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--- and in the spirit
End-to-End Modeling of CMEs and SEPs,
a few words on

* Modeling SEP transport to infer
injection and transport parameters

* Interplanetary turbulence and
perpendicular transport
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Oxygen Intensities for November 24 2001 IP
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Spectra and abundances for
Nov. 24 2001 IP shock
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Why do ESP spectra roll over
at~0.1-10 MeV/n?

(data - see also: Gosling et al. 1981; van Nes et al. 1985)

Possible mechanisms suggested by Ellison & Ramaty (1985)

e shock thickness ~ /u — energy is too low
e drift over shock width — rollover at ~ 100 MeV/Q

e finite time for shock acceleration — considered here

(see also: Klecker et al. 1981; Lee 1983)

July 14, 2005 2005 SHINE Workshop Keauhou, Hawaii, USA




Finite-Time Shock Acceleration

e Probability approach (like Bell 1978, Drury 1983)
e Accelerationrate, r =1/t Escape rate, &€

Time at present (age of shock), ¢

Simulation parameters:

e = ,(P/MV)-sovary ,and (shorter ,1s

equivalent to longer time duration)

e Time t fixed by observations, v, = 200 km/s 1n
wind frame, shock angles & speeds as observed.
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We solve the PDE ...

ON(p.t) 2, i i
— Iip.t) — —|Rip,t) Nip.t)| —e(p.tIN(p,t).
ot o ' | '

... discretized as a system of ODESs

— ': " | Ep :' 41|"r_r; |: t :' | n 1:'"'.-1; | |: L '

Initial & inflow conditions correspond to the
observed ambient seed spectrum
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Rollover energy (£./4)

(well above injection energy)

= const.
E./A « ¢*, independent of O/4

o« P-
Ec/A oc 2/ (Q/A)z_/(_H)
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We use the FTSA model to fit 3 ESP
events from the sample of
Desai et al. (2004):
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Event #3: ,=0.24 AU, =0.18

* _Is consistent with typical IP values
 FTSA rollover is at lower E,
minor accel. of seed population
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Event #2: ,=0.042 AU, =0.10

* is smaller but not inconsistent with IP values
 FTSA rollover is at lower E,
moderate accel. of seed population
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Event #1: ,=4.0x10° AU, =0.07

O observed ESF
— soed spect

ctrum
— best-Fit mocked

« atshock is much lower than typical IP values ...
e ... as expected for proton-amplified waves [Ng et al. 1999]

* model rollover is sharper than observed, probably
due to use of spatially const. _
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Fe/O ratios

* Fe/O lower at shock, due to higher _ for Fe
 model does not match observed trend for Event 2

* expect trend vs. E like seed population above the
rollover
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Conclusions on ESP spectra ...

1. Finite-time shock acceleration model
e power law spectrum at low energy
e faster dropoff at high energy

2. Expect E./4 _ 2D (Q/4)>/CD

3. For 3 events, able to simultaneously fit measurements
of C, O, and Fe 1ons

4. Fits to weak events: Infer as typical IP values

5. Fit to strong event: Infer much lower , consistent with

expectations for proton-amplified waves
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... but wait — there’s more!
Key processes of interplanetary transport

 Scattering [Jokipii 1966]
* Focusing (a.k.a. mirroring)  [Roelof 1969
e Solar wind etfects [DR 1995
- Convection
- Adiabatic deceleration
Note: mean free path is ~ 0.1 to 3 AU

Aim to quantitatively explain profiles of
intensity & anisotropy vs. time
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Pitch-angle transport equation [DR, ApJ '95] "
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Simulation of interplanetary transport

- Specify magnetic field configuration
-Solve PDE

- Runs 1n a few minutes [Nutaro et al. 2001]

Fitting SEP data

- Simultaneous fit to intensity vs. time

-0
O
O

ptimal

ptimal

anisotropy vs. time
| piecewise linear mjection (least squares)
| scattering mean free path,  [Ruffolo et al. 1998]

ptimal

| magnetic configuration [Bieber et al. 2002]
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Magnetic Configurations
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Results of fitting GLE data
(relativistic solar protons)

Bastille Day: July 14, 2000 - magnetic bottleneck
[Bieber et al. 2002]

Easter: April 15, 2001 - full Spaceship Earth network,
I-minute timing of 1njection [Bieber et al. 2004]
October 22, 1989 - injection along both legs of a closed

interplanetary loop [poster, this meeting]

October 28, 2003 ... well, we don’t claim to understand
everything ... [Bieber et al. 2005]

