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FIG. 10.ÈDiagram of a Ñare model envisioning magnetic reconnection and chromospheric evaporation processes in the context of our electron density
measurements. The panel on the right illustrates a dynamic radio spectrum with radio bursts indicated in the frequency-time plane. The acceleration site is
located in a low-density region (in the cusp) with a density of cm~3 from where electron beams are accelerated in upward (type III) and downwardn

e
acc B 109

(RS bursts) directions. Downward-precipitating electron beams that intercept the chromospheric evaporation front with density jumps over n
e
upflow \ (1È5)

] 1010 cm~3 can be traced as decimetric bursts with almost inÐnite drift rate in the 1È2 GHz range. The SXR-bright Ñare loops completely Ðlled up by
evaporated plasma have somewhat higher densities of cm~3. The chromospheric upÑow Ðlls loops subsequently with wider footpoint separationn

e
SXR B 1011

while the reconnection point rises higher.

region. The type III and RS bursts identiÐed here occur
during the main impulsive Ñare phase, and their detailed
correlation with HXRs was established in several recent
studies (e.g., Aschwanden et al. It was not1993, 1995).
known in earlier studies whether the start frequency of
metric type III bursts would be signiÐcantly displaced to
lower frequencies than the plasma frequency of the acceler-
ation region, because a minimal propagation distance is
needed for electron beams to become unstable Benz,(Kane,
& Treumann However, recent studies of the starting1982).
point of combined upward- and downward-propagating
beam signatures (see bidirectional type III ] RS burst pairs
in Aschwanden et al. demon-1995, 1993 ; Klassen 1996)
strated that the centroid position of the acceleration region
is close to the start frequency of strong type III bursts. The
only major difficulty with this scenario is the observed
asymmetry of electron numbers accelerated in the upward/
downward direction, which was inferred to be as low as
10~2 to 10~3, comparing the electrons detected in inter-
planetary space with those required to satisfy the chromo-
spheric thick-target HXR emission It is not clear(Lin 1974).
whether this asymmetry can be explained by the dominance
of closed magnetic Ðeld lines above acceleration regions. In
the following discussion, we associate the start frequency lIII
of type III bursts with the electron density in the accel-n

e
acc

eration region. The range of type III start frequencies (220È
910 MHz) measured here is found to be nearly identical
with that (270È950 MHz) of 30 bidirectional III ] RS burst
pairs analyzed in et al. ComparingAschwanden (1995).
these densities in the acceleration region with those in the
SXR-bright Ñare loop, we Ðnd very low ratios of

(with a median of 0.027), i.e., then
e
acc/n

e
SXR \ 0.007È0.127

density in the acceleration region is 1È2 orders of magnitude
lower than in the SXR-bright Ñare loop.

This result has dramatic consequences for the location of
the acceleration site. The extremely low density ratio in the
acceleration site found in all Ñares, without exception,
leaves no room to place the acceleration site inside the
SXR-bright Ñare loop (assuming a Ðlling factor near unity).
If we were to allow for harmonic plasma emission or for
nonunity Ðlling factors of the SXR loop, the density ratio
between the acceleration site and the SXR loop would be
even more extreme. Therefore we see no other possibility
than to conclude that the acceleration site is located outside
the SXR-bright Ñare loop. The next question is the magnetic
topology that can accommodate such large density gra-
dients (D2È5 density scale heights). A possible topology is a
cusp-shaped magnetic Ðeld geometry above the SXR-bright
Ñare loop, where acceleration is assumed to take place
beneath the X- or Y-type magnetic reconnection point (see
diagram in for a detailed physical model, seeFig. 10 ;

The magnetic Ðeld lines that connect theTsuneta 1996).
cusp with the footpoints can have arbitrarily lower densities
than the encompassed closed Ðeld lines that have been Ðlled
by evaporated plasma. Of course, the high density gradient
between the acceleration site and the Ðlled SXR-bright Ñare
loops can only be maintained in a dynamical process in
which the reconnection point proceeds to higher altitudes

& Pneuman before chromospheric evapo-(Kopp 1976)
ration has Ðlled up the cusp volume. This race of the recon-
nection point with the evaporation front in the upward
direction may come to a halt in long-duration Ñares, where
the cusp volume becomes clearly Ðlled up et al.(Tsuneta

& Acton1992 ; Forbes 1995).
This Ñare scenario, in which acceleration takes place in a

low-density region above the much denser SXR-bright Ñare
loop, would predict a physical separation between non-
thermal and thermal electrons. While the SXR-bright Ñare
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Specific	
  intensity	
  (cf.	
  diff’l	
  intensity)	
  	
  
dA	
  

dΩ	



ray	
  

normal	
  Flux	
  density	
  	
  

Units	
  	
  

Specific	
  intensity:	
  ergs	
  cm-­‐2	
  s-­‐1	
  Hz-­‐1	
  sr-­‐1	
  

Flux	
  density*:	
  ergs	
  cm-­‐2	
  s-­‐1	
  Hz-­‐1	
  (or	
  ergs	
  cm-­‐2	
  s-­‐1	
  keV-­‐1	
  or	
  counts	
  cm-­‐2	
  s-­‐1	
  keV-­‐1	
  )	
  

Total	
  flux:	
  ergs	
  cm-­‐2	
  s-­‐1	
  	
  

Fluence:	
  ergs	
  cm-­‐2	
  	
  

*1	
  Jansky	
  (Jy)	
  =	
  10-­‐26	
  ergs	
  cm-­‐2	
  s-­‐1	
  Hz-­‐1	
  

1	
  solar	
  flux	
  unit	
  (SFU)	
  =	
  104	
  Jy	
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In	
  the	
  absence	
  of	
  emission,	
  absorp5on,	
  or	
  scaGering	
  the	
  specific	
  
intensity	
  along	
  a	
  ray	
  does	
  not	
  change.	
  	
  However,	
  if	
  emission	
  and	
  
absorp5on	
  occur,	
  the	
  radia5ve	
  transfer	
  equa5on	
  is	
  	
  

where	
  αν	
  is	
  the	
  absorp5on	
  coefficient	
  (units	
  cm-­‐1)	
  and	
  jν	
  is	
  the	
  
emission	
  coefficient	
  (units	
  ergs	
  cm-­‐3	
  s-­‐1	
  sr-­‐1	
  Hz-­‐1).	
  Defining	
  the	
  op5cal	
  
depth	
  τν=ανds	
  and	
  the	
  source	
  func5on	
  Sν	
  =	
  jν/αν the	
  transfer	
  equa5on	
  
can	
  be	
  rewriGen	
  

For	
  an	
  isolated	
  and	
  homogeneous	
  source	
  the	
  solu5on	
  is	
  simply	
  

When	
  τν	
  >>	
  1,	
  the	
  source	
  is	
  said	
  to	
  be	
  op5cally	
  thick	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ;	
  when	
  
