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Background & motivation

O Solar Energetic Particle (SEP) events: transient enhancements in
p+, e- & ion fluxes, energies from ~10keV - ~1GeV/nuc

O Drivers: eruptive flare & Coronal Mass Ejection (CME) events (~3%)

O Direct hazard to humans and infrastructure in space

PSP/ISOIS
Protons >1 MeV

Do o ' & : O We study the physics behind SEP acceleration — injection
- transport

O Aim: contribute to SEP forecasting to shield human
space flight from solar particle radiation




Focused transport of SEPs
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Q f(s; y; t) : Distribution function in a given flux tube
O v: constant speed
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Focused transport of SEPs

1D SEP-propagator model

J Numerical solution based on a finite
difference scheme

O Configurable parameters:
* Distance to observer
 Solarwind speed
* Particle energy E
* Parallel mean free path Ax
* Accelerationtime ta
* Escapetimete
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Focused transport of SEPs

280ct2021 STEREO HET electrons 1.0 MeV 1041 peak 14 fit

Inverse solution

—
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O Fit simulations to real observed profiles

 Estimate free parameters:
* Particle energy E
* Parallel mean free path Ax
* Accelerationtime ta
* Escapetimete

.
<2

Omni-directional intensity (particles/(cm2-sr-sec-MeV))

e 1.0MeV
R? score = 0.97
A7 =0.13 AU P e S S ———
—— STEREOQ HET electrons E=1.0MeV
ta=1.5h —— simulation lambda=0.13AU, ta=1.5h, te=0.5h
— background mean
te = 0.5 h — = background mean + 3*std =

0 2 1 & B 10
Time (h)



Perpendicular diffusion & turbulence

ol mt) _ g (uvbf) — 0 (1—p uf Include the effect of turbulence in transport
o ' op Zh coefficients:
+5% (Dw(‘”’ “)g_ﬁ) tV- (D(f)(w,ﬂ) ' Vf) 0 Decompose B into locally uniform &
random turbulent components
(Skilling, 1971) O Assume decomposition of the fluctuating

field into a slab & 2D component
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Perpendicular diffusion & turbulence

2D SEP-propagator model

J Numerical solution based on finite difference scheme

O Configurable parameters:

Solar wind speed

Particle energy E

Parallel mean free path A«

Acceleration time ta

Escape time te

Perpendicular mean free path Aperp
Helio-longitude and size of injection source

Radial distances and longitudes for different observers
¢=90°  "west"

¢=180° r=1 Ay

Strauss etal, 2017
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Case study: 28 Oct 2021 (GLE 73) event
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1 Powerful X.1. class flare
Q Type I, Ill, IV radio bursts (J SEPs recorded at different observers

O Fast CME (~1640km/s) O Large longitudinal spread

(from secchirh.obspm.fr)

Papaioannou et al, 2022
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Particle flux (particles/(cm2-sr-sec-MeV))

Magnetically well-connected observer — 1D model

Fit simulations to well-connected observer: STEREO A

Constrain A/, ta, te

STA-HET p+
Mean Energies 14.3-77.5 MeV
11 channels

280ct2021_STEREO_HET protons_38.0_MeV_1503 fit

Data f(x)=exp(-0.116*x + 2.0929)
10 Simulation f(x)=exp(-0.1242*x + 2.2489)

0 R? score = 0.94

== = |inear fit to data

= STEREO HET protons E=38.0MeV
—— simulation lambda=0.31AU, ta=9.6h, te=0.7h
= = linear fit to simulation

10 —— background mean

== background mean + 2*std

o 5 10 15

Time (h)

20

Omni-directional intensity (particles/(cm2-sr-sec-MeV))

n2-sr-sec-MeV))

280ct2021_STEREO_SEPT electrons_115 keV_1408_fit

e a

280ct2021 STEREO_HET electrons_3.3_MeV_1043 fit

Data f(x)=exp(-0.2402*x + 4.1715)
Simulation f(x)=exp(-0.2433*x + 4.2082)

RZ score = 0.94 16

= STEREO HET electrons E=3.3MeV

—— simulation lambda=0.16AU, ta=1.9h, te=0.4h
== = |inear fit to simulation

= = linear fit to data

2 4 6 8 10
Time (min)

STA-SEPT & HET e-
Mean Energies 0.07 - 3.3MeV

16 channels
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Magnetically disconnected observers

2D model:
Use fitted A/, ta, te

Fit for perpendicular mfp,
size of injection source

Omni-directional intensity)

STA-SEPT electrons E=314keV

104 4

103 4

102 4

101 4

10° 4

R? score = 0.91
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= observed
= simulated
=== background mean

== = background mean + 3*std
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Wind 3DP electrons E=310keV
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°
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R? score = 0.74
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= simulated

