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

à Previous	lecture

à This	lecture	(briefly)



Inverse	Compton	Scattering
• Low-energy	photon	elastically	scatter	off	low	
energy	electrons	à Thomson	scattering
• Responsible	for	white-light	corona

• Low-energy	photon	scatter	off	a	high	energy	
electron	and	emit	at	higher	energy	à Inverse	
Compton



Inverse	Compton	and	HXR	spectrum

• HXR	photons	of	10-100	
keV get	Compton	
backscattered	from	the	
lower	solar	atmosphere
• It	is	therefore	important	
to	take	into	account	
these	effects	when	
interpreting	HXR	spectra
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Eduard P. Kontar et al.: Compton backscattered X-rays from solar flares 7

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 ran-
domly within the estimated (instrument + shot noise) er-
rors.

and Brown, 2005), is no longer required when albedo is
properly accounted for.

6. Discussion and conclusions

We have shown how the Compton backscatter Green’s
function of Magdziarz and Zdziarski (1995) may be em-
ployed to deduce primary hard X-ray spectra from ob-
servations. We have applied this procedure to RHESSI
data, particularly from a couple of flares with hard photon
spectra. Without a treatment of albedo, spectral harden-
ing found in some flares at photon energies of ∼ 40 keV
appears to require a local minimum in the mean fast elec-
tron distribution (Piana et al 2003, Kasparova et al, 2005).
These local minima are particularly interesting, since they
might, if steep, (Kontar and Brown, 2005) be inconsistent
with the very widely used collision-dominated thick-target
model for X-ray production (Brown 1971; Lin and 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
30o (see figure in Massone et al, 2004). Since the emitting
electron angular distribution will be broadened by pitch-
angle scattering (Leach and Petrosian, 1981; MacKinnon
and Craig, 1991), the resulting hard X-ray flux might be
fairly close to downward isotropic.

Inclusion of the albedo effect reduces the number of
energetic electrons required for the production of the ob-
served 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−2sec−1, 15% larger than the
value obtained for the albedo corrected spectrum . This
effect is more pronounced in the total energy than in to-
tal numbers, the energy flux < vEnenV > being 30%
overestimated when Compton back-scattering is ignored.
The influence of albedo can be even more substantial, es-
pecially for a very flat spectra. For example in the August
20, 2002 flare analyzed by Kasparova et al. (2005), the ap-
parent low energy cut-off in observed spectra was found
around 44 keV, a higher value than normally assumed.

It should be also stressed here that these are rather
conservative (lower limit) estimates of the albedo correc-
tion, assuming an isotropic primary X-ray source. In fact,
if the electrons are strongly downward directed, the back-
scattered photons could produce a several times larger
contribution to the observed spectrum. This would have
a major effect and clearly one must consider the albedo
to get a realistic idea of the flare electron spectrum and
energy budget. The capacity to account completely for
the effects of albedo also restores some optimism over dis-
cussing, in terms of X-ray spectra, issues such as the low-
est energies at which electron acceleration operates (see
Zhang and Huang, 2004), though electron transport close
to the thermal speed complicates the interpretation of the
X-ray spectrum there (Galloway et al., 2005).
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Inverse	Compton	and	HXR	spectrum

• EUV	and	SXR	photons	can	be	upscattered to	
HXR	energies	
• Significant	esp.	when	electrons	are	directed	
toward	the	LOS

Chen	&	Bastian	2012



Coherent	radiation

• All	the	previously	discussed	radiative	processes	-
bremsstrahlung,	gyromagnetic,	inverse	Compton	-
are	incoherent,	which	means	each	electron	radiates	
photons	independently
• But	if	electrons	somehow	“know”	each	other	and	
excite	waves	in	phase,	the	radiation	becomes	
“coherent”



• From	Lecture	19,	we	obtained	a	bunch	of	wave	
modes	𝜔 𝑘 using	the	Fokker-Planck	equation.	The	
imaginary	part	is	the	key	for	wave	growth:

4.,Solve,linearized,eqn.,for,par.cular,k,,
Find,many,solu.ons:,
•  eigenfunc.ons…,
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Ê(1) B̂(1)
f̂p
(1)(v)

fσ
(0)(v)

B(0) = B0ẑ
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fσ (x,v, t) = fσ
(0)(v)+ f̂σ

(1)(v)eik⋅x−iωt

e.g.,Maxwellians,
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• Plasma	oscillation	(Langmuir	wave)	is	a	natural	wave	
mode of	a	plasma	and	can	be	excited	by	a	variety	of	
mechanisms.

Nonlinear	wave	growth



Growth	of	Langmuir	waves

• One	can	use	the	(collisionless)	Vlasov Equations,	with	
some	approximations,	to	obtain	the	dispersion	relation
𝜔 𝑘 of	Langmuir	waves:

𝜔#$ = 𝜔&'$ + )*+,-
.-

𝑘$

where	𝜔&' and	𝑇' are	the	electron	plasma	frequency	and	
temperature.	This	is	the	real	part	of	𝜔 𝑘 .
• The	imaginary	part	of	𝜔 𝑘 ,	often	denoted	Γ*,	is	the	growth	(or	damping,	if	<0)	rate:

Γ* ∝
𝜔&'$

𝑘$
𝜔#
𝑛'
𝜕𝑓(𝑣7)
𝜕𝑣7

where	𝑓(𝑣7) is	the	the	electron	distribution	function	along	the	B	field	direction	



Growth	of	Langmuir	waves

• Normally	9:(;<)
9;<

< 0à negative	𝛾* à damped	
waves	(Landau	damping)

• Sometimes	9:(;<)
9;<

> 0à positive	𝛾* à waves	grow	
exponentially
• In	the	Sun’s	corona,	propagating	electron	beams,	
trapped	electrons,	and/or	shocks can	excite	plasma	
waves,	which	may	result	in	observable	radio	bursts



Bump-on-tail	instability

• A	fast	electron	beam	has	two	velocity	components	
at	a	given	location:	a	thermal	component	and	a	
beam	component

102 CHAPTER 5

Note that for the damping rate would exceed the wave frequency.
Our approximations (Eq. 5.2.22) are not valid in this regime. Nevertheless, the
oscillations are strongly damped when the wavelength is smaller than the Debye
length, since the thermal motions within a plasma period wash out the spatial
order of the wave (Sections 2.4 and 2.5).

For Landau damping on background electrons is very inefficient
and is usually below collisional damping.

5.2.4. BUMP-ON-TAIL INSTABILITY

The second example to be evaluated is directly relevant to beams. Let us assume an
additional population of particles moving in relation to the background plasma.
The velocity derivative can then be positive for and

cludes only a limited number of particles in resonance (having ) that
actually drive the wave. Of course, all other charged particles also feel the wave’s
electric field and participate in the oscillation; therefore they determine the (real)
frequency of the wave (Eq. 5.2.24). The bump-on-tail instability is an example of
a class of instabilities called kinetic since it involves a characteristic of the velocity
distribution and kinetic theory. The two-stream instability belongs to the class of
hydrodynamic (or reactive) instabilities that can be derived from fluid equations
integrated in velocity space.

The growth rate can be approximated for equivalent to with

where is smaller but comparable to the beam velocity, is the half-
width of the beam distribution, and is the beam density. We have assumed

(Fig. 5.6). In the increasing part of the distribution we find                according
to Equation (5.2.25). The Langmuir waves are unstable and grow exponentially
in amplitude. The instability is called bump-on-tail or double hump instability.
It corresponds directly to the two-stream instability in the cold plasma, but in-

Velocity	distribution	
leading	to	the	“bump-
on-tail”	instability	of	
growing	plasma	waves

Thermal

Beam

𝑣A
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Lin	et	al.	1981

ISEE-3	type	III

1979	Feb	17

IP	Langmuir	
waves

IP	electrons

IP	Type	III	bursts	
(harmonic	plasma	

radiation)



Lin	et	al.	1981

Velocity	distribution

Bump-on-tail	
instability



Plasma	radiation
• However,	Langmuir	waves	are	longitudinal plasma	oscillations	

with	very	small	group	velocity,	which	have	to convert	to	
transverse waves	in	order	to	escape.	