τν	
  <<	
  1,	
  the	
  source	
  is	
  said	
  to	
  be	
  op5cally	
  thin	
  and	
  	
  

For	
  a	
  system	
  of	
  maGer	
  and	
  radia5on	
  in	
  thermodynamic	
  equilibrium	
  it	
  
is	
  characterized	
  everywhere	
  by	
  a	
  single	
  temperature	
  T	
  and	
  the	
  
differen5al	
  density	
  distribu5on	
  is	
  given	
  by	
  the	
  Maxwell-­‐Boltzmann	
  
distribu5on	
  

The	
  specific	
  intensity,	
  referred	
  to	
  under	
  these	
  circumstances	
  as	
  
blackbody	
  radia5on,	
  is	
  described	
  by	
  the	
  Planck	
  func5on	
  

Note	
  that	
  at	
  radio	
  wavelengths	
  we	
  have	
  hν	
  <<	
  kBT	
  and	
  so	
  	
  

a	
  rela5onship	
  known	
  as	
  the	
  Rayleigh-­‐Jeans	
  Law.	
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Given	
  the	
  simplicity	
  of	
  the	
  Planckian	
  in	
  the	
  Rayleigh-­‐Jeans	
  regime,	
  it	
  is	
  
useful	
  to	
  	
  can	
  define	
  the	
  brightness	
  temperature:	
  	
  

and	
  	
  the	
  effec5ve	
  temperature:	
  	
  

Note	
  that	
  the	
  transfer	
  equa5on	
  can	
  now	
  be	
  wriGen:	
  	
  

with	
  solu5ons	
  TB = Teff = T when	
  the	
  source	
  is	
  op5cally	
  thick	
  and	
  TB = 
τνTeff when	
  the	
  source	
  is	
  op5cally	
  thin.	
  	
  	
  	
  

Radia5on	
  from	
  a	
  Maxwellian	
  par5cle	
  distribu5on	
  is	
  referred	
  to	
  as	
  
thermal	
  radia5on	
  whereas	
  radia5on	
  from	
  a	
  non-­‐Maxwellian	
  par5cle	
  
distribu5on	
  is	
  referred	
  to	
  as	
  nonthermal	
  radia5on.	
  

Example	
  of	
  a	
  nonthermal	
  distribu5on:	
  	
  

€ 

C = (δ −1)EC
δ −1
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Radio	
  Emission	
  

 	
  Thermal	
  bremsstrahlung	
  (e-­‐p)	
  
 	
  Gyrosynchrotron	
  radia5on	
  (e-­‐B)	
  
 	
  Plasma	
  radia5on	
  (w-­‐w)	
  

Larmor	
  formulae:	
  radia5on	
  from	
  an	
  accelerated	
  charge	
  	
  

Rela5vis5c	
  Larmor	
  formulae	
  	
  

Cases	
  relevant	
  to	
  radio	
  and	
  HXR/gamma-­‐ray	
  emission:	
  	
  

Accelera2on	
  experienced	
  in	
  the	
  Coulomb	
  field:	
  bremsstrahlung	
  
Accelera2on	
  experience	
  in	
  a	
  magne2c	
  field:	
  gyromagne5c	
  radia5on	
  

€ 

dP
dΩ

=
q2

4πc 3
a2 sin2θ

€ 

P =
2q2

3c 3
a2

θ	
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+Ze 

e- ν	



Electron-­‐ion	
  Bremsstrahlung	
  	
  

 	
  At	
  radio	
  wavelengths,	
  thermal	
  bremsstrahlung	
  or	
  thermal	
  free-­‐free	
  
radia5on	
  is	
  relevant	
  to	
  the	
  quiet	
  Sun,	
  flares,	
  and	
  CMEs	
  

 	
  Nonthermal	
  bremsstrahlung	
  is	
  relevant	
  to	
  HXR/gamma-­‐ray	
  bursts	
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e- 

B 

ν	



€ 

a =
q
mc
v ×B

€ 

νBe =
eB

2πmec
= 2.8B MHz

The	
  electron	
  gyrofrequency	
  is	
  an	
  
important	
  natural	
  frequency	
  of	
  the	
  
solar	
  corona.	
  

Gyromagne5c	
  radia5on	
  

Radia5on	
  paGern	
  
E(t)	
  

Power	
  spectrum	
  

γ=1	
  

ν=νBe	
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γ=1.01	
  

Radia5on	
  paGern	
  
E(t)	
  

Power	
  spectrum	
  

ν=sνBe;	
  s=1,2,3,…	
  

γ=1.1	
  

Radia5on	
  paGern	
  
E(t)	
  

Power	
  spectrum	
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Radia5on	
  paGern	
  

Power	
  spectrum	
  

E(t)	
  

δ=3	



δ=4	



δ=5	



Β=200	



Β=400	



Β=800	



θ=80	



θ=50	



θ=20	



nth=109	
  

nth=2x1010	
  

nth=5x1010	
  

Reference	
  
spectrum	
  
B=200	
  G	
  
δ=4	
  

Ec=100	
  keV	
  
nth=109	
  cm-­‐3	
  
nrl=105	
  cm-­‐3	
  

A=3	
  x	
  1018	
  cm2	
  

D=109	
  cm	
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δ=3	



δ=5	



Β=800	



Β=200	



nth=5x1010	
  

nth=2x1010	
  
nth=109	
  

θ=80	



θ=20	



	
  	
  	
  	
  	
  	
  	
  Fleishman	
  &	
  Melnikov	
  2003	
  

Anisotropic	
  electron	
  
distribu5ons	
  

Affects	
  spectrum	
  and	
  
polariza5on	
  proper5es	
  of	
  
the	
  emiGed	
  spectrum!	
  

Unless	
  properly	
  accounted	
  
for,	
  incorrect	
  conclusions	
  
will	
  be	
  drawn.	
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Bas5an	
  et	
  al	
  1998	
  

Bas5an	
  &	
  Kiplinger	
  1991	
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17 GHz 34 GHz 

13 July 2005  
Nobeyama Radioheliograph                

Plasma	
  waves,	
  also	
  called	
  Langmuir	
  waves,	
  are	
  electrosta5c	
  oscilla5ons.	
  The	
  
oscilla5on	
  frequency	
  is	
  the	
  electron	
  plasma	
  frequency,	
  the	
  second	
  natural	
  
frequency	
  in	
  the	
  solar	
  atmosphere	
  relevant	
  to	
  radio	
  emission:	
  

Plasma	
  radia5on	
  

Dispersion	
  rela5on	
  for	
  electromagne5c	
  (radio)	
  waves:	
  

For	
  Langmuir	
  waves:	
  

Langmuir	
  waves	
  are	
  excited	
  by	
  anisotropies	
  in	
  the	
  electron	
  distribu5on	
  
func5on	
  that	
  can	
  arise	
  from	
  electron	
  beams,	
  loss	
  cones,	
  or	
  other	
  distribu5ons.	
  	
