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1. High level intro

General Intro

Fluid (Ideal) Hybrid (in-between) Kinetic (complex)

v

Big things Medium things Small things
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Shock Waves

Collisional shock(s): Downstream information flow
causes complexity (additional compressions and
rarefactions; additional shocks)

\ Dissipation comes from collisions.

__ Collisional shocks are mediated by
N pressure waves [sound speed|)

-




Collisionless Shocks in Universe

mediated by electromagnetic fields, and wave particle interactions

EARTH

Shock are found everywhere!
Heating, accelerating particles and converting energies

Shock waves:

Formed when structure moves with speed V2 42 (v2 + ¢2)?
: . 2 _ VA A
above local information transfer speed va(G ) T 5 =+ 1 —— — ,%\C% cos? 6,
(In our case, fast magnetosonic waves) /

5 Savvas Raptis — Shocks & Transients University of Athens Seminar | 25 Feb 26



Earth’s magnetosphere & shock environment

Raptis+2022 Nat.Com; Courtesy of M. Palmroth, U Helsinki

VINSINTZ

: QOW shock Downstream Upstream

Solar Wind
PR

[@gnetosheath k

Magnetosphere

5 Earth

Solar Wind

-«

Quasi-parallel (0, < ~45 deg) Supercritical shocks: Mg, > M., (M, ~ 1-2) resistivity alone is fast magnetosonic shock wave
Quasi-perpendicular (05, > ~45 deg) not sufficient: shock “foot”, foreshock, overshoot, and reflected
particles.
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Earth’s Qpar bow shock and foreshock

Qpar shocks (65, < ~45°)

- Very efficient particle accelerators

- - Transient phenomena upstream and downstream
Solar wind - ULF waves upstream and downstream

- Kinetic plasma physics

- Wave particle interaction

- Turbulence

- Current sheets & reconnection

*Some Astro references on Qpar importance: Caprioli+2014, Giuffrida+2022, Vink+2024

Savvas Raptis — Shocks & Transients University of Athens Seminar | 25 Feb 26



Space plasma observations & simulations

In-situ
(examples)
Arase
ACE
WIND
Remote Sensing
(examples)
SOHO
SDO
Solar Orbiter
PSP
SMILE
i
N
o PONASA Cluster & MMS = Near Bow shock | THEMIS/ARTEMIS = Moon, SW O et Atomics
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VINSINIeR

Shock Processes & Particle Acceleration

Solar wind
S

Credits: Lucille Turc / Vlasiator team
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2. Shocks (Geometry)

10

Shocks
Structure & Geometry

For more in-depth information see
Magnetosphere Seminars (e.g., from Heli Hietala):
https://www.youtube.com/watch?v=pls75HVm2Bk
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https://www.youtube.com/watch?v=pIs75HVm2Bk

Fast shock transition (Theory & initial data)
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Bow Shock  Magnetosheath
Thermalization, Compression, Breaking

1D Isotropic and adiabatic one fluid plasma shock transitions 1964. Initial results of IMP-1 magnetic field experiment.
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Shock & foreshock

b Supercritical shocks: Mg, > M, (M, ~ 1-2) resistivity alone is
not sufficient: shock “foot”, foreshock, overshoot, and reflected
particles.

d

RN

|
lon Foreshock |

Downstream
Turbulence

Bow Shock

Perpendicular

Shock )
. Quasi-
Quasi-parallel :
Tangential perpendicular
Field Line
Reproduced from [Balogh and Treumann, 2013]. *Assuming Specular Reflection
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Quasi-parallel and Quasi-perpendicular shocks

Qpar transition

Qperp transition

~A;
B,
Upstream
Downstream
B,
1 11
Upstream |} : Downstream
1 L e—
- \I}\ overshoot
| i
1 i
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I
'

Y
7

X

dHIN

AHI -puoheg

~10 — 1004,
Upstream
B,
Downstream
B,
upstream z downstream
ShO.Ck . ramps
oscillations
B 1 whistlers B2
—_— e
fluctuations BZ
upstream
waves shocklets I

pulsations
(SLAMS)
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Qpar — Qperp crossings

a Qpar shock crossing
MMS 1: X=11.77 RE, Y=0.68 RE, Z=1 ‘84RE

b

Qperp shock crossing
MMS 1: X=8.5 RE, Y=-13.22 RE, Z=3‘98RE

|||||||||||||||||||||||

lllllllllllllllllllllll

P | P P
— 3 : dyn,MMS ~ dyn,BG | 3t : dyn,MMS ~ dyn,BG |
n-% Dz 2 /\/\v "/\V/\/\VAVAE A\ 7 2F M/-\VA\%/\NV D —
1 w w 1t i
1 O o S i e i S i 1 500 fropgigsggrg ot le """""
T 200 ' { 200 i
Qpar shocks and downstream plasma: >E _0f | 1.0 —
X, -200 : 1-200 f i\
B0 :i: - :vx.vev\:/z¢|\ell"500'= T B :i: EEEESAUL
— 30 i 30 i
1) Presence of foreshock v/ - “’g 20 | 20 MW\W“/\\
2) Magnetic field fluctuations * = 10} / 10f
|

3) High energy ions T
4) Temperature anisotropy

19:04 19:05 19:06

2017-12-12 UTC

19:07

Raptis+ (2020), Karlsson+ (2021), Koller+ (2024, 2025), Svenningsson+ (2025)
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Shock Reformation & SLAMS

Shock Reformation ULF non-linear evolution = SLAMS
Burgess (1989): “the shock exhibits a cyclic Chen et al. (2020): “...ULF waves can arise at the
behavior ..... cyclic shock reformation;” foreshock and evolve into SLAMS ...”

(a) (b) (c) :
~
/_ —_— hock
I.‘;;
—p Tt ‘-----—-\-i
Figure 11. The sketch for evolution of shock front. (a) A rippled shock front, (b) a plane shock front, and (c) a rippled shock - L e 1 He
front. Solid lines and red arrows denote shock front and reflected beams, and N1 and N2 indicate new shock fronts. "._ ; Y :
Hao et al. (2017) P
R -
‘Q‘:i‘:‘ -"“--.‘ -
~ 0.5 Re

‘Iransmon Zone “2Re

*a
*u

«The shock is the first and largest amplitude
upstream magnetic pulsation»

Schwartz, (1991)

(.
r =t

Similar definitions : Hao et al. (2016,2017), Liu et al. (2021), Johlander et al. (2022), Raptis et al. (2022a)
15 Savvas Raptis — Shocks & Transients University of Athens Seminar | 25 Feb 26



* See similar examples by Turner et al. (2021), Chen et al. (2021) | “(Self-) reformation/evolution”