• How?	Nonlinear	wave-wave	interactions.	The	resulting	
transverse	waves	have	frequencies	near	the	fundamental	or	
harmonic of	the	local	electron	plasma	frequency:	i.e.,	npe or	
2npe.

• Fundamental	plasma	radiation:	Langmuir	waves	scatter	off	of	
thermal	ions	or,	more	likely,	low-frequency	waves	(e.g.,	ion-
acoustic	waves)

TSL www =+

TSL www += TSL kkk +=

TSL kkk =+and

or

coalescence

decay



Plasma	radiation
Harmonic	plasma	radiation

• A	process	must	occur	that	is	unstable	to	the	production	of	
Langmuir	waves

• A	secondary	spectrum of	Langmuir	waves	must	be	
generated

• Two	Langmuir	waves	can	then	coalesce

TLL www =+ 21
LTLL kkkk <<=+ 21and

21
LL kk -»LT ww 2»



Plasma	Radiation

• Type	I,	II,	III,	IV,	V	bursts	
discussed	in	Lecture	7
• Some	of	them	show	as	
fundamental-harmonic	pairs

Type III’s followed by Type II (45 mins)

Harmonic

Fundamental

A	type	II	radio	burst	(from	a	shock)



Loss-cone	instability:	resonance	condition

• Resonance	condition	for	strong	wave-particle	interaction:

• S	can	be	other	integer	numbers	for	different	wave	modes
• For	energetic	electrons,	we	need	to	apply	relativistic	
correction	to	the	gyrofrequency:	𝜔B = 𝜔C'/𝛾 (ΩC in	
Dana’s	notation)		
• The	condition	defines	a	surface	in	the	velocity	space
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From	Lecture	16	by	Prof.	Longcope



Loss-cone	instability:	wave	growth

190 CHAPTER 8

laser or maser action). In analogy, the high-frequency cyclotron instabilities are
usually called masers, short for microwave amplification by stimulated emission of
radiation.

C. Resonance Curve

The resonance condition (8.2.14) defines the surface in velocity space on which
the integral for the growth rate is carried out. As may be expected from the
discussion of Figure 8.5, the relativistic term plays an important role even for
particle velocities In the strictly non-relativistic case, the resonance curve
in the is a vertical line (see Fig. 8.7). For small but finite the
resonance depends slightly on through in the semi-relativistic approximation,

The resonance condition (8.2.14) then becomes

The relativistic correction (second term in Eq. 8.2.15) may drastically change the
resonance for even for sub-relativistic particle velocities. Equation (8.2.15)
can be written as a circle (Exercise 8.2),

with center at and radius where

𝜔 − 𝑘7𝑣7 =
𝑠𝜔C'
𝛾

Growth

Growth

Damping

Relevant	in	e.g.,	some	special	types	of	solar	radio	
bursts,	Jupiter’s	decametric	radiation,	aurora	
kilometric	radiation,	radio	pulsars,	etc.	

Also	known	as	“cyclotron	
maser	radiation”



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)



Overview	of	HXR	sources	in	flares13.6. HARD X-RAY SPATIAL STRUCTURES 589

HXR halo/albedo sources

HXR footpoint sources

HXR thermal looptop source

HXR above-the-loop-top source
(Masuda-type source)

HXR above-X-point source

photosphere
chromosphere

transition region

corona

B
ackscattering

Figure 13.25: Schematic of physically different hard X-ray sources: thermal hard X-rays at
the flare looptop, nonthermal hard X-ray sources at flare loop footpoints (above the flare loop
and above the X-point), and hard X-ray halo or albedo sources from backscattering at the photo-
sphere.

without detectable hard X-ray emission, or multi-loop confusion. Observations of the
Neupert effect are documented in many multi-wavelength studies of flares (e.g., Silva
et al. 1996; Tomczak 1999; Kundu et al. 2001; Gallagher et al. 2002; Joshi et al. 2003),
long duration events (LDEs) (Hudson & McKenzie 2001), microflares (e.g., Krucker
& Benz 2000; Benz & Grigis 2002), or in numerical simulations (Li et al. 1997). High-
temperature plasma (Te ≥ 16.5 MK) was found to be more likely to exhibit the Neupert
effect than low-temperature plasma (McTiernan et al. 1999). The integral effect also
yields a prediction for the slope of the frequency distributions of hard X-ray fluences
(time-integrated fluxes) and soft X-ray peak fluxes, which is not yet properly under-
stood from observational statistics (Lee et al. 1993c, 1995; Veronig et al. 2002a, b;
Veronig 2003), due to unknown scaling laws between energy deposition rates, flare
temperatures, densities, and energy cutoffs (see §9.8.2). The Neupert effect has also
been observed in stellar flares, based on EUV, optical, and radio observations (Hawley
et al. 1995, 2003; Güdel et al. 1996, 2002).

13.6 Hard X-ray Spatial Structures

Flare observations have revealed at least five types of hard X-ray sources (Fig. 13.25)
which are produced by distinctly different physical mechanisms: (1) the strongest
sources are flare loop footpoint sources due to thick-target bremsstrahlung in or near
the chromosphere (§13.6.1); (2) thermal hard X-ray sources in the upper part of flare
loops (§2.3 and §16); (3) Masuda-type above-the-looptop sources due to temporary
trapping during acceleration (§13.6.3); (4) above-the-X-point hard X-ray sources in or
near soft X-ray flare ejecta (Sui & Holman 2003); and (5) hard X-ray halo or albedo

From	Aschwanden’s book



HXR	footpoint sources
• HXR	emission	in	flares	is	usually	dominated	by	
intense	footpoint sources
• Nonthermal	thick-target	bremsstrahlung	from	
precipitating	electrons

 

Samuel Krucker Page 9 2/27/2017 

1.1.4 Science Goal 4 – Flare-heated Plasma 
The hot plasma in flares appears simultaneously with flare-accelerated particles (the Neupert 

effect).  Characterizing the temperatures and locations of flare-heated plasma reveals the partition 
between direct heating and collisional losses of the accelerated particles.  RHESSI is sensitive to 
the hottest plasmas with temperatures above ~10 MK and is also uniquely capable of determining 
the energy of flare-accelerated particles and where that energy is deposited. 

Significant progress has been made in achieving this science goal over the last two years as 
the result of extensive coverage of events jointly observed by RHESSI and by UV and EUV 
instruments on SDO, Hinode, and IRIS and by ground-based optical observatories.  The new 
results cover thermal emissions from all altitudes in the flaring solar atmosphere.  Together with 
the energy of the accelerated electrons determined from the RHESSI HXR observations, they 
provide quantitative information on the origin, location, and magnitude of the heating for 
comparison with the predictions of ongoing theoretical and modeling efforts. 

1.1.4.1 Complementary IRIS and RHESSI Observations 
With the launch of the IRIS mission, there is a new sub-arcsecond diagnostic tool to study the 

response of the energy input into flare ribbons by flare-accelerated electrons as deduced from 
RHESSI observations. The X1 flare SOL2014-03-29 gave us an ideal set of observations with the 
IRIS slit crossing a HXR footpoint source during the impulsive phase (Figure 8).  IRIS detected, 
for the first time from space, hydrogen recombination UV radiation resulting from the flare-
accelerated electrons measured by RHESSI (Kleint et al. 2016).  

Quantitative analysis of the same area of the flare ribbon reveals that the energy input by 
electrons deduced from RHESSI data is of the same order as the radiative losses inferred from 
IRIS in combination with other observatories. The bulk of the energy of flare-accelerated electrons 
heats chromospheric plasma only to low (~10,000 K) temperatures, producing high luminosity in 

 
Figure 8. Combined RHESSI and IRIS observations of flare ribbons: HXR contours (30-100 keV) are 
overlaid on an IRIS slitjaw image (adapted from Kleint et al. 2016). Red RHESSI contours are 
simultaneous to the IRIS image; green RHESSI contours were recorded 10 s earlier. In this rare example, 
the IRIS spectrograph slit (blue solid line) passed directly through the HXR source, enabling us to directly 
compare the relative timing and energies of non-thermal electrons and the continuum emission. The right 
panel shows an intensity cut along the spectrograph slit. The intensity maxima of early-RHESSI (green) 
and continuum emission (black) indicate that the continuum emission is excited nearly instantaneously 
after the electron bombardment with a delay of no more than 15 s, which will have implications on future 
modeling efforts. 