  

Plasma	
  radia5on	
  arises	
  when	
  (longitudinal)	
  Langmuir	
  waves	
  are	
  converted	
  to	
  
(transverse)	
  electromagne5c	
  waves	
  via	
  wave-­‐wave	
  interac5ons.	
  	
  	
  

€ 

ω 2 = k 2c 2

€ 

ω 2 = k 2c 2 +ω pe
2

in vacuo in a plasma 

€ 

ω 2 =ω pe
2

€ 

ω 2 =ω pe
2 + 3k 2vth

2

“cold plasma” warm plasma 
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Plasma	
  radia5on	
  at	
  ν=νpe	
  (fundamental)	
  is	
  produced	
  when	
  Langmuir	
  
waves	
  interact	
  with	
  ion	
  sound	
  waves:	
  	
  

Plasma	
  radia5on	
  at	
  ν=2νpe	
  (harmonic)	
  is	
  produced	
  when	
  two	
  Langmuir	
  
waves	
  coalesce:	
  	
  

Such	
  Langmuir	
  waves	
  must	
  essen5ally	
  collide	
  head-­‐on	
  in	
  order	
  to	
  
conserve	
  momentum.	
  Note	
  that	
  an	
  important	
  ancillary	
  reac5on	
  is	
  the	
  
decay	
  of	
  Langmuir	
  waves	
  into	
  a	
  secondary	
  Langmuir	
  wave	
  and	
  an	
  ion	
  
sound	
  wave.	
  	
  	
  

Two	
  important	
  examples	
  of	
  plasma	
  radia5on	
  phenomena	
  relevant	
  to	
  
heliophysics:	
  

• 	
  Type	
  II	
  radio	
  burst:	
  plasma	
  radia5on	
  associated	
  with	
  a	
  coronal	
  or	
  IP	
  shock	
  
• 	
  Type	
  III	
  radio	
  bursts:	
  plasma	
  radia5on	
  associated	
  with	
  an	
  electron	
  beam	
  

Dulk	
  1985	
  

GB/SRBS	
  

type	
  III	
  

type	
  III	
  +	
  
type	
  II	
  

type	
  II	
  +	
  
type	
  IV	
  +	
  
fadeout	
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Nonthermal	
  bremsstrahlung	
  radia5on	
  
A	
  HXR	
  photon	
  is	
  emiGed	
  when	
  an	
  energe5c	
  electron	
  scaGers	
  off	
  the	
  
Coulomb	
  field	
  of	
  a	
  proton	
  (or	
  other	
  ion).	
  	
  

Consider	
  an	
  energe5c	
  electron	
  in	
  a	
  uniform,	
  fully	
  ionized	
  hydrogen	
  
plasma	
  with	
  a	
  proton	
  density	
  np.	
  The	
  photon	
  produc5on	
  rate	
  is	
  then	
  
just	
  np σε(E)	
  v(E).	
  Consider	
  a	
  distribu5on	
  of	
  energe5c	
  electrons	
  N(E)	
  
dE.	
  Then	
  the	
  total	
  photon	
  rate	
  produced	
  by	
  the	
  (op5cally	
  thin)	
  source	
  
volume	
  V	
  is	
  	
  

and	
  the	
  photon	
  count	
  rate	
  at	
  Earth	
  (R	
  =	
  1	
  AU)	
  is	
  then	
  	
  

in	
  units	
  of	
  photons	
  cm-­‐2	
  s-­‐1	
  per	
  unit	
  energy.	
  	
  

This	
  is	
  referred	
  to	
  as	
  “thin	
  target”	
  emission	
  because	
  the	
  5me	
  scale	
  for	
  
Coulomb	
  losses	
  by	
  the	
  energe5c	
  electrons	
  is	
  much	
  greater	
  than	
  any	
  
other	
  5me	
  scale	
  relevant	
  to	
  the	
  flare.	
  	
  	
  

The	
  photon	
  cross	
  sec5on	
  used	
  for	
  HXR	
  emission	
  is	
  the	
  Bethe-­‐Heitler	
  
cross	
  sec5on,	
  valid	
  for	
  non-­‐rela5vis5c	
  to	
  weakly	
  rela5vis5c	
  electrons:	
  	
  

Rewri5ng	
  the	
  photon	
  count	
  rate,	
  

where	
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Suppose	
  the	
  energe5c	
  electron	
  distribu5on	
  func5on	
  is	
  a	
  power	
  law:	
  	
  

With	
  a	
  change	
  of	
  variables	
  from	
  E to	
  E/ε we	
  then	
  have	
  	
  	
  	
  

and	
  the	
  photon	
  count	
  at	
  1	
  AU	
  is	
  recast	
  as	
  	
  	
  	
  	
  	
  

This	
  result	
  was	
  obtained	
  by	
  Brown	
  (1971),	
  although	
  instead	
  it	
  was	
  
formulated	
  in	
  terms	
  of	
  the	
  observed	
  photon	
  spectrum,	
  taken	
  to	
  be	
  a	
  
power	
  law,	
  

from	
  which	
  N(E)	
  was	
  inferred	
  through	
  inversion:	
  	
  	
  

Now	
  consider	
  the	
  case	
  where	
  we	
  have	
  a	
  con5nuous	
  injec5on	
  of	
  fast	
  electrons	
  
into	
  the	
  source	
  volume	
  where	
  they	
  suffer	
  energy	
  losses	
  via	
  collisions	
  on	
  free	
  
(and	
  bound)	
  electrons	
  and	
  are	
  brought	
  to	
  a	
  stop.	
  

For	
  a	
  fully	
  ionized	
  plasma	
  we	
  have	
  	
  

where	
  

An	
  electron	
  injected	
  with	
  an	
  energy	
  Eo	
  can	
  radiate	
  photons	
  with	
  energy	
  ε	
  via	
  
bremsstrahlung	
  un5l	
  the	
  electron’s	
  energy	
  has	
  fallen	
  below	
  ε.	
  It’s	
  photon	
  
produc5on	
  rate	
  is	
  then	
  given	
  by:	
  

where	
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Now	
  if	
  a	
  distribu5on	
  of	
  F(Eo)	
  electrons	
  per	
  unit	
  energy	
  are	
  injected	
  
into	
  the	
  source	
  volume	
  each	
  second,	
  the	
  total	
  photon	
  emission	
  rate	
  is	
  	
  	
  

and	
  the	
  photon	
  flux	
  per	
  unit	
  energy	
  at	
  Earth	
  is	
  then	
  	
  	
  

Exchanging	
  the	
  order	
  of	
  integra5on,	
  this	
  can	
  be	
  rewriGen	
  	
  	
  	
  

where	
  	
  	
  	
  

As	
  before,	
  we	
  assume	
  a	
  power-­‐law	
  distribu5on	
  of	
  electrons	
  is	
  injected	
  
into	
  the	
  source.	
  Then	
  we	
  have	
  	
  	
  	
