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Particle

Overview of Particle Populations

Temporal

Spatial

Energy

Acceleration

Population scales scales range mechanisms
GCRs continuous | global | GeV --- Diffusive shock
> TeV
ACRs continuous | Global | 10-100 Diffusive shock,
MeV shock drift, or
other?
CIRs 27 days Large- | keV ---> Diffusive shock,
scale | 10 MeV shock drift,
stochastic
SEPs ) ) keV ---> Reconnection,
GeV stochastic, selective
heating, shock
ESPs days extende | keV ---> Diffusive shock,
d 100 shock drift,
MeV stochastic
Planetary | continuous local | keV ---> Diffusive shock,
bow shocks MeV shock drift

Desai 2019
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PIONEERING SOLAR MISSIONS — KEY OPEN QUESTIONS
UNIQUE MEASUREMENTS IN THE INNER HELIOSPHERE

Malandraki and Crosby 2018

PARKER SOLAR PROBE SOLAR ORBITER
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Launch: 10 February 2020

Launch: 4 August 2018
Perihelion up to™~9 R, Perihelion up to~0.3 AU

Integrated Science Investigation Energetic Particle Detector (EPD)

of the Sun (ISOIS) Pl: Prof. Javier Rodriguez-Pacheco (Spain)

Pl: Prof. Dave McComas (USA) Co-Pl: R. Wimmer-Schweingruber (Germany)

(Science Collaborator) (Co-Investigator) ’



Parker Solar Probe Mission Trajectory and Current Position

Parker Solar Probe
Mission Trajectory and
Current Position
(19 July, 2021)
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H H H H Dist from Sun Center (AU): 0.590
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Integrated Science Investigation of the Sun
(ISOIS) Energetic particle investigation

Energy spectra, anisotropy and
composition of suprathermal and solar
energetic ions ~0.02-200 MeV /nuc

Energy spectra and arrival direction of
~0.025-6 MeV electrons.

2 complementary instruments:
Energetic Particle Instrument-Low Energy
(EPI-Lo), & -High Energy (EPI-Hi)

EPI-Hi Mechanical Design

v
Electronics
Box
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ISOIS Science Goals

* Origin: Define the seed populations and physical
conditions necessary for energetic particle
acceleration

* Acceleration: Determine the roles of shocks,
reconnection, waves, and turbulence in
accelerating energetic particles

* Transport: Reveal how energetic particles
propagate from the corona out into the
heliosphere

McComas et al., SSR 2016



SOLAR ORBITER MISSION

SOLAR ORBITER JOURNEY AROUND THE SUN @esa

iFirst polar pass > 17° latitude
‘Mar 2025

[First polar pass > 24° latitude

‘Jan 2027 300 million km
Feb 2021 - within 0.5 au* '

00 e : Maximum distance between
ik o
Oct 2022 - within 0.3 au P ;:';rstaggéa' PASSE 0 RO Earth and Solar Orbiter

Close approaches to the Sun

.Polar pass > 33° latitude .
July 2029 16.5 min

A Launch Maximum time for a radio signal
9 February 2020 (EST) to travel one way between Earth

10 February 2020 (GMT) 1 and Solar Orbiter
@ : 22 orbits

\ around the Sun

Nov 2021

Start of main mission

iVenus gravity

%Earth gravity bt emnocue D ec 2026

|assist manoeuvre 126 Dec 2020 Expected start of extended

' 108 Aug 2021 mission
126 Nov 2021 03 Sep 2022

118 Feb 2025
124 Dec 2026
117 Mar 2028
110 Jun 2029

: 102 Sep 2030 ot ies
#SolarOrbiter #WeAreAllSolarOrbiters *1 au = average distance between Sun and Earth (149 597 870 700 m)




vy ° Wide energetic and compositional coverage to
study different heliospheric particle populations.
Several FoV provide directional information

| Solar Orbiter EPD fields of view STEP*
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West
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*He .

B vector, Helios—1 1975-1981: % of total time / sr

sl 2l AR AT IR L ERET AR ETT "
*STEP fov divided 0.001 0.01 0.1 1 10 100 1000
0 10 20 30 40 50 in 3x5 sectors E/m [MeVInUC ]

 Time Resolution: upto 1 s !l
Rodriguez-Pacheco,..., Malandraki et al. 2020, A&A
The Solar Orbiter Mission

Solar Orbiter EPD Solar Orbiter Pl day 2018




!& epd 4 Javier Rodriguez-Pacheco, 2018

How do solar eruptions produce energetic particle
radiation that fills the heliosphere?

This can be broken down into several key topics:

1. SEP seed populations

2. Injection, acceleration and

release processes of SEPs

3. SEP transport

Particles/(cm’sr-MeV/nucleon)

Solar Orbiter EPD
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*The pioneering Helios observations
highlighted the importance of in-situ
measurements close to the Sun,
where much of the crucial physics
related with solar activity takes place

* By travelling close to the Sun, Solar
Orbiter will observe unevolved small-
scale structures

e SEPs close to the Sun are less
disturbed by transport effects, - key
observations to unveil particle
acceleration sites, acceleration
mechanisms and seed populations

Solar Orbiter EPD

Javier Rodriguez-Pacheco, 2018
€po Rodriguez-Pacheco,...,Malandraki et al. 2020, A&A

The Solar Orbiter Mission
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Figure 1-1. Electron and alpha particle time profiles
recorded by Helios-1 at 0.3 AU and by IMP-8 at 1.0
AU during a series of impulsive particle events on
1980 May 28. Whereas Helios-1 observed multiple
injections, no such structures can be resolved in
the intensity-time profile at 1 AU. If both space-
craft were observing the same events (and this is
not certain), then this plot vividly illustrates both
the effects of radial and longitudinal transport in-
side 1 AU and the need for observations as close to
the Sun as possible [Wibberenz and Cane, 20086].

McComas et al.,, 2007
—



Solar Energetic Particle Events

Gradual SEP events (b) Impulsive SEP events
(CME shocks in corona (acceleration in
and IP space) lower atmosphere)

D Impulsive "He-rich" Events

03/10/24 17:42 MeV.
« 0.2-2 Electron
5> 1-4 Proton
o 7-13 Proton
e 22-27 Proton

llllll‘lll‘llll

Particles/(cm2 sr s MeV)

Particles/(cm2 sr s MeV)

1981 Dec 1982 Aug

Malandraki & Crosby, 2018,

Solar flare

2003/10/23 03:00:1

3He-rich SEP
events
accelerated
during solar
HETERE]
magnetic
reconnection

Springer Astrophysics and Space Science Library (ASSL) series: ‘Solar Particle Radiation
Storm Forecasting and Analysis, The HESPERIA HORIZON 2020 Project and beyond’



Enerqgetic Storm Particles: SEPs from CME shocks
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Overview of First Two PSP Orbits
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McComas,...,Malandraki et al. 2019, Nature

ISOIS observed a number of interesting energetic particle events over a range of radial
distances during the first two PSP orbits including CIR/SIR-related events (a,b), impulsive SEP

events driven by acceleration near the Sun (d) and events related to ICMEs (c)
16



CME-related SEP event near First Encounter

ISOIS observations show an SEP event
starting early on 2018-315 and extending to
about when an ICME arrived at PSP on 2018-
316. The event was only observed at low
energies.

The event is highly anisotropic (outward
from the Sun) and exhibits velocity
dispersion

Time-energy slope (g): a path length was
estimated which is longer than that of the
Parker spiral from PSP at ~0.25 AU, possibly
explained by a longer pathlength associated
with magnetic field ‘switchbacks’ observed
by PSP in situ (Bale et al. 2019)

The event was not observed at 1 AU, so such
small events may be observable near to the
Sun and therefore much more common than
previously thought
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McComas,...,Malandraki et al. 2019, Nature



Parker a)
Solar
STEREO-A Probe
* No CME identified in SOHO/LASCO images 2 CME
because PSP in opposition with the Earth.
However, PSP was located at quadrature
with STA. Q
Mercury
*  White-light STA/COR-2 observed the

eruption of a CME at 3Rs off the east limb

if the Sun (as viewed from STA) near 18:00

UT on 2018-314 (Nov 10). The CME P gy
observed roughly propagating in the Solar
direction of PSP. CME speed < 400 km/s, Probe R4
slow, derived by STA imaging o a— S coprT

solar limb

/

7/
N

Tt
/ ;‘.,_' .
WA

e Early modeling indicates that there was no SR

shock magnetically connected to the s/c. occalter

But a Q-Perp sub-critical shock (Mach

number <3) could have formed over an Running-difference image of the CME at 02:39 UT
extended region of the FR and may have on 2018 Nov 11 by COR-2

accelerated the protons measured by PSP McComas,...,Malandraki et al. 2019, Nature:



» Onset time of the earliest arriving
>100 keV ions consistent with their
origin at the CME when it was @7.4
Ro and moving without scattering to
PSP. L (ions > 100 keV) = 0.21 AU (45

Ro).

