Vahe Petrosian

Turbulence acceleration
region, Coronal X-ray
emission

Reconnection
site

Energy
outflows

-Looptop source

With

Escaping particles

Meng Jin, Wei Liu,
Nicola Omodel and Melissa Pesce-Rollins

Thick—target footpoints

Konus-WIND at 25



Vahe Petrosian
Stanford University KIP}C

With
Meng Jin, Wei Liu,
Nicola Omodel and Melissa Pesce-Rollins

Konus-WIND at 25



Radiation Producing Particles: RPPs

Image: AIA 131 A, 2012/07/19 04:49, M7.7
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Solar Energetic Particles: SEPs

Focus of Heliophysics
Acceleration of Solar Wind Particles ?

In the CME-shock environment

Konus-WIND at 25



1. CME accelerated particles as RPPs: Fermi Observations
2. RPPs as seeds in CME-Acceleration of SEPs: RHESSI Obs.
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1. CME accelerated particles as RPPs: Fermi Observations
2. RPPs as seeds in CME-Acceleration of SEPs: RHESS! Obs.
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|. Motivation:

Fermi observations of extended >100 MeV radiation
from solar disk and behind the limb (BTL) flares

Il. Models of Gamma-ray Emission
Emission processes and acceleration sites

lll. The Escape Time from acceleration site
Acceleration and Transport Processes

I\VV. Acceleration at CME and transport to the Sun
Simulations results and theoretical conjectures
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GOES X-rays
And SEP protons
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1. Light Curves
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1. Radio- Xray nght Curves
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In general flare impulsive RPPs are electron dominate but
Long duration RPPs are mainly protons, more akin to SEPs
which are proton dominated
Flare E</Ep SEP E«/Ep

L

-] 1 0 — 1 ] 3 -2 -1 0 1 2
Energy Ratio: Log [E,(>0.5MeVO/E,(>10 MeV)] Energy Ratio: Log [E,(>0.5MeV)/E (>10 MeV)]
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2. Images
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High Corona Emission: h > Rs(1 —cosf)/cosb
Sepld h = 2 x 10"%cm: oct13 h = 2 x 10”cm

Continuous Acceleration N (F, 1)

Flux escaping to occulted foot points

Q(E,t) = N(E,t)/Tus.(E, 1)

00 Energy Flux §_p eeeeeeeeeeeeeeeeeeeeeeeeeeee
2 > - Ons.

a, E2Q(E)/[10% erg] -

Energy Spectr
°

Electron
2 o

1 10 100
Electron Energy E/m,c?

Konus-WIND at 25

Solar




1. Continuous acceleration and escape

through the photosphere
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1. Continuous acceleration and escape

Protor; pion decay
Electrén bremsstrahlung

E,=103, :316. 100, 31.6, 10, 3.16 MeV |
Density Scale Height H=1000 km

Log Optical depth T,

-10 s o s o
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2a. Prompt-Trap model emission

at loop top
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Z2a. Prompt-Trap model emission

at loop top
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2b. Continuous acceleration model
at loop top (Thin target emission)
Will require:
1. Higher number of protons

2. Why no electrons?
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3. Acceleration at CME-shock and escape from downstream to the Sun

Objections
1. Need to transport particles to region far away from the Active region
To the visible side of the Sun for BTL flares
This requires diffusion across the magnetic field lines
Scattering by Turbulence Behind the Shock
Or presence of B field lines connecting CME to far regions

As we will see reconstruction of B field show this to be true Photosphere
1 ..I'.
| |

2. Field lines stretched by CME highly converging Visible disk. | .I

Ill II

F /
F ./
y /

A small fraction in the loss cone (H.Hudson; L. Klein)
As shown below proper treatment of escape from CME and Transport

to the Sun show a significant fraction of particles can reach the Sun
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In most models of particle acceleration a crucial question is:

How much time the particles spend in the acceleration site?
What determines the escape time of particles from the acceleration site?