  	
  

With	
  the	
  same	
  change	
  of	
  variables	
  as	
  before	
  we	
  can	
  then	
  write	
  	
  	
  	
  	
  

and	
  it’s	
  seen	
  for	
  “thick	
  target”	
  emission,	
  	
  	
  	
  	
  	
  

or,	
  inver5ng	
  a	
  power-­‐law	
  photon	
  spectrum,	
  	
  

In	
  order	
  to	
  directly	
  compare	
  with	
  the	
  thin	
  target	
  case	
  we	
  note	
  that	
  	
  	
  	
  

€ 

F(E) ~ v(E)N(E)∝ E1/ 2N(E)∝ E −(γ −1)

The	
  inferred	
  index	
  of	
  the	
  injec5on	
  spectrum	
  to	
  be	
  flaGer	
  by	
  2	
  for	
  the	
  
thin	
  target	
  case	
  (γ-1) than	
  inferred	
  for	
  the	
  thick	
  target	
  case	
  (γ+1).	



Alterna5vely,	
  for	
  a	
  given	
  electron	
  injec5on	
  spectrum	
  with	
  an	
  index	
  δ, 
the	
  resul5ng	
  photon	
  spectral	
  index	
  is	
  steeper	
  by	
  2	
  for	
  a	
  thin	
  target	
  
source	
  (δ+1) than	
  it	
  is	
  for	
  a	
  thick	
  target	
  source	
  (δ-1). 	
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Thin-­‐target	
  emission	
  

δ = 3	



δ = 4	



δ = 5	



Thick-­‐target	
  emission	
  

δ = 3	



δ = 4	



δ = 5	
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At	
  higher	
  (rela5vis5c)	
  energies,	
  correc5ons	
  to	
  the	
  electron-­‐proton	
  
photon	
  cross	
  sec5on	
  must	
  be	
  included.	
  Moreover,	
  addi5onal	
  
contribu5ons	
  to	
  the	
  bremsstrahlung	
  photon	
  spectrum	
  may	
  need	
  to	
  be	
  
included.	
  These	
  are:	
  

o 	
  Electron-­‐electron	
  bremsstrahlung	
  (e.g.,	
  Haug	
  1975;	
  Kontar	
  2007)	
  
o 	
  Positron-­‐electron	
  bremsstrahlung	
  (e.g.,	
  Haug	
  1985)	
  

Another	
  point:	
  in	
  principle,	
  protons	
  accelerated	
  in	
  a	
  flare	
  also	
  stream	
  
down	
  to	
  the	
  chromosphere	
  and	
  photosphere	
  where	
  they	
  should	
  
produce	
  bremsstrahlung	
  by	
  scaGering	
  on	
  ambient	
  electrons.	
  That	
  is,	
  

o 	
  Proton-­‐electron	
  bremsstrahlung	
  	
  (Emslie	
  &	
  Brown	
  1985;	
  Haug	
  
2003)	
  

This	
  “inverse	
  bremsstrahlung”	
  is	
  not	
  widely	
  believed	
  to	
  be	
  significant,	
  
however.	
  	
  	
  

Other	
  bremsstrahlung	
  contribu5ons	
  

The	
  scaGering	
  of	
  photons	
  on	
  electrons,	
  or	
  vice	
  versa,	
  appears	
  in	
  several	
  
guises:	
  

• 	
  Thomson	
  scaGering:	
  low	
  energy	
  photons	
  elas5cally	
  scaGer	
  off	
  low	
  
energy	
  electrons	
  –	
  e.g.,	
  the	
  white	
  light	
  corona	
  
• 	
  Compton	
  scaGering:	
  energe5c	
  photons	
  scaGer	
  off	
  low	
  energy	
  
electrons	
  –	
  e.g.,	
  HXR	
  albedo	
  patch	
  

HXR	
  photons	
  of	
  10-­‐100	
  keV	
  Compton	
  backscaGer	
  from	
  the	
  low	
  solar	
  
atmosphere.	
  The	
  Compton	
  scaGering	
  cross	
  sec5on	
  has	
  a	
  broad	
  maximum	
  at	
  
30-­‐40	
  keV.	
  The	
  reflec5vity	
  can	
  approach	
  unity.	
  

It	
  is	
  therefore	
  important	
  to	
  take	
  into	
  account	
  the	
  HXR	
  albedo	
  flux	
  when	
  
interpre5ng	
  HXR	
  spectra	
  (at	
  least	
  those	
  now	
  available	
  from	
  RHESSI)!	
  	
  

Complica5ons:	
  the	
  albedo	
  patch	
  depends	
  on	
  the	
  rela5ve	
  geometry	
  of	
  the	
  
source	
  region	
  to	
  the	
  atmosphere,	
  the	
  aspect	
  angle,	
  and	
  the	
  polariza5on	
  of	
  
the	
  HXR	
  photons	
  (e.g.,	
  Kontar	
  et	
  al.	
  2006,	
  Kasparova	
  et	
  al.	
  2007)	
  

48	
  

Compton	
  scaGering	
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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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€ 

λ'−λ =
h
mec

1− cosθ( )

€ 

ε'= ε

1+ ε /mec
2( ) 1− cosθ( )

Inverse	
  Compton	
  scaGering	
  
• 	
  Inverse	
  Compton	
  scaGering:	
  soy	
  photons	
  scaGer	
  off	
  of	
  energe5c	
  
electrons	
  –	
  e.g.,	
  coronal	
  HXR	
  sources	
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€ 

εr = γε(1− cosθ )

εr '=
εr

1+ ε /mec
2( ) 1− cosθ r( )

Rela5vis5c	
  electron	
  

Rest	
  frame	
  

Lab	
  frame	
  

€ 

ε l '= γεr ' 1− βcosθ r( )
ε l '(max) ≈ 2γεr '

Thomson	
  regime	
  	
  

€ 

ε << mec
2

ε'≈ ε
ε l '(max) ≈ 2γεr '(max) ≈ 4γ

2ε

Coronal	
  HXR	
  sources	
  

MacKinnon	
  &	
  Mallik	
  (2010)	
  consider	
  
the	
  case	
  wherein	
  photospheric	
  
photons	
  (2	
  eV)	
  are	
  up-­‐scaGered	
  by	
  a	
  
power-­‐law	
  distribu5on	
  of	
  ultra-­‐
rela5vis5c	
  flare	
  electrons	
  or	
  positrons.	
  

They	
  include	
  considera5on	
  of	
  the	
  
anisotropic	
  photon	
  field	
  and	
  varying	
  
aspect	
  angle.	
  	
  

They	
  find	
  that	
  if	
  ultra-­‐rela5vis5c	
  electrons	
  are	
  present	
  –	
  as	
  was	
  the	
  case	
  
for	
  the	
  2005	
  Jan	
  20	
  flare	
  –	
  then	
  the	
  IC	
  mechanism	
  can	
  rather	
  easily	
  
account	
  for	
  the	
  observed	
  HXR	
  spectrum.	
  	