» lons < 50 keV arrive later, by about 2-
4 hr, compared with the time
expected from scatter-free transport
L (ions < 50 keV)=0.32-0.38 AU (~70-

80 Rs) almost x 2

J (part./cm -s-sr-ke V)

>

» Solved the Parker transport equation
(Parker, 1965) to model and fit the
observed ion fluxes (30-132 keV n 1),
assuming a source coming with the >
CME. Model agrees with the
observations - the delay in the
arrival of the Il-e ions is the result of
scattering in the IP medium

30.5- 333 keV
"o843.3 - 48.7 keV
63.0 - 72.7 keV
106 - 132 keV

10] — - m . 4 N P iago °

102 _'?j L " ' ?"#'E;'i'ﬂn,nn. .
0:00 6:00 12:00 18:00 24:00
DOY 315, 2018

Symbols: ion flux measured by EPI-Lo vs time. Curves:
results from the calculation of the Parker transport
equation. Comparison reasonable but not for the early
part of the event. Expected since the Parker equation
assumes isotropic distributions (not consistent with
the observations during the initial rise phase of the

event)

Parallel diffusion coefficient that best fits the data:
k=2.7 x 107 (r/r,)?(E/E,)*’®
where r,=7.4 Ry and E;,=10 keV

Giacalone et al. 2020 ApJS



* SEP event is the result of
CM E-rEIatEd SE P eve nt particle acceleration at a
- weak shock or
near First Encounter g compression driven
L briefly by the CME when
A it was close to the Sun,
which later dissipated
PSP heliocentric distance before arriving at PSP

50R, 54R,

50

Resi/Ro 10 SACE o | | The earliest arriving high-
’ energy ions arrived to PSP

n 300

A s T | . | scattering in the
"o : e T T turbulent IMF. Lower
M | AR L energy ions arrived later
because they were
scattered in the IMF more
effectively than the
higher energy ions

I (part.fem?-s-sr-ke V)

“UH

Unigue event: It is the
closest to the Sun in

| ; which a CME-related SEP
Rl event was observed

314

E (keV)

J (part./cm?-s-sr-keV)

DOY 2018

Giacalone et al. 2020 ApJS




', CME-related SEP event near First Encounter
* Alternative interpretation:

Auroral Pressure Cooker Mechanlsm

PA-SWEAP

WEAP N-SWEAP

8:00 12:00 16:00 20:00 :00 4:00
Hours 2018-315...316

* lon composition and peak energies reached:
Protons up to ~400 keV

4He to “1MeV
O to ~2-3 MeV
Fe to ~“8 MeV

315 4:00 8:00 12:00 16:00 20:00 316 4:00 8:00 12:00

High anisotropy and VDA indicates a source near the Sun

suggesting the ions had ready access to topologically open
magnetic field connected to PSP at the time of their Observations consistent with a process that

energization, when the CME was still relatively close to the involves charge dependence energization
Sun — below ~3-4 Rs (Giacalone et al. 2020) Mitchell et al. 2020 ApJS



CME-related SEP event near First

Encounter

Alternative interpretation: —
Auroral Pressure Cooker |

\ iy,

Mechanism

{

Pressure Cooker’ Auroral process:

= Field-Aligned Currents (FACs) drive

the development of FA potentials in the

lonosphere-to-Magnetosphere
transition. Plasma e accelerated to
maintain the current so that charge
neutrality of the plasma is not violated

= Anisotropic e drive instabilities
resulting in the growth of broadband
extremely low frequency (BBELF) waves
perp. to B = interact efficiently with
the plasma ions by ion cyclotron

resonance with the various species (e.g.

Japers 1998; Lynch et al. 2002), heating
them in the direction perp. to B

In J, electric current
regions, the heated ions are
confined by the potential
and remain trapped in the
wave field generated by the
e, gaining more E. lons gain
sufficient E perp. to B

- mirror force becomes > enough to push
the ions through the confining € force and
escape upward as ion conics, which at
large altitudes seen to be streaming close
to field-aligned

* 3 reasons for FACs to be enhanced in
association with CME ejection e.g. Kasper
et al. 2019: corotation of the coronal/sw
plasma to 40 Rs, much father from the
Sun, than pre-PSP modeling predicted

* The torques required to keep the
radially transported plasma, (sub)-
corotating are transmitted by FACs from
the footpoints of the B (ionosphere for
Jupiter/Saturn or photosphere for the
Sun) to the rotating plasma

* Ejection of a CME would involve
increase in the mass of the plasma & the
speed - enhancements in the corotation
enforcement FACs associated with the
transfer of angular momentum into the
radially accelerating sw

* Charge state dependence: a natural
consequence of this scenario, consistent
with observed E ion dependence

* Pressure Cooker mechanism: attractive
candidate for at least some of the SEP
events produced during CME lift-off
(Temerin and Roth, 1992 enhanced)

* Neither e nor tlll bursts observed

Mitchell et al. 2020 ApJS ~




SEP events observed during Second Encounter

\ &y,

Energy
(MeV)
(cm?2sr' s MeV)

e Very near Perihelion 2 (~35 . . Mu, Lt mﬁ
Rs) ISOIS observed a unique " J o Rkl 1 ’
pair of SEP events, the 15t
one (2019-092) low-energy
highly dispersive and the 2
(2019-094) mostly at >1
MeV ions

From Sun
102 Towards Sun

e ) i

1-9 MeV H*
(cm2sr! s MeV")

Al W'““ i i Ww'

104
10°
102 3
10"
10°
10~

Energy
(keV)
(cm2sr' s keV)

e PSP is nearly corotational
with the Sun near
perihelion so the 2 events
are magnetically connected
to a common solar source

30-500 keV H*
(cm2sr!s kev)

* Both events exhibit strong,
persistent magnetic-field-
aligned ions streaming away S

from the Sun McComas,...,Malandraki et al. 2019, Nature

* FIELDS data indicates possible lower B magnetic structure between the two events

Magnetic field
vector

* First SEP event: a classic Z-rich event (Roelof et al. 2020) 23



2019 April 4 SEP event during PSP

Second Encounter

Hellocentrlc Distance (ou)
6 0.190 0.185 0.180 0.175 170 0.170

10 ||||\||||\||||\||||\||||\| | B o
* Time profiles of proton intensities for the o4 __ __
period 2019 Apr 2 00:00 — Apr 6 02:00 R §
Top three traces: ISOIS/EPI-Lo TOF measur. = 0.068 MeV H
Bottom trace: ISOIS/EPI-Hi/LET1 data X 10 4 fi
o . 1 - =
+  Second event, PSP @ < 0.17 AU § 10oF A ﬁ T : »f% HT
* Increase in MeV protons obvious but much :% 10_2__ 142 MeV H __
smaller in <100 keV particles and near bkdg = imh o1 Ulh_n - -
Ievels.Aprll4SIgnIflcant|yharderprOton 10_4IIIIIIIIIII|IIIIIIII-III|IIIIIIIIII-IE-IIIIIIIIII|-
energy spectrum than the April 2 event 92 93 94 95 96
' . . Day of 2019
90 R e | Leske,...,Malandraki et al. 2020, ApJS
60- Ha%tT LET1 HET LET1 HET

forward _ fofward LET2  at  During solar encounters one LET1 aperture

_ (LET-A) is pointed 45° west of the Sun-s/c line,
oy cpaceoraft TP i.e. along the nominal Parker spiral direction at
1 AU, while the opposite end (LET-B) is pointed

135° east of the Sun. Due to favorable pointing
Regi ith Full E (& . . .
L] Regions wth ull Enefgy Coverage directions, all EPI-Hi data used come
30 60 90 120 150 180 210 240 270 300 330 360 ,
Angle in S/C Orbit Plane (Sunward = 180°, RAM Direction >180) exclusively from LET1, both A and B apertures
McComas et al. 2016, SSR 2
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2019 April 4 SEP event during PSP

Second Encounter

< M T T 11T T TT 1.12— 5.66 MeV H
El 1.00 — 4 April 2019 _| LTt T T T T UTLET-A, B—minufe cadence ' |
TUE ) ) = - _ % LET—B, 15—minufe cadence
=4 E 02:00-18:00 3 - -1 W _
.9 — = ; = \ ! !‘:l ]
) - - o C b 4 1 .
L _ = - U LY .
_.2\ (7] - .H i‘;‘.ll -
‘n 010 — @ -2 |
2 10T ¢ - ~ 10 °E | i E
< - 7 £ ! 3
= » i A 1 3
ST + - 3 y
€ ootlwl 1 ||L||| L 111 g 1073 |-
1 10 S |
Kinetic Energy (MeV/nuc) : LRSS S
> Following bkgd subtraction, He/H ratio=0.052 + 0.002 ° > 10 'S
ollowing bkgd subtraction, He/H ratio=0.052 + 0.002, Hour of 4 April 2019

well-determined at 1-2 MeV/nucl, higher than typical
value found in SEPs (Reames 2014). Ratio matches
that of 0.052 + 0.005 measured spectroscopically in
the corona (Laming & Feldman 2001)

Time-profiles of 1.12-5.66 MeV
protons on both LET-A and LET-B.
Event very brief lasting ~ 15hr. ~4 hr
from onset to reach peak intensities.
> No 3He nuclei were detected in this SEP event highly anisotropic. Near
very small SEP event peak, LET-A intensities a factor of ~30

greater than those in LET-B. SEP event
» No electrons or ions heavier than *He were detected had a soft power law index of -4.3

— event is depleted in heavy elements compared

with average SEP elemental composition Leske,...,Malandraki et al. 2020, ApJS,;



2019 April 4 SEP event

during PSP
Second Encounter
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Intensity (cm

A
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0.119 MeV H

94
Day of 2019

2019 April 4 SEP event
during PSP
Second Encounter

The very existence of this event, during an
exceptionally quiet solar minimum and
completely undetectable in situ at 1 AU,

raises the possibility that such events are
more common than one might expect,
possibly providing an important source of
seed particles available for acceleration in
larger SEP events

Leske,...,Malandraki et al. 2020, ApJS



Seed populations in April 19 SEP Event

\~, . Second Encounter

The same AR 12738 that was the source
of the April 4 event produced the events
in 2019 April 20-21, PSP @0.48 AU. The
largest SEP events observed during the
First two orbits of PSP

H_ENERGY

H_ENERGY

EPI-Hi & EPI-Lo energetic particle fluxes
from 2019 April 18 (108) to 24 (DQOY 114).