Jets, Waves and Shock reformation

(2)

At=-335[s]
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Evolution of SLAMS/Reformation

-200  -300 -400

~1000 km

Interaction with upstream whis

New peak /evolution*®

Formation of downstream density

camdensity

enhancement™*
Reformation cycle - jet an

~ 10 Ni

A
-20

v
Earth

** See similar example by Liu et al. (2021), Johlander et al. (2022) | (Qpar) reformation
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3. Shocks (Acceleration)

Images courtesy of University of Chicago
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Shocks as particle accelerators

« Different shock geometries and particles have different efficiency and equivalent
acceleration mechanisms invoked but all can accelerate particles

» Astrophysics: Supernova remnants, cosmic rays

« Solar Physics: SEP acceleration, fast shock at reconnection

Shock wave

V plasmoid

" SN-1006 Supernova Remnant -

» plasmoid/filament

. R 168 e r—— 103 [ “‘Image from NASAAPOD . .
. r s’ shock 1 i e TR R S s T
. 0 f 10 W~ g : 3 ISR :
z t ; J
// % 10! f . 10! - | T
= 5 F ¢ 71 4
b £ W_XF w0 5 ol
c
N . K- g _\-v-\
< Vinflow \ & " \ -3 0 "
10
. i An 1-4MeV |
. eapnnection JP[ ™
10 10 22-27 MeV |
fast shbck — = 1l EEEmEa & . e el Al —™ < 72 2 2 0 b i
HX/R loop to; source u:" i 4 G e L, AR i "zos" % 27 22 29 0 3 ”}.n
h |05
v 104
SXR loop 10?3
/
10!
w0° TP
N 107 s
Lo Ptiid i 1-4 MeV
@ w3 16-23 MeV

25 2% 27 28 20 0

24
28Aug

[Shibata et al., 1995]
Desai & Giacalone (2016)
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Shock Drift Acceleration (SDA)

Reminder ExB drift is the same for both.

https://svs.gsfc.nasa.gov/4513 Coordinates: Along the shock waves
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https://svs.gsfc.nasa.gov/4513

Diffusive Shock Acceleration (DSA)

1t Order Fermi, head-on collisions guaranteed

(quasi-para shocks):
<AE/E>~4/3 (VI-V2)/c

SHOCK

reflection with energy loss

upstream downstream

Simplified explanation

» Waves + turbulence downstream =
Scatter particles back to the shock

« Some of the particles get to very
high energies.

Injection Problem

What is the energy threshold needed
to kick start this process and how do
we reach that?

Reminder: In the shock frame, upstream and downstream flows move toward each other.
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Acceleration at Qpar and Qperp shocks
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4. Transient phenomena

So we (kind of) know shocks, and acceleration!

Let's go to transients!
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What is a Dayside Transient?

v

Transient phenomena are events that disrupt
the steady-state plasma conditions, occurring
temporarily and introducing dynamic changes
to the physical system

N\

modification

\
\
IP shock
\
\
\

incoming

SW structure field-

aligned
currents

SW

Solar wind

/@A\ B
Magnetosheath

\
Magnetqjsphere

23

NOTE: Transients can be intrinsic (e.g., ULF waves, SLAMS) or driven (e.g., HFAs)

Global (Solar):

Fluid scale:

Mesoscale:
« Hot Flow Anomalies (HFAS)
» Foreshock Bubbles (FBs)
« Magnetosheath High Speed Jets (HSJs)

Kinetic:
« ULF waves
* Shocklets

GEM FG: Multiscale Dayside Transients and their Effect on Earth's Magnetosphere
(2025 - 2029; Savvas Raptis, lvan Vasko, Imogen Gingell, Terry Z. Liu, Ying Zou)
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Foreshock Transients
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Driven transients with most notable impact

How many: ~several per day!

HOW b|g ~1 OS Of Re ’ Primoi K. et al. (2024)
HFAs - Imp i
Discontinuities intersects BS and E
(-V X B) points towards the sheet,
ions pile up and thermalized "\ & s & N\ | AW\ Z. -
@ MP displacement
Discontinuity & foreshock Vew . S perturbation
backstream ions concentrate and _>
create a bubble that expands into the ) P
SW o Pc3 :;O:Z‘::feds perturbations
Hot Flow Anomalies (HFASs) Foreshock Bubbles(FBs)

Foreshock Transients, Shock-Generated Transients, TUMS (Transient Upstream Mesoscale Structures)

Primoz K. et al. (2024) Zhang et al., (2022)
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Effect on Magnetosphere e.g.,:
Shen+2018, Wang+ 2021, Yang+2023,
Guo+ 2023, Xu+ 2024, Sibeck+2025

he anatomy of an HFA

MMS-1 Burst

20E 1 I 3B
15 5 Pt
How many: ~several per day! oy 10 Je,
How big: ~up to 10s of Re S JEewesss
= - : ;?ZI L L | L 1 L L | | L L I _E BX
Crater-like B-field and IMF — 0 T T 3
discontinuit = 3
SN ~ 60 28c 10p shock -
PR 900 = E
ﬁ\o\ & 5 Bmag
RS % Ot ———— 2 10°
. 850 148 _ 0 ::.' " ‘-Ew Iu;‘;awm..mm NN kit T M RIS f., 107
TE [R— . oy 6%
N | 953 100 p——" ; e
.......... __ 800 536 3 fipolar wind beam disrup 100
s 3 . . 10 [0 L LG E TR 10°
(E) ] - Density compressions and 3pc———+—— E
= b cavity T 5= AL E
T N 750 N € | B %M B 3
e, ‘B Y S 102\_“5L '; W Ni
700 lon Foreshock - oE e e e S E
Fﬁgo;a&, Ground effects 1= 400; 3 Vot
Pc3/Pc5 waves 650 (/.)%\ 203 i—wvvihg“//MWW“\—\h B N _E v,
o { 3 : §>._§ E W 1V,
~ : 00 T 200 wng plasma floww
650 700 750 800 850 900 400F—p], _deflectionsincore 4V
: X (c/wp) 1000F— T T T T T T j
Hot Flow Anomalies Figure by Nick Omidi -2 1o0f R e ]
( H FA) %J‘_'E%‘ ?M’)’W"v"ww«"\“U“lﬂw"*"‘\",.\'l:" L‘v‘““\“ }(‘, E
§D__' 10 = M. v.\mn‘M.Mpv“wu,ﬁf,\‘w_m,«g Ti
Kajdic+ (2024) 15 - ISu‘perT\ealted ‘corcle plasma | E
= 100004 ;“j.'?‘."37",':‘:5":}"$L“f';‘("3'§\'.‘r"w o‘""*"‘u‘*h*@f’,\"»ﬁ.ﬂ»fl iR 10°
How do they form? ‘;’S% 1000 YR e S e 1825
: L y ' . g @ 100 TR R 10°%
Discontinuity intersects the bow shock and the convection electric field 10 | 10"