January 20, 2005 - possible effect of self-generated waves:
nonlinear transport! [poster, this meeting]
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Comparison with EM timing

[Bieber et al. 2004]

[Bieber et al. 2005]

EMISSION

APR. 15, 2001

OCT. 28, 2003

START

PEAK END

START

PEAK END

Relativistic Protons

13:42

13:48

11:03

11:41

Soft X-rays

13:11

13:42 13:47

10:52**

11:02 11:16

H-alpha

13:28

13:41 15:27

09:53

11:57 14:12

Type lll radio burst

13:36

13:38

CME liftoff*

13:24-31

10:53-58

Type Il radio burst

13:40

13:47

10:54

Type IV radio burst

13:44

14:57

10:25

* Linear - quadratic fits ** Sudden onset of intense emission

All times are “Solar Time” or UT minus 8 min. for EM emissions
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radius of
Earth orb

“core” of SEP with dropouts

“halo” of low SEP density over
[DR, Matthaeus, & Chuychai 2003)  Wide lateral region
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--- and also in the spirit
End-to-End Modeling of CMEs and SEPs:

See some posters!

87 DR et al. — Turbulence, dropouts, and suppression
of the field line random walk

96  Bieber et al. — Record-setting Ground Level
Enhancement: January 20, 2005
DR et al. — Relativistic Solar Protons on 1989
October 22: Injection along Both Legs of a Loop

... and also someone else’s poster ...

Mulligan et al. — validates our results for July 14, 2000!
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Spectral Properties of Heavy lons
Accelerated by Interplanetary Shocks
Near 1 AU
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Shock/Slow Solar Wind, T

Solar wind & IP shock
abundances
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Upstream and SEP Abundances
(Desai et al. 2003 ApJ 558, 1149).
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particles/(cm? s sr MeV n’

Abundances relative to O

Spectral Variability in IP shocks
(Desai et al. 2003 to be submitted to
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Fe/O Ratio at shock versus Fe/O ratio
upstream (Desai et al. 2003 ApJ vol. 558, 1149)
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3. Particle acceleration 1n space:
Shock acceleration

downstream




Fundamental mechanism of shock acceleration

downstream L pstream

Following collision with a scattering center: lose energy

Head-on collision with a scattering center: gain energy

U, there 1s a net

Since g > gain
July 14, 2005 (%)5 SHINE Workshop eauhou, Hawail, USA
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r, e constant w/ energy - combinatorial model .,
Distribution of residence time T for particles with escape rate €

P(T)=¢ce*" +e*'8(T -t)

T <t

% t is time at present

Poisson distribution for n acceleration events with accel. rate r

Pn,T)=0T)e ™ /n!

Overall probability of n acceleration events after time ¢

P(n,t) = ]P(n, TYP(T)dT
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Application to an interplanetary shock:
What if €, r vary with time?

Physical characteristics of a shock change greatly as 1t
moves out from the Sun

Observations: high energy particles are accelerated
only when shock 1s near the Sun

Near Sun: ¢, .. (=1/r) was low, ¢ /¢,.. was high, spectrum

acc

does not roll over until high energy (rollover
mechanism not clear)

Interplanetary space: ¢, greatly increased
Effectively decouple SEP, ESP acceleration
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r, € varying - ODE model

Pn,t)y=E(n,t)+ A(n.,t)

dA(n,t)/dt =r, [ A(n -1,t)-(r, +¢€,)A(n,t)
dE(n,t)/dt =¢ A(n,t)

4(0,0) =1, A(n =1,0) =0, E(n,0) = 0

Analytic solution:

¥ F - 'r', ;II J J
FPin.t) — eq I I I E - | Iy -
i=0 =0 ;.. R (o oo o i=0 =0 (gm _om e
(7 IE_j._IIII_i'I:l. i+ € — €5 III_i',q- M+ Ep — €5)
k—0] nl
b i
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More model parameters ...

v, /4
H-l_},ﬁflul -+ H-E;;’f U9
o (cos o/ cos By)

(k1 /uy + Ko /us)(1 — dusy cos By /(v, cos b))

Dn - 41y cos by — us cos by

. ‘) 7 a4
D1 3 U, 1 COS B4

... after Drury (1983)
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Numerical Results

t/t, = 0.02, 0.2

acc

0.10 1.00
Kinetic Energy per Nucleon (MeV/n)
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Four Lines

of Work:.

2. Magnetic Turbulences. |
& Eftects on Particle D%eq[port/
ata

1. Particle Accgleratic h‘”" ?Iﬁfgir‘cth
~ Effects
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