  

Caveat:	
  the	
  ambient	
  plasma	
  density	
  must	
  be	
  low	
  (<1010	
  cm-­‐3).	
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Gamma-­‐rays	
  are	
  produced	
  by	
  the	
  interac5on	
  of	
  energe5c	
  protons,	
  
alpha	
  par5cles,	
  and	
  heavy	
  nuclei	
  with	
  the	
  ambient	
  chromospheric	
  and	
  
photospheric	
  plasma.	
  	
  

Consider	
  a	
  par5cle	
  species	
  j	
  that	
  has	
  been	
  accelerated	
  to	
  a	
  high	
  
energy	
  and	
  is	
  incident	
  on	
  an	
  ambient	
  par5cle	
  species	
  i.	
  The	
  interac5on	
  
rate	
  can	
  be	
  wriGen	
  as	
  

We	
  again	
  formulate	
  the	
  problem	
  in	
  terms	
  of	
  thin-­‐	
  or	
  thick-­‐target	
  
emission.	
  Thin	
  target	
  processes	
  are	
  relevant	
  to	
  par5cles	
  that	
  escape	
  
into	
  the	
  IPM.	
  Here,	
  we	
  discuss	
  thick-­‐target	
  processes.	
  The	
  yield	
  of	
  
par5cles	
  (e.g.,	
  neutrons,	
  positrons,	
  pions)	
  from	
  a	
  par5cular	
  interac5on	
  
in	
  the	
  thick	
  target	
  case	
  is	
  given	
  by	
  (Ramaty	
  et	
  al	
  1986):	
  

Gamma-­‐ray	
  Emission	
  

Or,	
  reversing	
  the	
  order	
  of	
  integra5on,	
  	
  	
  	
  	
  

In	
  our	
  treatment	
  of	
  HXR	
  bremsstrahlung	
  we	
  specified	
  the	
  dominant	
  
energy	
  loss	
  term	
  (collisions	
  with	
  electrons)	
  as	
  a	
  func5on	
  of	
  5me.	
  Here,	
  
the	
  energy	
  loss	
  term(s)	
  are	
  ley	
  unspecified	
  and	
  are	
  expressed	
  as	
  a	
  
func5on	
  of	
  range	
  –	
  depth	
  into	
  the	
  source.	
  	
  Since	
  energy	
  loss	
  by	
  
protons	
  and	
  ions	
  is	
  dominated	
  by	
  losses	
  on	
  H	
  and	
  He,	
  	
  

The	
  terms	
  in	
  square	
  brackets	
  is	
  approximately	
  1.13,	
  and	
  is	
  nearly	
  
independent	
  of	
  energy.	
  	
  	
  	
  	
  

Again,	
  the	
  detailed	
  physics	
  is	
  embodied	
  in	
  σij(E).	
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There	
  are	
  three	
  types	
  of	
  π-mesons,	
  or	
  pions:	
  	
  πο, π+,	
  and	
  π-­‐.	
  Neutral	
  
pions	
  have	
  a	
  rest	
  mass	
  of	
  about	
  135	
  MeV	
  whereas	
  the	
  charged	
  pions	
  
have	
  a	
  rest	
  mass	
  of	
  about	
  140	
  MeV.	
  The	
  threshold	
  energy	
  for	
  pion	
  
produc5on	
  is	
  therefore	
  ~300	
  MeV	
  nuc-­‐1.	
  

An	
  example	
  of	
  an	
  interac5on	
  that	
  produces	
  pions	
  is	
  proton-­‐proton	
  
collisions:	
  

p + p            π + + 2H 

In	
  the	
  case	
  of	
  neutral	
  pions,	
  most	
  (99%)	
  decay	
  directly	
  into	
  two	
  
photons.	
  In	
  the	
  case	
  of	
  charged	
  pions,	
  they	
  first	
  decay	
  to	
  muons,	
  then	
  
electrons	
  and	
  positrons.	
  	
  

π o            2γ    (each	
  photon	
  ~67	
  MeV,	
  strongly	
  Doppler	
  broadened)	



π +            µ+ + νµ              e+	
  +	
  νe	
  +	
  	
  νµ	


π  -            µ- + νµ              e-­‐	
  +	
  	
  νe	
  +	
  νµ	



Secondary	
  electrons	
  	
  bremsstrahlung	
  con5nuum	
  	
  
Secondary	
  positrons	
  	
  bremsstrahlung	
  plus	
  annihila5on	
  radia5on	
  

Pion	
  decay	
  

X12	
  flare	
  of	
  11	
  Jun	
  1991	
  
CGRO/EGRET	
  

Dunphy	
  et	
  al	
  1999	
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Positron	
  annihila5on	
  
Positrons	
  are	
  produced	
  by	
  two	
  types	
  of	
  processes:	
  	
  

π +	
  decay	
  (thresholds	
  of	
  100s	
  of	
  MeV)	
  
β-­‐decay	
  of	
  radioac5ve	
  isotopes	
  of	
  C,	
  N,	
  and	
  O	
  (thresholds	
  of	
  1-­‐10s	
  MeV)	
  

Positrons	
  are	
  “born”	
  rela5vis5c.	
  They	
  ini5ally	
  lose	
  energy	
  to	
  collisions	
  
with	
  electrons	
  and	
  through	
  ioniza5on	
  of	
  neutrals	
  un5l	
  they	
  have	
  	
  
slowed	
  sufficiently	
  to:	
  

1.  annihilate	
  on	
  electrons,	
  producing	
  two	
  photons,	
  each	
  511	
  keV,	
  OR	
  
2.  become	
  bound	
  to	
  an	
  ambient	
  electron,	
  forming	
  positronium	
  (Ps)	
  

The	
  subsequent	
  decay	
  of	
  Ps	
  depend	
  on	
  whether	
  it	
  is	
  formed	
  as	
  spin-­‐0	
  
para-­‐positronium	
  (singlet	
  state	
  1Ps)	
  or	
  spin-­‐1	
  orthopositronium	
  (triplet	
  
state	
  3Ps),	
  the	
  singlet	
  state	
  forming	
  ¼	
  of	
  the	
  5me,	
  the	
  laGer	
  forming	
  ¾	
  
of	
  the	
  5me.	
  	
  The	
  singlet	
  state	
  decays	
  into	
  two	
  photons,	
  each	
  511	
  keV.	
  
The	
  triplet	
  state	
  decays	
  into	
  three	
  photons,	
  each	
  with	
  ε <	
  511	
  keV.	
  

Direct	
  annihila5on	
  of	
  positrons	
  and	
  1Ps	
  decay	
  produce	
  the	
  511	
  keV	
  
annihila5on	
  line;	
  3Ps	
  produces	
  a	
  con5nuum	
  contribu5on	
  below	
  511	
  
keV.	
  	