(-V X B) points towards the sheet on at least one side.
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Figure by Drew Turner
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Transients Scaling Across Different Systems

Foreshock Transient Scaling

Downstream Jet Scaling

10 E | | | : 7 — — —
' Jupiter @} '
108 L | : 44 Jupiter  .xa anti-sunward
C ] f— L xx E rth -
: A_,Eé ° i Maars xa sunward
) - ] Nl
N : - o |
De 1n5L — S
=< 10 : SaturnI : o ST . -
T ‘ : ”
Mars : o x
Earth 5 |
104 ¢ 11 S at | -
XVenus E '
3 Mercury | | : Zhou, et al. 2024 A
10 L v vl vyl L 3 P T TR R N PR S TR T N A T T R
3 4 5 6 7 3 4 5 6 7
1 O ‘lBO Sh 1 (l?( St d1 (')ff 1 O Logio Bow Shock Standoff [km]
ow OoC anao
Adapted form Valek et al. (2017) | JGR k Important point to remember
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Shocks and upstream/downstream environments

Studying localized processses as

individual components is problematic.

» The bow shock decide what the
foreshock and magnetosheath are
doing.

» Whether we see transients or not
is also controlled by the shock.

» Transients both upstream and
downstream are connected

Poor Gemini trying to illustrate this.

Collisionless Shocks & Transiel
Processes: A Coupited S

Foreshock
Transients
Foreshock

Solar wind

Particle Energization
& Acceleration

Credits: Google’s Gemini (can Al really generate anything?)
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High-Speed
Downstrem Jets
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Solar Wind

Mental Picture to Keep in Mind

Solar Wind
IMF discontinuity

Extended Shock Region

Foreshock

—> e Seed &

5
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5. New Results on Particle Acceleration

Particle Acceleration
Recent Results*

...and why transients can make Qpar shocks super accelerators

*See also: Wilson Il L. et al. 2016; Turner et al. 2018; Liu et al. 2019; Shi et al. 2025 ; Tonoian et al. 2023; Kamaletdinov et al. 2024; Li et al. 2025
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Foreshock Transients & Electron acceleration

Combined low and high energy electron spectra

215751 2157554 UTC  21:57:57 - 21:56:00 UTC  21:58:03 - 21:58:06 UTC  21:58:0 - 21:58:12 UTC
21:57:54 - 21:57:57 UTC  21:58:00 - 21:58:03 UTC  21:58:06 - 21:58:09 UTC 21:58:12 - 21:58:16 UTC
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M 2ok A i 0 A XYZ ‘
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0,000

....

~300 KeV electrons

Wilson Il L. et al. 2016 | PRL

Seconds

30
2008 July 14 2157

29%
~200 KeV electrons

Liu T. et al. 2019 | Science Adv.
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Recent advancements — Wave Particle Interactions

bow shock

+ Y
trapped .
electron
ULF waves _/\ reflected electrons
eleGtrostatic waves S8 : E : e
whistler-mode waves '\ L\ : IMF
" : T\ ) =

SOLAR WIND

Xiaofei+ (2023)

« Adiabatic heating

« Temperature Anisotropy

« High frequency whistlers

* non-adiabatic energization

10—10 10—10 L]
10* :-1024.-10%~1p4::- 105 .- 10* 107 103 .-10%- “10%
E, eV E, eV

Electron acceleration + pitch angle scattering

Shi+ 2025 See also Shi+, Vargas + Tonoian+ (2022 — 2025)
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Plasma Energy Distribution Evolution

Plasma Heating Particle Acceleration General Energization
(Collisional) (Non-thermal tail) (Heating + weak tail)

=1 Initial 1 Initial
[ Accelerated 1 Energized

Number of Particles

1 il (=10 Heating 1. Acceleration .} Energization

Heated (T=3.0)

10° 10! 2 - 10° 10! - 10° 10!
Particle Energy (kgT) Particle Energy (kgT) Particle Energy (kgT)

New Results on Electron Acceleration

Reminder 1: So far we have use acceleration and energization interchangeably; there are differences though.
Reminder 2: Non-adiabatic processes: scales ~ gyroradius/gyroperiod, or when wave-particle interaction
Reminder 3: Qpar Shocks include the foreshock, the magnetosheath and their transient processes

Raptis et al.2025 NatComm Raptis et al.2025 ApJL
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Relativistic Electrons with MMS

MMS1: X=10.97 RE’ Y=11.22 RE’ Z=5A13F¥E

W T ]

30f T (a)]

Typical properties of transient:

- Depleted Core (low B, n)

- Mature HFA (AB/B0 ~ 1-4)

- SW beam disrupted

- Strong density and magnetic field
compressive boundaries

- Formation of a Qperp “shock”

- Flow anomaly (velocity decreasing)

New plot, much easier to understand!
35 T T T T T T T T T
30
25
20
15
10

5
20 | \ } |

e>\50kev f I ions>50k®\
15+

10~

Compressive edges

Core

°
@
N
= X
© 3
EC
S
<)
2

Unique property

a S e >500 keV electrons throughout the
core and shock region
2 " With respect to upstream conditions
L W P WA (] (SWIES):
¥ o5 I R —
O /\/\/\\\/\m I « Electron fluxes (>50 keV) up to x6 ForeSh;f;ftréns'enb
TE2%0 e i7ess * lon fluxes (>50 keV) up to x15 BOW shock

Raptis et al.2025 NatComm
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Missing piece of the puzzle? — Let’s look at another event

| | | | | | |
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. - 102 , ' ere
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B R A ..Mwu All the stuff are there.
electrons? e

o e e i ™ :
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Raptis et al.2025 NatComm
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Upstream conditions for two events - ARTEMIS

Event #3 - Seed

T T T T T T T T T T T T T T T T T T T T
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3f
Attt ———t—1— } }
451 Ec1-5keV | 451
‘" Ratio = Fi1_sKev . 4r
35 atio = F - 3.5+
: (F1-5KeV)BG
3 o 3+
8 q i
S 25 2 25
<f S
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1.5
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I | | I 1 | | I I | | I 1 | | I I | | I | I 1 | | I 1 1 1
06:15 06:16 06:17 06:18 06:19 06:20 17:54 17:56
2018-12-10 UTC
FEEPS: 100+ KeV Discontinuity ARTEMIS e
- */ TransientMMS arth
= o
L\ )
Y ......
~30Re e

Raptis et al.2025 NatComm
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| |
17:58 18:00
2022-05-02 UTC

