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Fast Radio Bursts general properties Je Parls
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What do they look like? Qbseryatoire

FRB 180916
e Cosmologic (~ 10°Mpc) e Periodic with activity period ~ 16 days
o £~ 10°%erg ® star-forming region
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FRB 200428
® Galactic ( ~ 10kpc)
e lowE.  ~ 10”erg

® CHIME/FRB Py _
fi uGMRT X-ray counterpart (magnetar)
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1|® Cosmologic ( ~ Gpc)
e HighE,  ~ 10°"%erg

" 0 . ~ — — - -— |® Repeater (with downward drifting sub-bursts)
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Two main classes: one-off and repeaters de Paris
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One-off events Repeater bursts
One-off events are apparent non-repeaters. Repeaters seem o) 400 | 'i y
: : : . |
to have some qualitative differences: S 300 -
® |onger duration = .;
. < 200 " -
® narrower spectral bandwidth E |
® Lower frequency drift (“sad trombone” effect) § 100 -
1 | 1 | | |
50 100 0 25 50 0 25 50
Duration [ms] Duration [ms] Duration [ms]

A well-studied repeater: )
Pleunis et al. (2021)
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y Li et al. (2021) sourced from the neutron-star activity



- = Observatoire
Polarization & Faraday rotatlon as probes of the source Je Parls
Normalized linear polarization CDF , , . ,
e — ® High linear polarization: median L/l = 65%; many =100%
| —— Non-repeaters at 4
i Rt ol 1| ® No dichotomy in L/I between repeaters and one-oft

® ~13% of sources show bursts with strong circular polarization (=20%)

e One-off: IRMI ~ 102 rad m? (RM « [ 7, B ds)

0.4 SIc

+ IRMI-host consistent with Milky Way-like or near star-forming regions
Typical one-off PA profiles

Normalized FRB Counts
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® The majority of one-off FRBs show constant PA ( ~ 79 %) consistent with lower magnetization 15

PA [deg]
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In which objects are they produced?
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We don’t know 18 yrs after their discovery (11 yrs to be fair)... Cannot be dominated by catastrophic events (repeaters & too

many non-repeaters).

= Hypotheses include accretion disks around intermediate mass BH, binary systems, and magnetars

At least some FRBs are produced by magnetars!

FRB 200428 + hard X-rays from SGR 1935+2154

CHIME/FRB Collaboration, 2020; Bocheneck et al., 2020; Ridnaia et al., 2021
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Magnetar X-ray bursts ...

Gogus et al. 1999, 2000, 2001; Rea et al., 2009; Rea & Esposito, 2010; Kaspi &
Beloborodov, 2017; Esposito et al., 2020

from twisted magnetospheres

Parfrey et al. 2013; Mahlmann et al. 2019; Yuan et al. 2020; Sharma et al. 2023
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Two main categories of FRBs from magnetars Separis e

de Paris
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Far-away models

Inner magnetospheric emission models
FRB is emitted very far from the neutron star and outside the

Emission originates from the inner magnetosphere through
magnetosphere. An ejecta propagates away from the magnetosphere, various plasma processes, such as magnetic reconnection and
collides with the external medium, and generates a shock responsible shocks.
for the FRB emission.

SN ejecta ';3.{;‘ R | Magnetic field
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Mahlmann et al., 2022, 2023



FRBs from inner neutron star magnetosp

FRBs are probably emitted in various environments, but
observations favor a magnetospheric origin for some:

® First scintillation plane well within the magnetosphere ( < 10' cm)

® Change of the PA & high RM
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® Phenomenological pulse titting pointing

toward an emission radius about ~ 10*R,

B (FRB20180916B)

0

20 40 0.25 0.50 0.75
6 (deq) By/Bpol

Voisin & Francez (2025)

Nimmo et al
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Inner magnetospheric emission models

Emission originates from the inner magnetosphere through

various plasma processes, such as magnetic reconnection and

shocks.
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Luo et al (2020)
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FRBs from Steepenmg Fast Magnetosonlc Waves Je Paris
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Force-free magnetosphere: E-B =0, o= > 1

1
[T

e Alfven wave:

Along the field lines B, x k X By,

® Compressive Fast Magnetosonic Wave
Across the field lines E, « k X By,
We expect two regimes of interest, dictated by the B* — EZ
1. B*— EZ > 0 A small linear wave is injected

Nonlinear FMS Wave 2. B> — E% — 0: A strongly nonlinear wave at sufficiently

large radius

FMS propagating at the equator in a dipole
E, /B, r* = (B*— E% — 0) at the trough

Chen et al., 2022; Beloborodov, 2023; Vanthieghem & Levinson, 2025

A. Vanthieghem & A. Levinson, PRL, 2025
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A coherent emission mechanism
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Brightness temperature (kg7;, ~ 1036733 K) requires coherent radiation from a plasma by N elementary charges (P N?) (Katz, 2025)
= N ~ 10" (1 Coulomb) particles radiating in a small region of size < AI'?

Requires to model the self-consistent interaction of a collisionless plasma with a strong electromagnetic field ( > 10° G)
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Modeling the mlcrophySICS of the emission &/ depars
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Brightness temperature (kg7;, ~ 1036733 K) requires coherent radlatlon from a plasma by N elementary charges (P X N2) (Katz, 2025)
= N ~ 10" (1 Coulomb) particles radiating in a small region of size < AI'*

Requires to model the self-consistent interaction of a collisionless plasma with a strong electromagnetic field ( > 10° G)

Particle-In-Cell code (N-bodly) I A o
Entity . ; Pk qi\. i . Current
: : : § : : depusmon on 011(1
e Open-source coordinate-agnostic for HE astrophysics e ‘\. oo d
5 " ‘ ; (¥ ]
® Covariant algorithms (GR), arbitrary grid geometries 5 : f
® Modular and architecture-agnostic CPU/GPU parallelization § §
Maxwell + Vlasov including UL SO S IS I ? H S :
S h d . Integration of Integration of Maxwell
; yﬂC rotron radiation equation of motion AIL equations on grid
oB 1 m Pair creation (Monte Carlo) Fl, = pe — xk Jij — (E, B),;
a—:——ef djhkmE J
A o o g g —1
E | 5 5
OB 1 i w4 z z s
= 8‘] ahk B — 47TJ . AT . A [ . W - WY .. W
J] m 4= mm : . . ,
ot \/Z - 1 . Weighting ' -
By ,;i . fields on particles | E a% E
https://entity-toolkit.github.io/wiki/ g (E, B)'ij — Fj, E | i
1 1 R S S
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Steepening of a Fast Magnetosomc Wave Je Parls
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Fate of a FMS wave (E,, B,) propagating in a declining background field B,, (total: B = B,, + B,)

® Propagation: E,,/B,,  r" (dipole: E| /B, r*) = (B*- E? > 0)progressively (B*— E> — 0) at the trough

—> Formation of a monster shock [PIC: Chen et al., 2022, Bernardi et al., 2025; Theory (dipole in the high-o limit): Beloborodov, 2023]

Exact 1D MHD-solution in a cold plasma + kinetic simulation of the shock formation & emission

| z |c/Sdy
—-800000  —=700000 —600000 -500000 —400000 -300000 -200000 —100000 0
® Large scale separation: - | | ) ' - . | , |
4 o, 50 t +
Ay @,lc =10 3 —
£ |
® Background field profile: M 0+ —l,
B,, = 2By(1 +x/Ry)™", R,=102, - : ;
Py Large magnetlzathﬂ E O o & o o .t . ot . § P 2 1, B . 4 G S 4 .. 50 4 S -4 4P S S S S S S A ¥y S . o A0 S .S Y A P S-S0 S A A Y S Y A S - A Y Sy B 0
K
5
® 60 cells per skin depth, PPC = 100 =10 * * % i i % % i =
—20000 -17500 -15000 -—-12500 -10000 -—=7500 -=5000 —2500 0
z|c/wy|

A. Vanthieghem & A. Levinson, PRL, 2025 12
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Dissipation in a Strongly Magnetized Relativistic Shocks
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= Excitation of a precursor wave

Coherent emission produced in a

Co : LS 4 : : % : % : :
relativistically magnetized shock wave

within the magnetosphere

(lwamoto et al., 17-18; Plotnikov & Sironi
19: Sironi et al., 21; Babul et al., 21)
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Vanthieghem & Levinson (2025) 13
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Dissipation in a Strongly Magnetlzed Relathlstlc Shocks P Ge'paris

