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We constrained the particle acceleration and release processes in Solar Energetic
Particle (SEP) Events, using the:

o Association of SEP events with Transient Radio Emissions.
o Timings between the energetic proton release time and
 Type-lll related electrons

 Energetic electrons

o Energetic Proton release height



Solar Energetic Particle Events (SEP)

o Proton or Electron intensity
enhancements.

o Energies: “keV -- ~GeV

o Duration: ~hours -- ~days

Proton event selection: 115 high-energy solar
proton events recorded by SOHO/ERNE from
1996 to 2010. (Vainio et al. 2013)
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e O Different types of radio bursts

* e-beams (Type lll)

e e-accel. Shock waves
(Type II)

* e-confined at close loop
structures (Type V)

Radio spectra with data from
ground-based (ARTEMIS-1V,
RSTN, DAM, Culgoora) and
space-born radio-
spectrographs (Wind/Waves)
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Velocity Dispersion Analysis

| Release Time and Path Length
06:23 (UT) - 1.67 (AU)

Onset Time (Mmin.)

Velocity Dispersion Analysis (VDA)

e Onset Time Determination (Poisson-CUSUM)

e Estimate of Onset Time Uncertainty (Monte Carlo)
e Onset Time vs Energy ‘e = tonse(E) = 5 - B~ (E) + 8.33 min.
e 32 cases were initially rejected (unrealistic VDA)



20020417 Wind/Waves + RSTN + ART. Dynam. Spectrum
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Radio Association Cases:
I I II mix/IV-c Total No Assoc.

T 25 18 7 15 65 18
38% 28% 11% 23% 100%
o34 10 0 21 65 0

52% 16% 0% 32% 100%

": Radio association rates within proton release window.
*: Radio association rates within +1 h. from proton release time.

« Both flare- and shock-related particle release processes are observed in at least 25 cases (38%).
« 18 cases (28%) associated with flare-related particle release processes

« 7 cases (11%) associated with shock-related particle release processes.



Radio Spectral Characteristics In 18 cases the type Il emanates from the type II, while, in 7 cases it does not.
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Proton Energy Spectra

We have also examined if the type IlI/ll and Il only associated SEP events have a flatter/harder energy

spectrum than the type Il only events. The spectral hardening of the type Il cases compared to the type Il
shows that the shock related type Il is contributing to the SEP acceleration.



No. of Events

Proton and Type Ill Timing

Type lll Timing (All Radio assoc.)

20

—
(8
T

—
o
T

T T

Mean: -6.4 min.
Max: —10.9 min.

Vv

~40

-20 -10 0 10 20
T<lll> = T¢Protons> (min.)

30

We used type Il bursts as proxies of the initial
electron acceleration and escape.

Following Krucker et al. 1999:
o Simultaneously released events

(tir—trer) / 6t > —1
o Delayed events
(trr—trer) / 0t < —1

In general, we found a late release for protons. In
59% of our cases the type lll-related electron
release occurred well before the time of proton
release; these cases have been characterized as
delayed.

The apparent delay between the proton release
and the type Il radio emission can be ascribed to
several reasons, such as selective acceleration,
transport effects, particle diffusion, and particle

trapping.




Proton and Wind/3DP electron Timing

Electr. WIND/3DP Timing (All Radio assoc.)
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We separate the events into simultaneously
released and delayed events we found that in 53%
of our cases the electron release (observed by
Wind/3DP) compared to the proton release
(observed by SOHO/ERNE) was simultaneous
within the statistical uncertainty.
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For each SEP event we determined the
corresponding CME observed by the
SOHO/LASCO.

We used the information for the height
of the CME leading edge.

We extrapolated (or interpolated) their
projected height-time measurements
to the time of the proton release as
estimated from the VDA.



Our key findings are:

©)

Both flare- and shock-related particle release processes are observed in high-energy proton events at >50
MeV. A clear cut distinction between flare-related and CME-related SEP events is difficult to establish.

Proton release is most frequently accompanied by both type Il and Il radio bursts (38%), but there is a
significant percentage of cases with only type Il occurrence (28%).

Typically, the protons are released after the start of the associated type Il bursts and simultaneously or
before the release of energetic electrons.

The proton release for the type Il associated cases typically occur at heights from 2.0 to 3.5 R.
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Radio Bursts Assoc. Dist.
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No. of Events

Normalized Event No.
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20040713 Wind/Waves+ Culg. Dynamic Spectrum 20000618 Wind/Waves + Culg. Dynamic Spectrum
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In 33 cases with inferred radio association we registered 23 cases with type Ill and Il association (llI/1l); 7
cases with only a type Il radio burst and 3 cases with mixed type IV-c association.



Electron Intensity (1 /(:rn2 ssreV)
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Radio Association Cases:

/11 II II II/I/IV-c  II/IV-c"  TI/IV-c’
Yiec -2.41 -3.22 -2.79 -2.35 -4.25 -2.28
Yaec -2.98 -3.54 -3.60 -2.84 -3.75 =277

Imax®  0.043  0.023  0.005 0.111 0.002 0.106

T: Associations with small statistical sample.
*: Maximum SEP intensity in the energy range 54.8-80.3 MeV.



The apparent delay between the
proton release and the type Il
radio emission can be ascribed to
several reasons, such as selective
acceleration, transport effects,
particle diffusion, and particle

trapping.
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Similar results have been
presented by Cliver et al. (1982).

This delay could be attributed to
turbulence or waves associated
with the CME-driven shock that
traps the low-rigidity electrons
much more effectively than the
protons, selective acceleration or
transport effects.
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Krucker et al. (1999) attributed this
delay to two distinct populations of
electrons, the low-energy population
associated with the type Ill radio
burst and the high-energy population
representing the delayed electrons.

Haggerty & Roelof (2002) showed
that the electron delay with respect to
the type Ills could be due to the
acceleration and release of the near-
relativistic electrons by an outgoing
coronal shock.

Cane (2003) showed that the low-
and high-energy electrons belong to
the same population thus interaction
effects in the interplanetary medium
might cause the delays.



T<Electrons>=T<Protons> (min.)

30 I I T T T
(p/ll/e)  pProtans Typel 11 Simit. (I/p/e)
(p/e/ll)  Ejetros Ddayed Eletrons—Pratans-Typel ||

20F | R . All Ddayed 7
[ ] L ]

10} ® o -

Ooo 5
0 £
2 Elettrons—Protans St
Protons—ETedtrons—Typel ||
. ot dwapaiel i Typel |1 Ddayed
(l/e/p)
(e/p/1ll) (e/ll/p)
_20 I | 1 L | |
—10 -5 0 5 10 15 20 25 30

T<Protons>—T<llI> (min.)