No Signal at FEEPS
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See

FE [1-5 KeV]
| | I I ]
¢ seed
O non-seed
——CH -
6 || —— SR/SB/EJ Y O i
. AB/B, Y
0.01 0.15
Sr 121 keV - Max Energy MMS/FEEPS |
o4r .
5 S 185
= QO ¢
P
= 185
3
=3 _
+1 03 : 103
2 L -
66
66 47 66 . 47
® g
@
T L —
| | | | | |
1 2 3 4 5 6
# Event

Raptis et al.2025 NatComm
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ding and particle acceleration

600 Seed events (FEEPS > 100 KeV)
CH (78%), CH (40%), CH(79%), CH (39%), CH (77%), CH (79%)
No-seed (FEEPS = Noise)
SB (80%), SB(42%), - (55%) SB (44%), SR(63%), SB (46%)
450% Using: [Xu and Borosvky 2014, Camporeale+ 2017] methodology
A origin of
o sectg r:l\;esr;aal-reglon
origin o i
g, e
350 \‘\.- L/ '
N s

. Fi_
Ratio = —1=3Ke¥
(F1-5KeV)BG . o
Terry Liu+ ( 2017) noticed similar trends
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Reinforced Shock Acceleration

Electron acceleration at Foreshock Transient

i i Ratio = —100-500 Kev
i i (F100-500 KeV)BG
Seeding Shock . Wave particle ;
{ | Acceleration interactions | - odeoorah
i E Lol
Seed from g
CHplasma —— o | | — &
(~1keV) Efficient through PA scattering & confinement: -
- Whistler waves (Shock Transition) N O I

2017-12-17 UTC

| - Wavefield of HFA's core (AB>>B)
- "Magnetic bottle” between HFA's edges |

o

and bow shock (trapping & Fermi)
- Betatron (elec. temperature anisotropy)

Note: Framework is
consistent with all other
studies (e.g., Wilson+2016,
Liu+2019, Shi+2025)

Key-point:
Seed + Foreshock’s Shock + Waves +
Efficiency factors = ~MeV electrons
------------------------------------------------------------- before reaching the bow shock.

Raptis et al.2025 NatComm
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Schematlc of the process

Solar origins

Solar wind structures Magnetic field

discontinuity:

NO YES or NO

A

No foreshock
transients at
Earth

Suprathermal “seed”
above injection threshold

Foreshock transient

Solar Wind

W )
°°
m

IMF Y
Discontinuity - 7

Relativistic electron
acceleration

Relativistic electron
intensity

| ARTEMISIRR R 20 [ 1] ARTEMIS-P2

w
w

s e

E: 1-5 keV

Max Flux Ratio
Max Flux Ratio

_;
I
I |
‘ |
|
S !
=

Raptis et al.2025 NatComm
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| 2018-01-12 2017-12-17 CLATAR ALY . L L
MMS

2018-01-12
10;

E: 1-5 keV

Max Flux Ratio
o

E: 100-500 keV

T R A ; 1 e iy i

UTC 1 015100 015200
uTC
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MMS
2017-12-17  E: 100-500 keV

10¢

Max Flux Ratio
(6)]

1
17:52:30 17:53:30
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Simple Simplistic Picture to remember

VIVE
2018-01-12

Max Flux Ratio

E: 100-500 keV

01:51:00 01:52:00
iHe

'MMS
5017-12-17 E: 100-500 keV

Max Flux Ratio

’
17:52:30 — 17:53:30

How do relativistic electrons form at shocks? “Behind The paper” https://communities.springernature.com/posts/shocks-acceleration-electrons-from-sun-to-earth
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But let's ask one more question

What do we expect to see when transients cross the bow shock and go downstream?

Extended Shock Region

Foreshock

Transient

g
_J \

Solar Wind

Sketch by Florian Koller
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But let's ask one more question

b

What do we expect to see when transients cross the bow shock and go downstream?

»

=3
|
Foreshock \
\
) - .
Transient
Sun -/
§ =

\. /

200+ keV /’

1 4
Solar Wind
Indeed, energy increases more
(+ We get localized jets; not shown)
University of Athens Seminar | 25 Feb 26
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Sketch by Florian Koller

42



Reinforced Shock Acceleration: From Sun to Earth

(A) ? Discontinuity (SW) ARTEMIS Transient (FS) MMS i i (B) Transient (FS) Cluster  Transient (MSH) MMS
Coronal Hole SW : >100-500 keV. X > X+100 keV =
V> 400 km/s ~1 keV Noise Level subtracted
RatIO —_ 100 500 keV E € 100-500 keV 106+
— . T I ok | T (F100-500 KeV)BG P
P o 4'j: Ratio = 1-5keV Ee1-5kev: o _
'E (F1-5KeV)BG £ %
P X %0107
2 = 3
Pox (>é a
P2 S st
108
I J I 17J4 I I 17§42 I l I 17:44 1 H
2017-12-17 UTC | 1 1 | | 1 1 | | Y Y
SW — ARTEMIS/ THEMIS 17:52:30 178300 o 175330 ) zg:ﬂzghBetamn
Foreshock - MMS 10 e
P E [eV]
Magnetosheath — CL/MMS

Fast SW seeding ~low keV particles

(A) : Raptis+ 2025 (NatComm) - Revealing an Unexpectedly Low Electron Injection Threshold via Reinforced Shock Acceleration
(B) : Raptis+ 2025 (ApJL) - Multi-Mission Observations of Relativistic Electrons and High-Speed Jets Linked to Shock Generated Transients
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Work under review.
Please do not distribute.

Even fresher results!

The question now IS:

What about other planets?

Raptis et al.2026 (under review — please don’t share)
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Particle Acceleration: Hillas Criterion and Scales

» General geometrical criterion: Hilas Limit (Hilas+ 1984)
Emax ~ qBLV
A particle cannot exceed an energy higher than the total magnetic potential drop across a system

Diffusive: We require the diffusion length (Lp) to be smaller than the system size where
acceleration takes place (L), and under Bohm’s Diffusion (strong scattering), D ~ 1/3 v rg,

This results in a maximum obtainable energy using r, = p/(qB) of :
Efax — (34BLV)Epay - (nc?)?= 0
For simplicity in the ultra relativistic regime (not in our solar system) this results :
Emax = alL, a = 3qBVy,

Or in simple words, as long as we can meaningfully constrain these 3 variables, we can constrain Ep,qy

See also recent work of Oka+ 2025
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Electron Acceleration in other planets

