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|. Description of a nonparametric inversion method
Il. Applications of the Inversion Method

A. Cosmic Rays and Supernova Remnant Spectra

B. Solar Flare Hard X-ray emissions

lll. Some Interesting Puzzles of lon acceleration

A. Extreme enhancement of 3He and Heavy ions
B. Electron spectra at Flare sites and observed at Earth
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Two unknowns  D,, and D,,

B_N&?( BN)B . N

Therefore we need two spectral information

1. Accelerated Particle Flux Fooo(E) =vN(E)]V
2. Escaping Particle Flux Fese(E) = N(E)/(TeseS); 'V ~ SL

These Give the escape time T...(F) = Teross Face (F) [ Fese(E)
If there is no B convergence from this we can get
Tsc = 7—2 /(Tesc o Tcross) and Ash X Tszl and D,u,,u,

Cross

Then integration of the kinetic equation over E gives
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Dow — E | € — E, — A — — — dE| = v°D
EE [g dlnE] [ L= Aty /E (T Q) ] pp
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Two unknowns D,, and D,

B_N&?( BN)B . N

Therefore we need two spectral information

1. Accelerated Particle Flux Fooo(E) =vN(E)]V

2. Escaping Particle Flux Fosc(E) =N(E)/(TeseS); V ~ SL
These Give the escape time 7. (E) = 7. .Foc(E)/Fui(E)
from which we get - =72 /(T... — 7uoe) and Ay oc 7.

Cross SC

Then integration of the kinetic equation over E gives
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= - — — — — —
Dee = & [5 dlnE] [EL At /E (T Q) dE] Tac = E/(Asa + Aan)
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) = Fa (g Ji e BT TE(ET)

If particles lose all their energy in the transport region then
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- = Na.cc imra,c-:
Nea(B)ES*(B) = [ - [ ..

E

Zakopane-2, 2019



& o]

Nua(B)ES(F) = [~ dB' -2
E

Recall that?e: = £ [
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Acceleration Radiation Observation
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We need to invert this to obtain Negt (E)

J(€,5) = f vINeg (E,s)o(e, B, 5)dE
0

There are two methods that work well when the cross section
IS a simple function of photon and particle energies like
bremsstrahlung and synchrotron. IC more complex but
approximation can be used satisfying this requirements.

1. Generalized Inversion method by Piana et al.

2. The Johns-Lin method of matrix inversion
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[I-A. Application to Acceleration of
Electrons in Supernova Remnants

Using Observed Radiation and
Cosmic Ray Spectra
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Klein-Nishina Effect in IC Losses

5gtawarz, Petrosian & Blandford
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A Ti(E) = Hﬂ best (B) + 0L (E) = 1]

NE:: — N:cng X ﬁ’snr X Tactive NE;—J — (‘i-I:ﬂJGR,e/ﬂ)VE;L
B. Tesc(E) — TcrossFacc(E)/Fesc(E)
Fa,cc = vN_ .. and Fesr: — anl

acc 1n]j

Injected Q obtained using e.g. Galprop
Fitting to the obseved CR spectrum

Aeff = Ash + (1 + 5acc/E)ASA — E[T;;cc + TL,tra_l(Neff/Naccﬂ
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Two methods of determining the coefficient D

or the scattering time .= {1 —#*?/D,,.)

Tsc — 7-2 /(Tesc — Tcross) and Ash X Tszl

Cross

CI‘DSS/ TESC and Tsc ™ 6eff Tac

ff — 46511 + 6A/nacc
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[I-B. Application to Acceleration of
Electrons in Solar Flares

Using Observed hard X-ray Spectra
from Loop top and Foot points of
Flare Loops
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Turbulence acceleration
region, Coronal X—ray
emission
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See Petrosian & Chen (2010)
ApJ Letters, 2010, 712, 131

Connected by Escaping Process
FO (E) = Frr (E) (Tcross/Tesc)

o wB) [ NE)
= vNpp Eun) i Tesc(E’)dE

{1} [ B
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w [ N(E')
N(E FLT(E /V Frp = EL o TorolE)

From these we derive Energy Dependence of the diffusion rates

Both Coefficients Depend only on Observables
(Petrosian & Chen, 2010 ApJ L, 712, 131)

dF’

Zakopane-2, 2019



Bremsstrahlung Hard X-ray Emission
z' E 5 / X E E)dE Wlth XLT FpP — nLT FPFLT FP(E)
" 4nR

