spectral index # ¼ 2 and an upper cutoff energy at 1 MeV. Right: Corresponding local spectral indices $(!) ¼ $d log I(!)/d log !. Note the
sharp features in $ caused by the absence of electron-electron emission above a certain photon energy !max (see Fig. 1). For clarity, only select curves have been labeled in
both panels.
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27Al, 54Cr, and 56Fe (see Table 1 in Ramaty et al. 1979; Table 1
in Kozlovsky et al. 2002). These lines were removed by replac-
ing the data in these ranges with a smooth interpolation of the
continuum spectrum on either side of each feature.

The residual photon spectra then represent principally brems-
strahlung continuum, with an emissivity given by equation (1).
(Since our focus is on the highest energy emission [! > 200 keV],
the effect of photospheric Compton back-scatter of primary pho-
tons [albedo] should be insignificant [Bai&Ramaty 1978;Kontar
et al. 2006].) These continuum spectra were then used to deter-
mine the mean electron flux spectrum F(E ) in the source, using
two different, well-established methodologies for the solution of
equation (1).

4.1. Forward Fit

Here we follow the procedure of Holman et al. (2003), and
assume that the mean electron spectrum is the sum of a low-
energy Maxwellian, plus a broken power law of the form

F(E ) ¼
AE""1 E < Ebrk;

AE"2""1
brk E""2 E # Ebrk:

(
ð4Þ

Because theMaxwellian part of F(E ) (with a characteristic tem-
perature T ’ 3 keV) is utterly insignificant at energies E >
200 keV, it is not necessary to consider this component in our
analysis.

Using the fundamental relation (eq. [1]), the cross section
(eq. [2]), and anF(E ) of the form in equation (4) permits us to ob-
tain the photon spectrum I(!) for a given set of parameters (A,Ebrk,
"1, "2). Comparison with the observed I(!) above ! ¼ 200 keV
then permits determination of the best-fit values of A, Ebrk, "1, and
"2. We performed such a forward fit for two forms of the brems-
strahlung cross section:

Qe -i(!;E ) ¼ Z 2Qe -p(!;E );

(i.e., including electron-ion bremsstrahlung only) and

Qtot(!;E ) ¼ Z 2Qe -p(!;E )þ ZQe -e(!;E );

(which includes both electron-ion and electron-electron brems-
strahlung). Mean values Zh i¼ 1:2 and Z 2

! "
¼ 1:44 (represen-

tative of mean solar abundances) were assumed.

Using the cross section Qe -i(!;E ), which represents only
electron-ion bremsstrahlung, results in best-fit values "1 ¼ 3:4,
"2 ¼ 2:9, and Ebrk ¼ 445 keV. Using the more correct cross sec-
tionQtot(!;E ) (which incorporates both electron-ion and electron-
electron terms) gives "1 ¼ 3:5, "2 ¼ 3:1, and Ebrk ¼ 431 keV.
The forms of both of these fits are shown in Figure 4. While
inclusion of the electron-electron bremsstrahlung term results
in little change to the form of F(E ) at low energies, its inclu-
sion does lead to the break energy moving downward from E '
450 keV to E ' 430 keV, and to the spectral index for the high-
energy component steepening from " ’ 2:9 to " ’ 3:1 (!" ’
0:2). Such a steepening of F(E ), and the energy above which it
becomes significant, are in accordance with the expectations
expressed in x 1 and with earlier quantitative estimates based on
the hardening of hard X-ray spectra (e.g., Vestrand 1988).

4.2. Regularized Inversion

Piana et al. (2003) have demonstrated how to construct smooth,
regularized, forms for the mean electron flux spectrum F(E ) from
high-resolution RHESSI photon spectra I(!). The advantage of
this method is that it is not necessary to assume an empirical form
forF(E ). In addition, as shown byBrown et al. (2006), this method
is capable of accurately revealing the overall shape of the electron
spectrum, and indicating the presence and approximate form of
small-scale features of sufficient amplitude, if present.
Figure 5 shows the recovered F(E ) solution for the same pho-

ton spectrum used in the forward-fit procedure of Figure 4. The
results are presented in the form of a confidence strip, a set of dif-
ferent realizations of F(E ), each curve corresponding to a differ-
ent realization of the noisy data set I(!). Results usingQ(!;E ) ¼
Qe -i(!;E ) (i.e., including only electron-ion bremsstrahlung) are
shown as dashed lines; results using the full cross sectionQtot(!;E )
(i.e., incorporating both electron-ion and electron-electron terms)
are shown as solid lines.
It is clear that the F(E ) recovered using the full cross section

(eq. [2]), including both electron-ion and electron-electron brems-
strahlung, is, forEk 300 keV, steeper (with a spectral index greater
by '0.4) than the F(E ) recovered assuming purely electron-ion
emission. This result is consistent not only with the forward-fit re-
sults of the previous subsection, but also with the physical expecta-
tions enunciated in x 1. Moreover, the dashed confidence strip

Fig. 4.—Forward-fit forms of n̄VF(E ) for the selected flare. The dotted curve
assumes electron-ion bremsstrahlung only; the solid curve includes the additional
electron-electron term.

