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X-rays and flare accelerated electrons

Emission cross-sections

Unknown electron distribution
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Thin-target case: For the electron
spectrum F(E)~E®,
bremsstrahlung (free-free, free-bound)
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crversity Motivation1:X-ray emission from typical flares

290 , Soft X-ray coronal source
Battaglia & .
Kontar HXR chromospheric
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How do we determine electron energetics?

can we determine the acceleration rate and
hence the power of non-thermal electrons in
solar flares using standard thick-target
model, e.g. f_thick in ospex?

only the lower limit
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o 0

Assuming isotropic electron distribution:

1 e0]
I(e) = E F)E)dE
(€) 47:R2f€ ole, EXnVF)(E)d

/ \

Photon flux spectrum Mean electron flux spectrum

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

flux spectrum:
E o0
(nVF)E)= —f AFyEydE) .
2K Jg

Brown, 1971,

Brown et al 2003 Injected or accelerated electron spectrum

B Universit — .
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Fre) 1 Injected spectrum:

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?
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Now we can determine the upper limit for
electron energetics

The model involves hot-corona and cold
chromosphere

f _thick_warm in ospex
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Warm-corona and cold
chromosphere model

hot plasm
The model in

1. pictures
2. simulations
3. equations

RHESS| 10.0—15.0 keV 23—Aug—2005 14:28:00.000 UT
T T T
Zran? ]
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‘Cold’ Our ‘Warm-cold’
Plasma Model Plasma Model

Electrons accelerated/injected

SDO AlA_2 193 07:30:09.440
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Corona
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i University The model from simulations
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Hot, low density corona Hot, high density corona

10.000 T~ kev =6 kev
— 15 keV o 5 keV
g 5
g
5
®
g o

nVF [electrons

e s =
Energy [kev] Energy [kev]

See Jeffrey et al 2015
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To describe warm plasma environment we can use Fokker-Planck
equation:

Collisional drag \ Collisional diffusion
oF

0 E \oF 1( E E

il Kni -2 — | E L2 —
“ar T2 ”{aE [G(\/kBT 6E+E(kBT 1]G(\/kBT
10 ) [E [E \\oF

ou
Collisional scattering of Source of particles
electrons (injected spectrum)

F| +

Finite temperature effects: e.g. Emslie, 2003,Galloway et al 2005,Jeffrey et al, 2014

JONESOE \Warm plasma collisional transport - Equations

} + Fo(E)d(2) .

=] (_)
Integrating (twice) the kinetic equation one finds:
jE eE’/kT dE’ 00

Emin E’G(\/f:;w) E'

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

(nVF)E) = iE e E/kT

AFyEqydE
oK o(Eo)

hot plasm
Length L

In a stationary state the number of
electrons in the target is balanced
between injection and diffusive escape
of thermalized electrons:

37 kT N 8 nN ]
2K \| Epin \ am, (RT)3? A

i? L]g%ll\;i;étwy The Model in equations
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Integrating, one obtains the mean electron flux

1 E E'/kT dE' o
(WVF)E) = — E e E*T ¢ AFy(E¢)dE,
2K Emin E'G % E'

= ' I s [
E i 51 4 — 10% L Em.n=10kT Ffe\.#._
ﬂ = 3 T ? IE --------ﬁ"‘."-- Em;r.:]O_QkT EEV
kT L '..\‘1 1091 _ cold target _|
_% 0% 1]
A=(kT)*/2Kn | ]
é 10MpE —ee 4
c.f. cold target result: i
z 109 7 1
1 o0 - z \
(nVF)E) = —Ef AFoEy)dEy
2K E 1 10

Energy [keV]
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Model in ospex

2] Fit Function Setup

Choose Fit Function Components and Set Parameters

Interyal 0 15-Ap-2002 00:04:52.000 to 00:07:24.000
Current fit function: vth+thick?

Ghtkee. [1 pow- Single Power Law v] Add Lt |
——line-Gaussian =

ling_nadrm - Gaussian, does nat g thraugh DR

line_asym- Asymmetic Gaussian

line_asym_nodmm - Asymmetric Gaussian, does nat go thraugh DRM

—— || muli_therm_abun_exp - Multithermal, Exp Temp. Separate Abundances
wih | fmulti_therm_abun_pow - Multithermal, Pow Temp, Separate Abundances
[ rrut_them_exp - Muttithermal, Exp Temp
mull_therm_gauss - Mulithermal, Gaussian DEM distribution
[mum,therm,unear,gauss - Multithermal, Gaussian in lingar T DEM distribution
multi_therm_pow - Multthermal. Pow Temp

