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The Flare

=

AIP

Aflare is defined as a sudden
enhancement of electromagnetic
emission over a broad spectrum
from the radio over the visible
up to the y-ray range.

- generation of energetic electrons

Basic question:

How are 1036 electrons accelerated
up to high energies (> 30 keV) within
a second?
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5 Electron Acceleration

AIP  diffusion region
- DC electric field
/i_\m.dmnﬂcmllm (Holman, 1985; Benz, 1987; Litvinenko, 2000;
Zharkova & Gordovsky, 2004, 2005, 2006))
- collapsing magnetic islands
(Drake et al., 2006; Barta et al., 2011)

e outflow region
- collapsing magnetic traps
(Somov & Kosugi, 1997; Karlicky & Kosugi, 2004)
- plasma turbulence
(Melrose, 1994; Miller et al., 1996; Miteva et al., 2007)
- termination shock
(Tsuneta & Naito, 1999; Aurass & Mann, 2004;
Mann et al., 2006, 2009; Chen et al., 2015)

slow-mod standing shock |

plasma inflow | f diffusion region

[} slow-mods standing shock

“Tast

-mode standing shock
(termination shock)

e The slow-mode shocks separate the inflow region
from the outflow one.

Which role do the slow-mode shocks play for generat ing energetic particles?
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5 Slow-Mode Shocks |
AIP

At the slow-mode shocks, magnetic field energy is

By Bz transferred into heating of the downstream plasma
P1 P2
Vi Vs Rankine-Hugoniot relationships: temperature jump across the shock

(Priest, 1982; Cargill & Priest, 1982)
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Slow-Mode Shocks Il

switch-off shock (9, =0 — M, = 1) — strongest heating

Z - By, =By, and B, =0
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* Ma=1 - vg=vp [GosHh

The strongest heating occurs at the switch-off shoc k in regions with a large Alfvén speed

explanation: vZ o

B

A 0N — magnetic field energy available per particle
il
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Slow-Mode Shocks Il

sinZ 9, -th part of the inflowing magnetic energy is available for the energetization

of the plasma

2 2
sin29 B—lljl =sin 9 B—1v Mp [Eosd
lgn's 1g VAL MA 1

- max(sin28100531)=0.38 at 91=54.7° - Ny/N; =287

In the case of the switch-off shock the annihilatio n of the magnetic field energy
is most efficient if &, = 54.7°.
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Motivation

e At slow-mode shocks, magnetic field energy is efficiently annihilated.

e The plasma is strongly energized.

e The spatial extension (40 Mm - 10 Mm) of slow-mode shocks is much greater
than of the diffusion region. (Mann et al., 2011)

(Cargill & Priest, 1982; Somov et al., 1982; Forbes & Malherbe, 1991)

Which consequences have the slow-mode shocks

for producing energetic electrons?
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g Cross Shock Potential
AIP
Ne
E Due to proton inertia, a charge separation is
Chan — @ established at the shock transition region leading

in the de Hoffmann-Teller frame:

stationary momentum equation of the
electron fluid

dpe
—— =—eNgE
dy €

Y
: N déur
with pe = €| andE=-
Pe pe,o[Noj dx

to the cross shock potential

cross-shock potential

_€0uT _ Y {Lz_l}
keTt (v-3L T

Py
in the case of the slow-mode switch-off shock (M, - 1)

y Vi cos?9

Oyr =132 |1-— "1
2 cg x2

1

for example: v, = 3000 km/s;
Cs, =180 km/s (for T, = 1.4 MK)
e ¢ =28 keV
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5 Electron Kinematic at Slow-Mode Shocks
AIP

e Since the magnetic field is decreasing at the slow-mode shocks, all electrons are
transmitted from the upstream region into the downstream one.

e Due to the mirror force, the electrons are focused during their transmission into the
downstream region.

e Additionally, the electrons are accelerated by the cross-shock potential.