Fig. 5.—Recovered forms of the quantity n̄VF(E) (in units of 1050 electrons
cm"2 s"1 keV"1; see eq. [1]) using a zero-order regularization technique and
presented as a ‘‘confidence strip,’’ i.e., a series of solutions, each based on a
realization of the data consistent with the size of the uncertainties. The dashed lines
assume electron-ion emission only; the solid lines include the additional electron-
electron emission term.
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Microwave	gyrosynchrotron spectra

• HXR	photons	with	energy	𝜀
come	from	electrons	with	~𝜀 via	
bremsstrahlung	à 10s	to	100s	
keV

• Microwave	gyrosynchrotron
probes	electrons	with	higher	
energies	(>300	keV)

• Can	one	electron	distribution	
fits	all?

S.M. White et al.

Fig. 3 Comparison (upper panel) of the RHESSI 60–100 keV hard X-ray light curve (blue histogram) and
the NoRP 35 GHz light curve (red solid curve) for the well-observed flare SOL2002-07-23T00:35 (X4.8), as
well as (lower panel) the time evolution of the radio spectral peak frequency (purple solid line) and the radio
spectral index from 35 to 80 GHz converted to an electron energy spectral index assuming gyrosynchrotron
emission from an optically-thin source (red plus symbols, uncertainty ±0.3). For comparison, the thick-target
electron energy index obtained from the RHESSI 100–400 keV spectrum is also shown (blue open circles;
formal uncertainty ±0.2). From White et al. (2003)

fluxes above 30 GHz in order to estimate the radio spectral index on the optically-thin high-
frequency side. The imaging data were consistent with the picture in which the high-energy
HXRs were emitted from the footpoints of coronal loops visible in the radio images.

Radio and HXR light curves for this event and the results of fits to the radio and HXR
spectra are shown in Fig. 3. The structure of the 35 GHz light curve is representative of all
radio frequencies above 4 GHz, and 60–100 keV is representative of the light curves for
all hard X-rays above 30 keV; below 30 keV, the X-rays show less temporal fine structure
in their light curves (Holman et al. 2003). The impulsive phase consists of a number of
spikes and dips that are all seen in both the radio and HXR light curves. Different peaks
have relatively different heights at the two wavelengths, but over the ∼20 minutes of the
impulsive phase the similarity in time profiles is striking, including the brief sharp dip at
00:30:20 UT. Note that the rapid drop in radio emission exhibited during this dip implies
that the trapping time for electrons in the corona must be very short (of order seconds) in
this event.

The lower panel in Fig. 3 represents the spectral evolution of the radio emission using
two parameters: the peak frequency (solid line), and the radio spectral index from 35 to
80 GHz (plus symbols), converted to the equivalent electron energy spectral index. The peak
frequency in the spectrum, i.e., the frequency at which the radio flux is largest at any time,
represents the boundary between the lower frequency emission from the regime where the
source is optically thick and higher frequency emission from the regime where the source is
optically thin. For comparison, the HXR spectral index from 100–400 keV, converted to an
electron energy spectral index by assuming thick-target emission, is also plotted (as circles)
in the lower panel, and it is clear that the two energy spectral indices are inconsistent with
one another: as usual (e.g., Kundu et al. 1994; Silva et al. 2000), the radio data indicate a
much flatter energy spectrum than do the HXR data.

Applying the quantitative analysis above to the hard X-ray data, we can estimate
electron number densities in this event. The 40–400 keV photon energy spectrum at

White	et	al.	2003

Large	discrepancy	usually	found	between	HXR	and	microwave!



HXR	and	microwave	discrepancy:	
What’s	wrong?

• HXR	emission	is	
dominated	by	the	
precipitated
electrons	at	the	
chromosphere

White	et	al.	2011
Solar Radio and Hard X-ray Emission

Fig. 7 Images of the early phase of the loop flare SOL2002-08-24T01:12 (X3.1) on the west limb. The left
panel shows the RHESSI image of nonthermal 20–40 keV HXR photons covering the period 00:55–00:57 UT.
The middle panel shows a TRACE 195 Å image at 00:57 UT, while the right panel shows contours of the
emission at 17 GHz overlaid on a color image of the 34 GHz emission, also at 00:57 UT. Contours in the
HXR and radio images are at 5, 20, 35, 50, 65 & 80% of the maximum in each image. The placement of the
TRACE image relative to the other wavelengths is uncertain

Type III bursts instead). In fact, flare radio images that clearly look like magnetic loops are
the exception, not the rule. This may be partly due to limited spatial resolution: since NoRH
has a typical resolution of order 10′′, any loop needs to be quite large to appear as such in the
radio images. Another factor is that the magnetic field variation along a loop can emphasize
emission from strong-field regions or regions with θ ≈ 90◦ so much that a loop morphology
is not evident. Accordingly, events that do have a loop-like morphology tend to be heavily
analyzed.

