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The solar corona 

Close by astrophysical laboratory allows us to study: 

– Release of magnetic energy (magnetic reconnection) 

– Particle acceleration 

– Coronal heating 

Highly dynamic release of magnetic energy: 

– Solar flares, coronal mass ejections (CMEs), solar wind 

– Creates space weather 
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Solar flares – open questions 
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•  Where and how is magnetic energy released?  

•  Where and how are particles accelerated? 

•  How are particles transported?  
– away from the Sun 

– close to the Sun 

•  How much energy is contained in flares? 

•  How do flares affect all layers of the solar atmosphere?  
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The standard solar flare model 

SCOSTEP 5.10.2016 

Shibata et al. 1995  
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The standard solar flare model 
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Google: Hudson Flare Cartoon 

 
http://solarmuri.ssl.berkeley.edu/~hhudson/cartoons/ 
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The standard solar flare model 
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The standard solar flare model 
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The standard solar flare model 
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X-ray imaging spectroscopy 
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EUV image 

Thermal bremsstrahlung: hot plasma in the flaring loop à 
temperature and emission measure of heated plasma à total 
thermal energy involved, flare driven heating, cooling 
 
Non-thermal bremsstrahlung from accelerated electrons à 
spectrum of accelerated electrons à total energy in accelerated 
electrons. acceleration mechanism 

Krucker & Battaglia 2014 
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Solar flare observations with RHESSI 

SCOSTEP 5.10.2016 

The Reuven Ramaty High 
 Energy Solar Spectroscopic 
 Imager (RHESSI) 

Since 2002 
9 Germanium detectors (7x7x8.5cm) 
~3 keV – 10 MeV  
energy resolution 1 keV @ 100 keV 

       3 keV @ 2223 keV 
spatial resolution  3 arcsec  
à Energy and time of incident photons 

Lin et al. 2002 
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Electron acceleration in above-the-looptop sources 
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Low ambient density & strong X-ray source à very 
large number of accelerated electrons 
 
à Entire plasma is accelerated (non-thermal) in 
bulk energization process 

Above the loop-top-source is acceleration region 

v 

ambient  

pre-flare 

f 

   flare 

v 

accelerated  

Krucker et al. 2010 

Masuda et al. 1994 

Krucker & Battaglia 2014 

RHESSI imaging spectroscopy in 
combination with SDO/AIA observations 
à ambient density = accelerated 
electron density nnt~109 cm-3 
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Acceleration and transport of electrons vs ions 

Location of  

200 – 300 keV emission (signature of 
accelerated electrons) 

and  

2218 – 2228 keV emission (neutron 
capture line, signature of accelerated 
ions) 

are displaced (Hurford et al. 2003, 
Hurford et al. 2006) ! 

Different acceleration of electrons and 
ions?  

Different transport effects?  

 SCOSTEP 5.10.2016 

L94 HURFORD ET AL. Vol. 644

TABLE 1
RHESSI Neutron-Capture Line Events

Parameter 2003 October 28 2003 October 29 2003 November 2 2002 July 23

GOES class . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . X17 X10 X8 X4.8
Optical location (deg) . . . . . . . . . . . . . . . . . . . . . . . . . S16, E08 S15, W02 S14, W56 S13, E72
Time range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11:06:20–11:29:40a 20:43–21:00 17:16–17:29 00:27:20–00:43:20b
2223 ! 5 keV counts in RMCs 6, 9 . . . . . . . . 2280, 1643 463, 313 781, 557 336, 240
2223 ! 5 keV background countsc . . . . . . . . . . 316, 280 130, 125 121, 118 85, 73
Relative visibility for RMC 6d . . . . . . . . . . . . . . . . 0.91 ! 0.2e … 0.76 ! 0.26 1.61 ! 0.45
Relative visibility for RMC 9d . . . . . . . . . . . . . . . . 0.82 ! 0.10 1.28 ! 0.28 0.84 ! 0.15 1.28 ! 0.26
Expected relative visibility for RMC 9f . . . . . . 0.90 1.0 0.98 1.0
2.223 MeV source FWHM (arcsec)g . . . . . . . . . !30h !94 !44 !22

a Decay phase only.
b Expanded since Hurford et al. (2002).
c Inferred from nearby continuum.
d Ratio of imaged to spatially integrated counts.
e Includes both sources.
f Based on the RMC 6 image.
g 2 j upper limits, assuming a Gaussian profile.
h Each component.