From	Kleint et	al.	2016



HXR	footpoint sources

• Higher-energy	electrons	reach	deeper	in	the	
chromosphere

13.6. HARD X-RAY SPATIAL STRUCTURES 593
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Figure 13.28: Analytical functions of the energy flux per height range, dI/dz(ε, z) (see
Eq. 13.6.14), for six different energies, ε = 10, 20, ..., 60 keV, as a function of altitude z (top).
The functions are normalized to unity and shifted by 0.1 per energy value to make them visible.
The locations zmax(ε) of these functions are fitted to the observed centroids of the altitudes of
footpoint hard X-ray sources in the 2002-Feb-22 flare (Aschwanden et al. 2002b).

for a beam cross section σ(ϵx, ε) and beam area A, at Earth distance r = 1 AU is (see
Eq. 13.2.16),

dI

dz
(ϵx, z) =

A

4πr2
n(z)

∫ ∞

ϵx

f(ε, N)σ(ϵx, ε)dε (cm−2 s−1 erg−1 cm−1) .

(13.6.3)
Using the simplified Kramers bremsstrahlung cross section (Eq. 13.2.9) and approxi-
mating the injection spectrum f0(ε0) with a powerlaw function (Eq. 13.2.18), the pho-
ton flux (13.6.2) becomes

dI

dz
(ϵx, z) =

Aσ0

4πr2

1
ϵx

n(z)
∫ ∞

ϵx

f0((ε2 + 2KN)1/2)
(ε2 + 2KN)1/2

dε . (13.6.4)

Using Eqs. (13.6.1) and (13.6.3) we obtain for a powerlaw injection function f0(ε),

dIε

dz
= (δ − 1)

AF1

εδ+1
1

σ0

4πr2

1
ϵx

n(z)
∫ ∞

ϵx

dε

(ε2 + 2KN)(δ+1)/2
. (13.6.5)

The product AF1 = F1 is the total flux of electrons s−1 at ε0 ≥ ε1 over the area A.
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From	Lecture	10	by	
Prof.	Longcope



HXR	footpoint sources

X-ray	source	at	20	keV

X-ray	source	at	80	keV

Chromosphere

HXR	energy	vs.	height	®
chromospheric	density	
vs.	height

Corona

Kontar et	al.	2008,	2009



Dominating	footpoint HXR	emission	
à Are	particles	accelerated	near	the	
footpoints?	

There	are	debates,	but	probably	not	
the	primary	site



Above-the-loop-top	HXR	source

limb

thermal loop HXR footpoints
HXR above the 
loop top source

• The	celebrated	“Masuda”	flare	(Masuda	et	al.	1994):	A	
HXR	source	is	located	above the	soft	X-ray	flare	loop



Nonthermal	electrons	are	present	above	the	looptop.	
Are	they	accelerated	there?	
- If	so,	which	acceleration	mechanism(s)?	
- If	not,	transport	effects?
Nevertheless,	the	“Masuda-type”	flares	made	a	significant	contribution	to	the	
suggestion	of	the	current	“standard”	flare	scenario	



Well,	let’s	back	off	a	little…	Are	we	sure	
that	the	ALT	HXR	source	is	nonthermal?

The Astrophysical Journal, 799:129 (14pp), 2015 February 1 Oka et al.

Figure 4. RHESSI spectral analysis of the combined coronal source (i.e., above-the-looptop and looptop sources). From top to bottom are Cases A (2012 July 19), B
(2003 October 22), C (2003 November 18), and D (2013 May 13). A thermal distribution is used to represent the looptop source in all cases (red curves). Different
models are used for the above-the-looptop source (blue curves) as shown in the four panels of each row; From left to right are the thermal, thermal+power-law, kappa,
and power-law models. The dotted blue curves in the second column shows each component of the thermal+power-law model. The vertical gray bars indicate the
energy range in which a separate imaging analysis showed comparable photon fluxes in the looptop and above-the-looptop sources. The initial values of the fittings
are chosen so that the resultant curves (red and blue) intersect at an energy within the gray bar.

Also shown (by colored solid curves) are the differential density
spectra reconstructed by using parameter values obtained by the
spectral analysis (described in the previous subsection). If we
extend these distributions to the lower energy range (colored
dashed curves), we can see that the thermal+power law and
kappa are consistent with the upper limit.

Perhaps, this optimistic upper limit (as shown in Figure 5(b))
is still underestimated. As has been noted by Battaglia &
Kontar (2013) and Krucker & Battaglia (2014), the regularized
inversion code has a tendency to underestimate DEM profiles
by roughly a factor of ζ = 2–3. The uncertainties in the AIA
temperature response do not allow us to implement an empirical
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Fitting	choices	of	the	observed	
HXR	spectrum	is	not unique!

Oka	et	al.	2015



“Superhot”	coronal	HXR	source
No. 2, 2010 RHESSI LINE AND CONTINUUM OBSERVATIONS OF SUPER-HOT FLARE PLASMA L163
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Figure 2. Photon flux spectra (black), model fit (Fe and Fe–Ni lines: olive; super-hot: brown; hot: magenta; non-thermal: green; total model: blue), and normalized
residuals during the RHESSI SXR peak (∼00:31:30 UT), when the super-hot component is strongest. Inset: 50% and 90% contours of 6.3–7.3 (olive solid), 9–12 (blue
dotted), 17–18 (brown dashed), and 60–100 keV (green dot-dashed) images at the same time; the crosses denote the derived centroid locations (and uncertainties) of
the super-hot (brown; left) and hot (magenta; right) components.

model (Figure 2) including both super-hot and hot isothermals
(Figures 1(c) and (d)) plus a non-thermal power law throughout
the impulsive and decay phases, yielding reduced χ2 values of
∼0.7 to ∼2.4 (averaging ∼1.4) with no significant remaining
continuum.

The Fe and Fe–Ni line complex fluxes and their ratio
show a correlation with the super-hot continuum temperature
(Figure 3), with a steeper functional dependence at lower tem-
peratures (!25 MK). CHIANTI predictions of the line fluxes
and ratio for the two thermal plasmas combined agree qual-
itatively with the observations, but quantitatively are signifi-
cantly larger—by, on average, ∼55%, ∼20%, and ∼34%, re-
spectively, with larger deviations at lower temperatures (Caspi
2010). Throughout the pre-impulsive phase, when a non-thermal
HXR source is observed in the corona (initially with no de-
tectable footpoint emission) cospatial with a thermal source, the
continuum spectrum can be fit by a wide range of model param-
eters (cf. Holman et al. 2003). By assuming that the empirical
correlation between the Fe and Fe–Ni lines and the super-hot
continuum observed during the rest of the flare (Figure 3) also
holds here, we obtain constraints on the super-hot temperature
and emission measure during this phase.

The thermal source size was determined from the 50%
intensity contour of (thermally dominated) 6.2–8.5 keV RHESSI

images using Clean with uniform weighting (Hurford et al.
2002). Simulations for elliptical Gaussian sources show that
the length 2a and width 2b—corrected for broadening by the
point-spread function—are determined to ∼7%, yielding an
∼23% uncertainty in the ellipsoidal volume V = (4/3) πab2.
We arbitrarily assume a volume of V/2 each for the super-
hot and hot plasmas and derive their thermal electron densities
ne =

√
2Q/V and energies Eth = (3/4) neVkBTe (Figures 1(e)

and (f)). Both quantities vary as
√

V , so are not very sensitive
to uncertainties in the volume.

