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‘ Solar energetic particle events
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Rarmi Vainio > Solar Energetic Particle (SEP) events related to

» X-ray flares
Solar energetic partice » Coronal Mass Ejections (CMEs)

events

» SEP event categories

» impulsive events

> related to impulsive flares (“flare-acceleration”)
> enriched in electrons, 3He and heavy ions
> duration from hours to days; “low" intensities

» gradual events

> related to gradual flares and CMEs (“shock-acceleration™)
> typically “normal abundances”
> duration from days to a week; “high” intensities

> hybrid events

> flare- and shock-acceleration observed simultaneously, and/or
» shock-acceleration of supra-thermals remnant from prior
impulsive flares



‘ SEP events vs. source longitude
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‘ SEP acceleration processes
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o Vi » Coronal sources (75 ~ Rg)
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> flares (reconnection E-fields, stochastic acceleration)
> coronal shock waves (shock acceleration)

SEP accderaion and » Interplanetary sources (15 > Rg)

transport

> interplanetary shock waves

» Modeled either physically or phenomenologically

t Vs




‘ SEP transport processes in IP space
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» Gyrating around and streaming
along the IMF field lines
SEP acceleration and

rensport » E x B drift = co-rotation
» Adiabatic focusing (mirroring)

> Scattering off magnetic
irregularities —

» diffusion in pitch angle

. . . v
> spatial diffusion focusing , % )
. . . conserves v scattering
> Convection with the scattering conserves v
centers
» Adiabatic deceleration
—_— vy Vg

-VB



‘ Test-particle models
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Solar energetic particle

SEP acceleration and

transpor

Test-particle

models
Pt e » |P transport models
Modeling SEP

» |P-shock acceleration models

Generation of waves by

SEPs

lon acceleration at IP

shocks
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Particle transport
equations

Diffusion—convection models — Parker’s equation

Particle transport under strong scattering (Parker 1965)

of

i -V .Vf convection

+§(v- V)g—f adiabatic deceleration (PE)
p

+V - (k-Vf) spatial diffusion

f omnidirectional distribution function
V' solar wind speed
K spatial diffusion tensor, x;; = /@'E;) + ngj)
> symmetric part: H(s) = HJ_(Sij + (H” — K}J_)bibj, bi = Bi/B.

i
» antisymmetric part (drifts): mgf) = $TLV €4t b

Notes: (PE) assumes

» quasi-isotropic particle distributions, | = 3k /v < r
» frozen-in fluctuating fields

> convection velocity neglects wave transport

> stochastic acceleration neglected



*\ Diffusive SEP transport

Modeling of SEPs

in IP space (PE) can be further simplified for
Rami Vainio > 10-MeV solar protons:

10.0

intensity (0.u.)

» drifts, adiabatic deceleration
and convection neglected

o

10-MeV proton

» if Kk, = 0 assumed

= diffusion along field lines:

Particle transport .1
equations o 10 20 30 40 50

K = Fibe time (h)

= radial diffusion model, ke = k) cOs® P = T A0
0 1 d*N
. I _ 4 (7"2/{ anp) P, = = 4dmp?f = 4An]

ot 2 9r T or P @Brdp
= Green'’s function (e.g. Wibberenz et al. 1989)

No r? . r? a dN
ny(r,t) = 5 \amny exp arrari no(p) = NS TP

forwith a=2—bandb<2.




% Scaling laws from diffusive transport
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Particle transport
equations

Typically, best fit for SEP data given by b € [—0.5,0.5] =
Green's function

it =22 () e

1000
= Scaling laws for short SEP injections from

the Sun (impulsive events and gradual
events with ¢ 2 60°W):
ns(p) X I(T@)’ Ea tmax)
I(r, tmax) o< 773

100

peak intensity (solid), fluence (dashed)

Fp(r) = [ T dt ne(p) o bl

P (7P)

= r~2.scaling not applicable to intensity or fluence
= fluence spectrum not proportional to source spectrum

-




*\ Focused transport equation
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Weak scattering (A, 2 0.27) = anisotropic f = (Roelof 1969)
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0 0,
a—J; = —vua—i streaming
-y o -
(I—p )2L o focusing (FT)
Particle transport a a
. +% ( ””8{1) pitch-angle diffusion

/ (gyro-tropic) distribution function
s particle position along the field line (co-rotating frame)

v, i particle speed and pitch-angle cosine (co-rotating frame)

; -1_ _10B
L focusing length, L™ = —5 5>.