=== background mean

== = background mean + 3*std
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Time (h)

Omni-directional intensity

SolO EPT electrons E=321keV

103 A

102 -

10! A

R? score = 0.86

= observed
= simulated

m== background mean

== = background mean + 3*std

0 2 4 6 8 10

Time (h)

injection phi = 2 deg, size = 20 deg
STEREO-A R = 0.96 AU; phi = -36.0 deg
Earth R = 1.02 AU; phi = 3.6 deg

SolO R = 0.81 AU; phi = 0.0 deg

Vsw = 365.0 km/s

Aparal = 0.15 AU; Apep = 0.002 AU
ta=1.0hrs, t. = 1.0 hrs

R2.sn = 0.84, R3,, = 0.97
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Magnetically disconnected observers

U Very high energy novel datasets
U Penetrating p+ channels

O SolO/HET ~108 - 896 MeV (nominal L2 data upper limit: ~100 MeV)

L SOHO/EPHIN ~98 — 610 MeV (nominal L2 data upper limit: ~53 MeV)

I SOHO/EPHIN ]
98 MeV
i
E = 10"
; = For details see
" .
T {J Kouloumvakos et al, 2024
w
* "“: Kuhletal 2015, 2017
P S 107§
3 %
T T
10°
301 302 303 304 305 0 10 20 30 40 50 60 70

Decimal days of 2021 Hours since 28 Oct 2021 00:00 UT 12



Magnetically disconnected observers

1D model: estimate A// , ta, te

Particle flux (particles/(cm2-sr-sec-MeV))

280ct2021_SolarOrbiter HE_protons_186.37_MeV_2860_fit

Particle flux (particles/(cm2-sr-sec-MeV))

Data f(x)=exp(-0.1483*x + -1.7905)
Simulation f(x)=exp(-0.1712*x + -1.5683)

R? score = 0.981

= 50l0 HET protons E=186.37MeV

—— simulation lambda=0.21AU, ta=1.5h, te=1.2h
= = linear fit to simulation

== linear fit to data

~— background mean

== background mean + 3*std

s 180 175 X0

o
Time (h)

280ct2021 SolarOrbiter HE protons_300.88 MeV 2817 fit

Data f(x)=exp(-0.1524*x + -3.145)
Simulation f(x)=exp(-0.1638*x + -3.0412)

R2 score = 0.976

—— Sol0 HET protons E=300.88MeV

=== linear fit to simulation
== linear fit to data

—— background mean

— = background mean + 3*std

—— simulation lambda=0.18AU, ta=1.2h, te=0.8h

100 s =0 7 20
Time (h)

Particle flux (particles/(cm2-sr-sec-MeV))

Particle flux (particles/(cm2-sr-sec-MeV))

280c¢t2021_SolarOrbiter HE _protons_108.05_MeV_3119 fit

Data f(x)=exp(-0.1602*x + -0.4901)
Simulation f(x)=exp(-0.1671*x + -0.4015)

R? score = 0.966

—— 50l0 HET protons E=108.05MeV

= simulation lambda=0.26AU, ta=1.6h, te=2.1h
= = linear fit to simulation

= = linear fit to data

—— background mean

— = background mean + 3*std

us 1.0 s w0

100
Time (h)

280ct2021_SOHO_EPHIN_protons_98.0_MeV_3084_fit

Data f(x)=exp(-0.0419*x + -1.8816)
Simulation f(x)=exp(-0.0519*x + -1.687)

= SOHO/EPHIN protons E=98.0MeV

- simulation lambda=0.14AU, ta=1.8h, te=1.0h
R? score = 0.92 = = linear fit to simulation

= = linear fit to data

__________________________________ —— background mean

- = background mean + 3*std

2 ©

20
Time (h)
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Magnetically disconnected observers

2D model: 104 — Injection/100

—— Earth

Use fitted Av/, ta, te T aesiCommbeo
. . . . . - 10° A — SolO

Fit for perpendicular mfp, size of injection source
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y (AU)

Magnetically disconnected observers

Injection source size: 5deg
Turbulent perpendicular diffusion

t=10hrs

1073

Latitude

Extended source scenario: 30deg x 30deg
No perpendicular diffusion

103

- 102

~50 F _ , N "
_60 1 1 1 1 . - o 8 1 1 100
=180 -150-120 -90 -60 -30 O 30 60 90 120 150

Longitude
Kouloumvakos et al, 2024
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Magnetically disconnected observers

Extended source scenario cannot fully

account for the observed profiles

* No particles expected on Mars

Differential intensity (Arbitrary units)
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Rigidity dependence

d Use only well-connected observer
O p+in par with expected trend
Q1 e-follow an opposite trend
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Rigidity dependence
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