' & - \‘

‘phere

LESIA, Ob

SEMAINE DE 'ASTROPHYSIQUE FRANCAISE /

NICE .!ltt41:120'|9]f27 M A I \N



200
050-7T
t SOLAR FLARE GAMMA RAY
sk | SPECTRUM
| |I AUGUST 4,1972
| — Solor Quod.
150t ~==-- Bockground Quad.
L 05 Mev
|0 = ]%
_ ; Chupp et al., 1974
Breal 1
(7]
< | .
[+ ] d
~ 00
m Il
gt |
=]
D 8ol
S i
i |
eol- | Co
LT M
. . , 33Ne el T P
Lo | !
I “‘u
I Ex ‘ : -I"
o R g!qjl. 1 L ‘4]-:"""‘“
L £ :L_'_'. i% "ih_rr‘u.l[‘mjd _'11 . - l,_ _| .,.i e
] ﬁ_ﬁhﬁmléﬂlﬁ.ﬁﬂﬁ%i.””"; E

The Sun as a Particle Accelerator:

CHANNEL NUMBER

Gl
|

First detection of energetic protons
from the Sun(1942) (related to a

solar flare)

First X-ray observations of solar
flares (1970)

First observations of y-ray lines from
solar flares (OSO7/Prognoz 1972)

Since then many more observations
With e.g. RHESSI (2002-2018)
And also INTEGRAL, FERMI

>120000 X-ray flares observed by
RHESSI (NASA/SMEX; 2002-2018)
But still a limited number of gamma-
ray line flares ~30



(extreme ultraviolet)

SDO/AlA 304

2011-02-13 01:53:33 UT

Solar flare:
sudden release of magnetic energy

Heating
Particle acceleration

) X-rgys

b-d keV

75-80 keV

2| aug 2002
[a fev 2011




HXR/GR diagnostics of energetic electrons and ions
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RHESSI Observations

1.6 keV

—— 3.1 keV

1 50-100 keV

100-300 keV

3-7 MeV

2.2 MeV

SXR emission
Hot Plasma (7to 8 MK))

HXR emission
Bremsstrahlung from
non-thermal electrons

Prompt y-ray lines :
Deexcitation lines(C and 0) (60%)
Signature of energetic ions (>2 MeV/nuc)

Neutron capture line:

p —p ; p-a and p-ions interactions
Production of neutrons

Collisional slowing down of neutrons
Radiative capture on ambient H

= deuterium + 2.2 MeV. line
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Particle acceleration in solar flares

What is the link between heating and particle acceleration?

Where are the acceleration sites?
What is the transport of particles from acceleration sites to
X/ y ray emission sites?

> What are the characteristic acceleration times?
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= 10°F  nom-thermal | How many energetic particles?
2 bremsstrablumg 3

2 g Energy spectrar -
> electrons with Relative abundances of energetic
o 107" typical emergies ions?

=< above ~10 keV

Which acceleration mechanisms in
solar flares?

Shock acceleration?

Stochastic acceleration?
(wave-particle interaction)

Direct Electric field acceleration.
(e.g. current sheets)

P VI on m_ mal)
TR/\(,[ 1600A (image)

Krucker et al;, 2008
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Particle acceleration in solar flares

* |s there a link between electric currents and energetic

electron acceleration sites? Vertical current density - 15-Feb-2011 01:48:00
180 XA
Measurements of vertical current density . , LS
from vector magnetic fields at the solar -200 & R
surface 220 1 2 G Al ey
15-Feb-2011 01:55:10 to 01:55:50 UT § 2o 62 ey [ R
> : Mg 2
r 260 = -
. -280 [ : | l |
i ,1,1“5-;0 | B 3 PO SRAED ééo Lo L [ lzéol ol sl 13601 2
X (arcsec)
B0 e

300 200 -100 O 100 200 300
vertical current density (mA/m?)