Fig. 1.—Gamma-ray light curves for the 2003 October 28 event from
RHESSI and INTEGRAL/SPI. The INTEGRAL data, adapted from Kiener et
al. (2006), are shown in the top curve and two lowest curves. The top curve
is the dead-time–corrected shield count rate that responds to 1150 keV photons.
The other curves have been corrected for pre- or postflare levels of background.
Line fluences have been corrected for continuum emission. For clarity, the
ordinate for each curve has been shifted by an arbitrary factor.

Fig. 2.—Overlay of the 50%, 70%, and 90% contours of 35! resolution
gamma-ray images made with RMCs 6!9 on a TRACE 195 image of theÅ
October 28 flare. The red plus signs indicate 200–300 keV footpoint locations
for successive adjacent intervals of 100, 120, 180, and 240 s beginning at
11:06:20. The X and Y heliographic offsets are positive west and north of Sun
center.

eliminates potential systematic errors that might compromise
comparisons. Integration times for the 2.223 MeV images were
delayed by 100 s so that the electron-bremsstrahlung and
gamma-ray line images would correspond to the same primary
particle interaction times, although in practice this refinement
made no noticeable difference. Where statistics warranted, the
CLEAN algorithm (Högbom 1974) was also used on corre-
sponding images to improve sidelobe suppression with no ef-
fect on feature location.

2.1. 2003 October 28 Event

INTEGRAL/SPI observations (Kiener et al. 2006; see our
Fig. 1) show that the time profiles of the prompt C and O de-
excitation lines (4.4 and 6.1 MeV) and hard X-rays (1150 keV)
are closely similar, while the 2.223 MeV profile is delayed by
the characteristic ∼100 s neutron thermalization time. The
RHESSI observations begin about 4 minutes after event onset,
and they display a smooth exponential decay lasting at least
five ∼280 s e-folding times for the 2.223 MeV line, while the
0.2–0.3 MeV band, dominated by electron bremsstrahlung, has

a time profile similar to the 1150 keV INTEGRAL/SPI hard
X-ray profile.
RHESSI’s 35! resolution maps at 0.2–0.3 MeV and at

2.223 MeV (Fig. 2) are both dominated by two compact sources
of comparable intensity (fluence ratio of ) separated by1.0! 0.4
∼80! and straddling the arcade of loops in the TRACE image. The
electron-bremsstrahlung sources, however, are displaced by 14!
and 17! ! 5! from the 2.223 MeV sources.
With integration times of 1540 s, the images time-average

over any footpoint motions. Because of the exponential decay,
however, emission in the first few minutes of the interval dom-
inates. For the 0.2–0.3 MeV band, representative locations of
the peaks of footpoint locations obtained with shorter time
resolutions are indicated by the red plus signs in Figure 2. The
general trend was for the east and west footpoints to increase

Hurford et al. 2006 
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Energy deposition and atmospheric response  
Chromospheric evaporation observed with RHESSI and IRIS 

IRIS: Dopplershifts of FeXXI (10 MK) line  

à  location and speed of evaporating plasma 

RHESSI: location and power of electron 

beam deposited energy 

SCOSTEP 5.10.2016 

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

Fe 
XXI 

-87 km/s 
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The future of solar flare X-ray observations 

ESA’s Solar Orbiter & the STIX instrument 

•  Launch October 2018 

•  2.5 years cruise phase 

•  3 years primary science phase 

•  Swiss involvement in 3 instruments  

 

 

SCOSTEP 5.10.2016 
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!

The Spectrometer/Telescope for Imaging X-rays (STIX) 
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Summary and conclusions 

•  Solar flares allow us to study fundamental and universal physical 
processes such as magnetic energy release, particle 
acceleration, and particle transport in magnetised plasmas 

•  X-ray observations of solar flares serve as diagnostic of flare 
accelerated particles and hot plasma 

•  Need simultaneous observations at many wavelengths for full 
understanding of solar flares 

•  Look forward to Solar Orbiter for new view of solar activity and 
space weather 

SCOSTEP 5.10.2016 