The slow-mode shock acts as a linear accelerator

Result: A nearly magnetic field aligned electron beam with a velocity Vg =.2e¢yt /mg
appear in the downstream region.
(for example: V, = 100 000 km/s = c/3 for e ¢,; = 28 keV)

Such an electron beam can excite whistler waves, wh ich can resonantly interact
with the ambient plasma. That leads to a dissipatio  n of the beam energy and, finally,

to a collisionless heating of the downstream plasma.
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g RHESSI Results |
AIP
hard X-ray spectrum of a flare
HXR Photon Spectrum 2005/01/19 08:23:00—08:23:20
. ' VTHATHICK EM (cm): 2.064049 e thermal component
W ¥3 2.26 T (MK): 25.4 .
3 gf; L St e non-thermal component
;‘ 10*-.. Eg (keV): ——— =
E r 1 Jip ==
R L i (keV): 27. » sample of 9 X-class flares
n 10 P
- mu' S - energetic electrons (> 28 keV)
2 L
S
© [ .
% 2 - particle flux
10 100 Fe =3.100%cm2 5
photon energy (keV)
- energy flux
The photon spectra are converted into P =12 10%PkeV @m2 &2
electron flux spectra with the forward
fitting method. (Holman et al., 2003) B,
—XE = 40keV
XF
e T
—_— __
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E RHESSI Results Il

AIP

sample of 9 X-class flares

The photon spectra are converted into
electron flux spectra by the forward
fitting method. (Holman et al., 2003)
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electron flux spectrum (broken power law)
-3
= . [ E
E) = —
ixr (E) JB[EBJ

6:6L:4.3 for E|CSESEB
6=5H=4.7 for E>EB

with jg =2.810cm™? 37 kev !

low energy cut —off : E|; =28keV

break energy : Eg =143keV
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RHESSI Resulits |

hard X-ray spectrum of a flare

HXR Photon Spectrum 2005/01/19 08:23:00—08:23:20
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The photon spectra are converted into
electron flux spectra with the forward
fitting method. (Holman et al., 2003)
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e thermal component
e non-thermal component
» sample of 9 X-class flares
— energetic electrons (> 28 keV)

- particle flux

Fe =3.110"%cm 2 37"
- energy flux

Pye =1.210% eV Em 2 7

P - gokev
XF
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E Electron Flux

AIP

In the downstream (or outflow) region, the electron s are described
by a hot Maxwellian distribution.

e electron flux along the magnetic field: @, =N _[ dpv, O
0

e Maxwellian distribution:

f=Coe ®/& with ey, =kgT/mec?

(o)
Ci =4n(mec)® [de Je(2+¢) [(L+€) e/ Etn
0 0

e (differential flux:

dE
5 .O_ . 3
with  j= = jo Ot{mec)® [Cq
i Nc
0=
mec2

@)= = ezre)e o

Graz, July, 2016 15th RHESSI Workshop

—
5 Comparison with RHESSI Observations
AIP

(o)
total electron flux: Fe = |7 [deg2+ g)e t/n
slc
with g =Ejc /mec? =0.0547

00
total energy flux: Pe = j{(mec?) [dee?(2+ g)e E/En
z':Ic

comparison with observations:
Fe=Fxg and Py =Py - & =0.0187 (=9.56 keV)

~ Np=887710%m™3, N; =3.09310%m™3
Va, =2807km/s - B1=27G

i L
10 700

E/ (keV)

* 15 % of the inflowing electrons are accelerated
up to energies > 30 keV. They carry 32 % of the
flare released energy.

spectrum of energetic electrons
red: RHESSI measurements
blue: model

(jxe in cm2 s CkeVL)

(see e.g. Oka et al., 2014; Krucker & Battaglia, 2014)
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5 Problem
AIP
Problem: power law spectra are observed for energ  etic electrons !!!
What is the electron distribution function in the i nflow region?
- Maxwellian distribution as discussed here
(1 free parameter — temperature)
- kappa distributions are observed in the quiet solar wind (Lin et al., 1996)
(2 free parameters — mean energy and kappa)
If a kappa distribution is taken as the initial one , then a power law spectra
results for the accelerated electrons as observed. (see also Oka et al., 2013)
~
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Conclusions

e The slow mode shocks can strongly energized the pla ~ sma in regions
of large Alfvén-speeds (or in avery low  B-plasma).

e The most efficient energetization of the outflow pla ~ sma occurs at the
switch-off shock (M 5 =1) and &, = 54°.

e The energetization at the slow-mode shocks provides enough energetic

electrons as required by RHESSI observations.

e 15 % of the inflowing electrons are accelerated up to energies > 30 keV
They carry 32 % of the flare released energy.

(see e.g. Oka et al., 2014; Krucker & Battaglia, 2014)

(see also invited contribution: G. Mann, J. Plasma Phys. 81 (2015) 475 810 601)
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