  

Share	
  et	
  al	
  2004	
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Nuclear	
  de-­‐excita5on	
  lines	
  
Ambient	
  heavy	
  nuclei	
  of	
  C,	
  N,	
  O,	
  as	
  well	
  as	
  Ne,	
  Mg,	
  Al,	
  Si,	
  S,	
  Ca,	
  and	
  Fe	
  can	
  be	
  
excited	
  when	
  bombarded	
  by	
  energe5c	
  protons	
  and	
  alpha	
  par5cles.	
  

Spalla5on	
  and	
  fusion	
  (e.g.,	
  α-α)	
  reac5ons	
  also	
  yield	
  excited	
  nuclear	
  states.	
  	
  

Gamma-­‐ray	
  line	
  radia5on	
  is	
  produced	
  when	
  they	
  de-­‐excite.	
  The	
  line	
  width	
  –	
  
typically	
  10-­‐100	
  keV	
  –	
  is	
  determined	
  by	
  the	
  recoil	
  velocity	
  of	
  the	
  nucleus	
  in	
  
ques5on.	
  

• 	
  Strong	
  lines	
  of	
  12C,	
  15N	
  and	
  16O	
  appear	
  between	
  4-­‐7	
  MeV	
  
• 	
  Lines	
  of	
  the	
  α-α	
  ,	
  20Ne,	
  24Mg,	
  26Si,	
  and	
  56Fe	
  reac5ons	
  are	
  seen	
  <3	
  MeV	
  
• 	
  Mul5tudes	
  of	
  weak	
  narrow	
  lines	
  from	
  nuclei	
  heavier	
  than	
  O	
  also	
  
contribute	
  

In	
  the	
  inverse	
  process	
  energe5c	
  nuclei	
  of	
  C,	
  N,	
  O,	
  and	
  other	
  heavies	
  can	
  
bombard	
  the	
  ambient	
  protons	
  and	
  helium,	
  are	
  excited	
  and	
  then	
  de-­‐excite,	
  
again	
  emiKng	
  line	
  radia5on.	
  However,	
  in	
  this	
  case,	
  the	
  relevant	
  nuclei	
  are	
  
moving	
  at	
  high	
  speeds	
  and	
  the	
  emiGed	
  line	
  radia5on	
  is	
  significantly	
  Doppler	
  
broadened	
  which,	
  combined	
  with	
  weak	
  narrow	
  lines	
  forms	
  a	
  pseudo-­‐
con5nuum.	
  

Murphy	
  et	
  al	
  1990	
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Neutron	
  capture	
  line	
  
A	
  large	
  number	
  of	
  processes	
  can	
  yield	
  fast	
  neutrons:	
  proton-­‐proton,	
  proton-­‐
alpha,	
  alpha-­‐proton,	
  alpha-­‐alpha,	
  as	
  well	
  as	
  protons	
  and	
  alphas	
  on	
  heavy	
  
nuclei	
  –	
  e.g.,	
  13C(α,n)16O	
  –	
  	
  and	
  the	
  inverse	
  reac5ons.	
  The	
  threshold	
  energy	
  for	
  
these	
  processes	
  ranges	
  from	
  ~1	
  MeV	
  nuc-­‐1	
  (heavies)	
  to	
  100s	
  of	
  MeV	
  nuc-­‐1	
  
(proton-­‐proton).	
  	
  

There	
  are	
  four	
  possible	
  fates	
  for	
  neutrons	
  so	
  produced:	
  

1.  They	
  escape	
  from	
  the	
  Sun	
  
2.  They	
  decay: n           p + e- + νe (photons only emitted via secondary 

electrons) 
3.  They	
  charge	
  exchange	
  with	
  3He,	
  producing	
  tri5um:	
  3He(n,p)3H	
  (no	
  photon	
  

emiGed)	
  
4.  They	
  are	
  captured	
  onto	
  H,	
  producing	
  deuterium:	
  1H(n,p)2H	
  (photon	
  

emiGed	
  at	
  2.223	
  MeV)	
  

Since	
  the	
  cross	
  sec5on	
  for	
  elas5c	
  scaGering	
  is	
  much	
  larger	
  than	
  that	
  for	
  either	
  
charge	
  exchange	
  or	
  capture,	
  neutrons	
  thermalize	
  before	
  either	
  (3)	
  or	
  (4)	
  	
  
occurs,	
  leading	
  to	
  a	
  5me	
  delay	
  of	
  10s	
  to	
  100s	
  of	
  seconds	
  before	
  the	
  2.223	
  
MeV	
  line	
  appears.	
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Fig. 3.—RHESSI g-ray count spectrum from 0.3 to 10 MeV, integrated over
the interval 0027:20–0043:20 UT. The lines show the different components
of the model used to fit the spectrum.

5. IMPULSIVE PHASE

At ∼0026:15 UT, there is an abrupt increase in the HXR
emission and a change in its character; the thick shutter is
inserted at this time. A “superhot” (∼40 MK) thermal spectrum
begins to dominate below ∼30 keV (Fig. 2, bottom right). At
the same time, the centroid of the 12–30 keV source shifts to
the northeast by ∼6!, suggesting that this superhot source is
not cospatial with the rise-phase coronal nonthermal source
(Fig. 2, bottom left). By ∼0027:30 UT when the centroid of
the coronal source is at 887! east, 235! south, strong emission
is observed in three footpoints—north (initial centroid 866!
east, 230! south from Sun center), south (869! east, 243! south),
and middle (873! east, 233! south)—each with a chromospheric
counterpart observed in Ha, EUV (TRACE), and white light
(SOHO MDI; Krucker et al. 2003). The spatially integrated X-
ray spectra (Fig. 2, bottom right), although still a double power
law above ∼30 keV, are much harder (HXR andg g ∼L H

) than those of the rise-phase coronal source, with typ-2.5–3.5
ical break energies from ∼70 to greater than 100 keV (Holman
et al. 2003).
The north and south footpoints are located in an opposite

polarity magnetic field (from the SOHO MDI magnetograph),
separated by ∼13! (∼10,000 km). Krucker et al. (2003) found
that the temporal variations of the X-ray fluxes of these two
footpoints track each other closely in time, to within seconds
over the impulsive phase (to 00:40 UT), suggesting that they
are at opposite ends of the same magnetic loops. During the
first (and most intense) burst, the north footpoint rapidly moves
north-northeast, roughly parallel to the magnetic neutral line,
at speeds of up to ∼50 km s!1. The motions are only apparent;
the HXR emission is shifting to the adjacent footpoints of newly
reconnected field lines. The intensity of the north footpoint’s
HXR emission is observed generally to vary with its speed
(Krucker et al. 2003). These observations indicate thatmagnetic
reconnection is occurring in the corona, forming new magnetic
loops that join the north and south footpoints. The speed of
the footpoint varies as the rate of reconnection if the magnetic
field strength is roughly constant. The rate of electron accel-
eration appears to vary with the rate of reconnection.
The superhot coronal source also moves in the same direction