Energy

PSP instruments were operational only
intermittently during this period

Energy

Panels (a) EPI-Hi and (c) EPI-Lo: Fluxes
Outward from the Sun along a nominal
Parker spiral (V =400 km/s)

Panels (b) (EPI-Hi) and (d) EPI-Lo: Fluxes
Inward from the Sun

Early in the event observed distributions
show larger anisotropies, which become
increasingly isotropic after DOY 110.5

(keV/nuc) (MeV/nuc)

(keV/nuc)

418 4/20| 41| 421 4/22I
CME CME ome icvell  ove
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— — 1
Outward from Sun
LET1 A_H_Flux 3600s // Hi 10°

B_H (flux)
(1/(cm”2 sr s MeV))

utwar rom Sun

H_Flux IonTOF(LSO 39) // L

" HFlux ChanT
(crmsrs keV)

" HFlux ChanT
(cm®sr's'keV")

109 111

DOY 201 9
Apr 20

CMEs released from the Sun on Apr 18, 20, 21 and
22. CME released on Apr 20 overtook PSP on April
21 ~16:00 UT

Schwadron,...,Malandraki et al. 2020, ApJS

(1/(cm”2 sr s MeV))



Seed populations in April 19 SEP Event

Second Encounter

0.479

* Expanded view of the ICME passage over
PSP. Panels a and b EPI-Hi and EPI-Lo

Energy H_ENERGY |
(keVinuc)  (MeVinuc) ®

(nT)

(outward away from the Sun) o 1 ; L
s £ 30
* A compressional plasma structure ; §§§E§m [
leading the ICME passing over the s/c: = ¢ 38 1
a gradient in the radial solar wind speed , # 3
from V~300km/s to 380 km/s, along with %ﬁ ng .
a rise in the thermal speed g g@%” L -
Ecippiane X=15AU g@ ?égg
CME g o

11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Hours 2019-111

Br (blue curve) and |B] (black curve) almost equal throughout April
21. A large Br throughout ICME = unlikely that a FR passed over PSP

Modeling of the propagation of the CME released on Apr 20 from
the Sun using the ENLIL model = the location of PSP is on the flank
of the CME, consistent with plasma compression during the passage
of the ICME without the accompanying signature of a Flux Rope

Schwadron,...,Malandraki et al. 2020, ApJS *’




Seed populations in April 19 SEP Event

Second Encounter
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Wiedenbeck,...,Malandraki et al. 110 111 112 113
2020, ApJS Day of 2019
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I , , , , - - ACE/EPAM
April 20, 2019 EJ R ° Apr20&21:2
AL | == B § NR prompt
Mars - _ Electron events
_ sreREoh 5 < = in which particles
w o M e £ .
<0 ‘- ] | gl ¢ accelerated in a
| 1 a2 =298 magnetically
\ 3 well-connected
T - . b  Eloaron 106- 175 eV
55 M solar source
S/ 2 Y N o = region arrive
1 1 il L L S F
2 R 0 1 2 IoHmmmenl M S e abruptly @ the
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The period under study was unique since & ¢ s/c (Malandraki
PSP was close to being magnetically T e w0 o e e e et al. 2002)

connected to the s/c near Earth! Schwadron,...,Malandraki et al. 2020, ApJS



Seed populations in April 19 SEP Event

Second Encounter

e |SOIS ion spectra averaged before, during
and after the ICME passage. The spectra are
very similar but the diff. energy spectrum
during the ICME passage is almost uniformly
enhanced relative to the diff. spectra
observed before, and after the ICME passage

* With a reduced scattering mean free path of
0.006 AU in the ICME compression region,
the DSA to 1 MeV would require >2.5 days
= unlikely that the local enhancements
observed in Apr 21 at PSP can be accounted
by local DSA

4118 420 1) 41 4122
CME CME CME JCMER CME

) 042 043 044 045 046 047 048 0.49 0.50 0.51 052

Energy H_ENERGY 1
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w
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- Seed Particles from in Front of ICME
— = Seed Particles from Behind ICME

@ Ahead of ICME: 4/20 14:00-18:00

® Compressed: 4/21 12:00-18:00
Behind ICME: 4/22 4:00-18:00
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Diff. Flux [protons/cm?2-s-sr-MeV]

1073 **
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The fluxes predicted (red curves) by the
compression mechanism are generally similar to
observations within the ICME-driven compression

Schwadron,...,Malandraki et al. 2020, ApJS



Summary
and
Conclusions

3
10 ¢ eed Particles from in Front of ICME
eed Particles from Behind ICME
ead of ICME: 4/20 14:00-18:00

— s
* -5
. 4:00-18:0
102 @ Compressed: 4/21 12:00-18:00
@ Behind ICME: 4/22 4:00-18:00

10 +

10°

Diff. Flux [protons/cm?2-s-sr-MeV]

-4
101 10° 10t
Energy (MeV/nuc)

Observation of a time period in 2019 Apr 21 in which the flank of ICME
passed over PSP @0.48 AU. The solar wind plasma ahead of the ICME
contained strong enhancements in EP fluxes that appear to have been
compressed and accelerated within the sheath ahead of the CME

Contemporaneous observation of strong 3He enhancements
(Wiedenbeck et al. 2020) confirm that seed populations are rich in
material released by solar flares. The presence of NR electron seed
populations is demonstrated by the analysis of ACE/EPAM observations
near Earth

A broken power law > 1 MeV in the compressed ICME sheath consistent
with predictions of diffusive shock acceleration from shocks (Li et al.
2009) or compressions from low in the corona (Schwadron et al. 2015)

The ISOIS observations show a very hard E'17 energy spectrum @ < 1
MeV. It is close to the E-1° limit of possible stationary-state plasma
distributions out of equilibrium (Livadiotis and McComas, 2009, 2010)

32

Schwadpron,...,Malandraki et al. 2020, ApJS



Summary and

Conclusions
PSP was at the right place
and at the right time to R s e
observe the compression of i 3 S

. . I* @ Behind ICME: 4/22 4:00-18:00
energetic particle seed

populations. The
enhancements in EP seed
populations observed
demonstrate how the early
evolution of ICMEs could
enhance the fluxes of
energetic particle seed
populations, which
precondition the particle
acceleration process at
distances farther from the
Sun where compressions
can steepen into shocks

10t

10°

Diff. Flux [protons/cmZ-s-sr-MeV]

10! 10° 10?
Energy (MeV/nuc)

Schwadpron,...,Malandraki et al. 2020, ApJS
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ol Orbit 4: Energetic particle evolution during
~ s, CME passage from ~0.3 to 1 AU soyce etal. 2021, 24

Analysis of a
CME observed
by PSP/ISOIS

at 0.32 AU -\b":..f?.--. - .' _t 3 (;‘:é p

STEREO-A/COR2 SOHO/C3 , LS5 ) PSi’IWISPR 7
19-01-202019:24 UT 19-01-202019:30UT . - } 20-01-202008:45UT- . .

CME was ejected from Sun on

red arrows

day 19 of 2020 and passed
over PSP later on day 21

CME propagation speed to
PSP is ~400 km/s

VW | A

2020-01-19T12:00

SDO/AIA 193A

18-01-2020 03:51 UT

demarcate the
source region in
EUVI, based on the
eruptive loops
seen in SDO/AIA

Simulation results from
WSA-ENLIL+Cone model
(CCMC)

) e ——mmmm~ ENlArged images of the times CME was passing over PSP & ST-A to better

Q 1 20 30 40 650 60

show the CME position. PSP & ST-A radially well-aligned. Both
encountered the CME near its western flank. Earth well-positioned for
SOHO to observe CME ejection off the East limb *

ENUL-2.7 lowres—2228—04b1 WSA V2.2 GONG—-2226

Time when CME was
ejected from the Sun




Orbit 4: Energetic particle evolution during

CME passage at 0'3 AU Joyce et al. 2021, A&A

HCS CME CME
Crossing Arrival Departure
0.34 0.33 0.32 0.31

s 'keV")

Omni

Energy
(keV/nuc)

* Mid-way through Jan 19: EP Lo
largely seen coming from the R -
Sun, with strong evidence of
VD. However, at CME passage
B, rotates which coincides with
a strong influx of particles
moving toward the Sun
(yellow). A particle flux dropout
observed. A near total EP
dropout is also observed later

uIon 'I:OF 6mni

Energy
(keV/nuc)
2
lon TOF From Sun

Energy
(keV/nuc)
;TOETD\A;I’d Sun

loi

cm’sr's'keV")

Energy
(keV/nuc)
=y

* The strong anisotropies and

dispersive EP signatures @ €

consistent with a remote source o U

and one close to the Sun (CME) fm oY 2020 _ *

» STA: EP more uniform throughout the event in contrast to strong

* Extremely soft spectra (y=-8) variations at PSP. Mixing of different EP populations as CME

prior to and following CME - propagates outward from the Sun + transport effects acting on

may be a common feature in EP in transit. PSP data close to the Sun crucial!

the previously unexplored near- » Unique case study: How EP populations evolve as CMEs

Sun region propagate through the heliosphere >



Orbit 5: PSP observations of He/H Abundance
Vatiations in SEP Events < 0.5 AU

=
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10

» PSP observed a series of 6 SEP
events in May-June 2020
during Orbit 5 just before

perihelion, from 0.45-0.3 AU

» All events well described by

Energy
(MeV/nuc)

-
o o
= o

Energy
(MeV)

-
o
=]

. 145 - I I ' I 10 I - 155
power laws with y==2.3-3.3 (H) DOY 2020

H, He, electron spectrographs for the 6 events
e clearinLETH
e JesssoinEPI-LoH
3 extend >10 MeV
* Electrons are seen in 2 events
+  Clear He variability Cohen et al. 2021, A&A *

ce (cm2 sr MeV) '
3
(cm2 sr MeV/n) !