By far the favorite loop event for radio studies during the RHESSI period is SOL2002-
08-24T01:12 (X3.1) on the west limb (Karlický 2004; Li and Gan 2005; Melnikov 2006;
Tzatzakis et al. 2008; Romano et al. 2009; Reznikova et al. 2009; Ning and Cao 2009), which
also produced a fast (1900 km s−1) CME and an energetic particle event at the Earth. Figure 7
shows images in HXRs, microwaves and the EUV 195 Å band (Fe XII and Fe XXIV) during
the early part of the impulsive phase, for which RHESSI data are available. The apparent
loop has a footpoint separation of order 70′′ and height of order 50′′. The images provide an
interesting contrast: in HXRs at tens of keV, presumably from nonthermal electrons, we see
a pronounced brightening at the top of the “loop” in this early stage of the flare (here we
use quotation marks to emphasize to the reader that while the source appears from our line
of sight to be a “single loop”; in fact it could equally well be an arcade of loops extended
significantly east-west, but co-located in projection along our line of sight). Line-of-sight
effects can also play an important role in the appearance of the radio source, as discussed in
Sect. 2. The flare apparently occurred on the visible disk and hence footpoint HXR sources
should be visible, but they are not pronounced in these images; there is some evidence for
multiple sources in the region of the southern footpoint at times before 00:55 UT. The radio
images also show a bright peak at the top of the loop, but at 17 GHz the brightest source
is at the southern footpoint, in a region that appears extended along the limb in the HXR
images. The EUV image shows dense cool (Fe XII) and hot (Fe XXIV) material, the latter
also detectable by RHESSI via its observations of the Fe and Fe–Ni X-ray emission-line
complexes (Caspi et al. 2010).

The radio light curve for this event shows a number of intensive peaks over a period of
10 minutes starting at 01:00 UT, requiring repeated injections of energetic particles onto

• Gyrosynchrotron emission	is	mainly	from	the	
trapped electrons	in	the	flare	loop

• Trapping	may	resulting	in hardening	
• Anisotropy of	electron	distribution	also	

contributes	to	spectral	hardening.	How?
The	HXR/microwave	discrepancy	is	still	
largely	unexplained



HXR/microwave	spectra	evolution

• Events	showing	impulsive HXR/microwave	peaks	
usually	have	a	harder spectral	index	during	the	
peaks,	and	softer both	in	the	rise	and	decay	phase,	
known	as	a	soft-hard-soft	(SHS)	spectral	evolution
• In	some	events,	the	spectra	stay	hard or	even	gets	
harder,	known	as	a	soft-hard-harder	(SHH)	spectral	
evolution
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SHS	feature	at	every	HXR	peak
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Fig. 16 Time evolution of the spectral index γ (upper curve, linear scale on right) and the flux normaliza-
tion I35 (lower curve, logarithmic scale on left) of the non-thermal component in SOL2002-11-09T13:23
(M4.9). Different emission spikes are shown in different colors (after Grigis and Benz 2004). Reproduced
with permission ©ESO

fixed, usually near the logarithmic mean of the covered energy range. In the RHESSI spectral
analysis software, OSPEX, ε0 = 50 keV by default. The time dependent spectrum is given
by

I (ε, t) = Iε0(t)

(
ε

ε0

)−γ (t)

. (9.1)

A representative sample of 24 solar flares of GOES magnitudes between M1 and X1
was selected by Grigis and Benz (2004). The spectral model (9.1), with the addition of an
isothermal emission component at low energies, was fitted with a cadence of one RHESSI
spin period (about 4 s). This delivered a sequence of measurements of the quantities Iε0(t)

and γ (t) for each of the 24 events, covering a total time of about 62 minutes of non-thermal
hard X-ray emission. For these events, ε0 = 35 keV was chosen, a meaningful energy which
lies about in the middle of the range where the non-thermal emission is best observed in
these M-class flares.

An example of the measured time evolution of the spectral index γ and the flux normal-
ization I35 for the longer-lasting event of the set is shown in Fig. 16. A correlation in time
between the two curves can be readily seen. Single emission spikes are plotted in differ-
ent colors, so that the soft-hard-soft evolution can be observed during each spike (with the
exception of the late, more gradual phase, where the emission stays hard as the flux decays).

As there is an anti-correlation in time between log I35(t) and γ (t), a plot of one parameter
as a function of the other, eliminating the time dependence, shows the relationship between
them. Figure 17 shows plots of γ vs. I35 for 3 events where there are only one or two
emission peaks. The points in the longer uninterrupted rise or decay phase during each event
are marked by plus symbols. A linear relationship between log I35 and γ can be seen during
each phase, although it can be different during rise and decay.

On the other hand, a plot of all the 911 fitted model parameters for all the events show
a large scatter, as shown in Fig. 18. The large scatter can be understood as originating from

Flux	and	spectral	index	evolution
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Fig. 18 Plot of the spectral
index γ versus the fitted
non-thermal flux at 35 keV (given
in photons s−1 cm−2 keV−1).
All 911 data points from the
24 events are shown (from Grigis
and Benz 2004). Reproduced
with permission ©ESO

the superposition of data from a large numbers of different emission spikes, each featuring
linear trends with different parameters. This plot does demonstrate, however, the tendency
for flatter spectra to be associated with more intense flares.

