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I. General Remarks
Solar Eruptive Events

Flare Radiative Signatures and SEPs
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Two signhatures of particle acceleration;

1. Nonthermal radiation producing particles (RPPs) Focus of solar physics

2. SEPs and CME-shock environment Focus of heliophysics
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Two signhatures of particle acceleration;

1. Nonthermal radiation producing particles (RPPs) Focus of solar physics
2. SEPs and CME-shock environment
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Log[E-N(E)]

1. Important distinction: Particles in the acceleration site and in
radiating or observing sites (Accelerated vs Escaping spectra)

A. Closed; no escape B. Open with escape

more heating than acceleration harder escaping spectra

VP, East, ApJ, 2008 Vp, Kang, ApJ, 2015 VP, Liu, ApJ, 2004
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II. RPP and SEP connection

RPPs as seeds in CME acceleration of SEP
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Image: AIA 131 A, 2012/07/19 04:49, M7.7
RHESSI Contours:

04:49, Green (3-8 keV), Blue (12-15 keV)
05:22, Cyan (25-50 keV)

Reconnection ——
Site i
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1. Solar wind particles
Need non-thermal
Kappa-distribution

2. Accelerated particles
From downstream of
Previous CME
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X Turbulence acceleration
Reconnection region, Coronal X—ray

site / emission
Energy Z S

Looptop source

Escaping particles

Thick—target footpoints
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Acceleration and Transport
Escape time

Leaky box model of the kinetic equation

dN ", AN 9, N :
o = o5 (Dee5E ) — 55l - EON - 244

Diffusion Accel. Loss Escape Source
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N 9 ONY O .
— = a7 | DeeZ | — 75=1(A — EL)N]

o  OF

Strong diffusion T ~ Tfmss / Tsc

oL oL

Weak diffusion Tesc ™~ Teross
Converging B-field — Tese OX Tse

Combined equation (Malyshkin and Kulsrud 2001)

T T
Tese = Teross (W"‘ Cross +111?7 SC )

Tsc Teross

Agrees with simulations (points, from Effenberger and Petrosian)
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ON _ 0 (, ON
ot  OE \ EFSE

Strong diffusion T ~ Tfmss / Tsc
Weak diffusion Tese ~ Teross
Converging B-field — Tese OX Tse

Combined equation (Malyshkin and Kulsrud 2001)

TCI'DSS

Tesc — Tcross (n + + 11177

Tsc

Tsc
Teross

Agrees with simulations (points, from Effenberger and Petrosi

10°
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IIl. Combined Flare and CME

Acceleration

RPPs as seeds in CME acceleration of SEP
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“Impulsive; Prompt” OR “Gradual; Delayed” Events
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— e : : d 2
photon spectral index YHXR photon spectral index YHXR
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Escape up: SEPs
Toe 0 EZ Fsgp(E) = N(E)E

Escape down: HXRsS
T¢ o« B
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Turbulence acceleration
region, Coronal X-ray
emission
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Osgp = Yuxr + 1 + @y — ay

Strong diffusion Weak diffusion
Tesen ~ Ljv x E~% and Tesed X Toc
o, ~ —0.5, dsEp ~ YHXR
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aliz

m

F(E) arbitrary nor
(=]

ON/Ot = —0(AqN)/OE — N/Tese + Q =0
Solution with Source term flare accelerated electrons

F(E) = N(E)/Tesc = (73 /Tesc) fo QdE'/E R(E) =70 /Tesc = RoE"

(b) r=dlog R(E)/dlog E=0.6

E Ry=T(E.)/Too(Ey)=0.1, 0.32, 1, 3.16

1
E/E,
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fluence (particlesicm’ sr MeVinucleon)

“Impulsive” Events Mason et al. 2016
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1. Acceleration In flare reconnection and CME-shock
environments are interconnected

2. SEP electrons and HXR producing electron number and
spectral comparisons support re-acceleration of flare
particles at the CME-shock.

3. Abundances and spectra of 3He and 4He also agree with
this scenario.
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IV. Evidence From Fermi

Spectra, Images and Magnetic Connections
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1. Light Curves
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1. Radio- Xray nght Curves
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Solar ¥ (orcsec)

2. Images
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2. High Corona Emission:  h > R (1 —cosf)/ cost
Need Prompt injection  Q(E.t) = Q.(E/Ep) 7 4(t —to)
Energy loss rate E=—(E,/m)[(1+ (E/J_E_n_)ﬂ

Solar
Corona ‘

.\ visible disk J

-\ A4

Earth
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4. Radio: Self absorbed(?) synchrotron spectra?

| S0L2014-09-01T11:09:00-11:10:00
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Two interpretation:
a. Acceleration in situ in the source; spectrum N(E,1)

Then the flux out of the loop top to footpoints is

Q(E,t) = N(E,t)/Tuc(E, 1)
b. Accelerated particles injected into the source. Then

N(E,t) = Q(E,t)Tose (E, 1)
Time integrated relation

N(E) = Q(E)Tuc(E): QE)= [ Q(E, t)dt
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1. Trans-relativistic Effects