Fluens

Helium Fluence

Proton




Orbit 5: PSP observations of He/H Abundance

\ Wy,

Composition

e He/H vs E for triad events (3-5)

 Ratio is approximately independent

of energy

e Factor of >50 variation 0.003-0.18

* Variation is surprising given that
 they are likely from the same source

region

* the associated eruption signatures

are very similar

10°

T
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10° L
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10°
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T T
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Vatiations in SEP Events < 0.5 AU

Cohen et al. 2021, A&A
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Chhiber et al. 2021, A&A: Long apparent pathlength during these
SEP events can be explained by 1) a magnetic field line pathlength
increase due to field line random walk, 2) particle transport about
the guiding center with a non zero effective pitch angle

SEP:H

STEREO/EUVI images of
associated solar source :
EUV waves (AR 12764) -
implies particle acceleration
may be occurring very low
in the corona and early in
the eruptive process
Cohen et al. 2021, A&A




First year of EP measurements in the

inner heliosphere with SolO/EPD

first orbit
1 Sep 2020

1 Aug 2020 1 Oct 2020

1 Nov 2020

1 Jul 2020

1 Apr 2020
_
1 Dec 2020

02 “1Feb 2021
1.May 2920 1 Jun 2020 1Jan 2021

Wimmer-Schweingruber,...,Malandraki et al. 2021, . |
A&A, Solar Orbiter First results (Cruise Phase) =38 30 25 =20 =15 =10

Diff. intensity / log (counts/(s cm? sr MeV))
e SolQ’s trajectory for the First Year of measurements of EPD — 28 February 2020 - 28 February 2021.
54-101 keV e intensities on inner side, 124-218 keV i* on outer side as measured by EPT. Projection
of the orbit onto the ecliptic shown

. Apart from a low-level bckgd activity (Mason et al. 2021) and small increases due to CIRs (Allen et
al. 2020) a number of intensity increases or particle events observed

» First-year overview paper: provides updates on EPD, additional insights into its operation and data
products based on EPD’s 1%t year of operation, guidance and examples for the usage of the EPD
data. Also, a list of the most significant particle enhancements (EPT) during its 15t year of operatiof



SolO/EPD
observed 5 NR
e increasesin

July 2020

Combine EPD
e observations
(keV to NR
range) with tll|
radio bursts
from RPW
(Maksimovic et
al. 2020) and
EUV obs. from
ST-A and the
near-Earth
SDO to identify
the solar origin
of the in-situ
NR e events

First near-relativistic solar electron

events observed by SolO/EPD

Gomez-Herrero,...,Malandraki et al. 2021

‘\\
solar. orbite

Solar Orbiter HEE Orbit STEP:
(Jul 11, 2020 00:00 - Jul 23, 2020 00:00) e ey
LI L v 1_" L — [11.6 - 12.2] keV
1.0 '," ~ [32.7 - 35.5] keV
3 “,‘ |> - see text
1 3% 1 EPT sun:
Solo [ g | e aiey
3L = PSP &7F o B o
A A T {EPT Sun
£ oof a1
> L
STEP:
[ E 1 — 182-861kev
L —— [15.1 - 16.0] keV
L =~ == [37.6 - 40.7] keV
o - ] E) EPT Sun:
STEREO-A —):f Tn 1 — [67.5 -.91A0] kev
‘ET —— [180.9 - 274.6] keV
[ — [411.1 - 648.8] keV
1 0-— ¢ _- % ':A 4 — {159-2.55] M]eV
-1.0 -05 0.0 0.5 1.0 = ERLSud
X (AU)
. . . [}
Trajectories of SolO, the inner 2 o8 & %
4 T
°3 8e
July, 11-23 (ecliptic plane 5 0° 128
= W I
3 o

09 11 13 15 17 19 21 23 25
2020-Jul

projection, HEE frame). Nominal
Parker spirals for a 300 km/s for
July 23. SolO magnetically
connected to the solar backside
(as viewed from Earth)

Date

Electr. and ion intensity time profiles by the SW-
looking EPD/EPT telescope and the 15-pixel-
averaged e  and i*intensity time profiles by
EPD/STEP for Jul 8-25, 2020
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“%  First near-relativistic solar electron

' w) events observed by SolO/EPD

S
Gémez-Herrero,...,Malandraki et al. 2021, A&A N °'b't°
> 1) 40.9-46.2 keV e 1 ZOZQ July 11 | o masoe 11
intensities by the 4 _ ; Directional electron flux
EPD apertures
» 2) PA coverage of
each aperture
> 3) PAD color-coded

intensity for e- . 'w«‘n “ M ‘w w “ '?‘W At P;"Z;ﬁ%g

10min averaged
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D

* Event observed by all EPT telescopes; however, a moderate anisotropy present during rising phase,
with higher fluxes observed by EPT-Sun aperture, pointing SW along nominal Parker spiral direction

>

% Event also observed near Earth by Wind/3DP located 107 eastward from SolO. In spite of the

significant difference in connectivity, Wind/3DP also observed moderate anisotropies "



First near-relativistic solar electron

events observed by SolO/EPD

Q
solar. orblte

Gomez-Herrero,...,Malandraki et al. 2021, A&A

» Jul 19: 58 keV e flux showed a gradual rise @
11:00 £ 1h. Not visible > 70 keV. No significant
anisotropies nor VD

» Jul 20: 58 keV e~ flux started to rise @20:40 UT +
10min. The highest intensity and earliest onset
were observed by the Northward-looking EPT
telescope, pointing closer to pitch angle 0°

» Jul 21: Event comprises at least 3 consecutive,
partly overlapping e injections with onsets at
01:25, 03:05, and 06:25 UT + 10 min (@ 58 keV).
EPT directional intensities revealed measurable
anisotropies but smaller than during the previous
event

40.9 - 46.2 keV
10min averaged

— SUN
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Directional electron flux



First near-relativistic solar electron

events observed by SolO/EPD

Gomez-Herrero,...,Malandraki et al. 2021, A&A

1
1o Directional electron flux
. 40.9 - 46.2 keV o
g 1min averaged 5.50 — 7.05 eV
59 — SUN
) —— ASUN
8L —— NORTH — EPD/STEP
g5 10 ] —— SOUTH - . N T
oY b 1"" | | 1 le,‘
€ I- i
o
-~ v —
—My )' | Pitch angle coverage 9.06 — 13.88 keV
150 Y mm sun o
ASUN 2
o 120 ©
En NORTH 5 R
— SOUTH Sl
g o, E ‘mﬁ " k
2 N
g 0 : : :
90°
21.29 — 32.77 keV
3
150+ :? 45° 4
©>
o 120 i
o o
&~ 100 0°
5 x L 23:00 23:15 23:30 23:45 00:00 00:15 00:30 00:45 01:00
T 2o Time (UT) 2020-jul-23
SE
30 o
(9}
w
23:00 23:30 00:00 00:30 01:00
Time (UT) 2020-Jul-23

» Jul 22: EPT observed a very anisotropic e event slightly >100 keV. A sharp
onset with clear VD starting @ 23:40 UT + 10 min (58 keV)

» The EPD Pitch Angle coverage was nearly optimal for this event
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First near-relativistic solar electron
events observed by SolO/EPD

Gomez-Herrero,...,Malandraki et al. 2021, A&A

s sola;' orbite

> Bottom: Inverse-speed vs time plot (VDA 2020 July 22
analysis) combining EPT and STEP e data. 29200722 2300 _2020/07.2301:00  __
Color scale represents the intensity : e Sol0/RPW ot

» 2 different injections were resolved at low =
energies, showing clear VDA and very
narrow time profiles over the whole
energy range

1 (cfi1)

f (MH

104

» Black slanted line: linear fit of the onset
times at each energy bin >9 keV for 2nd
injection. Onset times defined with 20
method (Malandraki et al. 2012).
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- SRT (hh:mm) = 23:28 = 2 min
L(au) = 1.02 = 0.07

7
0.0
23:00 23:15 23:3(1 23:45 00:00 00:15 00:30 00:45 01:00

» Linear fit > estimation of effective path

length and SRT @ the Sun. » Magenta line: spectral flux around the local plasma
» L parker spira=0-77 AU << L = 1.02 AU (fit) frequency. Distinct peaks due to Langmuir waves
> Black arrow @ 23:34 UT: SRT shifted by locally generated when the e- beam causing the tlll
the light propagation time to SolO radio burst reached the s/c location

> tlll radio burst by RPW start time at 23:32 » Observations support the existence of a direct
UT = only 2 min different to e- SRT magnetic connection to the solar source of the e~ **



First near-relativistic solar electron

events observed by SolO/EPD N

2020 July 22
» SDO/AIA & ST-A/SECCHI EUV images
examined: For all the events (except the oL B 2020 255800 UT
weak Jul 19) sequence of multiple narrow 450
ejections were found in 171, 195 and 304 A
EUV images, with appearance times very
close to the e onsets

400

Y (arcsec)

350

300
-1100 -1050 -1000 -950 -900 -850 -800
X (arcsec)

> 2 ST':A‘/ EUVI running difference images at SECCHI/EUVI-A171 22-Jul-2020 23:36:00 UT
171 A, showing a jet over the NE limb. 500
Noteworthy is good agreement with the 450
timing of the tlll radio burst at SolO and the
e SRT (as inferred by VDA)

400

Y (arcsec)

350

300 /
-1100 -1050 -1000 -950 -900 -850 -800
X (arcsec)

Gomez-Herrero,...,Malandraki et al. 2021

Solar Orbiter First results (Cruise Phase)
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Summary and Conclusions

* In spite of the solar min conditions, after its 15t
perihelion, SolO detected several NR e events
during 2020 July 11-24

All of them were clearly associated with tlll
radio bursts observed by multiple s/c

EUV jets were observed with good time
coincidence with the tlll radio bursts

During the Jul 22 event, the observations

- support a very good connection to the source.
solar OfbltEf However, although ST-A observed a jet at the
East solar limb, the nominal magnetic footpoint
connection was located more than 30° behind
the East limb from the ST-A point of view

* The southward trajectory of the jet suggests non-radial coronal magnetic field lines
which may help to explain how the narrow beam of energetic e reached IMF lines
connecting to SolO at 0.69 AU.