D,,,, pitch-angle diffusion coefficient

Note: v only a parameter so the phase space is 2D: (z, i)



* Focused transport equation — solar wind effects

Modeling of SEPs |f I/ =£ () is taken into account (Ruffolo 1995)

in IP space
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% = —(vp + V)? streaming & convect.
(v+uV> MQ)SZ focusing
Particle transport af ( FT)
s ( g ,u2> Py adiab. deceleration
$ p
8(9 < m gf) pitch-angle diffusion

f (gyro-tropic) distribution function
s particle position along the field line (co-rotating frame)
p, v, j1 particle momentum, speed and pitch-angle cosine (wind frame)
L focusing length, L=t = —£ 95
V' solar wind speed (co-rotating frame)
D,,,, pitch-angle diffusion coefficient



*\ Which focused transport equation should we use?

Modeling of SEPs
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Rami Vainio r=03AU ‘ r=10 /-I\u
> Ruffolo (1995) and Kocharov et 0l g |
al. (1998) investigated the LV |
solar-wind effects in (FT) | fm—
JURI S 4 E
> Effects pronounced at low \ 3@%&
Particle transport (E ~ 2 MeV) energiesv Where w0t k : *{’ T
equations i [ 20 MeV
» C speeds up transport early in 103 Y
the event il !\ P vy |
» AD and C harden the spectrum ; /\&“—"'
late in the event wse \ 3 WMy
» Effects less pronounced closer " ol W
2 3 4
to the Sun Distance Traveled (AU)

Ruffolo (1995)

» At £ 2 10 MeV, we may neglect C and AD effects rather safely
for SpW purposes.



*\ Numerical methods to solve FTE
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Particle transport
equations

» Monte-Carlo simulations (e.g., Kocharov et al., Vainio et al.)

» trace individual particles in heliospheric fields

> scatter (via random generator) elastically in the frame of the
scattering center (wind frame)

» advantages and disadvantages

1 easily implemented and tested
| rather slowly running codes

> Finite difference schemes (e.g., Ng et al., Ruffolo, Heras et al.,
Hatzky et al.)

> solve FTE directly on a grid
» advantages and disadvantages

| more cumbersome numerical methods needed
1 faster codes (than MC)



* Elements of SEP event modeling
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Choose input values

SEP observations of

» omnidirectional intensity

Injection/
acceler. || Transport I(E, r,t) f(p,r,t)
model model

Modeling SEP events .
'(?‘ > anisotropy

Modeled
SEP event

3 uf(p,r,t)dQ
[ f(p, 7 t)dQ

= compared with modeled SEP event.

B, )=

= Understanding of SEP sources and transport conditions.



‘ Modeling SEP sources
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» Focused transport equation + SEP injection/acceleration

Rami Vainio
» Possible approaches:

> include source term (phenomenological),

of of v of _ 9 of
ot T TU )3 a, T o (D““au> +[ QG 1)]

Modeling SEP events » use (inner) boundary condition (phenomenological or physical),

f(s0(t), Py, t) >0 = So(p, ps t) + F{f () u<o}

> include a shock in the solar wind speed (physical)

of _ af v4+uV 2. 0f 0 of
% —(vp+ V)&—( oL >(1—M )@4_87; (Qm@)

Ly |4V 2\ Of
+(2LV+ /L)

ds p dp




||
‘ Phenomenological source modeling
| |

Modeling of SEPs ISEE-3

in IP space . '-520-‘060'(5\/ . | 386-620keV 7] -9|~1B7IkeV ! ] Example. Heras Et a/ (1992)
; ij L l,A L /\4 . .

ANISOTROPY  PROTONS (cm?s.srkeV)™!
. i‘;\\_ .
prait B e ™
=
[ e

Rami Vainio
» Sources: corona & IP
shock

> Injection profiles: R+ @

. ]
. L _ "]
, M” T?V‘WM I MT‘”*\J > IP transport: A\ and ¢
| \M [

~31

107 e T L B
3 2 7 23 2% % 3 % F3 F + —— 20<t<25h 3
Particle acceleration at F # === t>25h,
o ' APRIL 1979 r ]
W J
") E E
<
Gener of w m L
v
SEF o 0 33‘:
lon acceleration at IF IE
hoc & r
o
w3l
10—35
0?