During the SXR peak at ∼00:31:30 UT (Figure 2, inset),
the centroid positions of the 6.3–7.3, 9–12, and 17–18 keV
emission vary linearly (with χ2 < 1) with the fractional
count contribution of the super-hot component (∼63%, ∼76%,
and ∼95%, respectively), consistent with spatially distinct
super-hot and hot sources whose centroids are separated by
∼11.7 ± ∼0.7 arcsec. The RHESSI imaging data can also
be expressed as X-ray visibilities5—using the above fractional
count percentages, the contributions of the super-hot and hot
sources to the total visibilities in each energy band can be
computed individually (Caspi 2010). Images created from such
visibilities are consistent with two well-separated plasmas, with

5 http://sprg.ssl.berkeley.edu/∼tohban/wiki/index.php/RHESSI_Visibilities

Caspi &	Lin	2010

Footpoints

Superhot	source:	~36	MK

• First	discovered	by	Lin	et	al.	
1981	from	balloon-borne	
observations

• Too	hot	for	chromospheric	
evaporation	(require	extreme	
conditions)

• Appear	in	the	pre-impulsive	
phase	à evaporation	has	not	
begun

• Direct	heating	in	the	corona
(collapsing	trap?	shock?),	or,	
collisional	relaxation	from	the	
nonthermal	tail?



Above-the-X-point	HXR	sources

164 S. Krucker et al.

2.2.3 Double coronal sources

Sui and Holman (2003) and Sui et al. (2004) studied a series of homologous limb
flares that occurred during 14–16 April 2002, in which a coronal thermal X-ray
source, detectable up to about 20 keV photon energy and above the flare loops, was
observed early in the impulsive phase. Note that some of these unusual flares also
have a “coronal thick target” interpretation at higher energies, as discussed below
in Sect. 2.2.4. The coronal source was stationary for several minutes and eventually
moved outward at a speed of ≈300 km s−1 (Sui and Holman 2003). Spectrally resol-
ved X-ray imaging of flare loops typically shows that the hotter X-ray sources are
located above the not-so-hot ones, whereas for these coronal sources we see the exact
opposite (Fig. 3). The normal temperature pattern is interpreted in the standard model
(Sect. 3.3.1) in a natural way by the time sequence of reconnection. The inverted
temperature gradient in the coronal sources now detected above the loop-top sources
is entirely novel and unexpected. The morphology suggests that the highest tempera-
tures lie between the loop and coronal X-ray sources, but that the emission measure
there (small volume and/or low density) is too low to provide detectable emission.
Sui et al. (2004) interpreted this finding as evidence for a current sheet formed between
the tops of the flare loops and the coronal sources above the loops. An occulted event
of 30 April 2002 showed similar coronal structure (Liu et al. 2008), again with the
above-the-loop coronal source showing an inverted temperature/energy gradient.

Fig. 3 RHESSI 10–12 keV X-ray image of a flare on 15 April 2002, overlaid on a TRACE 1,600 Å
filtergram. The RHESSI image shows thermal emission from the flare loops as well as from a source above
the loops. The figure shows the emission centroids at three different energies for both the loop-top source and
the above-the-loop-top source. The dependence of source height on energy reveals a positive temperature
gradient in the lower (loop) source and a negative one in the source above the loops (Sui and Holman 2003)
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Sui	&	Holman	2003

The Astrophysical Journal, 767:168 (18pp), 2013 April 20 Liu, Chen, & Petrosian

Figure 10. Energy dependence of the double coronal X-ray sources likely located in the oppositely directed reconnection outflows. (a) and (b) RHESSI contours
overlaid on AIA 131 Å images. The higher energy sources (blue dotted contours at 43% and 95% of the image maximum) are closer toward one another than the lower
energy sources (green contours). (c) Contoured 6–8 keV image at the time of (b). (d) and (e) Projected heights along the fiducial Cut 0 of the centroids of the two
sources enclosed by the white dashed lines in (c). The result is color coded for four consecutive times overlaid with linear fits in the dashed line. The red horizontal
error bars indicate energy bins.
(A color version of this figure is available in the online journal.)

(see Figure 1(d), red crosses). In the decay phase, the highest
temperatures are located in the outer layer of the flare arcade
and the lower portion of the contracting cusps (ray-like features)
above it. The EM in the latter is nearly four orders of magnitude
lower than in the central arcade, similar to those of hot fans of
rays observed by Yohkoh (Švestka et al. 1998). The considerable
increase of EM and thus density in the flare loops from panel (d)
to (e), prior to the impulsive phase, suggests chromospheric
evaporation driven by thermal conduction (Liu et al. 2009b;
Battaglia et al. 2009) or by Alfvén waves (Haerendel 2009),
rather than electron beam heating that may be important later in
the presence of HXR footpoints.

To better follow the history of T and EM, we obtained their
space-time plots, as shown in Figures 11(g) and (k), from cor-
responding maps using Cut 0. We identified the maximum tem-
perature and EM at each time and show their projected heights
as orange and black symbols in panel (p). In general, both
peaks follow the same upward–downward–upward motions as
the loop-top emission centroids. The temperature peaks are near
the RHESSI 16–25 keV centroids (blue), while the EM peaks are
close to or slightly lower than the AIA 131 Å centroids (purple)
at lower heights.

The peak offset of the temperature and EM can be better
seen in their height distributions at selected times shown in
Figures 11(h) and (l). It explains the observed energy dispersion
of the X-ray loop-top centroids shown in Figure 4(e) because
of the exponential shape of thermal bremsstrahlung spectra
(Equation (4)). As shown by the green and red lines in the
middle of Figure 9, a higher temperature but lower EM produces
a harder (shallower) spectrum of lower normalization that
dominates at high energies, while a lower temperature but higher
EM produces a softer (steeper) spectrum of higher normalization
that dominates at low energies. The temperature peak being
located above the EM peak thus shifts the higher energy X-rays
toward greater heights. Otherwise, if the temperature and EM
peaks are cospatial, they would dominate X-rays at all energies
and there would be no separation of centroids with energy. We
note in Figure 11(h) that the EM decreases more gradually near

the flux rope. This may lead to the less pronounced energy
dispersion of the upper coronal source there than the lower
(loop-top) source (see Figure 10).

As a proof of concept, we modeled the observed X-rays
of energy E with thermal bremsstrahlung radiation (Tandberg-
Hanssen & Emslie 1988, p. 114):

ISXR ∝ (EM)
exp(−E/kT )

E
√

T
g(E/kT ), (4)

where EM is the emission measure and g(E/kT ) = (kT /E)2/5

is the Gaunt factor. The resulting X-ray profiles at two selected
times are shown in Figures 11(i) and (m) for the corresponding
T and EM profiles. As expected, the higher energy 20 keV
emission (blue) is dominated by the temperature peak at a higher
altitude, while the 3 keV emission (red) is dominated by the EM
peak at a lower altitude. Their emission peaks, marked by open
circles, differ in height by ∆h = 7′′ and 46′′ for the two times.
Their peak heights are repeated in panel (p) and are close to
those of observed loop-top centroids.

As shown in Figures 11(g) and (p), the high-temperature
region and particularly the temperature peak are close to the
X-ray loop-top centroids but always below the reconnection site
(green dashed line). This indicates that primary plasma heating
takes place in reconnection outflows. To illustrate this, we can
follow a contracting loop and the temperature variation it senses
as it travels away from the reconnection site. A selected track
from Figure 7(c) is shown here as the blue dotted arrow. The
temperature history on its path, as shown in Figures 11(h) and (j),
indicates rapid heating at an average rate of 3.2 MK minute−1

from 3.5 to 28 MK over 8 minutes and ∆h = 90 Mm. This
example gives us a sense of the heating rate averaged along the
line of sight, not necessarily of a specific loop.