 There was good time coincidence of the tlll radio bursts, the jet, and the inferred e SRT
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Mason et al. 2020

First SoLO 3He-rich SEP
events measured during
the s/c first perihelion pass
from 0.52-0.96 AU in Jun-
Sept 2020. 3/5 discrete
events have a 0.2-2
MeV/nuc 3He/*He above
10%, with a maximum
3He/*He of 0.61.

3He-rich SEP events

(Reames et al. 2021)

opénﬁ field : emerging loop

3He-rich SEP events produced in Extreme Ultraviolet jets by
a mechanism associated with magnetic reconnection
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The long period of 3He-rich SEPs measured

by SoLO 2020 Nov 17-23

324 325 326 327
T T T T —T

_______ : :
£
Location of S
SoLO and ST-A - !
shown 17-23 ! > v S 3o
Nov, 2020. The % PE W
angular N P A V\ILW/E f
separation '.q = 10t s
between SoLO _ | (©) %
& ST-A = 180° L Farth o : 18
«  SoLO EPT and SIS measurements from Nov 17- = = T I
23, 2020: 30-min electron intensities from 41.8-  _ , E—C —
105.7 keV, hourly averages of the 0.23-0.32 ERE 3
MeV/nuc H, 3He, “He, O and Fe intensities by = 10k B
SIS/EPD. Three major increases are seen. Mass % 5% ' f
spectrogram: almost continuous 3He presence = I s LA SR L R ;jg

for ~6.5 days 2020 Nov (UT)

* Inverse ion-velocity time spectrogram: 5 Bucik et al. 2021, AZA

injections. Arrows indicate the longitude of the Solar Orbiter First results
solar source associated with the ion injections (Cruise Phase) 48



The long period of 3He-rich SEPs measured
by SoLO 2020 Nov 17-23 (cntd.)

Typ\e Il time '

<
%aR ore ™ STEREO-A
N

Injections
#1,2,3

-200 | :
o 5

-400 ) ) »

//’“--'\\\ ) ‘;.

123 o\ ‘ \‘

. SONN-600 \

- 1 injection #1 3

/200

For the first
injections the
type and
location of
the
associated
parent solar
eruption as
seen in the - injection #3
EUVI on ST-A e e e e T T % Ty @ I bursts associated with the ion

X (arcsec)

S o1 £ L & o o S

Y (arcsec)

- 10
R 2 Rl AR L T
16:30

00 15’3‘0 . ; .1600
2020/11/17 19:30

is shown injections. Multiple type lll bursts appear to
J: aclear EUV jet, B: a brightening seen in the EUV images contribute to injections #3, #4 and #5
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eq of 3He-rich SEPs measured
by SoLO 2020 Nov 17-23
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-
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ST-A 195 A EUV running difference images corresponding
to injection #4. The arrow marks the solar source

Bucik et al. 2021, A&A
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NS The long period of 3He-rich SEPs measured
by SoLO 2020 Nov 17-23

We clearly see the regions where

Injection #5 200
activity comes from.

/20 18:30 - 2020/11/20 21:30 _ _
: e T

Ist Type Il

Y (arcsec)

3rd Type lll

-700 -1100 -900 -700 -1100 -900

-1100 -900
X (arcsec)

SDO was not located at a good position to observe
EUV activity related to the origin of these ion injections.
Bucik et al. 2021, A&A




SDO HMI LOS magnetograms

24-Nov-2020 00:00:24 28-Nov-2020 00:00:23

arcsec

\V4

-1000

-1000 -500 500 -500

X (arcsec) X (arcsec)

SDO HMI magnetograms on Nov 24 and
Nov 28: The EUV activity observed by ST-A
Nov 17-20 likely originated in two adjacent
large ARs 12785 and 12786 that appeared
near the east limb, as viewed from the
Earth early on Nov 23.

The long period of 3He-rich SEPs measured
by SoLO 2020 Nov 17-23

For injection #5: the SDO/AIA observed
the EUV jets, from the region ~16 deg
behing the east limb, that temporally
match all type Ill bursts

Bucik et al. 2021, A&A 52




Conclusion

* the long period of 3He-rich SEPs observed by SoLO
related to the recurrent jets & brightenings in a large
and complex group of sunspots in two adjacent ARs

* such configuration may be favorable for the
recurrent particle injections in the sense that there
may be a long-lived interaction between the negative
polarity of one AR and the positive polarity of the
neighboring AR, leading to the magnetic
reconnection

* two ARs produce a longitudinally extended source
(~40°) in which spacecraft may be magnetically
connected for a long period as the Sun rotates

53
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%  The First widespread SEP event

w) observed by SolO on 2020 Nov 29

Kollhoff,...,Malandraki et al. 2021, A&A solar.orbiter
Solar Orbiter First results (Cruise Phase)

» Overview of particle observations from 2020 Nov 28-Dec 3 collected by SolO, PSP, ST-A and L1

» Each panel: intensity time profiles of e~ (upper) and p* (lower)

» View of the ecliptic from solar North: s/c locations on
Nov 29 ~ 13:00 UT ~ time of onset of the SEP event

» S/C covered a longitude span of ~238°. Intensity At
. - uwww
increases of p*> 50 MeV and e" > 1 MeV clearly 1

, ANEPI-Lo | B,
T 102
O bse rved Nov 28 Nov 29 Nov 30 Dec 01 Dec 02 Dec 03
10 “I 180°
)

I-Lo
EPI-HI
» Nominal Parker spiral IMF lines connecting each s/c TRy sty
with the Sun. STEREO/PLASTIC AND Wind/SWE solar g e
wind speed used. For PSP and SolO speeds obtained o e o Tt e
from ENLIL simulations used instead ﬁ

» M4.4 SXR flare NOAA AR located just behind the East
limb (as viewed from Earth) (black arrow) ST-A: E98523

Table 1: Spacecraft locations, magnetic field footpoints, IMF path length (L) and longitudinal separation (ALon.) from
the flare location (HGC: 249° longitude; -23° latitude)

SolO/EPT & HET
—101-142keV —6.0-18.8 MeV
—0.5-1.0MeV

Lok ST .
—446-740keV = —63.1-69.0 MeV

§
m
B v)
—

PSP/EPI
—125-155keV (multiplied by 1000) —1MeV

p/cm?/sr/s/MeV  e/cm?/sr/s/MeV

=
o
w

103

100 AMWAnY A

p/cm?/sr/s/MeV

STEREO/SEPT & HET
—105-145keV —2.8-4.0MeV
10%—0.7-1.7 Mev

Earth
0

—438-701 keV —60.0-101
10%—13,0-19.3Mev ACE/EPAM & SOHO/EPHIN
100 " ~-175-315keV —0.67-10.4 MeV

cm?/sr/s/MeV e/cm?/sr/s/MeV

g C: : 210 10°
Location® Magnetic field footpoints® 10-3 g I 20— .,
i TTATTL ) a 10‘____/\10“ @
Parker Spiral ENLILP Nov 28 Nov 29 Nov 30 Dec 01 Dec 02 Dec 03 £
Spacecraft/Body 1 (AU) Lon. Lat. | Vsw(kms~') Lon. Lat. ALon. L(AU) | Lon. Lat. ALon. L(AU) S 1072 107
STEREO-A 0.96 290° 7° 361 355° 7° 106° | L.15 344° 6° 05° 1.16 B ol ioitidliey, =310:350keN,
Earth 099 348° 1° 358 55° 10 | 166° | 118 4° 10 155° 1.4 T 107m2eTs0mey
pPSp 0.81 251° 4° 205" 319° 4° 69° | 0.98 208° 4° 49° 0.94 E 10°
Solar Orbiter 088 110° -5° a7 1620 -5 =88 | 1.0 145° 6> -104° 0.4 E s
& Coordinates are given in the Carrington Heliographic (HGC) system. ® ENLIL values are taken from simulation on =

" 1 . . . Nov 28 Nov 29 Nov 30 Dec 01 Dec 02 Dec 03
29/11/2020 at 13:00 UT. Path length calculated for ENLIL magnetic field lines assume a radial extension from 21.5 R to -

1 Re.
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Kollhoff,..., Malandraki et al. 2021, A&A
Solar Orbiter First results (Cruise Phase)

5 LASCO-C2 2020-11-29 13:25:51 | LASCO-C2 2020-11-29 13:36:27
} ; 4 5 3b i

» Remote sensing
observations of the EUV
wave, the CME and the
white-light shock wave
observed from two , ||,
different viewpoints PEERE L e ' )

S STA-COR2:2020-11-29 13:54:07 STA-COR2 2020-11-29 14:24:07

Small
_deflection

' i
CME ]
{

f)

Running difference
images of SUVI (Panels a,
b) and ST-A EUVI (Panels
c, d) at 195 A taken
during the early stage of

the EUV wave expansion [ 55:30|EUVI-A 1954 2020.11:29 13:05:3 . gl 4
in the low corona. Front*%* White-light coronagraphic observations recorded a fast and relatively

of EUV wave outlined wide CME together with a shock wave observed as a bright front around
with red lines the CME. Running difference images in white light from SOHO/LASCO-C2
EUV wave measured to (panels e and f) and ST-A/COR-2 (g and h). CME is labeled and white-light

propagate on the solar shock wave is labeled and outlined with red lines

disk with average V =
500km/s.

