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Release up to ~ 1032- 1033 ergs in ~ 10–1000 seconds 

~20 keV electrons contain ~10-50% of energy released

>~1 MeV ions may contain comparable energy 

���� Acceleration is intimately related to flare energy release

The Sun is the most energetic particle accelerator in 
the solar system

Ions up to  ~ 10s of GeV

Electrons up to ~100s of MeV
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RHESSI imaging: 
rotating modulation collimators (RMCs)

9 grids with different spacing � 9 images at different resolution



Individual point-spread 
functions have concentric 
rings; these images are 
added up to make a single
Image. The image quality 
can be improved with 
various techniques:

Clean, MEM, MEMVIS,
Pixons, Forward-Fit

grid 4                     grid 5                    grid 6

grid 1                     grid 2                    grid 3

grid 7                     grid 8                    grid 9

Nine grids with different spacings; 
Nine images at different resolutions

Weighting �



RHESSI
IMAGING SPECTROSCOPY

• Imaging down to ~3 keV with 2.3”  resolution, 
less at higher energies (e.g. 35”  at 2.2 MeV)

• Energy resolution ~1 keV FMHM, ~5 keV at 
higher energies



Expectations

1)   Microflares to be seen below 20 keV
2) HXRsand escaping electron beams tracked
3) Flare observations: Testing magnetic 

reconnection models

4) First g-ray imaging: where are protons losing 
their energy?



RHESSI microflare
observations

• Previous instruments had entrance 
windows to avoid saturation, 
RHESSI has shutters/large area

• RHESSI has uniquely high 
sensitivity from ~3-15 keV (100 
times more at 10 keV)

• Thermal and non-thermal emission 
seen in the same instrument

6 orders of magnitude

microflares

Christe et al. 2004



Three months of observation

See ~4000 microflares.
For ~2000 events statistics
are good enough to find 
flare location easily,

RHESSI microflares are 
related to active regions.

Rauscher et al. in preparation 



Microflarespectra

• Fitting difficult

• Spectra steep(d~4-7)
• Turnover energy low: 

below ~10 keV
• Non-thermal energy 

around 1027-1028 erg

Flare 3 is 
behind the limb,
non-thermal 
emission occulted



Comparison with flare statistics from 
Crosby et al. 1993

Flare energy strongly depends on cutoff energy!

A 25 keV cutoff 
underestimates energy.
Systematically?
Is cutoff a function of E?
Is d a function of E?

RHESSI will answer this



Escaping 
electrons

SXR flare emission 
(heating)

Radio type III burst
(electron beam leaving Sun)
plasma frequency around
the spacecraft shows 
Langmuir waves;
the ~1-15 keV electrons
generate these waves

Electron event at 1 AU



M-class flare and jet:
10-15 keV; 20-50keV



Reconstruct event geometry 



Late injection

• Poor match to impulsive
phase.

• More than one acceleration
mechanism?



Thermal SXR:
Heated plasma

Non-thermal HXR:
Bremsstrahlung of energetic 
electrons at footpoints

Neutron capture line:
Protons on heavier nuclei produce 
neutrons. Neutrons slow down,
capture on ambient hydrogen
forming deuterium + 2.223 MeV.

GOES X4.8 flare, 23 July 2002 (ApJL 595)

Prompt lines:
De-excitation lines (C and 0)
account for ~60%, the rest 
is electron bremsstrahlung



PreflareMagnetogram



Initial phase (Ha image)



Initial phase: movie



Initial phase: Thermal and broken power law fit 
(Holman et al. 2003)

Thermal ~24MK

Slope ~5

Slope ~7
Break around 30 keV



Main phase (Ha image)



Imaging 
spectroscopy

Spectra for f3 and f2 are offset by 
0.1 and 0.01 for ease of presentation

Thermal coronal source
Non-thermal footpoints

from Emsile et al. 2003



Main phase: movie



FOOTPOINT MOTION

• Reconnection models 
predict increasing 
separation of 
footpoints

• Apparent motion
• Yohkoh HXT result 

(Sakao et al.)