Likewise, the track of a slow loop shrinkage at lower altitudes
reveals cooling at an average rate of −0.32 MK minute−1 from
25 to 7.9 MK within 54 minutes. The rate is −1 MK minute−1

earlier during the impulsive phase in the 28–9 MK range
and −0.1 MK minute−1 later during 07:00–08:30 UT in the
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Figure 12. (a) Schematic of the proposed flare model in which particle acceleration and plasma heating take place in the reconnection outflow regions away from
the reconnection site. (b)–(e) Temporal development of reconnection and the up–down–up three-stage motion of the loop-top (LT) X-ray source. We show only the
portions of reconnected magnetic field lines near the reconnection site, above and below which each pair of field lines is identified by the same color during their
relaxations. Note that the higher contraction speeds (e.g., of the green loop) from (c) to (d) are associated with the loop-top source descent. The upper coronal source
is not hatched during the impulsive and decay phases, indicating its non-detection due to weak emission. We assume that bi-directional reconnection outflows and
relaxations of field lines persist throughout the event, but the upward component is beyond the AIA FOV during the late phase and thus not observed.
(A color version of this figure is available in the online journal.)

coronal Alfvén speeds of ∼1000 km s−1 and sound speeds
of 520–910 km s−1 for a 10–30 MK flaring plasma. At
lower altitudes, flare loops persistently shrink at a typical
initial velocity of −17 km s−1 and gradually decelerate to
about −5 km s−1 within 0.5–2.5 hr. They are all evidence
of reconnection outflows during different stages (Figures 6
and 7).

3. The double coronal X-ray sources are spatially separated
and located in the regions of bi-directional plasma outflows.
The highest temperature is found near the loop-top X-ray
source well below the reconnection site. This suggests
that primary plasma heating and particle acceleration take
place in the reconnection outflow regions (Holman 2012),
rather than at the reconnection site itself. Models with this
ingredient were proposed long ago (e.g., Forbes & Priest
1983), but solid observational evidence as presented here
has been lacking (Figures 10 and 11).

4. An energy dispersion is present in the loop-top position
with higher-energy X-ray and hotter EUV emission located
at greater heights over a large range of ∆h ! 26 Mm. The
25–50 keV nonthermal emission lies 15 Mm (twice that of
the Masuda flare) above the 6–10 keV thermal emission.
This agrees with the expected trend of softer electron
spectra in the nonthermal regime and lower temperatures in
the thermal regime being associated with earlier energized
loops, which are located further below the primary locus
of energy release. The upper coronal X-ray source has
an opposite trend because it is located in the oppositely
directed reconnection outflow (Figures 3, 4, and 10).

5. Prior to the recently recognized descent followed by a con-
tinuous ascent, the overall loop-top emission experiences
an initial ascent for nearly an hour. This is the first time
that such motions, including the descent, are observed si-
multaneously from EUV to HXRs covering a wide range
of temperatures of 1–30 MK. The transition from ascent
to descent coincides with the rapid acceleration of the flux

rope CME. The loop-top descends at ∼10 km s−1, about
50% slower in EUV than in X-ray (Figure 4).

6. The flare impulsive phase starts when rapid velocity in-
creases occur for the overall loop-top descent, the individual
loop shrinkages, and the upward plasmoid ejections. This
is delayed by 10 minutes from the initial loop-top descent,
implying that the energy release rate is more intimately
correlated with these velocities than the loop-top position
(Figure 4).

6.2. Proposed Physical Picture

We propose the following physical picture to tie together
the observations. The major points, including the location of
particle acceleration and the three-stage (up–down–up) motion
of the loop-top X-ray source, are sketched in Figure 12.

The earlier confined C4.5 flare leads to the formation of a flux
rope and cusp-shaped loops underneath it. After 6 hr of slow
evolution, the flux rope becomes unstable and rises (Patsourakos
et al. 2013). A vertical current sheet forms between two Y-type
null points at the lower tip of the flux rope and the upper tip of
the underlying cusp. Magnetic reconnection ensues within the
current sheet, leading to the eruptive M7.7 flare.

Magnetic reconnection produces bi-directional outflows in
the forms of the observed plasmoids and contracting loops.
Plasmoids are flux tubes formed by the tearing mode (Furth
et al. 1963) with a guiding field along the current sheet. They
are magnetic islands in two dimensions or when the current
sheet is seen edge-on. These outflows are driven by the magnetic
tension force of the highly bent, newly reconnected field lines,
as in those pointed cusps. The outflows generally decelerate,
as observed here, when they run into the ambient corona and
when the contracting loops relax to less bent shapes with
reduced magnetic tension. This implies that the low-altitude
slow shrinkages could be the late stages of decelerated high-
altitude fast contractions.
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Higher	energy	sources	
“converge”	to,	perhaps,	the	
reconnection	site



HXR	spectra:	Time	of	flight	delays

• If	acceleration	site	is	in	the	corona,	lower-energy	
electrons	need	more	time	to	reach	the	
chromosphere
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Figure 13.16: Geometric models of electron propagation paths with injection at the looptop of
semi-circular flare loops (left) and injection from a symmetric cusp above the looptop (right).
The radius of the flare loop is r1 and the curvature radius of the cusp field line is r2, with both
segments tangentially matching at a loop azimuth angle θ (Aschwanden et al. 1996a).

functions Ci(ϵx, t) and Cj(ϵx, t), based on the convolution of channel response func-
tions with the photon spectrum (Eq. 13.5.4); (3) the local powerlaw slope of the photon
spectrum between these two is γ = − ln (I2/I1)/ ln (ϵx,2/ϵx,1); (4) estimating some
high-energy cutoff energy ϵ0 from the photon spectrum, we can then use the photon-
to-electron energy conversion factors (calculated in Fig. 13.14) to obtain the electron
energies εi = ϵx,i × qε(ϵx,i, γ, ϵ0) and εj = ϵx,j × qε(ϵx,j , γ, ϵ0) that correspond to
the peak times of the electron injection pulses (Fig. 13.13); (5) from the electron en-
ergies εi and εj we obtain the velocities using the relativistic relations βi = v(εi)/c
and βj = v(εi)/c from (Eq. 11.1.13); (6) finally, we can apply the velocity dispersion
formula to evaluate the time-of-flight distance lTOF ,

lTOF = cτij

(
1
βi

− 1
βj

)−1

, (13.5.8)

which then also needs to be corrected for the electron pitch angle qα (Eq. 12.2.2) and
helical twist qh of the magnetic field line to obtain the projected loop distance lloop =
qαqhlTOF .

Examples of such time-of-flight measurements are shown in Fig. 13.15, where we
obtained projected TOF distances in the range of l′ ≈ 15 − 30 Mm from energy-
dependent hard X-ray time delays in the energy range of ϵx ≈ 25− 250 keV. Note that
HXR time delays are always measured with respect to the lowest energy (Fig. 13.15),
which provides the most accurate reference time due to it having the best photon statis-
tics.

13.5.2 Scaling of TOF Distance with Loop Size

We have developed an accurate method to measure the electron propagation distance
from a coronal acceleration site to the chromospheric thick-target site in the previ-
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which then also needs to be corrected for the electron pitch angle qα (Eq. 12.2.2) and
helical twist qh of the magnetic field line to obtain the projected loop distance lloop =
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Examples of such time-of-flight measurements are shown in Fig. 13.15, where we
obtained projected TOF distances in the range of l′ ≈ 15 − 30 Mm from energy-
dependent hard X-ray time delays in the energy range of ϵx ≈ 25− 250 keV. Note that
HXR time delays are always measured with respect to the lowest energy (Fig. 13.15),
which provides the most accurate reference time due to it having the best photon statis-
tics.
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We have developed an accurate method to measure the electron propagation distance
from a coronal acceleration site to the chromospheric thick-target site in the previ-

13.5. HARD X-RAY TIME DELAYS 577

Flare  1: 91/11/09

0 20 40 60 80
0

20

40

60

80

100

H
X

R
 e

ne
rg

y 
ε 

[K
eV

]

l’=16.0 _+ 4.2 Mm

χ2
red= 0.7

Flare  2: 91/11/10

0 50 100 150
0

50

100

150

200

l’=20.0 _+ 2.0 Mm

χ2
red= 0.7

Flare  3: 91/11/15

0 50 100 150
0

20

40

60

80

100

l’=26.8 _+ 2.6 Mm

χ2
red= 0.3

Flare  4: 91/12/04

0 50 100 150 200
0

50

100

150

l’=19.6 _+ 2.8 Mm

χ2
red= 0.1

Flare  5: 91/12/15

0 20 40 60 80 100
HXR pulse delay τP [ms]

0

50

100

150

200

250

300

H
X

R
 e

ne
rg

y 
ε 

[K
eV

]

l’=19.7 _+ 1.3 Mm

χ2
red= 0.5

Flare  6: 91/12/26

0 20 40 60 80 100 120
HXR pulse delay τP [ms]

