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

- Ions up to ~ 10s of GeV
- Electrons up to ~100s of MeV

Acceleration to these energies occurs in
transient energy releases, in two (!) processes:

- Large Solar Flares, in the lower corona
- Fast Coronal Mass Ejections (CMEs), in
the inner heliosphere, ~2-40 solar radii







“Standard”™ model
This has evolved to keep pace with observations
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Large solar flares are the most powertul
explosions in the solar system

Upto~1 07°- 107 ergs released in ~ 10— 1 0’ s

Flare-accelerated ~20-100 keV electrons contain
~10-50% of total energy released

In large flares, >~1 MeV ions contain comparable
energy

= Particle acceleration is intimately related to
flare energy release

The total energy released by all flares, down to
microflares/nano-flares may be significant for the
heating of the solar corona




High-Resolution
Spectroscopic
Imaging of Solar
Flares in X Rays
and Gamma Rays

RHESSI

THE REUVEN RAMATY HIGH ENERGY
SOLAR SPECTROSCOPIC IMAGER
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and explosive energy release in solar flares




Imaging spectroscopy
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FHE=SI & TRACE 1954 22—Jul-2002 00:20:02.000 UT

Pre-impulsive
phase:
RHESSI-

TRACE movie




Mean Electron Flux Fit
2002 July 23 Flare
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Krucker &

L.in 2004
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photosphere

t;

HXR source motions
in magnetic reconnection
models

v;, = coronal inflow velocity
B. = coronal magnetic field
strength
Vi, = HXR footpoint velocity
B, = magnetic field strength
in HXR footpoint
~ photospheric value
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2002 JULY 23

footpoints 50— 100 keV
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Veloc1ty-HXR flux correlation

Rough correlation
between v and HXR flux
ddb=Bvadt

perpendicular
"_'-_-_‘_"‘-\-F"""_"‘-.,“"_._._,-'—"'_._\""-\——

Reconnection rate

dd/dt=B va
~2x1018 Mx/s

velocity

E=vB ~5kV/m

v= velocity
B= magnetic field strength
a=footpoint diameter
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GOES & RHESSI
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Movie with connected footpoints
(Krucker & Lin 2004)
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HXR flux and footpoint
motion.

HXR flux @ 50keV

Initial peaks show
complex HXR source
structure => velocity 1s
hard to determine

: : Second phase has simpler
(EEEWE  structure (2 footpoints)

footpoint motion: colors represent time
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Reconnection rate and HXR flux

' Reconnection rate
dd/dt=Bva
~ 1018 Mx/s
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Solar Gamma Rays

W

electrons
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23 July 2002 flare nuclear de-excitation lines

(Smith et al. 2003)
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1073 Counts cm—=2 s—1 keV-1

Murphy et al. 2003

2002 July 23 Solar Flare
RHESSI Neutron Capture-Line Observations
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The time history of the neutron-capture line
depends on the photospheric 3He/H ratio



S300—500 keV /700 — 1400 keV
Hurford et
al., 2003
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Electrons vs protons

TRACE 195A: 28-0ct—2003 11:11:53.000 UT
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RHESSI Gamma-Ray Flares

2002 July 23 X4.8

2003 June 17 M6.9

2003 October 28 X17

2003 October 29 X10

2003 November 2 X8.3

2003 November 3 X3.9

& 4 2004 November 10 | X2.5

i 2005 January 15 X2.6

N 2005 January 17 | X3.8

g Ramaty High Energy 5005 janyary 19 X1.3
g  Solar Spectroscopic

& Imager (RHESSI) 2005 January 20 X7.1



After correction for limb darkening
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Large (L)SEP events

- tens/year at solar maximum

- dominated by: - >10 MeV protons (small e/p ratio)
- Normal coronal composition (?)
- Normal coronal charge states (?)

- SEPs seen over >~1000° of solar longitude

- associated with: - Fast Coronal Mass Ejections (CMEs)
- Large flares (but sometimes missing)
- Gradual (~hours) soft X-ray bursts

(also called Gradual SEP events)

* Acceleration by fast CME driven shock wave
in inner heliosphere, ~2-40 solar radii




-Mel)

2
m sr-sec

ProtonsAc

X2.7
X17 X10 X8.3 X3.9 X28
4 | | p— | T T T T T 1 T

39 -82

: ‘ﬂ B L1 ! 82 - 200
. : Ll 11 TN © - B = 1110-500
300 302 304 306 308 310 312
Day of 2003

Mewaldt et al 2004




H, He, and O Spectra at 1 AU from ACE/GOES/SAMPEX
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Proton Spectral Index

0.1

Comparison of SEP spectral indices

from in-situ and y-ray data
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GOES11 Proton Flux (5 minute data) Begin: 2005 Jan 19 0000 UTG
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In the Jan 20 Event the high energy particle-intensities reach Earth
just minutes after the x-rays from the flare (Mewaldt et al 2005)