RHESSI observations of the gradual phase of large solar flares (Grigis and Benz 2008)
and its relation with proton events (Saldanha et al. 2008; Grayson et al. 2009) have shown
that the hardening behavior is complex and cannot be characterized by a continuously in-
creasing hardness during the event. Therefore the soft-hard-harder (SHH) denomination
does not accurately reflect the observed spectral evolution. Rather, phases of hardening (or
even approximatively constant hardness) are often seen in larger events as the flux decays
(Kiplinger 1995). The start of the hardening phase can happen near the main peak of the
flare, or later. The end of hardening can even be followed by new impulsive SHS peaks. The
most recent statistical study of the correlation of SHH behavior with proton events (Grayson
et al. 2009) found that in a sample of 37 flares that were magnetically well-connected to
Earth, 18 showed SHH behavior and 12 of these produced solar energetic particle (SEP)
events. None of the remaining 19 flares that did not show SHH behavior produced SEP
events.

9.2 Interpretation of Spectral Evolution

Can we explain the soft-hard-soft spectral behavior theoretically? The problem here is that
many effects contribute to the properties of the high-energy electron distribution whose
bremsstrahlung hard X-rays are observed by RHESSI and similar instruments. We can iden-
tify three main, closely related classes of physical processes that affect the distribution of
the electrons and the spectrum of the X-ray photons they generate: (1) the acceleration of
part of the thermal ambient plasma, (2) the escape from the acceleration region, and (3) the

Grigis &	Benz	2004

Flux	vs.	spectral	index



SHS	spectral	evolution	in	microwave

Flux	and	spectral	index	evolution Flux	vs.	spectral	index

Ning	&	Ding	2007
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SHH	microwave	spectral	evolution
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Fig. 7. Examples of type-II flares following the soft–hard–harder spectral behavior in the rise–peak–decay phases at 35 GHz (thick lines). The flare peak
at 35 GHz and the softest index are indicated by the dashed and dotted lines, respectively, for the 2001 April 03 flare.

Fig. 8. Scatter plots of the time delay between the flare peak and !max versus the flare peak flux, duration at 35 GHz, and the !max value for type-II
flares.

378 Z. Ning and M. D. Ding [Vol. 59,

4. Conclusions and Discussions

We statistically analyzed the microwave spectral evolution
of 103 solar flares observed by NoRP between 1998 and
2005. The spectral index was derived from the formula
!.t/ = !1:1Œı.t/ ! 1:2", where ı.t/ was obtained by fitting
the spectra, assuming S.#; t/ = F0#ı.t/ in the optically thin
part. We found two typical types of solar flares with
different microwave spectral behavior. Type-I flares display a
soft–hard–soft spectral evolution pattern, while type-II flares
follow a soft–hard–harder behavior in the rise–peak–decay

Fig. 9. Microwave spectral index versus flux at 35 GHz (in units
of sfu) between 02:22:30 and 02:54:30 UT for the 2001 April 03
flare (dotted line), and between 05:05:00 and 05:28:30 UT for the
2001 December 26 flare (dashed line).

Fig. 10. Number of distributions as function of the flare duration at 35 GHz for type I and type II flares.

phases at 35 GHz. Our results are consistent with a previous
study (e.g., Benz 1984).

We discovered 12 type-I and 91 type-II flares in the sample,
respectively. Figure 10 plots their distributions against the
flare durations at 35 GHz. There is no significant difference
between the distributions of the two types of flares. The
most important result obtained from our analysis is that
the soft–hard–harder pattern is dominant in the microwave
flares. Melnikov and Magun (1998) studied 23 microwave
flares, and found that nearly all events indicate hardening of
electron spectra. The soft–hard–harder pattern implies that
highly energetic electrons have a longer lifetime, or a second
acceleration contribution to them (e.g., Melnikov & Magun
1998). On the other hand, the type-I flares are very small
compared with the type-II flares. On the contrary, most
of the hard X-ray flares appear to have the soft–hard–soft
characteristic, as noted earlier (Kosugi et al. 1988). Such
a difference gives an observational constraint for electron
acceleration and transport theories in flare models. It would
be an interesting work to compare in detail the microwave and
hard X-ray spectral behavior of solar flares in the future.

Microwave emission from solar flares includes a thermal
component. Microwave spectral evolution is affected by
this component, especially in the decay phase. Since
the nonthermal component decreases rather rapidly and the
thermal component increases gradually with time in the decay
phase, the microwave spectrum would continuously harden
with time in the decay phase. The hardening due to the
thermal component in the decay phase would be significant,
especially in the case of flares with small flux densities at
higher frequencies. For example, the thermal component may
make a significant contribution in the decay phase of two events
in figure 4. The microwave flux densities at 35 GHz after



HXR	spectral	evolution:	Why?