0

50

100

150

l’=14.0 _+ 2.0 Mm

χ2
red= 0.8

Flare  7: 91/12/26

0 50 100 150 200
HXR pulse delay τP [ms]

0

50

100

150

l’=31.0 _+ 3.8 Mm

χ2
red= 1.0

Flare  8: 92/02/14

0 20 40 60 80 100 120
HXR pulse delay τP [ms]

0

50

100

150

200

250

300

l’=29.8 _+ 7.7 Mm

χ2
red= 0.1

Figure 13.15: Energy-dependent time delays τij = t(ϵi) − t(ϵj) of the filtered hard X-ray
pulses F P (t) of eight flares (some shown in Fig. 13.9), measured from the cross-correlation
between the energy channels ϵi and ϵj (with i = jmin) during selected time segments. The
horizontal bars represent the uncertainties of the delay measurement caused by Poisson noise.
The curve represents the best fit of the TOF model τij = (l/c)(1/βi−1/βj). The projected TOF
distance lTOF = l × 0.54 and the χ2

red of the best fit are indicated in each panel (Aschwanden
et al. 1996b).

electron energy ε and photon energy ϵx. Of course, such a relation depends on the
photon energy ϵx as well as on spectral parameters, such as the powerlaw slope γ and
high-energy cutoff ε0 of the electron spectrum. Thus, we define such a electron-to-
photon energy conversion factor qε,

qε(ϵx, γ, ϵ0) =
ε(t = tpeak)
ϵx(t = tpeak)

(13.5.6)

The example shown in Fig. 13.13, for which an electron injection spectrum with a
slope of γ = 4 and a cutoff of ε0 = 1 MeV was used, shows a ratio of qε ≈ 2.0 at an
electron energy of ε = 200 keV. To quantify this ratio qε for general applications, this
ratio has been numerically computed in a large parameter space (i.e., ε = 10− 10, 000
keV, ϵ0 = 100 − 10, 000 keV, and δ = 3.0 − 7.0). The results are shown in Fig. 13.14
and are quantified by analytical approximation formulae in Aschwanden & Schwartz
(1996).

The measurement of a time-of-flight distance can now be carried out using the fol-
lowing steps: (1) First we measure a time delay τij between two hard X-ray energy
channels by interpolating the maximum of the cross-correlation function (13.5.5) be-
tween the two time profiles; (2) the “mean” photon energies ϵx,i and ϵx,j of the two
hard X-ray channels are then determined from the mean or median of the contribution
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Figure 13.18: Overlays of co-registered HXT and SXT images (left and middle columns). The
geometry of the magnetic cusp field lines is modeled with circular segments and matches the
projected time-of-flight distance lTOF . Representation similar to Fig. 13.17 (Aschwanden et
al. 1996b).

Aschwanden et	al.	1996



Back	to	the	Masuda	flare13.6. HARD X-RAY SPATIAL STRUCTURES 601

h=
22

,0
00

 k
m

h=
44

,0
00

 k
m

Energy Release
(X-type Reconnection)

Acceleration Site

HXR source in cusp

Trapping Flare Loop
(SXR loop)

Magnetic Mirror
Chromosphere
HXR footpoint sources

Figure 13.35: Diagram of a possible flare scenario for the Masuda flare (Fig. 13.34), con-
strained by the height (h = 22 Mm) of the above-the-looptop hard X-ray source and the height
(h = 44 Mm) of the acceleration source inferred from electron time-of-flight measurements
(Aschwanden et al. 1996a).

is collisional bremsstrahlung from trapped electrons, which are directly fed in from the
accelerator in the cusp region beneath the reconnection point (Fig. 13.35). The loca-
tion of the coronal hard X-ray source was measured to be about 10′′ (7250 km) above
the soft X-ray loop, and in slightly higher altitudes in images taken in higher ( >∼ 50
keV) energy bands (Masuda et al. 1994). This location is fully consistent with the cusp
geometry in bipolar reconnection models (Fig. 10.21), and thus the coronal hard X-ray
emission has to be emitted relatively close to the acceleration region associated with
the reconnection point, rather than from a secondary trap somewhere else in the corona.
The height of electron acceleration sources inferred from time-of-flight measurements
yields a location above the soft X-ray flare loops (§13.5.2, Fig. 13.19; Aschwanden et
al. 1996c), while the Masuda hard X-ray sources lay typically beneath these inferred
acceleration sites (Plate 15), as expected in reconnection-driven injection (§12.4) or
outflow-shock models (Tsuneta et al. 1997; Somov et al. 1999).

The spectrum of the coronal hard X-ray source in the 1992-Jan-13 flare was ana-
lyzed in detail by Alexander & Metcalf (1997). To overcome the problem of analyzing
a weak source that is suppressed by the much (ten times) brighter footpoint sources

Time	of	flight	analysis	
seems	to	place	the	
acceleration	site	above the	
ALT	HXR	source	
(Aschwanden et	al.	1996)

ALT	HXR	source	due	to	
transport	mechanisms	(e.g.,	
trapping?)



Alternative	view:	ALT	HXR	source	
is the	primary	acceleration	site

Krucker &	Battaglia	2014:

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

SDO/AIA	DEM	analysis	to	
determine	ambient
thermal	density	n0

à ratio	nnt/n0 is	close	to	1
à bulk	acceleration	takes	place	within	the	ALT	HXR	source?

Similar	findings	were	reported	for	partially	occulted	flares	(Krucker et	
al.	2010)



Coherent	radio	radiation	is	another	excellent	probe
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HXR
Reconnection	
outflows

CME	ejecta

Coronal	HXR	source

cusp-shaped magnetic loops are all clearly vis-
ible in EUV and SXRpassbands that are sensitive
to plasma hotter than ~2 MK (Fig. 1A). A non-
thermal HXR source appears at the LT during
the rise phase of the flare, indicating the pres-
ence of accelerated electrons at this location
(Fig. 1B).
VLA images at 1 to 1.8 GHz show a localized

radio source nearly cospatial with the HXR LT
source, in addition to two other sources located
near the conjugate magnetic footpoints (FPs) of
the flaring loops (Fig. 1B and fig. S1). The VLA’s
simultaneous high spectral and temporal resolu-
tion (1 MHz and 50 ms, respectively, enabling
high-cadence radio imaging spectroscopy) reveals
the highly dynamic and fragmented nature of this
LT radio source. It consists of thousands of short-
lived (<50ms) and narrow-frequency bandwidth
(with spectral width dn=n ≈ 2%) brightenings
(Fig. 2, D and E) (19). These observations strongly
imply that many short-lived emission events,
which we term stochastic radio spikes, are occur-
ring at the LT, which, as wewill demonstrate, are
associated with a dynamic TS.
Difference imaging in the EUV 94 Å passband

of the Atmospheric Imaging Assembly (AIA)

aboard the Solar Dynamics Observatory (20) re-
veals that many recurring plasma downflows
(PDs) stream rapidly (at ~550 km/s in projection)
along the current sheet from the reconnection
site downward to the flaring, reconnected loops.
They end near the same location as the LT radio
and HXR sources (Fig. 2C). These fast PDs are
thought to be associatedwithmagnetic structures
embedded in reconnection outflows, probably in
the form of rapidly contracting magnetic loops
(12). The relative locations of the PDs and the
radio/HXR LT sources agree very well with the
scenario in which a TS forms at the ending fronts
of fast reconnection outflows and drives particle
acceleration.
The most direct observational evidence of the