The escape time Is related to the flux of escaping particles as:

QE, t) = N(E, t)/Tesc(Ea t)

The Escape Time is Important For Both Parts of This Talk
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1. Escape from Upstream of CME to 1 A.U.
and from Downstream to the Sun

2. Escape time from reconnection site
up to 1 A.U. And down to the Sun
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The Leaky Box Model
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Damping
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Escape time relates the accelerated particle
spectra to the flux of escaping particles

TESC(E) — N(E)/Q(E)
Thus from observed spectra of these two
components we can obtain the escape time

Examples

1. Solar Flare Loop top and Foot point spectra

2. Supernova remnant and CR spectra (vp & chen 2014 PR)
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RHESSI produces count visibility, Fourier component of the source
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Acceleration at CME-shock and escape from downstream to
the Sun

Objections 1. Need to transport of particles to region far away from the AR

This requires either/both transport across field lines, field meandering or field
lines connecting the acceleration site to regions far from the AR

Recent simulation of CME B field for Sep. 01, 2014 (~40 degree) BTL flare
(Meng Ji, VP, Wei Liu et al. 2018, 867, 122)

Shows B fields connecting both the shock and the CME to the visible Sun
regions near the Fermi-LAT centroid
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Models of gamma-ray emission
Simulation Results

CME Simulation and Observations B Fild Construction

2014 September 1 Off-Limb CME a | 2014 September 1 Off-Limb CME

E . r. J 1 3
SOHO LASCO G2 1-Sep-2014 11:24:05.461 UT STEREO B COR1 1-Sep-2014 11:15:25 UT

2014 Seplerber 1 Off-Limb CME

1

Solar Radii

Solar Radii

ynthesized LASCO C2 Synthesized STEREOB COR1

Figure 5. Magnetic field evolution in the first 30 minutes after the flux rope eruption. (aj-(d) show the 31 field configuration (viewed from the Earth) at ¢ = 5, 10, 20,
and 30 minutes. The red field lines represent the flux rope. The white field lines represent the 1.
surrounding active region as well as open field lines. (&) Selected field lines near the Fermi-LAT - zmission region from the simulation at r = 30 minutes. The
vellow dot and circle indicate the LAT =100 MeV emission centroid and 68% error radius of 100/ pectively. The white contour shows the 6-12 keV RHESS!
FRECQ flare ribbon centroid. The green field lines connect to the CME-driven shock and the red

scale helmet streamers. The green field lines are selected

source. The blue plus represents the projected BTL position of the
field lines to the flare /CME source region behind the limb.

Open Field Lines Connecting CME Shock Closed Field Lines to Source Region

Solar Radii
Solar Radii

/

Shock Fron
Source AR

Figure 3. Comparison showing a general agreement between the white-light observations from SOHO LASCO C2 (top left) and STEREOQ-B COR1 (top right) and the \'i

LAT Centroid

respective synthesized white-light images from the simulation (bottom). The color scale shows the relative total brightness changes compared to the pre-event
background level.

3

LAT Centroid
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Meng Ji, VP, Wel Liu et al. ApJ 2018, 867, 122

2014 Septembe 1 Off-Limb CME T =35 min ?
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* Red: Field lines connected to the CME shock.
* Yellow: Field line connected to the CME source



Models of gamma-ray emission
Simulation Results

More simulation results

2014 September 1 CME t = 10 min

Shock Speed

A\

Shock Alfven Mach

Shock ThetaBN

Figure 7. Evolution of shock parameters at ¢ = 10, 20, 30, and 60 minutes from left to right. The top to bottom panels represent the compression ratio, shock speed, shock
Alfvén Mach number, and shock #g,. The yellow field lines represent the open field near the Fermi-LAT +-ray emission region connected to the CME-driven shock. The
white arrow points to the shock surface connected back to the visible side of the Sun. The white circle in the upper right panel marks the possible shock—shock interaction

region (see the text).
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3. Acceleration at CME-shock and escape from downstream to the Sun

Objections 2. Large B convergence (n > 1)small loss cone
Few patrticles escape If there is no scattering

However, collisions or turbulence can f{mé_(ﬂ
scatter particles into the loss cone 2 m? .
and allow particles to escape on a E . :
timescale comparable to the = 525

duration time 10 20 30 40 50 60
Time [min]

| Tesc < 1 X Teross ™ n(uChef[E/vp)t

Tesc <t for UoME — 1'[]31‘1?}.:I| =2 X 105: T ~ 170
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. Acceleration of RPPs in flare reconnection site and SEPs at
CME-shock environments are interconnected

. Fermi-LAT gamma-ray flares have temporal evolution similar to
CMEs and SEPs than the impulsive emissions

. Gamma-ray centroid migrates far away its AR; a necessary
behavior for BTL flares

. Most likely scenario is that CME accelerated protons from
downstream are transported to the photosphere

. Simulations of the CME, shock and B fields are consistent with
this scenario

Konus-WIND at 25



2. RPPs as seeds in CME-Acceleration of SEPs: RHESSI and

Turbulence acceleration

Reconnection ) ' region, Coronal X—ray
Sl emission
7
Energy 7. O,
outflows e 5 e

Looptop source

Escaping particles

Thick—target footpoints
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Radiation Producing Particles: RPPs