• Variation	of	thermal	and	non-thermal	contribution	
in	the	X-ray	energy	range	where	spectral	index	is	
obtained

13.3. HARD X-RAY SPECTRA 565
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Figure 13.7: Simulation of spectral evolution during a flare: The thermal-nonthermal spectrum
is identical to the large flare calculated in Fig. 13.5, except that the nonthermal component varies
in time between 10% and 100% of the total thermal energy. The resulting spectra are shown
(left), and the temporal evolution of the fluxes at 20, 30, and 50 keV are shown (top right). The
evolution of the spectral powerlaw slopes γ(t) in the three energy ranges 20 − 30 keV, 20 − 50
keV, and 30 − 50 keV is shown (right). Note the soft-hard-soft evolution due to the changing
ratio of the thermal to nonthermal spectrum. Note, however, that the soft-hard-soft evolution at
higher energies ( >

∼ 30 keV) cannot be explained with this model and probably is an intrinsic
property of the acceleration mechanism.

nent could even be fitted by using instruments with poorer spectral resolution, such as
with Hinotori, HXRBS/SMM, and Yohkoh (Nitta et al. 1989, 1990; Nitta & Yaji 1997).
Combined fitting of the thermal and nonthermal component (e.g., using recent RHESSI
data), then allows comparison of the energy budget of both components, which were
found to be comparable: for example Wth ≈ Wnth ≈ 2.6×1031 erg in the 2002-Jul-23
flare (Holman et al. 2003), or Wnth(ϵ ≥ 10 keV)=2.6 × 1030 erg in the 2002-Feb-26
flare at 10:26 UT (Saint−Hilaire & Benz 2002; Dennis et al. 2003).

13.3.2 Soft-Hard-Soft Spectral Evolution

The hard X-ray spectra of flares often initially show a steep spectral slope (soft), which
flattens at the peak of the flare (hard), and then becomes steeper again (soft) in the decay
phase of the flare. This evolutionary pattern has been called soft-hard-soft evolution.
In other words, the value of the spectral powerlaw slope is anti-correlated with the hard
X-ray flux. Such observations have been reported by Parks & Winckler (1969), Benz
(1977), Brown & Loran (1985), Dennis (1985), Fletcher & Hudson (2002), and Hudson
& Farnik (2002). A soft-hard-soft evolution was observed for every flare subpeak in
the 1980-Jun-27 flare, suggesting that two different electron populations dominate at
the flare peaks and valleys (Lin & Johns 1993). There are a number of physical effects
that can explain spectral changes in the hard X-ray spectrum: (1) Particle trapping
favors the presence of higher energy particles that have a longer collisional time, thus

• Transport:	Longer	
transport	time	à
more	loss	in	low-
energy	electrons	à
harder	spectrum

• Particle	acceleration	
mechanism	itself



SHS	also	in	coronal	HXR	sources
• Coronal	HXR	sources	are	at	least	closer	to	the	acceleration	
site	à probably	from	the	acceleration	mechanism?	
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Fig. 21 Top left: Composite CLEAN image of a RHESSI event with three hard X-ray sources. The footpoints
(labeled 1 & 2) are visible on the solar disc in an image made at 34–38 keV. The position of the coronal source
(labeled 3) high above the limb is indicated by the 50 and 80% white contours taken from a 10–12 keV image.
Plots 1–3 show spectra and normalized residuals over the fitted energy range for the north footpoint (1), south
footpoint (2), and coronal source (3) (after Battaglia and Benz 2006). Reproduced with permission ©ESO

al. (2007) inverted count visibility spectra for this flare to obtain mean electron flux distri-
butions for the footpoints. They found the mean electron flux distribution function at the
northern footpoint to be somewhat steeper (!δ ≈ 0.8) than that derived for the southern
footpoint. They also found the distribution function for the region between the footpoints
(not the coronal source studied by Sui et al.) to be steeper than the footpoint distribution
functions (!δ ≈ 1.6 relative to the southern footpoint) and to substantially steepen at ener-
gies above ∼60 keV.

Krucker and Lin (2002) found that, when a connection between footpoints could be de-
termined, the footpoints brightened simultaneously (to within the ∼1 s time resolution of
the observations) and had similar spectra.

Differences of 0.3–0.4 between the spectral indices of two footpoints in SOL2002-07-
23T00:35 (X4.8) were reported by Emslie et al. (2003).

For the flares analyzed by Battaglia and Benz (2006), a significant difference was found
in only one out of five events. For all other events, the mean difference in γfp was zero within
the statistical uncertainty.
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Fig. 22 Top: GOES 1–8 Å light curve of SOL2003-10-24T02:54 (M7.6). Middle: RHESSI 25–50 and
50–100 keV light curves near the peak of the GOES flare. Bottom: time evolution of fitted coronal source
flux at 35 keV (F35, * symbols, left log scale) and spectral index (γ , + symbols, right log scale) displaying
SHS evolution (after Battaglia and Benz 2006). Reproduced with permission ©ESO

showed that, even in the simple 1-D model, a compact coronal source is produced when
electrons are injected into a loop with a constant coronal density ∼2 × 1011 cm−3 (see
hesperia.gsfc.nasa.gov/sftheory/loop.htm). A compact coronal HXR source can also be pro-
duced if there is a compact magnetic trap at or above the top of the loop. Fletcher and

Battaglia &	Benz	2006



What	causes	HXR	spectral	hardening?

• Stochastic	acceleration	
model	by	turbulent	fast-
mode	waves	(c.f.	Lecture	
19	by	Prof.	Longcope)

• Stronger	turbulence	à
harder	spectrum
• Longer	trapping	time	𝜏à
harder	spectrum

Dij
(turb)(v) = 4π 2 e2

m2
εturb
k v

Wave$par.cle,
interac.on,w/,

•  Produces,power,law,tail,in,distribu.on,func.on,
•  Energy,source:,turbulence,of,waves,
•  Accelera.on,via,wave$par.cle,interac.on,
•  more,vigorous,turbulence,,,harder,spectrum,
,,,,,,,,,,,(i.e.,smaller,ξ),

ξ =
e2nΛk
π εturb

f (v) ∝ v −ξ
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is the Maxwell-Boltzmann distribution normalized to unity, and
ṅ0 =

∫
S N dE is the rate of escaping particles.