TS comes from the instantaneous spatial distri-
bution of the myriad radio spikes at different
frequencies, which forms a narrow surface at the
LT region (Fig. 3A). The location and morphol-
ogy of this surface closely resemble those of a TS,
as predicted in numerical simulations when
viewed edge-on [(6, 9–11); see also Fig. 3B]. The
coronal HXR source is located slightly below this
surface and evolves coherently with it (Fig. 3A
and fig. S4), suggesting that this is nonthermal

emission from accelerated electrons confined in
the shock downstream region, possibly due to
strong pitch-angle scattering and/or magnetic
trapping in the turbulent environment (21). The
TS is probably a weak quasi-perpendicular fast-
mode shock, based on multiple lines of evidence
(19). A Mach number ofM ≈ 1:5 can be inferred
based on the interpretation of the split-band fea-
ture seen in the radio dynamic spectrum [marked
HF (high-frequency) and LF (low-frequency) in
Fig. 2D (19)].
The TS front, as outlined by the radio spikes,

reacts dynamically to the arrival of the fast PDs.
Some PDs cause only partial disruption of the TS
front, and the shock is quickly restored to its
original state. Some other PDs, however, cause a
major disruption of the TS. This process starts
with the quasi-flat TS front being first driven
concave-downward by a PD, followed by a break-
up of the TS (Fig. 3D and fig. S4). To understand
the dynamic nature of the TS, we used amagnet-
ohydrodynamics (MHD)model to simulate mag-
netic reconnection in a standard flare geometry
based on physical values constrained by the ob-
servations (19). The model shows that reconnec-
tion outflows with super-magnetosonic speeds
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Fig. 3. Observation and simula-
tion of the dynamic TS. (A) A
closer view of the LT region (white
box in Fig. 1B) at 18:30:57 UT (t0 in
Fig. 2E). The TS appears as a
dynamic surface delineated by the
many unresolved radio sources,
each of which corresponds to a
radio spike in the dynamic spectrum
at a given time and frequency
(colored dots indicate their centroid
location). White contours show the
coronal HXR source at 15 to 25 keV.
The grayscale background is the AIA
94 Å intensity. (B) The TS is seen in
the MHD simulation as a sharp layer
of velocity discontinuity at the LT.
The fast-mode magnetosonic Mach
number is shown in color, overlaid
with magnetic field lines. (C)
Physical scenario of emission pro-
cesses near the TS. Radio spikes are
emitted as accelerated electrons
impinge on density fluctuations at
the shock (blue circles). These elec-
trons also produce a HXR source in
the shock downstream region (blue
shadowed region). (D and E)
Observation and simulation of the
TS disruption. A fast PD identified in
the AIA 94 Å running-difference
images (red circles) arrives at the
TS at ~18:31:15 UT (t0 þ 18s) and
disrupts the shock, which appears in
the simulation as a rapidly
contracting magnetic loop (red
curve). Arrows show the velocity
vectors.
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Chen	et	al.	2015
• Unlike	HXR,	no	need	for	

sufficient	ambient	density
• Coherent	radiation	à very	

efficient	emission
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LT	HXR

Coherent	radiation	allows	diagnostics	
of	highly	dynamic	phenomena

Disrupted	termination	shock

HXR	flux

HXR	spectral	index
• This	termination	shock

contributes	to	the	acceleration	
of	10s	of	keV electrons

Chen	et	al.	2015



Decimetric	type	III	bursts:	electron	beams	near	
the	flaring	site15.4. PLASMA EMISSION 657
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Figure 15.15: Radio burst types in the framework of the standard flare scenario: The accelera-
tion region is located in the reconnection region above the soft X-ray-bright flare loop, accelerat-
ing electron beams in the upward direction (type III, U, N bursts) and in the downward direction
(type RS, DCIM bursts). Downward moving electron beams precipitate to the chromosphere
(producing hard X-ray emission and driving chromospheric evaporation), or remain transiently
trapped, producing microwave (MW) emission. Soft X-ray loops become subsequently filled up,
with increasing footpoint separation as the X-point rises. The insert shows a dynamic radio spec-
trum (ETH Zurich) of the 92-Sept-06, 1154 UT, flare, showing a separatrix between type III and
type RS bursts at ≈ 600 MHz, probably associated with the acceleration region (Aschwanden
1998b).

15.4.3 Observations of Plasma Emission

Metric Type III, J, U, and RS Bursts

From the previously described theory we expect that propagating electron beams gen-
erate plasma emission, which is a coherent emission mechanism, reaching much higher
radio brightness temperatures TB than incoherent emission mechanisms (such as free-
free emission, § 15.2, or gyrosynchrotron emission, § 15.3). Thus, the theory makes a
number of specific predictions that allows us to distinguish beam-driven plasma emis-
sion from other radio emission: (1) the propagating electron beams have mildly rel-
ativistic speeds which implies specific frequency-time drift rates; (2) the plasma fre-
quency range is a strict function of the ambient electron density (yielding densities
of ne ≈ 108 − 1010 cm−3 for plasma emission in the νp = 100 − 1000 MHz range);
(3) plasma emission produces higher brightness temperatures than incoherent emission,
and (4) since the generation of relativistic electrons requires an acceleration mechanism
as is available in flares and CME shocks, we expect a high correlation with the occur-

From	Aschwanden’s book



A	possible	detection	with	imaging	data
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Gyrosynchrotron
radio	emission

• Accelerated	electrons	also	
produce	(incoherent)	
gyrosynchrotron emission
• At	microwave	frequencies	
(few	to	x10	GHz),	GS	emission	
is	mainly	from	the	flare	loops	
(c.f.,	Lecture	21)
• Sometimes	GS	emission	is	
seen	above the	flare	loops
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2. OBSERVATIONS

We present soft X-ray and microwave imaging observations,
made with the Soft X-ray Telescope (SXT; Tsuneta et al. 1991)
aboard the Yohkoh satellite and the Nobeyama Radioheliograph
(NoRH; Nakajima et al. 1994; Takano et al. 1997), respectively,
of the 1999 August 6 UT flare that occurred from around
04:34 UT in NOAA active region 8647 on the west limb of the
Sun (S19W91; see Figure 1 ). The X-ray flux detected by the
GOES satellite was almost flat at a level of ∼C6. The evolution
of this flare was not seen in the GOES light curve, probably
because this flare was not large enough in soft X-ray flux against
the other eight active regions simultaneously located on the solar
disk. Hence, we track the evolution of this flare with the soft
X-ray intensity from the flaring loop derived from the Yohkoh/
SXT data as described in Section 2.1. Though we also check
the hard X-ray data taken with the Hard X-ray Telescope (HXT)
aboard the Yohkoh satellite, the hard X-ray signal from this flare
was very weak against the background level. This is probably
because the footpoint of the flaring loop was located behind the
solar limb. Hence, we do not discuss the hard X-ray data in this
paper.