7 Adapted from Valek + 2017
10 : : In environments of AB ~ B, diffusion scales can be estimated
Jupiter ¢ by Bohm’s diffusion (Caprioli & Spitkovsky 2014).
10° 3 E Using the maximum energy we had (event #1) we obtained:
0 f f L~ 10 — 100Re ~ 5x10*5[km]
PE 10°} 1l &>
EX : Saturn 1| &3 If we move to another planetary system, we can take some
T f I 1| W~ typical size for foreshock transients to be for Jupiter:
Mars -
104 Earth 11500 L~ 100 — 1000Re ~ 5 x105~6[km]
XVenus E " . .
M {4100  This in turn, with a background magnetic field of ~ 0.5 nT
. 03 ercury | gives:
10° 104 10° 10° 10’
E~ 1|MeV
Bow Shock Standoff [MeV]
km
Raptis et al.2025 NatComm Essentially what is called the Hillas limit (Hillas 1984), See recent paper relevant to our field by Oka+ 2025)
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Juno Observations — Jovian Bow Shock Crossing

foreshock solar bow
transient wind shock

10!

g ﬁ lon spectrum
Foreshock Transient (HFA): 5 1o 5t
- Eneretic electrons up to 1 MeV (agreement
with Raptis+2025a,b, Shi+2025) - 4 _
- Disrupted solar wind beam N lon density
- Localized depletion of n and B :
Solar wind (SW):
 Typical SW:~ 1-2/cc, 2.5 nT .
* No energetic electrons “§
Electron
100 Spectra
Bow shock (BS): ~ P
: : = JADE + JEDI
» Typical compression of ~2 for B and n Ew
» suprathermal electrons present but minimal Lo . |
energetic electrons only up to 10ish KeV —
g R L — Magnetic
- T e — field
Raptis+ 2026 (Under Review) 10 1o Octob1e4r:01? 2023 1o 1o 2000
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. - . DSA (rel) ~2
Reinforced Shock Acceleration at Jupiter |52, (0h o) -1 5

(a) (b)

Transient - 12:29:48 to 12:39:48 85.4 A [P=-1.86[-1.99, -1.65]
0900 Solar Wind - 16:00:00 to 17:00:00 Juno ? 10% . %
5 . 5 . \
G% & Bow Shock - 18:05:00 to 18:15:00 Trajectory \x < Transient after Subtracting
0 85.2 \\ '9\\ the solar wind spectrum
\
108 = ¥ Transient R \x/
3 V.
%, 850 N TN
= N Solar Wind oy 103 YR \
8 —_ > 2 _ 0 ] \ \\ \\
8 T f 84.8 E 3 i - ’CK' 8 |—|| \\ \\\ \\
£3 106 ® e £3 R
] - i \ |
v 84.6 o _ AR \
Qo o lH \ \\ \
—_ | -
g n v :E; 0 \\ \\\ \\
= 84.4 =Z7 10%4 A L
= v 13.2 13.0 12.8 12.6 = v ' BN X
27 100 i 21 O
= = N N
- o AU NN \
8 —_ qﬂ_) —_— \ \\ \
o = \ \\ \
\
0 o ) VYN \\
10" 4 _— \
102 58
\ \\
\
\
\
\
v #\\
\
0 JADE  JEDI Treg . JADE  JEDI N
10 . : . : 100 L : -
0.1 1.0 10.0 100.0 1000.0 10 100 1000
Energy [keV] Energy [keV]

This “DSA-like” acceleration happens at the transient, bow shock crossing only up to <10 keV
Raptis et al.2026 (under review — please don’t share)
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lllustration of the process in an arbitrary planet

Raptis+ 2026 (Under Review)
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lllustration of the process in an arbitrary planet

Raptis+ 2026 (Under Review)
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lllustration of the process in an arbitrary planet

Stellar Wind

Magnetopause

Magnetosheath

Raptis+ 2026 (Under Review)
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lllustration of the process in an arbitrary planet

Stellar Wind

W

Magnetopause

Magnetosheath

Raptis+ 2026 (Under Review)
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Summary & Concluding Words

Transient Processes at Quasi-Parallel shocks may be more important

A McComas+ 2025
than previously realized! relativistic particles, localized compressive %

edges/shocks operating multiple temporal and spatial scales all interacting | M ,\ p Refino+ 2021 | Ex. Astro.
with each other.

Recent results: [H]
. . - . SWARM
% Seeding and Max Energy: Identified a systematic suprathermal The Nature of urbulec in Spi Plase

seeding (~1-5 keV) intrinsic to fast solar wind. Localized transients act

as the primary driver to boost these these electrons to high energies

(100s of keV). (Raptis et al., 2025a | NatComm)
s A Two-Step Mechanism: Particles get energized when larger transients
(i.e., HFAs/FBs) cross the bow shock. For energetic particles, additional
acceleration can be modeled by “adiabatic” compression (betatron) and
strong scattering. (Raptis et al., 2025b | ApJL) o
Broader Implications: \We expanded this model to test its universality ’ L J | | ’—// Qg
at other planetary boundaries (e.g., Jupiter — 1 MeV electrons) and N L —_
fundamental astrophysical shocks. This model predicts up to 100 TeV Mul

ti-point Assessment Uf the Kinematics of Shocks
particles in in supernova shocks (e.g., SN 1006) in agreement with
cosmic ray observations. (Raptis et al., 2026 | under review)

Goodrich+ 2023

NASA MISSION CONCEPT STUDY REPORT

K/
0’0

NSF GEM FG: (MDT) Multiscale Dayside Transients and their Effect on Earth's Magnetosphere (2025 — 2029)
Savvas Raptis, lvan Vasko, Imogen Gingell, Terry Z. Liu, Ying Zou, Runyi Liu, David Tonoian
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Extras
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Zoomed-in timeseries of Transient

Foreshock Transient (HFA):
- High energy electrons up to 1 MeV
(agreement with Raptis+2025a,b)
- Disrupted solar wind beam
- Localized depletion of n and B

B (nT)

Magnetic Field

ny (cm=3)

lon density

JADE
lon Spectrum

E/q (keV/q)

Global Geometry:
» Using bow shock model (Joy+ 2002), local
angle changes from ~40 to ~75 degrees

JEDI
i. Electron Spectra

E (keV)

Pitch Angle Distributions (PADSs):
v’ Isotropic distribution, strong scattering
v" No trapped population
v Localized within the ~15min interval

©OBn

65, (deg)

x 10!

x10! ¢ 7T
>

Extended Data Table I. Properties of the foreshock transient observed by Juno.

c

9]

2

£

£

1 ]
z

£

00

' Electron PAD

e- PA (deg)

i
~

Parameter Symbol Value :
Interval Duration At ~900 s (15 min) s
Solar Wind Speed (X-JSO)  vsw 400 km/s
MVA Quality Ratio - 5.82 - £t
Boundary Normal (JSO) nuva  [0.80, —0.58,0.17] § %] st lon PAD
Effective Speed Veff ~ 318 km/s sl ml“éw:
Transient Scale Size & 2.86 x 10° km i - ! | =
Raptis+ 2026 (Under Review) e P october gf 023 o
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Can we extrapolate to astrophysical bow shocks?