3.3. Method of solution

Equation (13) is solved numerically using the Crank-Nicolson
finite differences scheme in logarithmic energy space, which is
well suited for diffusion problems. This method is the same as
used in MLM and gives accurate results with fixed steps in time
and log E.

3.4. From electrons to photons

The numerical solution described above yields electron spec-
tra. For a meaningful comparison with the observations we need
photon spectra. They are generated by bremsstrahlung from the
electron distribution. Since the model spectra are in equilibrium
(particle losses by escape and coulomb collisions are compen-
sated by the acceleration) a thin-target emission is computed.

We convert the energy differential electron flux distribution
F(E) in electrons cm−2 s−1 keV−1 into the photon spectrum J(ε)
observed at Earth in photons cm−2 s−1 keV−1 using the equation
for the thin-target bremsstrahlung emission:

J(ε) dε =
nV

4πR2

∫ ∞

ε
N(E)dσ(ε, E) dE, (26)

where V is the source volume and R is the distance from the Sun.
The cross section dσ(ε, E) used is the fully relativistic, spatially
integrated Bethe-Heitler formula (Bethe & Heitler 1934) with-
out further approximations. This should adequately represent the
emission process of the computed electron spectrum in a looptop
source.

We will consistently use the notation δ, γ, FE0 , Jε0 , E∗, ε∗, F∗
and J∗ for, respectively, the electron spectral index, the photon
spectral index, the electron density at energy E0, the photon flux
at energy ε0, the electron pivot-point energy, the photon pivot-
point energy, the electron density at E∗ and the photon flux at ε∗.

4. Results

Section 4.1 presents the detailed properties of the numerical so-
lution of Eq. (13) for the standard set of parameters (“default val-
ues” given in Table 2) and the energy independent escape model.
In a second step (Sect. 4.2) we will proceed to study the depen-
dence of the results on the values of the model parameter and,
finally, examine an alternative escape model (Sect. 4.3).

4.1. Results for the default values of the model parameters

In this section the default values for the model parameters pre-
sented in Table 2 are used. In this case, τ and IACC are the only
free parameters of the model, and the acceleration coefficients
are much larger than the Coulomb collisional coefficients in the
energy range above 10 keV (see Fig. 3). Therefore, we expect
that the electron spectrum in this energy range depends only on
the value of the product Iτ = IACC · τ (cf. Eq. (13)), and we can
basically work with one free parameter. For some choices of the
model parameters, this approximation will not be valid anymore,
so we will relax this assumption in Sect. 4.2.

Figure 4 presents the electron spectra resulting from the nu-
merical solution of Eq. (13) for 4 different values of Iτ, which
yield different values of the electron spectral index δ fitted in the
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Fig. 4. Accelerated electron distributions with different values of the
power-law index resulting from changes in Iτ = IACC · τ. The dashed
curve represents the ambient Maxwellian distribution. The two dotted
lines indicate the energy range used for the computation of the power-
law index δ shown above each spectrum.

energy range 30–80 keV. The harder spectra are the ones result-
ing from a higher value of Iτ. The dependence of the spectral
index on Iτ is shown in the top panel of Fig. 5. Note that in the
case where acceleration is weak or escape strong (that is, Iτ is
small) very soft spectra are produced. For increasing trapping
and acceleration efficiency (Iτ larger) the spectra become harder.
The middle panel of Fig. 5 shows the dependency of the electron
flux at 50 keV, F50, on Iτ. Here the flux is larger for larger Iτ.
During a flare, Iτ will change as more energy is injected into tur-
bulence waves, and therefore both δ and F50 will change. This
explains qualitatively the soft-hard-soft effect: as Iτ increases, δ
will decrease and F50 will increase. It is shown in the bottom
panel of Fig. 5, where δ vs. F50 are plotted as a function of the
parameter Iτ.

Since Iτ contains the physics of acceleration and escape, the
time evolution of the spectral index and flux in our model is a di-
rect consequence of the changes in Iτ. For example, if the energy
density of the turbulent waves grows, reach a maximum value
and then decreases, the electron spectrum will harden until peak
time and soften again.

To check the quality of the numerical solution, we obtain an
approximated analytical expression for the function δ(Iτ), whose
computation is explained in Appendix A. The approximate curve
is plotted in the top panel of Fig. 5 as a dashed line and agrees
well with the numerical solution. Because of the linear nature of
Eq. (13), the method exploited in Appendix A cannot be used to
get an approximate solution for F50(Iτ).

The dashed line in the bottom panel of Fig. 5 represents the
best fit of a logarithmic function (linear in log-lin space) to the
data for δ in the range 2–8. Such a relation between the electron
flux at a reference energy and the spectral index indicates the
presence of a pivot point in the electron spectra, as shown in
Sect. 2. From the slope and normalization of the dashed line we
can get values of the pivot-point energy E∗ and flux F∗ for the
electron distributions.