*¢* From 3D reconstruction: Vradial (CME)=~1500km/s,
Vradial (SW) =~1800km/s



The First widespread SEP event

observed by SolO on 2020 Nov 29

Kollhoff,...,Malandraki et al. 2021, A&A
Solar Orbiter First results (Cruise Phase)

» SolO e-and high energy p* Sol0 STEREO-A L1
(>12 MeV): A rapid rise Solar Orbifer STEREO-A o SOMQACE&WInG
shortly after parent solar £ e | S T
eruption (red vertical M ;2 o ol
arrow) followed by a e , im0 e
gradual decay. Typical of ' | e ' [ :
SEP events originating s : ‘ o o] o
from Western longitudes :: ™ | o g &
relative to observing s/c S f 510;- EU :

» ST-A: Particle intensities =E, - e A
show a similar response i o .afﬁ?ﬁﬁ%ﬁ w‘vfd
to pa ren.t solar eruption 200 55”"%?&% @\KIMM -
but profiles are more B P R v
irregular than at SolO. _ "Aw i a—

> L1:Particle intensities % & arE e ] R — e,
show a more gradual
increase with an onset » SEP intensity time-profiles by the 3 s/c were also
substantially delayed w.r.t affected by the passage of local solar wind structures

other s/c (e.g. CIRs, multiple sector boundary crossings) 56
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The First widespread SEP event

observed by SolO on 2020 Nov 29

Kollhoff,...,Malandraki et al. 2021, A&A
Solar Orbiter First results (Cruise Phase)
PSP/EPI

Nov 28 Nov 29 Nov 30 Dec 01 Dec 02 Dec 03

10 MeV p*intensity and 1 MeV e count rates rise fairly quickly after the tlll radio burst
associated with the M4.4 flare. The 0.5 MeV p* and 150 keV e  show a more gradual increase

Region around the shock arriving at PSP sufficiently turbulent that the 0.5 MeV p* well confined
and strongly peak at the time of the shock passage

Peak of the e c/s coincident with the shock arrival: Possibly are a trapped population due to the
narrow region between this and a preceding ICME

Following passage of S and sheath SEP intensity drops dramatically as PSP enters ICME (typical) s;



The First widespread SEP event

observed by SolO on 2020 Nov 29

Kollhoff,...,Malandraki et al. 2021, A&A
Solar Orbiter First results (Cruise Phase)

STEREO A Wind/3DP
- 2 104{ 55-85 keV < 104
% EPT electrons ‘; SEPT electrons 3 10 50-82 keV e
= —— sun o — sun =
5;" asun 3 é asun E % 10°
Bt north & w02 — north % ,
5 TS § —— south ; 10 2
< = >
Y 180 180 LA VAR ANAAA A A e e AN
e EPT s o~ A —————
5 af Ny o ~ 135 M + — sun 3 135 F——= —
2 ' asun €2 90 - s 2 90
& ) £5 —— north ®
= T — north c 1 < Pre——~———
P S —— south w sy » = fouh R e
a [-%
0
= 180 180 108
o S S ) s
) 100 2 ~ 135 m 10¢ 3 S 135 2
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g L S2 90 38 g a1
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3 § 0 58 0 5 ‘E 0 A'M
BE 8g ge
s _5 “ s i i -2
11-29 11-29 11-29 11-29 11-29 11-29 11-29 11-30 11-29 11-29 1129 11-29 1129 11-29 11-29 11-29 11-30 11-29 11-29 11-29 11-30 11-30 11-30 12-01 12-01
10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00 09:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00 01:00 04:00 12:00 20:00 04:00 12:00 20:00 04:00 12:00
Date / Time in year 2020 Date / Time in year 2020

s e PADs, First order anisotropy:
Wind: a very weak anisotropy due to anti-SW propagating e-, SolO: stronger anisotropy, expected
due to its much smaller longitudinal separation angle to the parent solar AR, ST-A: largest
anisotropy observed surprising since s/c far separated (~95) from the parent AR. However, since
Langmuir waves were detected locally at ST-A, so large anisotropy is expected 58



The First widespread SEP event
observed by SolO on 2020 Nov 29

Table 2: Timeline of the 2020 November 29 SEP event. g
o serve 3| tos 2
Estimated Delay sk ()](:1:.:(“1( d . < g
solar release time Type III(1) time ER & g
Date (UT) (min) (UT) Observation Instrument  Mission SPhlos ¢
29/11 12:26 -19 12:34 M4.4 X-ray flare onset GOES GOES 2
29/11 12:37 -8 12:45 hard X-ray onset EPHIN SOHO 2
29/11 12:43 -1 12:51 dm-m-A type 11 ORFEES Earth 02
29/11 12:45 0 12:53 DH type III(1) WAVES STA
29/11 12:58 +13 13:06 DH type II WAVES STA
29/11 12:58 +13 13:06 DH type I11(2) WAVES STA 0 T 00
29/11 13:03 +18 13:11 M4.4 X-ray flare max GOES GOES
29/11 13:17 +32 13:25 CME COR2 STA
3911 13:9f 5mmn TSA 731 3:28L 5min® > 0.5MeV e onset EPLI PSP 4 SUSTEO O o 10
29/11  13:22+ 4 min VDA +37 13:39+ 1 min 165 — 335keV e onset SEPT STA
29/11 13:17411 min TSA®> 432 13:40+11 min 168 — 334keV e- onset EPT SolO &
29/11  15:244+19 min TSA® +159 15:364+19 min 250 — 700keV e- onset EPHIN SOHO 98
29/11 13:15 VDAS +30 14:30+ 5 min® 8.0 —16.0 MeV p onset EPI-Hi PSP 5 £
29/11  13:53+ 5 min TSA® +68 14:354+ 5min  13.7 — 21.2MeV p onset HET SolO 5
29/11 14:474+10 min TSA®  +122 1540410 min ~ 13.6 — 19.3MeV p onset HET STA . 3| os £
29/11 18:54+ 5 min TSA® +369 19:504+ 5 min 13.0 — 20.0 MeV p onset ERNE SOHO z | = %
# Assuming the path length from ENLIL simulations listed in Tul;lv 3 i " ;
b The onset of 165 — 334keV electrons observed by EPT is likely too late due to a low signal-to-background o
ratio. Here we are using the earliest onset time of relativistic electrons (2.4 — 6.0MeV) observed by HET at 2 E
13:25 UT for the TSA. 02

¢ Values for PSP were taken from/Cohen oiizﬂh.: (

/
T SRT (hhimm) = 13:22+ 04min
’ L(au)=1.539+0.13

*»* VDA performed: c/v vs. time plots, upper: STEP, EPT and HET on : : 0

0 T T T T
12:30 13:00 13:30 14:00 14:30 15:00
Time / Date 2020-Nov-29

SolO , bottom: STE, and SEPT on ST-A. Black points mark the
: s TSA performed for 2.4-6.0 MeV
onset times of each energy channel ) )

% ST-A: linear fit > SRT: 13:22 + 4 min, L., =1.54 + 0.13 AU, onset  HET e (earliest observed onset
times follow a clear dispersion, in agreement with linear fit. The at 13:25 UT & L from ENLIL)
onset times derived for SolO more ambiguous due to smaller Kollhoff,... Malandraki et al. 2021, A&A
geometry factors of SolO/EPT and STEP and instrumental issues Solar Orbiter First results

involved (Cruise Phase) >
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Kollhoff,...,Malandraki et al. 2021, A&A
Solar Orbiter First results (Cruise Phase)

Timing of energetic particles — Interpretation 1

» No clear relationship is found between the release

w

| ;
R epd

S
ag oRB\«'

times of the EP for each s/c with the arrival times of 20:00 Nov-29. 2020 fsPeclo = L
the EUV wave at the corresponding field line footpoints | B
100l
» The significant anisotropy of the first arriving e-and the | .
detection of Langmuir waves at ST-A provide evidence =T  edpsald ;;”TI by
that non-nominal magnetic connections are an MISI] L eve s
important element of this widespread event E 1400 +er
.|
» Uncertainties in the TSA might be significant: A o
prolongation of the path length for protons caused by a = E;jﬁjggis T
turbulent random-walk or by the meandering of field S Mﬁ“”*
lines in the corona and IP space (modeled by Laitinen 13001 f e
and Dalla, 2019). - increase the p* path lengths from “T"Jl’pz'é;h;m\;;;;:
those assumed in TSA >reduce the time differences .
between the p*release times and the EUV wave 300 0 40 60 80 100 120 140 160 180

HRI=3S0 Central Separation Angle (degrees)

connections times i,



The First widespread SEP event

observed by SolO on 2020 Nov 29

Kollhoff,...,Malandraki et al. 2021, A&A
Solar Orbiter First results (Cruise Phase)

Timing of energetic particles
— Interpretation 2

e- Delay(mins)

o
o

8t L‘ﬁ ] 8 F {
» Richardson et al. 2014: NR electron delays B BT i o
VS Connection angle for the SC 24 event 9 ILc:ng'\lu::ie‘olrl%f)lp:ulr:tvsjnfla\‘rej(delg‘)‘ N |L0|r|g|lut:leoi‘F\elleoutpomtjrmFllare(c'ieg.)\
[} L]
general increase in the onset delay with ey - '; iy R
increasing connection angle. Colored < op 1y e £
A 200} o . 8 200
circles for Nov 2020 show similar results Dl :"”*’i:." ot |
for e (top) & p* (middle) ol tr’" ] o [t STEREOA]
20 | 20 b SolO
0 L 0 . IEgrth
M -100 0 100 0 100
> leferent source Speeds SuggeSt that the Longitude of Footpoint wrt Flare (deg.) |Longitude of Field Footpoint wrt Flare (deg.)|
electron and proton onset delays cannot s E
be accounted by a connection to a single g =k 18
particle source g w0k ] L
& 500 F 3 & 500
¢ 4005— — E 400
% 200 5: E ? 200 E
W00 — = 400