Keywot rmulti_therm_pow_exp - Multithermal, Faw Termp * Exp Temg

mult_therm_2pow - TEST VERSION, DO NOT USE YET UNLESS YOUR NAME IS EDUARD! Multithermal, Two Pow Temp
photon_thick - Thick target photon spectrum using Bethe-Hettler cross-section
photon_thin - Thin target photon spectum using Bethe-Heitler cross-section
pileup_mod - Pseudo function far carrecting for pileup (Expers only)
positonium - Positronium + 511
template - Template function
thick - Thick Target Bremsstrahlung
hick honUniform lonization (NUN Thick Target with two ionization prafiles

i
hicke - Thick Target Bremsstrahlung Version 2
thick?_rc- Thick Target B Varsion 2 with on and return-current losses
thicke_wnorm - Thick Target B Version 2 with nomalization

thin - Thin Target Bremsstrahlung

thing - Thin Target Bremsstrahlung Version 2

thin2sm - Thin Target Bremsstrahlung Yersion 2 for a Smoathly Broken Power-Law
thin_kappa - thintarget bremsstrahlung spectrum for electron kappa distribution

thin_ndlistr - thin-target bremsstrahlung spectrum for electron n-distibution
1 Energyvth-Variable Thermal
2vth- Sum of twa Variable Thermals

[¥] Auto Plat Plot Units:

["|Photons [ |Background [ |Eror [ Residuals

[ Retresh | E\ [ ResetalComp.» | [ Pictal | [ PotResidr | [ FitSummany | [ Accepts> | [ Cancel
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qj: })}ng\jltil%g Cold thick target 1

Energy

EA--2015 19E8

E cut =21.4 keV

,‘!! U 2 ..‘t .
. fEJﬁ?Lfé\X Cold thick target 2

with Fit Functian

20-4—2010 15

E cut=16.4 keV
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qj: })}Jgﬁ?:&g Warm thick target
. U e B /

E cut =19.5 keV

$ Efgjﬁi‘:gix Recent additions
. U e B /

* to test how element abundance affects the fit,
(Brian’s wish)

* relative abundance of elements default =1
relative to CHIANTI coronal values.

» the same implementation as in f_vth.pro
(thanks Kim)
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10% : T B 10T RV Warm target effects
T SO L -E_“f‘_”=‘°f ev play important role for
Sl | . st 1) Densewarm
o ™ | plasma
= ™ e e % 2) Steep injected
R S 7 spectra (e.g.

R I e ‘1’%& 1 microflares, or
2 jouf 7 “”*%_, loops)
— . O 3) Low energies ~kT
: i T Lioop SEZ/(2Kn)

Warm target model gives (at least) minimum low energy cut-off and
provides the upper limit on the total number or injected electrons or
the total injected power.

In the example, we determined the low-energy cut-off +/-1 keV!

of Glasgow

Extra slides....

10
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10 ‘f%ﬁii&twy Target averaged spectrum
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Averaging over pitch-angle and integrating over the emitting volume (Kontar et al, 2014)

gives the relationship between the source-integrated electron spectrum and the (pitch-
angle averaged) injected electron spectrum:

Warm plasma environment (this model):

2K d | E dinVF)E) 1(E

Fo(Eg)=—— —
Warm target drag model (Emslie 2003):

A dE
1(E | E

Cold target model (Brown 1971, Brown et al 2003):

K d [(nVF)E)
FolEo)=-77% = E>

E=E,

oK d
Fo(Eg) = —— 2
T

E=E,

E=E,

4l University How important is the diffusion term?
of Glasgow

(nVF)E) =10 Fy(E) + 10°*(E/10 keV)~? (electrons s~ keV~1)

<=Mean electron flux
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Energy [kev]

Injected electron flux

10% T Cold target

— Warm drag
L— Warm target model

Note appearance of cut-off:

Eﬂ;rcgy [kev] EC,Eff = (C + z)kT

AFG(E,) [electrons sec™ kev™]
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To make a model useful for data analysis, we want to integrate the kinetic
equation to find the mean electron flux <nVF(E)>:
FyEo)=-———

E dinVEYE) 1(FE
A dE G(\/ﬁ){T+E(ﬁ_I] <”VF><E)}

Similar to thick —target model :

E co
(nVF)E)= o L AF(Eo)dE, .

2K d

E=E,

We can formally integrate the kinetic equation:

1
(nVFWE)= — E ¢ kT f AFo(Eo)dE, ,
9K f—kE_; ,

0 E,G E

] University Warm plasma and collisional relaxation
of Glasgow

However, the mean electron flux <nVF(E)> is divergent:

eE’/kT dE' IS
woly] -

Unlike standard thick-target model we have the collisional operator
conserving the number of particles and injection of electrons, hence
infinite number of electrons or infinite mean electron flux.

_ 2K d (B [deVENE) 1 (E
FolBo)=-"r g lG( kTH dE +E(kT 1)<”VF)(E)}

Source

E
(nVFYE)= iEe-E’kT f AFy(Eo)dE, ,
2K 0

E=E,
Collisional operator

14.09.2016
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o 0

However, the mean electron flux <nVF(E)> is infinite:

(WVF)E) = —— E e F*T

E GERT gg! oo
_ AFyE)dE
Ve fo o(Eo)dEy ,

woly] -

Unlike standard thick-target model we have the collisional operator
conserving the number of particles and injection of electrons, hence infinite
number of electrons or infinite mean electron flux.

| E dnVFyE) 1/(E

Collisional operator

2K d
FoEg) = _I E

Source E=Eqo

=>Warm (finite temperature with diffusion) thick target model does not exist

See Jeffrey et al 2015
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