Applylng our inversion relations we get

Petrosian & Chen (2013)
See recent astro-ph posting
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a

oo

N (e ) F(x, E)O(e, EVAE J(x,y:q)dg — f / D(g. )1 (x,y;¢)de ddy

€=y

RHESSI produces count visibility, Fourier component of the source

V(u,vq)=F*(J(x,9:9)= / / J(x,y; q)e ) dx dy
Xy

Defining electron flux visibility spectrum and count cross section

o0

W (u, v;E)zaQ//N(x,y)F(xjy;E)ezﬂ(“””y) dx dy K(q,E)dq = D(q,€)0(¢, E) de
X y E=q

We get V(uia)= s | WlwsE)K(g. E)dE
q

Regularized inversion produced smoothed electron flux visibility spectrum

”V[u,ﬂ] -K- W[H,ﬂ] W[u,ﬂ] ? = minimum

2 —+ /'l[u!ﬂ]

Fourier Transform Gives N(x,»)F(xyE)= — / / W (u, v; E)e™ 2™ ) dy dy

Piana et al. 2007
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Escape and Scattering Times

Theory and Empirical Determinations

Effenberger and VP 2017
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Weak Diffusion and
Converging Field Lines at the Loop top

Escape time (determined by scatterings into
the loss cone) will increase with energy
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1. For sources where observations give the
Accelerated and Escaping Particle Spectra

we can determine the basic acceleration parameters
given the plasma characteristics using the newly
developed inversion technique.

2. The results from application to supernova
remnants and cosmic ray observations are very
promising.

3. Application to RHESSI/ Imaging spectroscopic
data show some new results.
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III. Some Interesting Puzzle on
Acceleration of lons

Extreme enhancement of 3He and
heavy ions
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fluence (particlesicm’ sr MeVinucleon)

“Impulsive” Events Mason etal. 2016

Reames et al.

107 -
a) 1000 ¢
10" ( :
105 5 i
S 100 E
= -
10* " i
=
u -
, E
10 g 10g
c =
—— 2 -
10 —8— 3He 5 !
—8— iHe
10! —8— Fe& E @
-n“:lﬂ i il ozl TR -
0.0 0.1 1 10 0.1 Luwl
MeV/nucleon 1

Zakopane-2, 2019

10
Mass (AMU)

100



*He/'He (0.2 - 2.0 MeV/nuc)
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*He/'He (0.2 - 2.0 MeV/nuc)

100 E T T T TTTT1T T T T TTTT1T T T T TTTTIT T T \\I\II! T T IIIIII! T T IIIIIIE 1§ E .|..r I I l‘l T I | T I I T I T I IH
& : : ] - ] =
i ® 3He/4He (97-99) ] - H L 3
i = O 3He/4He (00-02) | | - “ -
10 * o 0 3He/4He (Mason) 10° & \ —
E + 3He/4He (03) BE = i =
i Re RS e + 3He/4He (04-06) ] o A e ——
r Oy © ® ] 3 B 1.‘ 4
L .+ ++ * o g o lu'l = -_1 A E
T FET IS g * .- - \ -
i QO:JF ‘e S0 o i ~..'E - % -
L QOC? !.d' o) - - lﬂ“ - . % —
i * 3 95 + OO i ; é % ;
® +* = % =
0.1 ¢ . * y- 0 . s -
5 e a 1 = i AN 0.96 i

E O g =1 -
i ! A s o R e 1 e 10 £ ) @= 3
* S - 1 e - ]
0.01 | O S5 P5 E = - a = 0.24 Y y
- =] * . = =
i 4 DD an ] I'F' u ]
0.001 k¢ = i i
. " o 107 & _

00001 TSR TR TR MR O T R T T o ) R O L ) ] B 1ﬂ_‘ i 1 1 1 i L1 | L 1 1 k 1 11 I_ \
100 1000 10* 10° 10° 107 108 10°° 10
=1 =1
"He Fluence T (s7)

Observations Model Results

Zakopane-2, 2019
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ON/Ot = —O(AquN)/OE — N/Tose + Q =0

Solution with Source term flare accelerated electrons

E
F(E) = N(E)/Tusc = (752 /Tese) fo QdE'/JE R(E) = 152 /Tose = RoE"
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Re-acceleration timescales
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A. Electrons

RHESSI 2019
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Correlations of “Impulsive; Prompt” Events only
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Relative numbers of RPP and SEP (electrons)
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Solution with Source term flare accelerated electrons
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1. Inversion methods can determine the
Fokker-Planck Coefficients directly and non
parametrically from observed spectra.

2. Both Shock and Stochastic Acceleration
Driven by Turbulence Can Account For Many
High Energy Astrophysical Phenomena.

Zakopane-2, 2019
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