2.1. Location of the X-point Identified with Soft X-Ray Imagery

Yohkoh/SXT observed the evolution of the flare, from its
very early stage, followed by an ejection of a plasmoid structure
as seen in animation 1. The corresponding large-scale feature
was also observed in an EUV wavelength (195 Å; animation 2;
Narukage & Shibata 2006). From around 04:34 UT, the width of
the portion connecting the top of the bright soft X-ray loop and
the plasmoid started to decrease with time, which eventually led
to the plasmoid ejection after ∼04:50 UT (see Figure 2(a)). We
note that the soft X-ray intensity from the bright soft X-ray loop
derived from the SXT data continued to increase as the width
decreased, while it turned into a decrease after the ejection,
following the peak in the soft X-ray flux (Figure 2(b)). Such
behavior in soft X-rays is consistent with what is expected from
the well-perceived reconnection picture for flares (Figure 1(a);
Shibata & Magara 2011), in which the observed decrease in
width is attributed to reconnection inflow (Yokoyama et al. 2001;
Narukage & Shibata 2006) toward the X-point while magnetic
reconnection is in progress. From the soft X-ray image at the
period of ongoing reconnection (Figure 1(c)), we have identified
the X-like feature at the apex of the cusp shape structure, i.e., the
smallest portion in width in the soft X-ray intensity contour map
(see the contours in Figure 1 at 04:45:00 UT), as the location
of the reconnection X-point, which is indicated by black circles
in Figures 1(b)–(d). We consider that the X-point is located
within the fixed black circles from the start of the reconnection
to the plasmoid ejection, because the location of the plasmoid
gradually moved upward as the flare progressed, but such
moving distance is comparable to the diameter of the black
circles until the plasmoid ejection at around 04:50 UT. After
the plasmoid ejection, the X-point location cannot be tracked,
since the plasmoid was ejected outside of the field of view.
Additionally, the apex of the cusp shape structure shifted toward
the northeast direction after the plasmoid ejection. Hence, we
move the black circle along the yellow line in Figures 1(b)–(d)
to track the location around the apex of the cusp shape structure
(around the edge of the current-sheet-like feature) as seen in
animation 3. In the following, quantities referred to as those
around the X-point correspond to those averaged over the black
circle.
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Figure 1. Soft X-ray and microwave observations of the 1999 August 6 flare. (a)
Schematic illustration of the reconnection picture for the flare. (b)–(d) Soft X-ray
images taken with the AlMg filter of Yohkoh/SXT. Each of them is a composite
frame made from a pair of full-resolution (2.′′46 pixel−1) and half-resolution
(4.′′92 pixel−1) images. The location of the reconnection X-point is indicated by
a black circle in each panel, whose diameter is set as 10′′ (∼7300km), which
is approximately the beam size for the 17 GHz maps shown in (h)–(j). The
yellow line is drawn to cross the center of the black circle (X-point) and in
perpendicular direction to the plasmoid ejection. (e)–(g) Electron temperature
distribution derived with the filter ratio method from pairs of soft X-ray images
obtained with the AlMg and Be119 filters of Yohkoh/SXT. Errors in the derived
filter-ratio temperature are less than 15%. (h)–(j) 17 GHz microwave brightness
temperature maps from Nobeyama Radioheliograph (NoRH). (k)–(m) Spatial
distribution of power-law index of microwave flux density spectra (alpha index)
derived from NoRH 17 GHz and 34 GHz data. Distribution of alpha index with
its error less than 1.0 is displayed in each panel of (k)–(m). Black or white
contours in (e)–(m) trace soft X-ray intensity levels of 8000 and 30,000 DN
s−1 pixel−1 for the full-resolution portion taken with the AlMg filter (thus the
vertical feature at the right end of the outer contour level in (e)–(m) is artificial).
The accuracy of the co-alignment between soft X-ray and microwave images is
better than 2′′. In each panel, the white arc represents the solar limb. North is
up and east is to the left.

(Animations of this figure are available in the online journal.)
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2. OBSERVATIONS

We present soft X-ray and microwave imaging observations,
made with the Soft X-ray Telescope (SXT; Tsuneta et al. 1991)
aboard the Yohkoh satellite and the Nobeyama Radioheliograph
(NoRH; Nakajima et al. 1994; Takano et al. 1997), respectively,
of the 1999 August 6 UT flare that occurred from around
04:34 UT in NOAA active region 8647 on the west limb of the
Sun (S19W91; see Figure 1 ). The X-ray flux detected by the
GOES satellite was almost flat at a level of ∼C6. The evolution
of this flare was not seen in the GOES light curve, probably
because this flare was not large enough in soft X-ray flux against
the other eight active regions simultaneously located on the solar
disk. Hence, we track the evolution of this flare with the soft
X-ray intensity from the flaring loop derived from the Yohkoh/
SXT data as described in Section 2.1. Though we also check
the hard X-ray data taken with the Hard X-ray Telescope (HXT)
aboard the Yohkoh satellite, the hard X-ray signal from this flare
was very weak against the background level. This is probably
because the footpoint of the flaring loop was located behind the
solar limb. Hence, we do not discuss the hard X-ray data in this
paper.

2.1. Location of the X-point Identified with Soft X-Ray Imagery

Yohkoh/SXT observed the evolution of the flare, from its
very early stage, followed by an ejection of a plasmoid structure
as seen in animation 1. The corresponding large-scale feature
was also observed in an EUV wavelength (195 Å; animation 2;
Narukage & Shibata 2006). From around 04:34 UT, the width of
the portion connecting the top of the bright soft X-ray loop and
the plasmoid started to decrease with time, which eventually led
to the plasmoid ejection after ∼04:50 UT (see Figure 2(a)). We
note that the soft X-ray intensity from the bright soft X-ray loop
derived from the SXT data continued to increase as the width
decreased, while it turned into a decrease after the ejection,
following the peak in the soft X-ray flux (Figure 2(b)). Such
behavior in soft X-rays is consistent with what is expected from
the well-perceived reconnection picture for flares (Figure 1(a);
Shibata & Magara 2011), in which the observed decrease in
width is attributed to reconnection inflow (Yokoyama et al. 2001;
Narukage & Shibata 2006) toward the X-point while magnetic
reconnection is in progress. From the soft X-ray image at the
period of ongoing reconnection (Figure 1(c)), we have identified
the X-like feature at the apex of the cusp shape structure, i.e., the
smallest portion in width in the soft X-ray intensity contour map
(see the contours in Figure 1 at 04:45:00 UT), as the location
of the reconnection X-point, which is indicated by black circles
in Figures 1(b)–(d). We consider that the X-point is located
within the fixed black circles from the start of the reconnection
to the plasmoid ejection, because the location of the plasmoid
gradually moved upward as the flare progressed, but such
moving distance is comparable to the diameter of the black
circles until the plasmoid ejection at around 04:50 UT. After
the plasmoid ejection, the X-point location cannot be tracked,
since the plasmoid was ejected outside of the field of view.
Additionally, the apex of the cusp shape structure shifted toward
the northeast direction after the plasmoid ejection. Hence, we
move the black circle along the yellow line in Figures 1(b)–(d)
to track the location around the apex of the cusp shape structure
(around the edge of the current-sheet-like feature) as seen in
animation 3. In the following, quantities referred to as those
around the X-point correspond to those averaged over the black
circle.
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Figure 1. Soft X-ray and microwave observations of the 1999 August 6 flare. (a)
Schematic illustration of the reconnection picture for the flare. (b)–(d) Soft X-ray
images taken with the AlMg filter of Yohkoh/SXT. Each of them is a composite
frame made from a pair of full-resolution (2.′′46 pixel−1) and half-resolution
(4.′′92 pixel−1) images. The location of the reconnection X-point is indicated by
a black circle in each panel, whose diameter is set as 10′′ (∼7300km), which
is approximately the beam size for the 17 GHz maps shown in (h)–(j). The
yellow line is drawn to cross the center of the black circle (X-point) and in
perpendicular direction to the plasmoid ejection. (e)–(g) Electron temperature
distribution derived with the filter ratio method from pairs of soft X-ray images
obtained with the AlMg and Be119 filters of Yohkoh/SXT. Errors in the derived
filter-ratio temperature are less than 15%. (h)–(j) 17 GHz microwave brightness
temperature maps from Nobeyama Radioheliograph (NoRH). (k)–(m) Spatial
distribution of power-law index of microwave flux density spectra (alpha index)
derived from NoRH 17 GHz and 34 GHz data. Distribution of alpha index with
its error less than 1.0 is displayed in each panel of (k)–(m). Black or white
contours in (e)–(m) trace soft X-ray intensity levels of 8000 and 30,000 DN
s−1 pixel−1 for the full-resolution portion taken with the AlMg filter (thus the
vertical feature at the right end of the outer contour level in (e)–(m) is artificial).
The accuracy of the co-alignment between soft X-ray and microwave images is
better than 2′′. In each panel, the white arc represents the solar limb. North is
up and east is to the left.

(Animations of this figure are available in the online journal.)
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• More	radiative	processes:	Inverse	Compton	and	coherent	
radiation
• Where?	à Particles	are	probably	accelerated	in	the	corona,	
but	exact	location	unknown	
• ALT	HXR	sources,	type	III	bursts,	GS	sources
• But,	ALT	HXR	sources	are	rare	– only	a	handful	of	events	observed	in	
>15	years	of	RHESSI	+	Yohkoh/HXT	à Direct	focusing	optics	and	
more	sensitive	X-ray	observations	would	help

• Radio	dynamic	spectroscopic	imaging	is	another	powerful	tool
• (Very)	active	field	of	research

• What	do	the	observed	spatial,	spectral,	and	temporal	
properties	of	the	HXR	and	radio	sources	imply	for	the	
acceleration	and/or	transport	mechanisms?	
à Open	question.	Topic	of	next	lecture

Summary