Changes in the relation between Velocity, Momentum, Kinetic Energy

e. g. Power-aw Spectra NEISERES N GISEGNHIE
Broken Power-law NSO NN

2. “Escape time” andits energy dependence

1 if Tae >> Teross, Free stream
Tesc — Tcross X Tse / Tcross if Tsc =2 Tcross: CO"VEngI'Ig field
Teross /Tsc if Tan 5L Topmes. Strﬁﬁg diffusion
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Energy Timescales, E/E s
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Synchrotron emissivity, absorption and surface brightness

ORI - - - o (722) 6 (5)
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Synchrotron emissivity, absorption and surface brightness

Radio Spectra F(v)= F(v/v )?5x(1-e")
T T T ‘ ' ‘.,.=‘(,,‘ /,‘,p')-‘(&u)/e)
Sept14 B~25 G 1002_ SOL:2013-10-11 |
Octl3 B~100G

SOL:2014-09-01

Vp=2.5 GHz
F,=230 SFU
6=4.8

10 |

Microwave Flux in SFU

I L
1 10

AMS-; Frequency (v/GHz)



Bremsstrahlung emissivity e*ie) = 7 e f h B(E)Q(E)Tesc(E)f (e, E)dE

Formula 3BN—Differential in photon energy.
Approximations (H), (B). Reference formulas: (15) in reference (a), (16) in reference (c), (17) in reference (d), (37)
in reference (e).

pf P pop

Zrd dk p l ZEoE(P"FPo') 6l eFy e L[sEaE B(EFE*potp?) k {(EoE-!-pn?) (E@E‘FP’) ZEEoE)] l
pm—— ——{ 4 b : €0 et ,
Pt 3pop 5 2000\\  pet » P

137 k po
EoE+pop—1 E (E
L=2 ln[—-—-—-ﬂp—-—]; iq.=-ln( ﬂ+P0)i e=ln( +ﬁ)
k Eo-ﬁn E—P

where
Formula 3BN (a)—Differential in photon energy.
Approximations (H), (B), %f} Reference formula (18) in reference (c).

Zr# 16 dk 1 (pu+p)

=—————1In N
Po—1p

137 3 k pg

Formula 3BN (b)—Differential in photon energy.
Approximations (H), (B), (J). Reference formulas: (16) in reference (a), (21) in reference (c), (56) in reference (j).

42% " dk ENt 2 E 2E.E
()]
137 &k E 3 E, k
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Energy Spectrum e?xJ(¢)/J,

Bremsstrahlung emissivity of power-law electrons

Photon energy ¢ (in units of m_c?)
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Photon energy € (in units of m_c?)



Energy Spectrum €2J(e)/e2J(e,)
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Energy Spectrum e?J(e)/€l(e,)
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1. Thin vs Thick Target

Energy Timescales, E/E s

Ee?thin ~ 8,}, (TIDSS/TESC)

Loss and Escape Times For SOL-2014-09-01 Solar Flare

(for electrons)
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Normalized Distribution
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Il. Transport Related Processes
Energy loss, Scattering, Magnetic Field Geometry

107

Electrons:

Coulomb, Synchrotron-IC, Bremsstrahlung

Protons (ions):

Coulomb, p-p interactions
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1. Thin vs Thick Target

Coulomb and Inelastic Loss Times (7/7,,)
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3. Acceleration in the CME Shock

Need to transport particles from downstream of shock to the visible side of the

Sun:
This requires diffusion

across the magnetic field lines

Scattering by Turbulence
Behind the Shock

AMS-2 2018
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MET =35min = 2014 Septembe 1 Off-Limb CME T = 35 min  Z
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* Red: Field lines connected to the CME shock
* Yellow: Field line connected to the CME source



See POSTER 108.13. Data-driven Simulations of Magnetic

2014 Septembe 1 Off-Limb CME T =35 min ?
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1. Fermi Behind the Limb (in general partially occulted)

flares provide direct view of acceleration and thin target
emissions.

2. Combined Microwave and HXR observations gives us
Magnetic field and electron spectra over a broad (trans-
relativistic) regime.

3. Fermi-LAT observations provide further connection
between flare and CME processes.
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E*Fluence (particles/em? sr)
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TYLKA & LEE

quasi-parallel injection

coronal or solar-wind
suprathermals

Fe/O = 0.1 . :
<Qpe>~ 10 log [keV nucleon-1]
3He/4He = 0.04%

quasi-perpendicular inje>c}i0n

flare suprathermals
Fe/O =1

<Qfe> =20
3He/4He enhanced

log [keV nucleon—1]

log [seed particle density]
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10% |

Escape and Scattering Times

Theory and Empirical Determinations

Effenberger and VP 2017 Chen & VP 2013
10'
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LH]
g
o 107
E |
=
1072
1072 107 10° 10" 102
Ts(_' IDD
Electron Energy (keV)
1 if Tae > Teposs, Free stream
Tesc = Teross § X Tac/Tcross  If Tsc > Teross: Converging field
Teross | Tsc if Toe € Teross, Strong diffusion
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