HXR contours from RHESSI and
“maps of electric currents
Gy
1

v = .

Vertical magnetic fiel
-2472.1 -30.5
[

10 arcsec

HXR sources in the vicinity
(in projection) of strong

Musset, Vilmer, Bommier (2015) .
electric currents



Where and how to accelerate flare
particles?

Standard model ??

Acceleration site in the low
Downward Beams CO rona

/o gromosshese I the vicinity of reconnecting
f_« il kil current sheets
XR HXR

Acceleration/Transport of electrons in the corona:
input of imaging spectroscopy with RHESSI



X-ray photon spectrum (electron spectrum) at different
locations

AlA193A
RHESSI 6-8 kaV
RHESSI 30-80 keV

» e § Ay ¢ . 1 1 P 1 i A sl
900 S20 OS540 960 68680 1000 1020 10 100
¥ /arrcarct enarov TkaVl

Magnetic energy dissipation and particle acceleration in current sheet above flare loop
Detection of non thermal X-ray source in the 30-80 keV band at the footpoints and
above the EUV hot loop

Is it the acceleration reiion? ‘nnth ~10° cm‘3|



Acceleration and transport of energetic electrons in the

low corona

X-ray diagnostics of energetic electrons

E—E,/RT

Thermal emission I(S) o< EM

~ Thermal T1/2

B 10°} Bremsstrahlung \ With EM = n2V
=
’i Thin target approximation
S 10" .
E Footpointg y — 6 + 1
5
2 \
- photosphere Thick target approximation
=
g Non-thermal Y = o0—1
;3‘ 10°+ +~ Bremsstrahlung e.g. Holman et al. (2011)
% RHESSI I(g) xx &7 :
< —— N > . « Standard » propagation model
1 10 100 YiT YEp =
energy [keV] [e-/s/em?/keV]

N LT — N FP [e/s]
Thermal Bremsstrahlung: T = 30 MK

Non-thermal Bremsstrahlung: electrons with energie > 30 keV

Acceleration ? Transport ?



Acceleration and transport of energetic electrons in the

low corona

Electron flux hot plasma

10-25 kel ‘i T= 290K
hot plasma 25-30 keV 0,12 - 103 =t )
T - 24 MK ] 5[""]'] I(EV § energetic
=] rticl
E energetic =1 & i
= particles | 6=4.4
©
0
hot plasma
) T=29 MK
I Energy (keV) 100 =1 -
o= energetic
=1 ; particles -
(Electrons > 25 keV)/s| £ :

-- 0 Energy (kel) 100

Musset, Kontar, Vilmer, A&A, 2018



* Magnetic mirroring due to converging magnetic field

(e.g. Kennel & Petchek, 1966; Leach&Petrosina, 1981; Melrose
& Brown, 1976; Vilmer et al., 1986; Takakura, 1996, ...with
applications in e.g. Simoes & Kontar, 2013...)

* Confinement by strong turbulent pitch-angle scattering
due to small scale fluctuations of B leading to diffusive
parallel transport
( Bian et al., 2011; Kontar et al., 2014).



Energy dependance of the diffusive scattering mean free

path of energetic electrons
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Where and how to accelerate flare
particles?

Acceleration Site

Standard model ??

Downward Beams

/ \ e .
Gy Chromospheric
i SXR - Evaporation Front

Or acceleration in many spatially distributed
sites??

dynamical evolution of large scale current
sheets towards small scale structures ,
(see e.g. MHD simulations Onofri et al., 2006) F 1 B Gt 8,2 74

m
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MHD loop simulations

eRelativistic guiding-centre equations

e|nitial thermal particles uniformly
distributed in volume

e|ncorporate Coulomb collisions of
test particles with background plasma

Hard X-ray emission at 10 keV
Produced in a dense coronal loop
(10 11 cm™3)




What is the link between plasma heating, particle acceleratic
between thermal SXR and non thermal HXR radiations?