Emax~ BVsnL (a{ou
Assumptions & Methods Typical Fit (L « S%)
’E‘ 1012 | Extreme Fit (L « S°-67)
Extended Data Table II. Approximate scale sizes of foreshock transients. X @ Planetary Obs.
Planet Ltyp (km) Lext (km) 4 @ Astrophysical Pred.
Mercury 15 x 10° 1.0 x 107 S 10%° 4 1 & Caveats & Assumptions:
Venus 4.0 x 10® 1.0 x 10* =
Mars 1.0 x 10* 4.0 x 10* g o i
Earth 1.5 x 10* 1.0 x 10° | o : :
Jupiter 3.0 x 10° 2.0 x 10° 4@ 106 I extrapo|at|on
Extended Data Table III. Parameter ranges used for obtaining the the maximum particle energy range. % I I ’:’ Geometl’IC |ImItS
Object S (km) Ven (kms™!) B (nT) v | . . .
T e L O g 100 l"I e ewmm— < Conservative estimates
Venus 8.0x 10°  [100, 600] [5, 15] X A P J o Magnetic coherence can
Earth 1.0x 105  [100, 600]  [3, 10] ) I I )
Mars  10x10'  [100,600] [1,5] 107 ' ' ' ' ' vary strongly in each system
Jupiter 6.0 x 10° [100, 600] [0.5, 2.0] (b)
Saturn 1.5 x 10° [100, 600] [0.1, 1.5] 1016
HH211 ~1.05x 10" [50,150]  [4, 10] 1 PeV . .
SN1987A ~3.0x 10 [2000, 4000] [0.0,0.5] Discussion:
SN1006  ~3.0 x 10" [3500, 4500] [0.1, 0.2] —~ 104 4 O
>
9; 1002 AT § ................. » DSA paradigm impact:
Steps: = ® Jupiter and Earth show
1. Hillas criterion through diffusive confinement T 10t 1 ey acceleration during transient
2. Assumed BOhm I|m|t fOF StrOng Scatterlng (dB/BO > 1) 8 [ nOt at the ShOCk'
. . . . £ 10° A . . -
3. F.It planetary data to a pow.er-law linking acceleration G B Mercury B Jupiter > Predlcteq max energies
size (L) to shock standoff distance (S). X q0s JEMEV. { ..................... O Venus € HH211 observations at SN1006
. e : M SN 1987A
4. Applied the upper prediction interval to estimate = 4 H E { : Farth <‘> SN 1006
unobservable scales for distant astrophysical objects. 1071 W Saturn

104 108 108 1010 1012 1014

Raptis+ 2026 (Under Review) Shock System Size 5 (km)
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Discussing new models

HOW STANDARDS PROUFERATE:

(sEE: A/C CHARGERS, CHARACTER ENCODINGS, INSTANT MESSAGING, ‘ETC)

W7 RiDICULoLS! SOON:
WE NEED To DEVELOP
NIVERSAL STAN
SITUATON: || S e eemvoe || SITUATION:
THERE ARE USE CASES.  \ep THERE ARE

|4 COMPETING |5 COMPETING

amorens, || QO / STANDERDS. .
AR

*In our case models, mechanisms, frameworks etc.
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HFAs and FBs are amazing particle accelerators

MMS1: X=10.97 RE‘ Y=11.22 RE‘ Z=5.13RE

(A) Overview plot [04:20 - 05:10]
MMS 1: X=10.77 R_, Y=-3.31 R, Z=0.41R_
W
L2
28 of  Relativistic =
-500| . T Electrons Sol ind - Jets
olar win - forming
c £
S,
10°
o : i
. : Magnetosheath g
o NE
s 53
% X
=3 ,_-—3 Relativistic
electrons
Relativisti\ 100-500 ‘Eg 8 3
- ev w_, 2 £
5 10000;  Electrons . gw&% ;@
] Eé 0 Ng
1000 7 + - - - = 1=
ol Very Efficient , (h)] o<
§ o5l Acceleration - 8
i -3k = & E. ! Ng
-3.5¢ ” 1 . . 6
A S oot Transients get transmitted 4 | i “ E
o 2017-1217UTC Accelerating particles in the process 04:20 o430 0440 o 05:00
Raptis et al.2025 NatComm ReStrUCtunng the sheath & formlng J ets Raptis et al.2025 ApJL
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Electron Acceleration: From Cluster (Upstream) to MMS (Downstream)

(A) (B) |
SEREEE R RS SR T T T ok T T Noise Level subtracted
Cluster | MMS Earth_: 0 : ool '
G B e . P=+4
3 10°
@I_I
E P.=-3 . @E
S~
m(l) 00¥ 10'7 -
ed Iﬂl [
)] 1 0o
(dp) T 1w I
o N ; o I
E\\T\ _ 5 B \2/3
e\, I N =
*  MMS I~ = ] : BO
O  Cluster IT\TIT\T _ ,
-10[ |— — —30 MMS Noise Level T+ ] "|[——MMS
10 — — — 30 Cluster Noise Level 1L IT\T ' iglﬂzg + Betatron
L L I R R A | L L I S A | L L A -9 1
10 ‘ e
10° 10* 10° 10° 10” 10°
E [eV] E [eV]

Raptis et al.2025 ApJL
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Jets forming from shock’s fundamental non-stationarity process

Jets & Kinetic Plasma Processes

—0

OEIVO Jet

Jets exhibiting 2+ populations = partial moments needed

—@
BG/MSH

1:1 (max Pdyn)

t W\/WVW-
: : —0 -9 °
t —eo —O© °
Reformation -2 o
._.
(1~ - -
o —© —°
7 —e o _°
-9 @
ts

200

Raptis S., et al. 2022a | Nat. Commun.

60

I Pile up region

I Shock/Compressive structure Magnetosheath jet 200
Solar wind/Foreshock § 100}
", Waves

Magnetosheath

z
3

* data

a " i
o 100 - 1
o

300 | 100

km/s | km/s

0 .
-600 -407 -200

0 200 400 600

v [km/s]

This velocity describes neither populations Raptis S, et al,. 2022b | GRL
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Science Question 2:

Some potential future work

Science Question 1:
Acceleration

How are electrons accelerated

in the extended shock region?