with a comparable speed (Krucker et al. 2003). Initially, the
superhot source appears to exhibit the Neupert effect. After
∼0029 UT, however, its intensity stays nearly constant, through

the next burst at 0031 UT. The coronal source location (∼20!
east of the north and south footpoints, which themselves are
only separated by ∼13!) suggests that it may be above the loop
connecting these two footpoints, in the cusp formed by just
reconnected field lines. Thus, the superhot source may be due
to heating by the reconnection jets.
Although these general features support the reconnection

picture, there are many puzzling details that indicate a much
more complicated picture (see also Fletcher & Hudson 2002).
The south footpoint and the middle footpoint (same polarity)
stay nearly stationary with occasional abrupt jumps. The HXR
flux of the middle footpoint only varies with the north footpoint
until 00:30:30 UT, and its HXR emission disappears after
∼00:32:30 UT. Furthermore, in both the first impulsive burst
(∼0027:30–0030 UT) and the second (0034:30–0037 UT), the
north footpoint’s HXR flux peaks before the speed reaches its
maximum (Krucker et al. 2003).
HXR spectra obtained separately for the north, south, and

middle footpoint sources (Emslie et al. 2003) were fitted to
single X-ray power laws above ∼50 keV (to avoid pulse-pileup
effects not yet corrected for the individual sources). The power-
law exponents of the north and south footpoints show the same
temporal variations through most of the impulsive phase, but
with the north footpoint’s exponent being systematically ∼0.3–
0.4 larger. This difference could be the result of the acceleration
mechanism, or it may indicate that the column density from
the common accelerated electron source to the south footpoint
is greater by a factor of ∼1.5–2 than to the north source, so
that Coulomb collisions will harden the electron spectrum by
a greater amount in the south than in the north. The difference
in column density could be due to the location of the accel-
eration region farther from the south source, a greater density
in the leg of the loop toward the south source, or a larger pitch
angle for the electrons streaming toward the south source. The
middle source begins with the same spectral exponent as the
north source but then becomes ∼0.3–0.4 greater. If it is also
linked magnetically to the north source, the difference in spec-
tral index might be accounted for in a similar way.

6. GAMMA-RAY LINE EMISSION

Flare-accelerated protons and a-particles colliding with am-
bient carbon and heavier nuclei produce narrow prompt de-
excitation lines (with widths of approximately a few keV to
∼100 keV), while accelerated heavy nuclei colliding with am-
bient hydrogen and helium produce much broader lines that
merge together to form a nuclear “continuum” (Ramaty &Mur-
phy 1987). The collisions also produce neutrons, positrons, and
pions. Neutron capture on hydrogen and positron annihilation
yield narrow lines at 2.223 and 0.511 MeV, respectively, both
of which are delayed. Gamma-ray line emission has been de-
tected from many large solar flares (Chupp 1990; Share &
Murphy 1995; Share et al. 2002). In this flare, the g-ray line
emission occurred predominantly during the impulsive phase
(0027–0040 UT). Figure 3 shows the background-subtracted
∼0.3–10 MeV g-ray count spectrum, integrated over this time
interval, with a preliminary fit to the bremsstrahlung contin-
uum, narrow and broad prompt de-excitation g-ray lines, the
delayed neutron capture and positron annihilation lines, and
the a-a lines—taking into account the full instrument response
matrix including the off-diagonal elements.
The narrow prompt de-excitation lines of Fe, Mg, Si, Ne,

C, and O are resolved for the first time (Smith et al. 2003).
The line centroids exhibited significant Doppler redshifts from

Lin et al 2003 

RHESSI observation of X4.8 flare of 23 July 2002 

positron ann. 

neutron capture 
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FIG. 10.ÈDiagram of a Ñare model envisioning magnetic reconnection and chromospheric evaporation processes in the context of our electron density
measurements. The panel on the right illustrates a dynamic radio spectrum with radio bursts indicated in the frequency-time plane. The acceleration site is
located in a low-density region (in the cusp) with a density of cm~3 from where electron beams are accelerated in upward (type III) and downwardn

e
acc B 109

(RS bursts) directions. Downward-precipitating electron beams that intercept the chromospheric evaporation front with density jumps over n
e
upflow \ (1È5)

] 1010 cm~3 can be traced as decimetric bursts with almost inÐnite drift rate in the 1È2 GHz range. The SXR-bright Ñare loops completely Ðlled up by
evaporated plasma have somewhat higher densities of cm~3. The chromospheric upÑow Ðlls loops subsequently with wider footpoint separationn

e
SXR B 1011

while the reconnection point rises higher.

region. The type III and RS bursts identiÐed here occur
during the main impulsive Ñare phase, and their detailed
correlation with HXRs was established in several recent
studies (e.g., Aschwanden et al. It was not1993, 1995).
known in earlier studies whether the start frequency of
metric type III bursts would be signiÐcantly displaced to
lower frequencies than the plasma frequency of the acceler-
ation region, because a minimal propagation distance is
needed for electron beams to become unstable Benz,(Kane,
& Treumann However, recent studies of the starting1982).
point of combined upward- and downward-propagating
beam signatures (see bidirectional type III ] RS burst pairs
in Aschwanden et al. demon-1995, 1993 ; Klassen 1996)
strated that the centroid position of the acceleration region
is close to the start frequency of strong type III bursts. The
only major difficulty with this scenario is the observed
asymmetry of electron numbers accelerated in the upward/
downward direction, which was inferred to be as low as
10~2 to 10~3, comparing the electrons detected in inter-
planetary space with those required to satisfy the chromo-
spheric thick-target HXR emission It is not clear(Lin 1974).
whether this asymmetry can be explained by the dominance
of closed magnetic Ðeld lines above acceleration regions. In
the following discussion, we associate the start frequency lIII
of type III bursts with the electron density in the accel-n

e
acc

eration region. The range of type III start frequencies (220È
910 MHz) measured here is found to be nearly identical
with that (270È950 MHz) of 30 bidirectional III ] RS burst
pairs analyzed in et al. ComparingAschwanden (1995).
these densities in the acceleration region with those in the
SXR-bright Ñare loop, we Ðnd very low ratios of

(with a median of 0.027), i.e., then
e
acc/n

e
SXR \ 0.007È0.127

density in the acceleration region is 1È2 orders of magnitude
lower than in the SXR-bright Ñare loop.