100 0 100
|Longitude of Field Footpaint wrt. Flare (deg.)| |Longitude of Field Footpoint wit. Flare (deg.)|



Ssummary

v" On 2020 Nov. 29 SolO has observed its first wide-spread
event, which was also the first wide-spread event of
solar cycle 25

v’ Electrons >1MeV and protons >50MeV were observed at
widely separated locations spanning ~230° in
heliolongitude and 0.81-0.99 AU in heliocentric distance

v" The event was accompanied by a class M4.4 flare,

multiple Type Il and Type Il bursts, an EUV wave and a

: CME

t

e,'i‘o rartic/e o

| v' Comparing the EUV wave propagation and the solar
release times we found no clear relationship of their

timing (considering the simple scenario presented)

v" The observed onset delays are comparable to those
observed at similar SEP events during solar cycle 24 -
scenario of efficient cross-field transport of particles
could be the dominant process leading to broad
longitudinal particle spread at 1 AU

v A combination of these scenarios cannot be ruled o@it



Corotating Interaction Region-Related Populations

Heliographic Latitude
29°S

Ambient
Solar Wind

b
7
»
S
S
7}
c
S
=
o
2

\ Fast / Ambient
Slow Slow Solar Wind
@

92/92 92/183 92/275 93/1 93/91 93/182 93/274
UT Date (Year/Day)

Desai et al. 2000; Desai 2019, Malandraki et al. 2007, 2008

« Bounded by Forward-Reverse shocks between ~2-5 AU |

» Fisk and Lee (1980) model: EP accelerated at the »
shock region and transported back inward toward the
observer c

 Energetic Protons recur ~26 days

 Helios 5 CIR-associated events < 0.6 AU (Van
Hollebeke et al. 1978)

* PSP/ISOIS & SolO/EPD appropriate instruments (e.g. .
to distinqguish between He & H)

~Hy

-50
1

aldensity (om



PSP Orbits 1,2: Energetic Particle Increases

Associated with SIRs

Cohen et al. 2020, ApJS

O P*intensity spectrogram from EPI-Hi/LETA:

H_ENERGY
(MeV/nuc)

events relatively small with p*increases up to a

few MeV but last for several days

i uﬁm | l

323 340 357 9
DOY 2018-2019

26

/(cm”2 sr s MeV))

oo e et
.......... :n-cgo'?'""“"“ 5
1 Heliocentric distance of PSP vs. calculated OB st g — g
footpoint. Color intensity 1-2 MeV LETA p* I s B e -
8 06k i A ] .
O Events 1 & 3 at about the same solar footpoint 5 N gne? - e
longitude - CIR = aal o " 2 1100
O Event 7 later & maybe separate and unrelated A B :
0.2+ —
Allen et al. 2020 ApJS: the stream 0 100 200 300 R
interfaces of Events 2 and 3 arrive | ey , ;
at ST-A after further corotation °2] el Qrbit2 '
[ \ 1
» 17 particle increases 3 > \ M iz 1118
observed by ISOIS/EPI-Hi £ o2 s 8 i
during first two PSP N = o'z
orbits 4 g = _
> Two are inside 0.5 AU L &/ : e ]
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

X ECLIPJ2000 (au)

Xecuipszo00 (AU)
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PSP Orbits 1,2: Energetic Particle Increases

Associated with SIRs

E 2018 Oct 14

3 Event 1 3

E 2018 Nov 16

Event 2

1F
El 3
3

E 2018 Nov 28

Event 3 3

Event 4 *

-

] F 2019Jan30 1

| mens] IN mensl b ]
|
’ 2019 Feb 5 1 2019 Feb 14 ’ ' 2019 Mar 17 '
| 01 o1 0
Energy (MeV) Energy (MeV) Energy (MeV)

Cohen et al. 2020, ApJS

Time-integrated p* spectra for each
event from LETA (green circles), LETB
(blue circles), and LETC (red diamonds)

All 3 apertures show agreement -
fairly isotropic particles distributions

Spectra with power laws -4.3 to -6.5
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PSP Orbits 1,2: T ekt i

——2018 Nov 28
——2019 Jan 30

Energetic Particle L
Increases Associated |
with SIRs

SUMMARY AND CONCLUSIONS

» Seven particle SIR increases, two inside 0.5 AU

v’ Softer spectrum (E-43 to E-®%) than typical for 1 AU (Richardson, 2004)
Whether because of transport or acceleration conditions is not clear

v’ |sotropic, lack of clear Velocity Dispersion, none occurred near a
shock/compression region

Suggests events not a result of local acceleration PSP moving through
populated flux tube

v’ He/H @ 1-2 MeV/n 0.016-0.031
Higher than SEP values

Lower than average 1 AU CIR value except for average of CIRs with v < 600
66 Gy Cohen et al. 2020, ApJS
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PSP Orbits 1,2: Properties of Suprathermal-

through-energetic He lons Associated with

(a) Orbit 1
0.2

6 distinct
> 0.03 MeV/nuc
He

» Event #1: 2018, DOY 318-325, PSP@~0.35 AU

> (a): 4h av. of 0.03-1.99 MeV/nuc He intensities
(b) 4h av. Of 0.031-0.062 MeV/nuc He intensities in Anti-SW,
Transverse (T) and SW directions

“% g (c) Spectral slopesy
HH (d) 1/ion speed spectrogram vs. time
o (e)-(g) 10min av. of Bmag, 1min av. nand V

| » Steady decline in Bmag & stable, low n throughout - PSP

remained inside the rarefaction region during a high
speed stream (~500 km/s) (Allen et al. 2020 ApJS)

1 » Intensities of 31-62 keV/nuc He ions SW (peak) slightly >

than those flowing in the Anti-SW and T directions
» Inverse VD effect
Desai,..,Malandraki et al. 2020, ApJS °/



PSP Orbits 1,2: Properties of
Suprathermal-through-

energetic He lons Associated
with SIRs

! Eventtgg T Evenﬁ%
e o[ s . vent#5 1 — o[ e vent #3 7
SUMMARY AND CONCLUSIONS I “"\ : - ety
2 107k \.m 4 210} -
B - :
> First-ever measurements of suprathermal- o 107 135 4 o 107 :
through-energetic He ions in 0.03-2 MeV/nuc 3 107} t v 4 gk -
- ~ | gt & 1 2 3
during CIR/SIR at ~0.35 AU! & 197 EFiled symbols - EPHLo iy g 107 ¢ E
. . . . . F Open symbols - EPI-Hi |\ . [ EPI-Lo data only
» Examined time histories of the J, spectral 10 g 10 ol
slopes & anisotropies in 3 different flow Kinetic Energy (MeV n”") Kinetic Energy (MeV ™)
directions (SW, T & Anti-SW) » Evidence that suprathermal He ions in 6

CIR/SIR events by ISOIS originate from sources
or shocks beyond the location of PSP (not
from local acceleration processes)

» Omni-directional event-averaged He differential
energy spectra. Fit including the 3 events > 1
MeV/nuc by EPI-Hi (Cohen et al. 2020 Ap)JS)

» The 0.03-3 MeV/nuc He energy spectra
associated with SIRs for events #1 and #6 at
0.35 and 0.85 AU are identical (flat power laws
modulated by exponential rollovers)

PSP observations pose a serious challenge
for current particle transport models that
predict turnovers in the energy spectra at
lower energies below ~0.5 MeV/nuc¢.due to
adiabatic energy losses



» DOY 320-324, 2018 proton enhancement event by .
PSP @0.34 AU: SIR event related to the compression *°

Flux (cm” sr' s* MeV") Flux (cm® sr' s* MeV")

Flux (cm™ sr' s MeV")

Time evolution of SIR Energetic Particle

021 032 03 034 035

Spectra in the Inner Hellosphere

Joyce et al. 2021, A&A

region on DOY 319 (McComas et al. 2019; Cohen et
al. 2020; Desai et al. 2020-Event #1)
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» Desai et al. 2020 routine for PROTON spectra fit. INT1: simple
power law (j=j,EVY) INTx: j=j EYexp(-E/E,)

» Spectrum ~const. after the 15t day - Modulation of EPs during

transport much weaker than predicted by Fisk and Lee (1980).
Distance to the source region should be increasing - increasing
transport effects on the particles expected. ~Const. spectrum of
low-energy particles INT 2, 3, & 4 (most affected by modulation)

Conclusion: Potential importance of acceleration at pre-shock compression regions closer to the
Sun, with a broad source region. Closer PSP connection due to the sub-Parker spiral structure of B:-




A New View of Energetic Particles from SIRs

Observed by PSP

Schwadron,...,Malandraki et al. 2021, A&A

Forward Wave/Shock Sub-Parker
J S v Magnetic
"- "‘o’ ... .'ﬁ‘ Field

Distance (au)

Adapted from Gosling,
Hundhausen and Bame (1976)

> lllustration of the IMF structure in an SIR
(adapted)

» Schwadron & McComas 2005, 2021; Schwadron

Sub-Parker
Spiral

Parker Spiral

Diff. Flux (cm~2 s~ sr~1 MeVv~1)

200-500 keV

Diff. Flux (cm~2 s~ sr~1 keV~?)

0 1 2 3 4 5 6
Time (days from interface)

Energetic particle transport modeling

Comparison of observed (Blue data points),

et al. 2005; Murphy et al. 2002: With footpoint modeled J . (curves) at higher and lower energies.

motion at the Sun, IMF lines (black) connected

Modeled EPs accelerated at the SIR Reverse

between fast & slow sw and form the Sub-Parker compression or shock and propagate back to PSP

spiral in rarefaction regions where the fast sw
stretches out B lines in the radial direction

along Sub-Parker (black curves) and Parker field

. 70
lines (blue curves)



?artlc/e

‘% Suprathermal Particles from CIRs during
@) the First Perihelion of Solar Orbiter

N\
Allen et al. 2020, A&A solar orbite

SEP CIR5 SEp  SEp

Solo
EPD/SI.