Vs

non-adiabatic
(wave-particle
interactions)

Extended Shock Region

Foreshock

Seed
What is the seed of energetic electrons? adiabatic
-Foreshock -Solar Wind (Betatron
-Reconnection -Whistler Waves Fermi)
A} [4
Sun
Solar Wind
. IMF discontinuity
‘.
30
15 ]
Solar Wind .
mGE' °

61

BxByBZBabs

2017-12-17 UTC

Flux ratio

o

7
/ E: 100-500 keV

2017-12-17 UTC

Savvas Raptis — Shocks & Transients

Science Question 3:
Generalization

How do electron acceleration processes Solar people. What iS CaUSinq the Seedr)

manifest in different planetery shocks?
- Mercury

- Mars

etosheath

fé‘;‘t’fﬁ - Solar Winc} regonnecti_on ?
- Wave-particle interactions?
— Strahl population?
QO‘NS“O

Planetery and astro people: Can we generalize ?
- What is the system size and local conditions?
- Do we observe energetic electrons upstream?
- Do we have datasets/examples available?

Method and data people:

- How can we establish an automatic finder?
- How to associate DCs with transients?

- How to quantify each acceleration process
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Transmission of Foreshock Transients

ULF waves are transmitted and so are the non-linear associated
phenomena (Shocklets, SLAMS, etc.)

- =180 :
M, =6.97 6 =15 y=358 di Qp t=167.5

4
b) =2 ;\!_\\:'Q/_\Nsv\/iw_\ p— =
a
) IBI[B] 0
4 c) o A
| - v
35 2 B8, 8, B, [V
. d T
) c5p o™ :/_\M — I
28 W
3
i e) _2 Mtw.__ o i -
> MM f
: 15
0
1 f) 10
335 340 345 350 355 360 365 , 8% . A B
x[d) Y e M AT ' UdW‘“
4 300 320 340 360 380 400
E . ,-M—V\/r’w ) [dl]
=3 2 Preisser L., et al. 2020 | ApJL

Solar wind

o 15
£3 10
z? 5
Magnetosheath
o 15
3 10
z? 4
Magnetosheath

10:34 10:35 10:36 10:37
2013-01-14 UTC

Karlsson T., et al. 2022 | ANGEO

Turc L., et al. 2023 | Nat. Physics Raptis S., et al. 2022a | Nat. Commun Kajdic P., et al. 2022 | JGR

Transmission of FCB, FBs, HFAs, etc. has been shown in
simulation and observations.

1000

¥ (C/(Dp)

600

1000

900

800

Y (C/(Dp)

700

600

1400 1500 1600 1700 1800 1900

X (c/wp)

1400 1500 1600 1700 1800 1900

X (c/op)
Sibeck D., et al. 2021 | JGR

Wang C-P., et al. 2023 | Frontiers Eastwood J.P., etal. 2008 | JGR  Zhou Y., et al. 2023 | GRL
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Shock Reformation — MMS Results

MMS2

E_GSE
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Liu et al. (2021)
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Reinforced Shock Acceleration of Relativistic Electrons

MMS1: X=10.97 RE, Y=11.22 RE, Z=5.13FiE
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Raptis+ 2025 Nat.Comm
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Most energetic electrons observed (500+keV) at foreshock observed by MMS obtained by:

! i/( ) Seed population from fast coronal hole solar wind at suprathermal energy range (~1-5 KeV)

a
b) Shock acceleration (SDA/Betatron/Fermi) + Wave particle interaction
c) Efficiency factors (Trapping and scattering — geometry with bow shock)

RatiO - F100-500 keVv E € 100-500 keV
il - e ] (F100-500 KeV)BG
' - 1-5 keV Ee1-5keV
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2017-12-17 UTC
]
17:5‘2:30 J I 17:55:00 | J 17:5I3:30 l
2017-12-17 UTC
Discontinuity ARTEMIS ~_—wweeees Key-point:

- Tensiepelivs | Jlarth Seed + Foreshock’s Shock + Waves +
. Efficiency factors = ~MeV electrons
before reaching the bow shock.
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2017-01-08T04:45:30

Cluster: Upstream showing HFAs
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Raptis et al.2025 ApJL
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2017-01-08T04:45:30

XY GSE plane XZ plane .
. N MMS: Downstream HFAs and jets
z 5 " (A) Overview plot [04:20 - 05:10] (B) Jet plot [04:40 - 04:48]
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But let's ask one more question

What do we expect to see when transients cross the bow shock and go downstream?

Extended Shock Region

Foreshock

Solar Wind

Sketch by Florian Koller
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High Speed Jets & Magnetosphere Effects

Yang et al. 2023 (EPP)
t=235.00s, P4 (nPa)

8 10 12 14 16
X (Re)

See: Ng et al., (2023), Yang et al. (2023), Guo et al. (2023)
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Localized Pressure Pulse

Reconnection: Hietala et al. (2018), Nykiri et al. (2019), Escoubet et al. (2020), Vuorinen et al. (2021), Ng et al. (2021)
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135

180

Acceleration:

- Shock Acceleration

- Betatron - Temperature anisotropy

- High amplitude electron whistler waves
(Chorus) resonance

Scattering & Trapping:

- LF whistler waves (Shock)

- Wavefield of HFA's core

- Geometry of HFA. i.e., "Magnetic bottle”
between edges of HFA and the Earth’s bow
shock

Particularly efficient acceleration:

Ug __ Energy density suprathermal electrons

Uy ~5%

Energy density Solar Wind

See Artemyev+, Xiaofei+, Vargas + Tonoian+ (2022 — 2024)
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Is seed from the foreshock? — Maybe partially

(A), (B) 2> Seeded events — partial mode
(C) > Seeded event full mode
(D) 2 Non-seeded event — partial mode A)

3/6 seeded and 2/6 non seeded connected to foreshock

Magnetic Field Orientation
(B) _____non-seeded events

A B seeded events
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Why MMS burst data?

Savvas Raptis — Shocks & Transients

FPI(ions): 4.5s

e

_ 50— I T T T I_
— % 40¢t i 1
c & 30F | 4
O, 20 i :

10—| ! 1 1y

FPI(ions): 0.15s
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Karlsson+ 2022
72

In-situ classification of the Quasi-parallel magnetosheath
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b) 2020-11-12T07:00.

XY GSE plane
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Some ldeas about the Seed Population

(A)
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Preliminary Comparison (Data vs Simulations)

(A) In-situ Observations (B) Hybrid Simulations
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Electron Acceleration in astrophysics

Taking an exoplanet, ultra-hot Jupiter, assuming shock and foreshock transient exist (big assumption):

One can estimate the magnetic field of the stellar wind near their orbit to be B ~ 0.01 — 1G ~ 10375 nT

.