E(keV)




*\ Phenomenological source modeling — key results
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Modeling SEP events

CME-driven shocks are efficient particle accelerators up to
hundreds of MeVs (e.g., Torsti et al. 1996, Anttila et al. 1998)

» Spectra o E~7e /%0 11 shock acceleration

The nose region of the shock most efficient in accelerating
particles (e.g., Anttila et al. 1998)

Injection rate () at the shock increases with shock velocity ratio
(e.g., Lario et al. 1997)

Magnetic connection of the S/C to the shock essential (e.g.,
Heras et al. 1992)

Typical values of the interplanetary scattering m.f.p.
A~ 01=1TAU, Ay =) cos?p x r’, b~ 0

Useful approach for creating synthetic SEP events (Space
Weather)

» Engineering model SOLPENCO (Aran et al. 2004)



‘ Physical approach — particle acceleration at shocks
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N » Diffusive shock acceleration (steady state, shock frame):

of poVof Of ( of
V% T 39z 0p O (Ram) + Qod(z)d(p — po) (1D-PE)

= f = {f2 exp{fj Vida'/r(a')}, = <0

fg x>0
—0
g
::or:;;le acceleration at f2 (p) — QO ( p > , o= 3 Vl
Vi \po Vi—"Va
upstream downstream . .
Sun = Transport equations contain the
observer
S —

necessary terms to model IP

- particle acceleration!

» Why don't we use them?
V]

shock



‘ Diffusive shock acceleration — role of turbulence
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Particle acceleration at
shocks

» DSA

f=

foelo Vada'/n(@') 0

b >0
Qoo ( p >_U 3V
2(p)=—— (=) o0=F—
fa(p) Vi \po Vi—"V,
» Key parameter: particle acceleration
rate
poVA VA Y
P K Av r
Vs
=A<r oh Tl )\obs

= Self-generated waves (Bell 1978)

100k 4
107" 109 10" 102 103 104 109

g 101}

_ E=E
F__E=10E
_E =100 Eo

g xo = (Va/p)(u1/€c) 3

—x [xo]



‘ Self-consistent models
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Self-consistent
models

> Generation of waves by SEPs

» Self-consistent models of SEP acceleration at IP Shocks



‘ Wave—particle interactions

Modeling of SEPs > Particles scattered by MHD (Alfvén)

‘ Vi
IP .
e waves with
Rami Vainio
w== VA]{Z
v Vi
» Cyclotron resonance (and a useful A
approximation)
i
— We ~ Ye Vil
vt Va0

» Particle scattering leads to isotropy in wave frame
> particle energy density in plasma frame increases/decreases
= wave intensity I(k) decreases/increases

» Scattering rate and Wave-growth rate

[k](k)] =mwc 31} +1 1-— 2)2
wei ( —MZ)#; /\=§/ Gow)

Generatior
SEPs

D

12

dp
K = D#lt

2
m [pSS(p)]p:mwc/k. B
(k) = S Vame 08 = /vuf )




‘ Streaming-limited intensities
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Generation of waves by
SEPs

1033

B
s

103

3
5

EN/(GE d0g) (Mev ar)!
B

3

3
B

5

Observationally (Reames i[ . P
& Ng 1998) ‘

R 2
H H
Lo 510 Pl
P~ em2gsrs MeV ¢ T
e il

at MeV energies before
shock arrival

Can be understood by coronal trapping in self-generated
turbulence (Ng & Reames 1994; Vainio 2003)

Model predicts the time-evolution of abundance ratios of
high-to-low rigidity ions as well (Ng et al. 1999)

e
10 1%
< i
3
>
1033 4 4
1028
o0 oo B 10 100 B 3 100

0
E (Mev) (o) v (re)



* lon acceleration at IP shocks
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v

Problem with Bell's (1D) theory: no particle escape upstream
Rami Vainio

Possible cures:

v

» focusing
» time dependence

v

Rice et al., Zank et al., Li et al.

Bell's analytical model in a small region around the shock
ad-hoc free escape boundary upstream

diffusive transport downstream and focused transport upstream
Quasi-steady state model

Lee (2005)

on acceleration at 0 +1 . +1

fon accel e » Uses f- = [ fdpand fr = [[7f duinstead of [7f du
= self-consistent wave-generation and escape by focusing

» Quasi-steady state model

vy vy VY

v

v

Vainio & Laitinen (in preparation)

» fully time dependent MC simulations (xpdf/acroread)



| |
*\ Conclusions
| |
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Conclusions

SEP transport in the interplanetary space in principle well
understood

> test-particle modeling
> self-generated waves

Numerical methods to solve the transport equations

» Finite difference solutions
» Monte Carlo simulations

Ad-hoc source modeling has yielded empirical information of

> interplanetary transport conditions
> interplanetary shock acceleration

Physical modeling of interplanetary acceleration has experienced
several breakthroughs over the last few years

> role of focusing in particle escape
» importance of full time dependence in self-consistent modeling
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