This result has dramatic consequences for the location of
the acceleration site. The extremely low density ratio in the
acceleration site found in all Ñares, without exception,
leaves no room to place the acceleration site inside the
SXR-bright Ñare loop (assuming a Ðlling factor near unity).
If we were to allow for harmonic plasma emission or for
nonunity Ðlling factors of the SXR loop, the density ratio
between the acceleration site and the SXR loop would be
even more extreme. Therefore we see no other possibility
than to conclude that the acceleration site is located outside
the SXR-bright Ñare loop. The next question is the magnetic
topology that can accommodate such large density gra-
dients (D2È5 density scale heights). A possible topology is a
cusp-shaped magnetic Ðeld geometry above the SXR-bright
Ñare loop, where acceleration is assumed to take place
beneath the X- or Y-type magnetic reconnection point (see
diagram in for a detailed physical model, seeFig. 10 ;

The magnetic Ðeld lines that connect theTsuneta 1996).
cusp with the footpoints can have arbitrarily lower densities
than the encompassed closed Ðeld lines that have been Ðlled
by evaporated plasma. Of course, the high density gradient
between the acceleration site and the Ðlled SXR-bright Ñare
loops can only be maintained in a dynamical process in
which the reconnection point proceeds to higher altitudes

& Pneuman before chromospheric evapo-(Kopp 1976)
ration has Ðlled up the cusp volume. This race of the recon-
nection point with the evaporation front in the upward
direction may come to a halt in long-duration Ñares, where
the cusp volume becomes clearly Ðlled up et al.(Tsuneta

& Acton1992 ; Forbes 1995).
This Ñare scenario, in which acceleration takes place in a

low-density region above the much denser SXR-bright Ñare
loop, would predict a physical separation between non-
thermal and thermal electrons. While the SXR-bright Ñare

Escaping particles 

Trapped particles 

Precipitating 
particles 



8/3/10 

34 

  

 

 

  

 

 

No. 1, 2000 SOLAR MICROWAVE BURSTS AND FLARE ELECTRONS 459

FIG. 1.ÈMicrowave data obtained during the 1993 June 3 Ñare. Top: Radio intensity peaks (contours) on top of a soft X-ray image from a Ðltered Yohkoh
SXT/AL12 at 23 :29 UT. Contours are 80% to 99% of the maximum intensities : 1.8 ] 107 K at 5 GHz and 1.2 ] 105 K at 17 GHz, respectively. Bottom:
Spectral variation in the microwave total power during (a) the rise and (b) the decay phases, at Ðve selected times relative to the time of the maximum Ñux
(23 :22 :31 UT). The straight lines are guide lines for spectral slope at the corresponding times.

& Schmahl 1989 ; Nindos et al. 2000). We then regard it as
signiÐcant that the western component of the double peaks
does not reach the footpoint whereas the eastern com-
ponent does (Lee et al. 2000). A vector magnetogram
obtained at Mees Solar Observatory (courtesy of A.
Pevtsov) shows an asymmetry in Ðeld strength at the two
ends of the loop. We therefore conclude that the morphol-
ogy indicates an actual vacancy of high-energy electrons in
the unseen part of the loop. Our explanation is that the
injected electrons with low pitch angles, smaller than the
loss cone angle, precipitate immediately into the chromo-
sphere on the eastern side of the loop (cf. Melrose & White
1979). Only those with pitch angles higher than that can
survive and bounce back toward the west where they reach
a magnetic mirroring point that lies well above the western
footpoint. This scenario seems plausible in view of the large
magnetic Ñux imbalance observed between the two foot-
points on the magnetogram but requires that the electron

pitch-angle scattering should be ““ weak ÏÏ as in the original
deÐnition by Kennel (1969).

The lower panels in Figure 1 show the variation of the
total power spectrum during the event. As shown here, the
spectral slope on the high-frequency side changes in a hard-
soft-hard pattern, but after subtracting the spectrum of a
previous burst that occurred just before this event, the spec-
tral slope is more or less constant in the rise phase and in
the decay phase it hardens with time (see Lee et al. 2000).
This spectral hardening is most simply interpreted as due to
the inÑuence of Coulomb collisions on trapped electrons
that were injected with a constant energy distribution
(MelÏnikov 1994 ; MelÏnikov & Magun 1998). Furthermore,
this hypothesis of Coulomb collision in combination with a
low ambient density can also lead to a weak pitch-angle
di†usion as needed to explain the observed morphology (cf.
Melrose & White 1979). On this basis, we proceed to
analyze this particular type of microwave spectral evolution

Lee & Gary 2000 
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FIG. 9.ÈModel Ðt to the microwave observation under the hypothesis of beamed injection. L eft : contours of goodness of model Ðt to the observation, s2
(see text for deÐnition), where the contour levels are decreasing inward and the cross locates q) giving the minimum s2 for each *k. Right : Time proÐles(n10,
of the Ñux and spectral index at the corresponding parameter sets. Again crosses are the observed Ñux at 10 GHz and the diamonds are spectral index
(! [ 4)/5, and the lines are model Ðts. The best Ðt to the observation is found at q \ 32 s, and *k \ 0.26.n10 \ 0.41,

in the thin and thick targets, respectively, with Ntrap(c, t) \
and N(c@, t) is the/0kL N(c, k, t)dk \ /01 N(c@, k, t)dk. n0ambient density in the thick target and n is the density in

the thin target, i.e., trap density. is the rate of precipi-l
ptation into the thick target and is the rate of Coulombc5 Cenergy loss in the thick target. There is an extra factor (n0/n)

in equation (9) compared with equation (28) of Melrose &
Brown (1976) because we are regarding the thin and thick
targets as physically separated. It is not necessary to know

the ambient density in the thick target, as it cancels outn0,
that in o c5 C o .

An important parameter for this discussion is whichl
p
,

plays the role of a second injection rate, into the thick target
region, as compared with the injection rate into the thin
target (coronal) region, q(t). In the present model we can
determine at each time step the proportion of electrons
going into the loss cone (i.e., We therefore deter-k [ k

L
).

mine from the time derivative of this quantity. Using thel
p

FIG. 10.ÈRelative time curves of the electron number density in the thin and thick targets. The numbers in the upper right corner in each panel denote the
electron energy and the ratio of the maximum electron number density in the thick to thin targets, respectively.

Lee & Gary 2000 

•  Mirroring 
•  Pitch-angle 
scattering 
•  Energy losses 
•  Anisotropy 

Forward fitting via χ2- 
minimization scheme shows 
electrons beamed perpendicular 
to B field 

€ 

Pγ (µ) =
1
πΔµ

exp − (µ −µo)
2

Δµ2

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

€ 

µ = cosα
α = pitch angle 



8/3/10 

35 

20 April 1998 

C2 C
2 

C3 

C3 

10:04:51 UT 10:31:20 UT 

10:45:22 UT 

11:49:14 UT 

SOHO/LASCO 



8/3/10 

36 

1 1.81 1.45 234 2.5 x 107 1.47 330 

2 0.54 2.05 218.5 1.35 x 107 1.03 265 

3 0.03 2.4 219.5 6.5 x 106 0.69 190 

4 -1.07 2.8 221 5 x 105 0.33 30 

LoS      α       Rsun      φ (deg)      ne (cm-3)       B(G)     νRT (MHz) 


