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Solar flares: basics

GOES, WIND/WAVES, WIND/3DP
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i3 i I From Emslie
Flare and Coronal Mass Ejggtion et al., 2004,
23 July 2002 o | 2005
CME Energy
10%2 ergs

% .
( f;.&:n."t Thermal Plasma
N i

P 1x10% ergs

Energetic Particles
<10%0 ergs

Nonthermal Electrons
- ‘ 3 x 101 ergs

Free magnetic
energy
~2 1032 ergs

Energy Budget g
ACE, RHESSI, SOHO, TRACE, WIND Nontherm&%
: - ' 8 x 103 ergs &
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§f Unwversity “Standard” model of a solar flare/CME
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Energy release/acceleration

CME
front

Solar corona T~10°K => 0.1 keV per
particle

Flaring region T ~4x107 K => 3 keV per
particle

Flare volume 10?” cm?® => (10 km)?

Plasma density 10! ¢cm

Photons up to > 100 MeV

Number of energetic electrons 10°¢ per second
Electron energies >10 MeV

Proton energies >100 MeV

eruptive
\ prominence

—> {—
Large solar flare releases about 1032 ergs
—— 4 2 HXR (about half energy in energetic electrons)
sphere ‘ g /TSSO 1 megaton of TNT is equal to about 4 x 1022
photosphere ergs.

. Figure from Temmer et al, 2009
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Stochastic particle acceleration

Vast literature exists e.g. Miller et al, 1997; Petrosian 2012; Bian et al,

2012 Cargill et al, 2012 as reviews

= Generally efficient electron and proton acceleration, He3
enhancement, variety and variability of particle spectra

Particle and energy transport

Pitch angle scattering of particles, reduced thermal conductivity, etc
=> Artificial injection of electrons often involved to explain strong radio
sources at the loop-tops (e.g. Melnikov et al 2001, Lee et al, 2002)

Reconnection models

Anomalous resistivity is often required to make fast reconnection and
strong parallel electric fields

see e.g. Priest and Forbes, 2002, Zharkova et al, 2012, Raymond et al,
2012 as recent reviews

Plasma turbulence is characterised by chaotic and stochastic property
changes, e.g. velocity, density, magnetic field in space and time.
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Stochastic particle acceleration

Vast literature exists e.g. Miller et al, 1997; Petrosian 2012; Bian et al,

2012 Cargill et al, 2012 as reviews

= Generally efficient electron and proton acceleration, He3
enhancement, variety and variability of particle spectra

Particle and energy transport

Pitch angle scattering of particles, reduced thern
=> Artificial injection of electrons often involved t
sources at the loop-tops (e.g. Melnikov et al 200:

Reconnection models
Anomalous resistivity is often required to make f:
strong parallel electric fields

see e.g. Zharkova et al, 2012, Raymond MODELS WANT TURBULENCE
IN SOLAR FLARES !

Plasma turbulence is characterised by chaotic and stochastic property
changes, e.g. velocity, density, magnetic field in space and time.
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Density fluctuations
observed via scintillation techniques (power-law spectrum of
density fluctuations), normally in the higher corona and not in flares

Velocity fluctuations

e.g. non-thermal line broadening observed in flares, normally
spatially unresolved, but now with Hinode/EIS — spatially resolved
Doschek et al, 1980, Harra et al, 2001...

Magnetic field fluctuations

Normally magnetic fields are not measured in flares...

One exception is the radio measurements of gyrosynchrotron
emission in flaring loops.

This talk...
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Simoes & Kontar, A&A, 2013

Using imaging spectroscopy, we can infer
spectra and numbers of energetic electrons
both in coronal and foot-points sources.

Above 30 keV, we have normally a few times
electrons more in the LT than in FP source.
Possible trapping by waves or mirror?
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What is happening at the Sun ?
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HXR flaring loops (no clear footpoints)
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I(x.y:€) = Ig exp (—s°/207%) exp (—17 /277). 9.0_11.4 keV
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HXR flaring loops (no clear footpoints)
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Parallel transport: collisional transport
along the field lines of the loop
dE K K = 2ze*nin A

dz  E

L(e) = Lo+ Oa||€2
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HXR flaring loops (no clear footpoints)
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Perpendicular transport: In the
guiding-center approximation, the
perpendicular transport of particles
(for small E x B drift) is described by

dr, B,
— = V- ,
dt " By _ ;
e ri = /2Dy
- Perpendicular diffusion due to magnetic field
fluctuations (wandering) (Jokipii & Parker
‘ 1969, Rochester and Rosenbluth, 1978).
{ LRI g 2 231

i1 - s Dy = (B1/Bj)A

X (aresec)
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(Kontar, Hannah,Bian 2011)



Width and length of the loop

2 . :
L(E) = Lo + )| € => Propagation of electrons along the magnetic
- field lines is consistent with collisional transport
rp >~ €°/2Kn
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=> Energy dependent width of the loop is
Wie)=Wy+aye consistent with cross-field transport due to the
magnetic fluctuations

— Hence we estimate the magnetic fluctuations
— \/ZDMFH in the flaring loop where electrons are
' accelerated from the source sizes

Dy = (B% /B3 2 "‘
m = (B /Bj)r Dy :A||Bl/'B§ = a7 /(2a))

=> From radio observations (Bone et al, 2007), magnetic field is ~150G, the
absolute values of magnetic fluctuations can be estimated.




ofG asgowy Turbulence energetics

The energy density of magnetlc fluctuations in the loop Is
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non-thermal energy of

=> From radio observations (Bone energetic e|ectrons’ but less

et al, 2007), magnetic field is :

150G, the absolute values of than thermal for this lambda
parallel.

magnetic fluctuations can be
estimated.
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0B
-> If we assume that the magnetic field fluctuations are due to
B MHD waves, the fluctuation velocity and magnetic field

fluctuations are related e.g. for linear Alfvenic modes
U~ BJ_,I"IB{}FA

Radio measurements provide us with magnetic field and
X-ray measurements with density

for va ~ 1000 kms™!
B,/By ~ 0.1

Turbulent (non-thermal velocities) velocities
Vnt ~ 100 km/s
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ST g | Are particles accelerated within
— the loop?
Gla s Multiple current sheets
Vlahos et al 1998, Turkmani et
al, 2005, Hood et al, 2008,
" Browning et al 2008,
Gordovskyy et al, 2012
Time:160.002

—— Plasma turbulence acceleration
b e Sturrock, 1966, Melrose, 1968

> Miller et al 1997, Petrosian et al,

1994: Bian et al, 2012

L | Tirme:240.001

Simulations by Gordovskyy, et al 2012
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RHESSI 10.0—15.0 keV 23—Aug—2005 14:28:00.000 UT
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Dense HXR loops allow to observe and
spatially distinguish acceleration and transport
of energetic particles.
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Propagation of electrons along the magnetic
field lines is consistent with collisional
transport

—-280 A. ’ . S

Energy dependent width of the loop is
consistent with cross-field transport due to
the magnetic fluctuations and implies line-of-
sight non-thermal velocities of the order of 100
= km/s.

Simultaneous observations of non-thermal line
widths and loop-energy width can scrutinise
these models and diagnose turbulence in
flaring loops.