From Cargill-Priest, 1983



HXR footpoint motion movie



HXR footpoint motion movie, all



Velocity vs. rate of energy loss of electrons

Nine intervals, nine spectra;
thick target model
� energy deposition
(rate of energy loss by non-
thermal electrons in footpoints)

2

Reconnection rate 
dF /dt= B v a

v= velocity
B= magnetic field strength
a=footpoint diameter

B hard to observe for near limb flare
B~1000 G;   a~2000km

� dF /dt ~ 2e18 Mx/s
� E ~ 5 kV/m

Higher rate of reconnection produces 
more energetic electrons per unit time



Evidence for the Formation of Large-
Scale, Reconnecting Current SheetLinhui Sui, Gordon D. Holman

Cusp-shaped loop;
Possible formation
of current sheetribbon

ribbon

From Forbes & Malherbe, 1986



Evidence for the Formation of Large-
Scale, Reconnecting Current Sheets

Linhui Sui, Gordon D. Holman

HXR source shows
1) footpoints
2) source in corona



Source motions

Top of loop first 
decreases by about 
1/3, then expands. 
Typical velocities ~20 
km/s21

down

up

Hudson-Cliver 2001



Temperature Distribution

14-16 keV 12-14 keV
10-12 keV

8-10 keV

12-14 keV 16-20 keV

footpoints

(Sui & Holman 2003)

Temperature 
gradient towards
current sheet



Gamma-ray imaging with RHESSI

• g-ray imaging only at 35”  and 180”  resolution  
(down to 2”  for HXRs)

• Weak photon statistics: integration over total flare 
duration needed

• 2.2MeV line is best candidate

Hurford et al. 2003, 2005



October 28: electrons
HXR image (electrons)
is snapshot at 11:06:46 UT

HXR ribbons are moving
2.2 MeV is produced ~100 s 
delayed
� comparison not trivial

Also: 
2.2 MeV image (protons)
is averaged over 15 minutes

different spatial resolution
Electrons ~2 arcsec
2223 keV: ~30 arcsec



October 28: electrons vsprotons
HXR image (electrons)
is snapshot at 11:06:46 UT

2.2 MeV image (protons)
is averaged over 15 minutes

CONCLUSIONS:
1) Electrons and protons 

both close to ribbons 
2) difference <15arcsec 

( ~104 km)
3) e and p are accelerated 

in loops of similar size



SUMMARY
1)   Microflares: better energy estimates
2) Source region of electrons escaping the Sun
3) Footpoint motion supports reconnection 

scenario. However, more complex than the 
simple models. Thermal and non-thermal HXR 
emission from the corona.

4) First g-ray imaging: electron and protons are 
released displaced.

http://hessi.ssl.berkeley.edu



Velocity-HXR flux correlation
Rough correlation 
between v and HXR flux

dF = B v a dt
Reconnection rate 

dF /dt= B v a
v= velocity
B= magnetic field strength
a=footpoint diameter

B hard to observe for near flare
B~1000 G;   a~2000km

� dF /dt ~ 2e18 Mx/s
� E ~ 5 kV/m



July 23: electrons

Integrated image over
main HXR peaks 
~ 8 minutes

Contours:
3”  resolution image

Cross marks centroid
location when only 
grid 6 and 9 are used

MDI magnetogram

HXR sources are
on EUV ribbons



July 23: electrons-ions

2.2 MeV centroid
(e.g. PROTONS)
displaced from 
50 keV centroid
(i.e. ELECTRONS)
by ~ 20 arcsec
(~5 sigma result)

No Halpha, EUV,
X-ray enhancement
at 2.2 MeV centroid
location

From Hurford et al. 2003



Nuclear 
de-exitation lines

First resolved observations

redshift of 0.1-0.8% for 
near limb flare

Redshift could be due to
inclination of the magnetic 
field, e.g. not radial

From D.M. Smith et al. 2003

Also seen: Fe (847 keV), Mg (1369 keV),
Ne (1634 keV), C (4438 keV), O (6129 keV) 

Heavier nuclei recoil less 