Image: AIA 131 A, 2012/07/19 04:49, M7.7

Focus of solar physics Sk, Groom (56 KoV, Blue (12-15 kev)

05:22, Cyan (25-50 keV)

. O Turbulence acceleration
Reconnection (8 region, Coronal X-ray
emission

Energy

Reconnection —
outflows i

Site

Looptop source

Escaping particles

Thick—target footpoints
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|. Motivations:
Observations and Seed particles for CME-shock

II. The Role of RPPs Iin Production of SEPs
Coronal acceleration and re-acceleration at the CME

Konus-WIND at 25



“Impulsive; Prompt” “Gradual; Delayed” Events

OSEP} OSEP}
x 3 |
g | E i
s 4: [ 4:
| |
8 | s |
o » =
2f 2|
— e : : d 2
photon spectral index YHXR photon spectral index YHXR

Krucker et al. 2007
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fluence (particlesicm’ sr MeVinucleon)

“Impulsive” Events Mason et al. 2016
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N(E) x E~

Escape up: SEPs S
T;;ICNL/UCKE&u, &u:—dlﬂﬂ/dlﬂE FSEP(E) OCE_ — X qy
e OSEP = 0 + Qy

Escape down: HXRs
TS . oc B>

escC

urbulence afceleration — 6 —
region, Corofal X-ray ( E) (x E {I d_
“ ) d

o>
oo  FHXR(E) = vNeg (E) o< i/ N(E)E~*dE
EL E

5FHKR:(S—|—CId—1—2&u

YHXR =0 + ag — 1

Thick—target footpoints

dsgp = Yuxr + 1 + @y — oy
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Osgp = Yuxr + 1 + @y — ay

Strong diffusion
o, = g

OSEP °f

=

electron spectral index
w

]

S 3 " 5 = NINDat25
photon spectral index YIIX R



g = YHXR — OSEP + 0 + 1

Weak diffusion  Teen ~ L/voc B2 and Toca 7
.ﬂfd ~ 0.6

O ~ —0.4 dsep ~ VHXR
5 5 "average '
SE;‘P : o,=—0.4

3 |
L |
s Y
o |
2
o 3 [
g
2 [ :
[T 2 g Sep. 8, 2005 Nov. 3, 2003

. Kruckepétal 2007 ] L :
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Relative numbers of RPP and SEP (electrons)

Nsgp = (ﬁ) (ij) fE B(E)N(E)dE

ATec (Ey) E§it [ N(E' B
C {E D} 0 / E }dEr/ ,ﬁzdﬂ'
Lqg T4 . (Eo) B(Eo) Jg, E'd B

&

Nuxr =

esc

>

Nuxr (2 Teonl T«
= ~ | — d) ~ 100(10
i Nsgp (r—ihr) (T‘i ) 9(9) ( cm™"/n)

esc

i

number of escaping electrons
%

1““.:' Nl A 1 . .
10% 10 10™ 10% 10
number of electrons in HXR flare

Konus-WIND at 25 Krucker et al. 2007



dN J dN d : N :
= = a7 (DEE‘@) - @[(A _><)N] 7 9

Diffusion Accel. Loss cape Source

by Turbulence by Shock and Turbulence Elare
Accelerated
Particles

Observed SEPs
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Shock: IN/Ot = —O(AuN)/OFE — N/Tose +Q =0

Stochastic: [DEE (dN N&)] _ N g

dE dE E Tese
dlog N\ D :
A= (6~ TEF) L. ON/0t = ~( A N)/OE — N/Tee +Q

Solution with Source term flare accelerated electrons

R(E)
E

dn  R(E)

F(E) = — == R(E) =10 /Tesc = RoE"

E
e_”f e”fQ(E’)dE";
0
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arbitrary normalization

F(E)

ON/Ot = —0(AqN)/OE — N/Tese + Q =0

Solution with Source term flare accelerated electrons

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

[ Ro=Ti(Eo)/Toyo(Ey)=0.1, 0.32, 1, 3.16

1
E/E,

E
e_”f E”‘FQ(E’)dE";
0

dn _ R(E) R(E)

di E

=
w2
=
g,

electron spectral index

Konus-WIND at .

=7 /T . = Ry E"

(0] -3 L4}
R B ML

o

3 4 5
photon spectral index JHXR



B. Ion (He) spectra and abundances
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Re-acceleration
timescales
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1. Acceleration In flare reconnection and CME-shock
environments are interconnected

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

3. Abundances and spectra of 3He and 4He also agree with
this scenario.

Konus-WIND at 25
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