MHD model from
Gordovskyy et al., (2014)
(stratified atmosphere)

SXR emissivity (yellow)
Resulting from plasma
heating

Non thermal X-ray emissions
Comparison with
Observations?

Need of more dynamic

(see Pinto et al. 2015) /
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High-energy emission above 60 MeV

+>10 MeV pion-decay count rate (Forrest et al. 1986)
+0.511 MeV line flux (x10) (Share et al. 1983) ]

g
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(Solar Maximum Mission)

Count rate (cts s-1) or
flux (photons s—1 cm-2)

-y
o
TTTT

(Forrest et al., 1985; 1986)
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sanetoss | " 3 vune 198
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Forrest et al. 1985 | Forrest et al. 1985
1000y H ions ' (around 20 events)
P (before FERMI era)

(see Chupp & Ryan, 2009; Vilmer et
al., 2011)

0.100
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Long duration high-energy events

CGRO/EGRET

last for several hours after
the flare impulsive flare!!

FLARE

Rate (>50 MeV)
®
I

0:00 2:00 4:00 é: 00 8:00 10: 00 12:00 14: 00

U.T. of June/11/1991



New observations from FERMI

High energy emission from a
moderate flare (M2 flare)

currat, 745144 (11ppd, T002 Febuary 1
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Ackermann et al., 2012
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More long duration ...
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Systematic study of 30 late phase y-ray emissions

(LPGRE emissions

Number of LPGRE protons>500 MeV~10%7-103°

Typically 10 times the number of protons in the
flare impulsive phase when observed

0.01 to 0.5 the number of accompaniyng SEP
Events (9 events

M| ! I | " L |
pion-decay
sp=2.0

Eo=1.3 GeV
B=300G
ny=1x10'8 cm-3

e~ bremsstrahlung 3
Se=1.0 ]
Eo= 1 GeV
e~ bremsstrahlung
Se=1.0

E0= 1 GeV
ny=1x10'2 cm-=2
B=103G

0 12 e
Energy (MeV)

LPGRE Proton Number (X 10%)

TR Lol M PRI
10° 10 10 10° 10° 10°
SEP Proton Number (X 10%%)

ny=1x10"%cm3 _|




Origin of the long duration high
energy radiation

Already discussed at the
CGRO time

Adapted from Rouillard

Continuous particle acceleration or long
duration trapping?

- delayed precipitation of high-energy
particles accelerated in the impulsive
phase and trapped high in the corona;

- acceleration by an expanding shock far
from the flare site of particles that make
their way back to the chromosphere
(see e;g; Plotnikov et al;.2017 for the
study of connectivity)

- particles accelerated in the
reconnection current sheet behind a
Coronal Mass Ejection (CME);




Challenges of particle acceleration at the Sun:

Electrons Ions
Number 10% _10* (>20 keV) 310 3 (>30MeV)
Acc. times ~ 100 ms @100 ke V-1 <1s @10 MeV

MeV
Duration (s) 10 — hour 60 — hour
Total energy 1034 (> 20 keV) 1032-10% (> 1 MeV)
(ergs)

The Sun is a very efficient particle accelerator:

From e.g.

Chupp 1996

Vilmer and MacKinnon
2003

Flares (but also CMEs) constitute large energy releases from coronal magnetic storage
(~ 50 % of the energy goes to energetic particles)

Number problem

The Sun can accelerate particles to very high energies

Up to a few GeV for electrons, to tens of GeV for ions

Like astrophysical objects But major challenges: time scales for acceleration
Fast acceleration but also long duration acceleration in some events...



Energetic particles in the solar atmosphere? (l)
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What are the acceleration mechanisms?
Where are the acceleration sites?

How are energetic particles affected by
transport from the acceleration
to the emitting sites (in X-rays?)

Still a lot of open guestions

More to be learnt in the future with direct
imaging in X-rays (FOXSI NASA/SMEX )
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