Krucker et al 2005
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RHESSI Gamma-ray Spectiym,20,Jan 05 Flare
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Electron -§He-rich SEP events

- ~1000s/year at solar maximum

- dominated by:
- electrons of ~0.1 (!) to ~100 keV energy
- 3He ~10s keV/nuc to ~MeV/nuc
x10-x10% (1) enhancements
- heavy nuclei: Fe, Mg, Si, S enhancements

- high charge states

- associated with:

- small flares/coronal microflares
- Type III radio bursts
- Impulsive soft X-ray bursts (so also called

Impulsive SEP events)
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4 HESSI SPECTRUM
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FEBRUARY 20, 2002: 11:06:00 — 11:06:40

\Il\\l\‘ | \\\\\\\‘ T I

peak electron spectrum at 1AU
108 WIND /3DP -

107 -

0| Pphoton spectrum

1077 RHESS|

r index, = 3.3
index, = 4.1

| electron spectrum
index,, = 2.6
- oindexyg, = 3.9

I[\lll‘ | \\\\\\‘

1 10 100
energy [keV]




Different models

1) THIN target 2+3) THICK target 4) mixed case
3) +escape
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Acceleration site = HXR producing region = o




Comparing spectra

PHOTON SPECTRA:
Power law fit to HXR
spectra averaged over peak

ELECTRON SPECTRA:
Power law fit to peak flux

Assuming power spectra:

T THIN: o=vy—1

behind | UG NCEERVERE
the limb
event |

RESULTS:
1) correlation seen
2) values are between

-
<
-
el
©
>
Q
o
£
L
|
el
.
Q
=X
o
-
o
|
el
-
@
Q

photon spectral index



1999 Augq Q7
-; WWNMMW

IR i SN 0:63 4
i .

0.92

Assume triangular
injection (equal rise
and fall) at Sun

Flux (em?egesrvay)™

Wang, Lin, Krucker,
& Gosling, 2005

Freq (Hz)

17:00 1800 14:00 20:00  21:00  22:00
Time (UT)




Wang, Lin, Krucker, & Gosling 2005
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Wang, Lin, Krucker, & Gosling 2005
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Microflares are from ARS
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Micro-flare Spectra
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Wind 3D Plasma Eesa Low

‘N/ 1 1995-04-20/00:57:25 - 08:07:51
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10-10 EM1  9.77903
EM2 62.5625

Core =>
(solar wind plasma electrons

EM3 2511.43

107191

Halo/Strahl

(heat flux from ~10° K
corona)

1020

Distribution Function (secA3/kmA3/cmA3)

N1 17.730025
L VH1 1746.3915
K1 13.230007
N2  0.23637747

Superhalo

(remnant from microflares,
coronal heating and/or
solar wind acceleration?) e S

VH2 4371.2000

107251 K2 11.384021
N3 6.3628064e-07

VH3 22496.923
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Robert Lin

Gordon._]”d o
de,’n p °

ian Dennis
Carol Crannell
Gordon Holman
Reuven Ramaty
Tycho von Rosenvinge

Alex Zehnder

Frank van Beek

Patricia Bornmann
Richard Canfield
Gordon Emslie
Hugh Hudson

Arnold Benz
John Brown
Shinzo Enome
Takeo Kosugi
Nicole Vilmer

ersity of California, Berkeley
ersity of California, Berkeley
L, Berkeley

GSFC/682
GSFC/682
GSFC/661
GSFC/661

Paul Scherrer Inst. Switzerland

Driebergen, The Netherlands

NOAA

Montana State University
Univ. of Alabama, Huntsville
Solar Physics Research Corp.

Inst. of Astronomy, Zurich, Switzerland

Univ. of Glasgow, Scotland
NAO, Japan
NAQO, Japan

Observatoire de Paris, Meudon, France

d|
Imaging Scientist
Germanium Detectors

Mission Scientist
Education & QOutreach
Flare Theory

Flare Theory

ACE Collaboration

Telescope design and fabrication

Grids and Imaging

GOES Collaboration
Ground-based Observations
Flare Theory

Imaging

Radio Observati
Flare Theory
Radio Observ.
Imaging

Data Analysis




RHESSI Co-Investigators

UC Berkeley: David Smith, Sam Krucker,
Jim McTiernan

Lockheed Palo Alto Research Laboratory:
Tom Metcalf, Markus Aschwanden

Naval Research Laboratory: Gerry Share,
Ron Murphy

GSFC: Richard Schwartz
U. Maryland: Ed Schmahl




Thanks also to:

Grad Students
Steven Christe, UCB
Amir Caspi, UCB
Albert Shih UCB
Linhu1 Sui, Catholic U
Martin Fivian, ETHZ

RHESSI project team at:
UCB

Goddard Space Flight Center
Paul Scherrer Institute (Switzerland)