More precisely, if

δ = a log FE0 + b, (27)

then

E∗ = E0e1/a and F∗ = e−b/a (28)

𝐼Y = 𝐼.DD Z 𝜏

Grigis &	Benz	2006

“Strength”	of	
acceleration Escape	time



Modeling	HXR	flux	vs.	spectral	index

148 G.D. Holman et al.

Fig. 20 Model results for the spectral index and flux normalization for electrons and photons. The dashed
line is the best straight-line fit to the model results (in the range of spectral indices from 2 to 8 for the
electrons, and 3 to 9 for the photons), corresponding to a pivot-point behavior (from Grigis and Benz 2006).
Reproduced with permission ©ESO

Are there two stages of electron acceleration, one responsible for the impulsive phase
and one for the gradual phase? RHESSI spectroscopy and imaging of a set of 5 flares with
hardening phases (Grigis and Benz 2008) showed that there is no discontinuity in the motion
of footpoints at the onset of hardening and no clear separation between the impulsive and
the gradual phase: the former seems to smoothly merge into the latter. This supports the
view that the same acceleration mechanism changes gradually in the later phase of the flare,
rather than a two stage acceleration theory. The hardening phase may in fact be caused by
an increase in the efficiency of trapping of the electrons above 100 keV.

The underlying cause of the SHS spectral evolution has been addressed in terms of the
stochastic acceleration model by Bykov and Fleishman (2009) and Liu and Fletcher (2009).
Bykov and Fleishman consider acceleration in strong, long-wavelength MHD turbulence,
taking into account the effect of the accelerated particles on the turbulence. They argue
that the electron spectrum flattens during the linear acceleration phase, while the spectrum
steepens during the nonlinear phase when damping of the turbulence because of the parti-
cle acceleration is important, giving SHS spectral evolution. They argue that SHH evolu-
tion will be observed when the injection of particles into the acceleration region is strong.
Liu & Fletcher also argue that the SHS evolution results from dependence of the electron
distribution power-law index on the level of turbulence as it increases and subsequently
decreases. They attribute changes in the SHS correlation during a flare to changes in the
background plasma, likely due to chromospheric evaporation.

We note that simple direct-current (DC) electric field acceleration of electrons out of the
thermal plasma can produce the SHS spectral evolution. The flux of accelerated electrons
and the maximum energy to which electrons are accelerated and, therefore, the high-energy
cutoff to the electron distribution, increase and decrease together as the electric field strength
increases and decreases (Holman 1985). The X-ray spectrum is steeper at energies within

Implications of X-ray Observations for Electron Acceleration 145

Fig. 18 Plot of the spectral
index γ versus the fitted
non-thermal flux at 35 keV (given
in photons s−1 cm−2 keV−1).
All 911 data points from the
24 events are shown (from Grigis
and Benz 2004). Reproduced
with permission ©ESO

the superposition of data from a large numbers of different emission spikes, each featuring
linear trends with different parameters. This plot does demonstrate, however, the tendency
for flatter spectra to be associated with more intense flares.

RHESSI observations of the gradual phase of large solar flares (Grigis and Benz 2008)
and its relation with proton events (Saldanha et al. 2008; Grayson et al. 2009) have shown
that the hardening behavior is complex and cannot be characterized by a continuously in-
creasing hardness during the event. Therefore the soft-hard-harder (SHH) denomination
does not accurately reflect the observed spectral evolution. Rather, phases of hardening (or
even approximatively constant hardness) are often seen in larger events as the flux decays
(Kiplinger 1995). The start of the hardening phase can happen near the main peak of the
flare, or later. The end of hardening can even be followed by new impulsive SHS peaks. The
most recent statistical study of the correlation of SHH behavior with proton events (Grayson
et al. 2009) found that in a sample of 37 flares that were magnetically well-connected to
Earth, 18 showed SHH behavior and 12 of these produced solar energetic particle (SEP)
events. None of the remaining 19 flares that did not show SHH behavior produced SEP
events.

9.2 Interpretation of Spectral Evolution

Can we explain the soft-hard-soft spectral behavior theoretically? The problem here is that
many effects contribute to the properties of the high-energy electron distribution whose
bremsstrahlung hard X-rays are observed by RHESSI and similar instruments. We can iden-
tify three main, closely related classes of physical processes that affect the distribution of
the electrons and the spectrum of the X-ray photons they generate: (1) the acceleration of
part of the thermal ambient plasma, (2) the escape from the acceleration region, and (3) the
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Flux	vs.	spectral	index
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So	what	causes	the	SHS	behavior?
• Stochastic	acceleration	
example:	variation	of	the	level	
of	turbulence	during	the	
particle	acceleration	process
• Energy	release	à strong	
turbulence

• Efficient	particle	acceleration	à
harder	spectrum

• Turbulence	exhausted
• Less	efficient	particle	
acceleration	à softer	spectrum

• Shock?	DC	electric	field?
• How	about	SHH?
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thermal particle distribution. This means that the sequence
of the (dash-dotted) spectra of accelerated electrons in the
right panel will reveal itself as SHH evolution of the HXR
spectrum. This conclusion is consistent with the fact that the
SHH evolution is observed in stronger events, where enhanced
injection of the charged particles (e.g., protons) is likely, and
with a recent finding of gradual transitions between SHS and
SHH evolution fragments (Grigis & Benz 2008), which requires
a common acceleration mechanism for both SHS and SHH
evolution patterns, even though additional spectral hardening
in the gamma-ray range can occur due to relativistic particle
trapping in the coronal loops (Krucker et al. 2008).