» Overview of 226-320 keV/nuc ions g 10 t §o! H
(H, “He, C, O) from 2020 Apr 15- 37;:3 U | ;’ﬁ_" f . ﬁ .3_’.5 & 2{\ ;& . ”e
Sept 15 by SolO/EPD/SIS and sk ;g,sf i & ?gé%%h :t B E‘* O
ACE/ULEIS. 6 CIR-associated éof;: "‘_: .'3 : “'""—'" 3-:' = :_ i g
suprathermal particle event seen b B I B BEEE B |
(Orange). CIR events 1-5 observed 3 ;g‘ I g _, ;L | e
by both SIS and ULEIS %g% 0153 ;_3-..*_ :‘ __.::"......:- e 2o = = :__:._"::..i...-.--_

E g 0.01 . | | _ | |0
> “He spectra from ACE and SolO L B e B B N BB |
show good agreement. Turnover in %A"fgt:” “Q;’ 100 J — T e ]
the low energies as predicted by e e a2 |eeeehekectal (978 .
F&L (1980) not observed § 10 _ R i
> Radial gradients in the *He intensities % 1 b
between SIS and ULEIS very similar to 5 et
those found for more energetic H % 0.1 - - .
between Helios 1 and 2 and IMP 7 2 ¢ i x
(Van Hollebeke et al. 1978) 0.010_1 . SRS o .1'.0_

Radial Distance (au)



GaIaCtiC CosmiC RaLS 1045. \ Flux of Cosmic Rays

« 4 (1 particle per m2-second)

—
=

ASCA image of SN 1006 o -6
e : GCR energy Bl ; "
] B spectrum is a fRE Vs
g power-law In 9
) log-log space E - \
S Tt 10726 (1 partlcl:pr::rhkmz-yeaf) /v\‘,,
: Schwadron et al. :

Space Sci. Rev., 2017 10° 102 10 10'® 102
Energy (eV)

Right Ascension (2000)

Produced during
supernovae explosions
that create relativistic
shocks

o
\l
3]

o
)
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at ~ 100 MeV

GCRs are modulated
(fluxes are reduced) in
the heliosheath

Fraction of Incident Galactic Cosmic Rays

0.0
B ~50 ~100 ~150 ~200
Image credit: G. P. Zank TA004309 Approximate Distances From Bow Shock [AU]



First identification of a recurrent

Forbush Decrease at Solar Orbiter

So, &
LARORB“«' Aran,...,Malandraki et al. 2021, A&A Jul19  Jul20 Jul2l  Jul22  Jul23  Jul24  Jul25 Jul26 Jul27

» GCR intensity (as measured by the > 17-20 MeV 104 |
count rates of the EPD/HET detector) from 17- ) EPf;,IgET |
24 June 2020 /
100
» Initial short-term GCR intensity increase and 2
consecutive decreases. 15t: 00:00 UT on Jun 18 ol ]

(~4% hourly percentage variation, 2": 22:00 UT 96 | -

Intensity [7o]

on Jun 18 (solid vertical line) (~2% variation) — ol | | | | s ;

Tw L I TN T TN ros ]

> Two-step Forbush decrease, what is the driver & 300 R A e "~
of the GCR decreases? > b | ]

» Bincrease @ 22:00 UT on Jun 18, increase of ~ _ 75 ’ |
the sw speed & decrease in density - A High £ 50 AMMW’]M ) %n ﬁ%ﬂ W%\ ,
Speed Stream (HSS) swept over SolO = 25 ' R o et e

I
T T T T T

0F—+———+——+
» Observations show that the GCR decrease at 20 |
1200 UT on Jul 21 in good agreement with the 0f ?Li K
estimated recurrence time for the HSS (green Om : ) ARG ik b ™ i
trace) Jun17 Junl8 Junl19 Jun20 Jun21 Jun22 Jun23 Jun24
2020

» Recurrence of this CIR in previous solar rotations ~coincides with - and - of Allen et al. 2020

B [nT]

L
1
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Freiherr von Forstner et al. 2021, A&A: FD by SolO (Apr 2020)



Anomalous Cosmic Rays
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* Interstellar neutrals are ionized, and get convected (“picked-up”) to the termination shock by the
solar wind

* En-route they get accelerated by shocks, turbulence etc.
* At the termination shock, they get accelerated to 100s of MeV
* Propagate back into the inner solar system, measured near Earth



First Observations of Anomalous Cosmic Rays

in to 36 Solar Radii
Rankin et al. 2021, ApJ

ISOIS/EPI-Hi Helium: Radial Gradient Fit Results

IIIIIIIIJEIIIIII\II‘IHHHHJHHI\II\IIII\IHJ:
® @ LET1: Carrington Ave. @ @ HET B: Carrington Ave. —
Event-Subtracted Helium Fluxes (Orbits 1-3) — e e LeTL: Daily e e eHETE: Dauy,fve. =
10° = T T T T T T - 40 — ®  ® LET1: 0.01-AUBins ® @ HET B: 0.01-AU Bins T e
- = PSP-ISOIS: LET1 . = =
o B ®——e PSP-ISOIS: HET B _] . E —
2 - A——A SOHO-EPHIN _ 2 30 =
S T L Simulated GCRs at 1 AU S E -
Q — . o — —
£ s £ —
2 10° —  Eao =
o - - — —
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z L B =
5 Ill\l tIIJII\l J""!t"llJltll ()UrrlIIIIIII:L|0IIIIIIII20I30III4|OIIIII1:50
? ' Energy (t/ioev nuc’) 10 Energy (MeV’ nuc’)
» Very low levels of solar activity in the SC 24-25 min .
- perfect for measuring ACRs and GCRs! > 3types of Fits
> Examine radial trends in ~5 to 50 MeV/nuc, ISOIS/EPI-Hi 1) Carrington Longitude Averages
Helium (PSP Orbits 1-3) 2) Daily Averages
, , _ 3) Radially-Binned
» Event-Subtracted Helium Fluxes following de-coupling
of the signal from other variations (e.g. SEP events,
75

modulation by sw streams etc)



First Observations of Anomalous Cosmic Rays

in to 36 Solar Radii

Rankin et al. 2021, ApJ

e Simulation of ACR Oxygen gradients: Strauss &
Potgieter (2010) with minor updates and modifications
* Applicability inside 1 AU yet to be determined
* Challenges for current models
* Lack of observations: Low-energy measurements
(ACRs & GCRs), In the ecliptic, Near the Sun, Over
the Solar Cycle
* No clear way to treat the inner boundary condition
 Reflecting at 1 AU = zero radial gradient
* Anisotropy near the Sun could invalidate Parker

Transport
CONCLUSIONS & TAKEAWAYS

» Strong signatures of a radial gradient in ACR He (PSP)
* 25+5 %/AU = 34 + 6 %/AU with GCRs subtracted
* ~1.0to ~0.17 AU (PSP orbits 1-3)

* Currently a gA > 0 cycle (smaller gradients
expected than in gA < 0)

* QOur signature is much stronger than all prior He
measurements (typically ~10 to 15%/au)

Gradient (%/au)

ACR Helium (A/Q = 4); Equatorial Plane

— 1 au
=== 5au
— 10 au
=== 20au
30-| + PSP data
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» First measurements of radial intensity

gradients since ~2010
* Both Voyagers have crossed the
heliopause
* |BEX has taken a whole solar cycle of
observations

» Measurements are critical to refining solar

modulation models! 76



Golden age of Solar & Heliospheric Physics

* Both SolO and PSP will make in-situ measurements of the solar
wind plasma, fields, waves, and suprathermal and energetic
particles between ~10 Rg and Earth orbit, simultaneously with
high-resolution imaging and spectroscopic observations of the
SEP source regions on the Sun from multiple vantage points

* The next years promise to revolutionize our understanding of
SEP acceleration and transport by exploration of the solar
corona and inner heliosphere with the state-of-the-art sensors
on board of these ongoing missions!
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Origin and Transport of
Energetic Particles

Leads:

Olga Malandraki, National Observatory of Athens, Greece Solar Orbiter In-Situ

Vratislav Krupar, NASA Goddard Space Flight Center, USA Working Group

> 130 members
Objectives:

= Improvement of our understanding of the origin and transport of energetic particles in the heliosphere, in association with Coronal Mass Ejections (CMEs) and Corotating
Interaction Regions (CIRs) propagation and evolution

= How and where are energetic particles injected at the sources and in particular what are the seed populations for energetic particles?

= How are energetic particles released from their sources and distributed in space and time? (transport radially and across magnetic field lines from the corona in the heliosphere)
m Use of EPD observations to better constrain current particle transport models that describe SEP events - Improvement of existing propagation models;

» Study of the temporal and spatial evolution of energetic particles accelerated by CIRs

= More accurate source identification and timing studies of SEP events - Radio counterparts

= Origin of relativistic ions in Ground Level Enhancement (GLE) events;

= (OJrigin of local particle enhancements in association with coherent structures in the solar wind in the inner heliosphere

= Investigate roles of CME- and SIR-driven interplanetary shocks, solar flares, and other processes in accelerating energetic particles

= Resolve conditions that determine when interplanetary shocks efficiently accelerate energetic particles

= Generation of radio waves throught the interaction of the solar energetic electrons with the ambiant medium (Langmuir wave generation, plasma mode conversion ...)
m Scattering of radio waves by the ambient density fluctuations and turbulence

= Synergy between RPW and ground-based radio observatories

Google group: solo_iswg_energetic_particles_origin_transport