Jamgs We_bb showing b_OW ShQCk waves from_neWbom stars ASP 18 b, a hot Super-Jupiter that orbits its star in less than
moving with ~100 km/s in the interstellar medium one day. Image Credit: NASA, ESA, and G. Bacon
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Qpar shocks have different flavors

a Qpar shock crossing
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Why Stochastic Betatron Acceleration?
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Shock reformation & magnetosheath jets

MMS3
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Raptis S., et al. 2022a | Nat. Commun.
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Raptis S, et al,. 2022b | GRL

Schematic

b

1D reduced
VDFs
Vx - top
V|| - bottom

C

2D reduced
VDFs
(GSE)

Jet evolution

in Qpar magnetosheath

v [km/s]

v [km/s]

v [km/s]

—0 -9
_ Jet BG/MSH
Pre-jet t1 (max Pdyn) to (max V)
- —0
-0 -9 o -0 -—o -9
- o _g —e o -° —e —e
— 9 —©
—-@ - e —e —e
- _ - o ©® * ., —® o —e
— —0
o -0 © ° —e —© —e —
—0 -9 —0
-@ @ . e P
040t —fit || a —fit o y o
N g 100 1 @ 100 -
20 o
° 208 208 . ; . ——
60
a [m] =)
40 D 100 D 100 - A 1
20
-0600 -400 -260 0 400 600 -0600 -400 -260 0 200 400 600 -0600 -400  -200 0 200 400 600

v_ [km/s]

X

400

-400

-400 0
vy [km/s]

400 -400
v, [km/s]

400 -400 0 400
v, [km/s]

400 -400 0
vy [km/s]

v_ [km/s]

vy [km/s]

0 400

v, [km/s]

79

Savvas Raptis — Shocks & Transients

University of Athens Seminar | 25 Feb 26



80

HEMIS/ARTEMIS mission

Feb. 17, 2007: Launch = 5 SC, magnetotail reconnection objectives
Jan. 1, 2009: THEMIS-P1 and P2 are Reassigned, Renamed and

Redirected to the Moon = ARTEMIS

Orbiting the moon it can (sometimes) provide close to Earth in-situ
observations of upstream conditions (when moon is on the dayside)

"1 12 to L1 Tramsfer Orbit

Direction -
to Earth

¢ . ,4, % 4 . ) . ARTEMIS-P1
g . l N : | || Here on August

'/ Direction of
motion

Lo TR . N2 .
ARTEMIS L1Orbit . | =~ . =" ARTEMIS L2 Orbit

Moon’s Orbit :
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30

O Magnetopause
Quasi-Perp Bow Shock
° 4 Quasi-Para Bow Shock

GSEY (Rg)
o

~10 {4

GSE Z (Rg)

GSE X (Re)
Toy-Edens+ (2024)

MMS mission

Launched March 2015

4 identical s/c (10s to
100s km separation)

Equatorial HEO, w/
apogee: ~12 RE (2015-
2018); ~28 RE (2018-
present

Several thousands of shock crossings Lalti+
(2023), Toy-Edens+ (2024)

In-situ observations of plasma moments, fields,
and distributions.
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~ Hurricanes

Transient events — weather
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Transient events — weather
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.
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Transient events — weather

; #

Credits : NASA
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CMél'ransient events — space weather
y W ‘_

AT S O W RO Foreshock transients & plasma jets

Credits : NASA Credits: Vuorinen et al. (2022) https://eos.org/features/space-raindrops-splashing-on-earths-magnetic-umbrella
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Our latest published work

Johns Hopkins APL

How do particles reach extreme speeds in space? APL’s Savvas Raptis led a study,
featured in @NatureComms, showing how solar wind plasma work together to
accelerate particles. This discovery could transform liopt .

Space Science Snapshots | Johns Hopkins University Applied Physics Laboratory

Southwest Research Institute

Swhii

Read the “science nugget” from ARTEMIS mission:
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Using data from two NASA missions including the SwRI-led
Magnetospheric MultiScale (MMS), scientists created a new model that
may help explain how electron cosmic rays accelerate in space.

New study unveils breakthrough in understanding
cosmic particle accelerators

Scientists have come a step closer to understanding how collisionless shock

waves -- found throughout the universe -- are able...

PHYS (9% Cosmic shock waves: Unraveling the mystery of electron
acceleration

Scientists have come a step closer to understanding how collisionless shock
waves—found throughout the universe—are able to...

The Johns Hopkins University Applied Physics Laborat...
@ 78,200 followers
AR @

How do particles in space reach incredible speeds?

Johns Hopkins APL's Savvas Raptis led a study, featured in Nature

Communications, uncovering how solar wind plasma combines to accelerate
particles. This discovery, using data from NASA's MMS mission, could transform
heliophysics. https://Inkd.in/e6¢cYVPré

"While most research focuses on either small or large-scale effects, our work
demonstrates how combining phenomena across different scales reveals the
interplay that energizes particles in space," said Raptis.
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High Speed Magnetosheath jets

Solar wind
S

Credits: Lucille Turc / Vlasiator team
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Magnetosheath jets
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Figure adapted from Kramer et al., 2025, Credits: Florian Koller
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Definition

Magnetosheath jets are transient localized
enhancements of dynamic pressure (density
and/or velocity increase)

e.g., 200% dynamic pressure enhancement
compared to background magnetosheath

Related phenomena

Radiation belts
Magnetopause reconnection
Shock acceleration
Magnetopause surface eigenmodes
ULF waves
Substorms
Ground magnetometer detection

Threshold

dyn, ratio
V) w =
—

;
:
[

2016-11-11 UTC
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Jets: A universal Phenomenon

Jupiter
7 - T 1 T 1
* Jets exist in other planets & IP Shocks | [aa jupiter  oxa anti-sunward _
'c 6 xx Earth -
% Mars : Gunnel et al., 2023, Mohammed- Xt + Mars x4 sunward :
Amin+2024, Ostman+ 2025 N
< Jupiter: Zhou et al., 2024 % _
+» |IP shocks: Hietala et al., 2024 = 5 . -
% Mercury (TBC): Karlsson et al., 2016 G
+»» Earth: Latest review from Kramer+ 2025 ]
Q: Are jets a universal phenomenon across shocks? § 4k . 3 -
A: Probably! - :
3_1 PR [ S N TR AN SO T SR SR N T SR S
3 4 5 6 7
Logio Bow Shock Standoff [km]
Zhou, Raptis, et al. 2024 | Nat. Commun.
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VINSINIeR

Foreshock Transients & Particle Acceleration

Things we know:

- Shocks (Geometry) 5. , Solar wind
- Shock Acceleration (DSA/SDA)
- Let's go upstream!

Credits: Lucille Turc / Vlasiator team
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