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Flare and Coronal M_ass'Ej
23 July 2002

CME Energy
10%2 ergs

Thermal Plasma
1 x10% ergs

Energetic Particles

< 10% ergs i Nqnth‘r‘inal Electrons

3 x 1031 ergs

Energy Budget \ %
ACE, RHESSI, SOHO, TRACE, WIND X Nonthermaklons.
- : | 8 x 10% ergs ®

Energy ~2 1032 ergs
From Emslie et al, 2004, 2005

Sun et al, 2012, Aschwanden et al, 2016

Solar eruptions and energetic particles

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

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

Flare volume
km)3

Plasma density 10 cm-3

1027 ecm® => (104

Photons up to > 100 MeV

Number of energetic electrons 1036
per second

Electron energies >10 MeV

Proton energies >100 MeV

Large solar flare releases about 1032
ergs

(about half energy in energetic
electrons)

But there is an order of magnitude uncertainties..



Standard model energetics
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Cartoon from Petrosian (2012)

Energy Deposition/Evaporation

Plasma turbulence plays an important role in virtually all . -
key elements of standard solar flare model Rad|at|0n
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Observed X-rays  Unknown electron distribution Emission cross-sections
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Thin-target case: For the electron
spectrum F(E)~E?,
bremsstrahlung (free-free, free-bound)
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SDO AlA_2

Motivationl:X-ray emission from typical flares
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Assuming isotropic electron distribution:

I(e) = - ]OOU(G,E)(nVF)(E)dE

/ 47R2 J \

Photon flux spectrum Mean electron flux spectrum

Normally collisional thick-target is used to estffhate the mean electron

flux spectrum:

E o0
(nVF)E)= ﬁfE AFyEydEy .

Brown, 1971,

Brown et al 2003 Injected or accelerated electron spectrum
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Injected spectrum:

Fe) |

Using spectroscopy (or
F(E)~ E® imaging spectroscopy) we

normally infer electron power
or/and total rate above some
energy or lower limit.

> We do not know the upper

Ecut E limit.

Can we better determine the
lower energy cut-off and
upper limits on power and
Injection rate?




Low-energy cut-off problem
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Four uncertainty analysis methods from Ireland et al ApJ 2013




Warm and cold target models

RHESSI 10.0—-15.0 keV 23—Aug—2005 14:28:00.000 UT
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‘Cold’ Our ‘Warm-cold’
Plasma Model Plasma Model
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See Jeffrey et al ApJ 2015
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To describe warm plasma environment we can use Fokker-Planck
equation:

Collisional drag \ CoIIisionaI diffusion
oF 0 E | oF E
oz ~ 2Kn{0E G(\/kBT oF 17: ﬁ_l G(\/k
1 o0 E E
t e o (1-p )(erf(\/kBT) \/ kBT))}O(E)&Z)'
Collisional scattering of Source of particles
electrons (injected spectrum)

Finite temperature effects: e.g. Emslie, 2003,Galloway et al 2005, Jeffrey et al, 2014
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Integrating (twice) the kinetic equation one finds:
1 E eE”/kT dE’ 00
(WWFYE)= — Ee F/*T f

2K Emin EIG( /5_7’1) E'

To find Emin we consider warm plasma
loop and cold chromosphere.

AFo(Eg)dE

hot plasm
Length L

RHESSI 10 3-—150 keV 23— Jg—200 14 28 000 uT

- 80-:_,.. £

In a stationary state the number of

electrons in the target is balanced
between injection and diffusive escape T

—240F ..'. f.

Y {arcsec)

of thermalized electrons:

AT 8 nN
E m l n aTm e ( k T)3/ 2 -300 -,3 £ :
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Integrating, one obtains the mean electron flux

1 E  LERT gg! oo
(WVFMNE) = — E ¢ E/kT f e’ d
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From Kontar et al, submitted to ApJ 2018
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5] Fit Function Setup

Choose Fit Function Components and Set Parameters
Interval 0: 15-Apr-2002 00:04:52.000 to 00:07:24.000
Current fit function: vthethick2

Choose: [1paw: Single Power Law

line-Gaussian ~
line_nodim - Gaussian, does not go thiough DRM
line_asym - Asymmetric Gaussian
line_asym_nodim - Asymmetric Gaussian, dogs not go through DRM
muli_therm_abun_exp - Muliihermal, Exp Temp, Separate Abundances
muli_therm_abun_pow - Mufithermal, Pow Temp, Separate Abundances
muli_therm_exp - Multtherrial, Exp Temp
mulii_therm_gauss - Mullthermal, Gaussian DEM distibution
mulitherm_linear_gauss - Multthermal, Gaussian n inear T DEM distribution
muli_therm_pow-Mulithermal, Fow Termp

Keywor muli_therm_pow_exp - Mulithermal, Pow Temp *Exp Temp
mulii_therm_2paw-TEST VERSION, DO NOT USE YET UNLESS YOUR NAME IS EDUARD! Mulithermal, Twa Pow Temp
photon_thick - Thick target photon spectum using Bethe-Heitler cross-section.
photon_thin - Thin target photon spectrum using Bethe-Heitler cros s-section.
pileup_mod - Peeudo function for comecting for pileup (Experts onby)
positronium - Positronium + 511
template - Template function
thick - Thick Target Bremsstrahlung
thick_nui - NonUnitarm lanization (NUI Thick Target with twa ionizatio E
thick2

thick2 - Thiek Target Bremsstrahlung Version 2
thick2_re- Thick Targ Wersion 2 with nammalization and retum-current losses
thick2_vnarm - Thick Target Version 2with
thin~Thin Target Bremssirahlung
thin2 - Thin Target Bremssirahlung Version 2
thin2sm - Thin Target Bremsstrahiung Version 2 for a Smaothly Broken PowerLaw
thin_kappa-thin-target bremsstrahlung spectrum for electon kappe,distibution
thin_ndistr - thin-target bremsstrahlung spectrum for electron n-distribution

1 Energy vth - Variable Themal
2uth - Sum oftwo Yariable Thermals s

Flot Units:

Reset All Camp. -
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Conclusions

Warm target effects play
Important role for solar flares.

Warm target model determines
the low energy cut-off (~14%
for the flare considered)

Provides the total number or
Injected electrons or the total
Injected power.

=> The energy partitioning can
be studied
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Extra slides....