Besides the general SHS evolution, we should note that in
agreement with previous studies of the stochastic acceleration
(Miller et al. 1997; Grigis & Benz 2006) the spectra do not
obey power laws exactly: breakup and breakdown turning points
are evident from the plots. It should be noted here that since
nonlinear effects were taken into account in the model the
distribution function calculated for monoenergetic injection will
not have any of the general properties of the Green function of a
linear system. Therefore, one can no longer build the distribution
function in the nonlinear case using the superposition principle.
Nevertheless, the initial stage of the particle acceleration occurs
in the linear regime if the loading parameter ζe is smaller than
unity. Thus, broadly speaking, the general behavior of particle
spectra evolution as illustrated in Figure 1 will hold for other
relatively narrow (such as the first blue curves in Figure 1) initial
particle distributions with a similar loading parameter defined
by Equation (6).

Grigis & Benz (2006) demonstrated that the HXR spectra
from the thin-target coronal sources are most directly linked
to the energy spectra of the accelerated electrons, while the
properties of the thick-target footpoint sources can essentially
be affected by the transport effects. Accordingly, we computed
the evolution of the thin-target HXR emission generated by
the evolving ensemble of the accelerated electrons (as in
Figure 1) and then derived the evolution of the HXR spectral
index at E = 35 keV to compare with the observations of the
coronal HXR sources reported by Battaglia & Benz (2006).
The theoretical dependences of the HXR spectral index on time
are shown in Figure 2 by three curves with different ratios of
the acceleration time to the escape time. The asterisks in the
plot show the evolution of the HXR spectral index observed for
the coronal source in the 2002 December 4 event (Battaglia &
Benz 2006). Even though no theoretical curve is an exact fit
to the data, one can clearly note important similarities between
theoretical and observational curves including the main SHS
behavior and some hardening at the later stage.

Since the spectral index analysis of the coronal source can, in
principle, be biased by a much stronger footpoint contribution,
a more reliable method of thin-target HXR analysis could be
the study of the occulted X-ray flares. However, the thin-target
HXR flux is typically weak from the occulted coronal sources,
so systematic statistical study of the occulted flares reports only
the spectral data around the peak time of the flare (Krucker &
Lin 2008). In some cases, however, it is still possible to derive
information on the spectral evolution of the occulted flares by
integrating the signal during the rise, peak, and decay phases,
respectively. An example of the corresponding spectral index
evolution in an occulted 2002 September 6 flare is shown by
three long horizontal dashes in Figure 2 (E. Kontar 2008, private
communication). SHS evolution is evident in this instance as
well.

Figure 2. HXR spectral index evolution for theoretically calculated spectra
with various ratios of the escape time to the acceleration time, Tesc/τacc = 5
(solid curve), 1 (dashed curve), and 0.2 (dash-dotted curve); and observed from
the 2002 December 4 flare, asterisks (Battaglia & Benz 2006), and from the
occulted 2002 September 6 flare, horizontal dashes (E. Kontar 2008, private
communication).

In addition to the aforementioned similarities between the
theoretical and the observed spectra, there are also apparent
differences. We have to note, however, that the differences
between the theory and observations are less significant than the
difference between the spectra observed from different events.
Thus, we can ascribe these differences to the varying geometry
of the source and/or to different regimes of the turbulence
generation, cascading, damping, and escape, i.e., to those details
of the model which have not been specifically addressed within
this Letter.

To summarize, we note that taking into account the nonlinear-
ity, which is necessarily present in a system where efficient ac-
celeration by strong turbulence occurs, offers a plausible way of
interpreting both kinds of the characteristic spectrum evolution,
SHS and SHH, observed from solar flares. A side achievement of
the model adopted here of the turbulent electron transport is the
energy-independent escape time from the acceleration region,
which implies that electrons with different energies leave the ac-
celeration site simultaneously: a property required by measure-
ments of the HXR fine structure timing (Aschwanden 2002). A
full comprehensive picture of the particle acceleration in flares
will require further analysis with shock waves, turbulence cas-
cading, and injection details included, as well as computing the
HXR and gamma-ray spectrum evolution, which we plan to
consider elsewhere.
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Summary
• HXR	and	microwave	observations	provide	critical	
diagnostics	for	particle	acceleration	mechanisms
• Low-energy	cutoff	à number,	energetics
• Spectral	breaks
• Spectral	evolution

• Some	success	in	interpreting	the	observed	phenomena
• But	more	are	unexplained
• What	can	be	improved?

• More	advanced	instrumentation:	HXR/microwave	imaging	
spectroscopy	with	high	spatial,	spectral,	and	temporal	
resolution

• Data-driven,	self-consistent	particle	acceleration	modeling