Synchrotron emission from a magnetic soliton

. . S The emission is shaped by the complex interplay between nonlinear structures
Particles form an unstable ring distribution P y P play

EUEAN WhEVE 0 TR : :
A m% il HEE ” Resonant cavity between solitons
e~ “?w""
Obsel‘ 2r Successive solitons form a resonant cavity
leading to harmonic features
30 ; . . l ;
= |Soliton @
____ S ) | Emergence of chaos
o | Covit Unstable trajectories in the solitons
) avity

lead to phase mixing & thermalization

[ | o | D)
Al “r‘ \
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o i g T I
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=
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e | | | | :
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Vanthieghem & Levinson (2025ab)
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Spectrum and Dissipation Rate
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® Low energy cutoff: 0,0 < vy 1. = Oy = O ¥niLab

® Fraction of dissipated energy carried by the X-mode

® Peak frequency depends on the size of the resonant cavity ;
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Vanthieghem & Levinson (2025) 15
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Application to Fast Radio Bursts Je Parls

Scalings

25
20

g
3@)
S

15

2 = * Shock formation radius
FIPTT LU ] ry=2x10°B/PL"* cm (Beloborodov, 2023)

0 10 20 30

T — Zep [Cfwp 107° Ry

—

e Dissipation zone: r, < r;.. < 3r, (Beloborodov, 2023)
* Upstream magnetization: ¢, ~ 300 ]91142L4_31/4
* Plasma frequency: w, = 10° (r/rs)l/z/%6£21/2B11§4 +'° Hz

e Peak emission frequency in the lab frame
steepening of a MHD FMS Wave @ ~  Jo oM. ~2GHz
| peak — u ’pvvve6

(scaled from the simulation)

Al

T What should also be discussed with more time
Parameters e wave power e FMS wave frequency ® Can they escape? Decay into Altvén waves
. L, =10¥L,; erg/s =10 Hz (Golbraikh & Lyubarsky, 2023), damping
* Dipole e multiplicity (Beloborodov, 2024/2025, Sobacchi et al., 2024)
B.. = B,<(R/r)’
Rbg: 1061c5:m M = nyIng; = 10°.4 ® Impact of radiation reaction

Vanthieghem & Levinson (2025) 16
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A fascinating nonlinear problem in extreme conditions Je Paris
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Observations show that FRBs are unlikely to originate from a single object or
mechanism, but magnetars remain the strongest candidate.

Monster shocks in a magnetar magnetosphere are a potential source of FRBs
and are associated with the neutron-star interior/crust activity.

What do we need?
® More observations:
- host environments, multi-bands, multi-messenger(?), ...

® Better theoretical understanding ot these extreme physical processes
- Relativistically magnetized plasma, incl. nonlinear QED & strong waves
- Neutron-star interior, coupling with the crust & magnetosphere

17



A periodic system of solitary structure Qbservatoire

de Paris
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Understanding the radiative signature requires a model for the shock structure

® A quasi-periodic trail of Fast Magnetosonic Solitons underpins the shock structure

Single fluid FMS stationary solitons
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® A stationary solution from a single fluid + Maxwell’s equations
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Soliton period & Emission process

e - ! S - e Y. S N

—— ——————__ P N e BN -\
s % S S

:." '3 o R AR TR

Y o NN e L e 0 R N o o oy G eV o

RSN sk T TN P O 7 AU, 7 iy o gin S IR Gy = e T VR o VAR RN T

— e e — s T o ——— ~ T T, oy = .
e e ~ 3 AN e e R P e =TT TNy T e = < T S
=z S % e B N I g —~— e e RS — e e N o —
_ = 5 X N 7 - <=/ # o a . 7 = D2 e 7 —
R = K ¢ 3 % EAA e . O . AN = A =
e —_— —_— e = G P e R, e RN s o, P e Nt el S e N P o s Ty A e, s AR
e o= — = e o N _/j ) N A b Vv -_:4 i RN P A, i = S N ’, s e S —' T -:Z’;
N — e N Y s % N RN 2 7 » IR > S g e o i B s o A, g Y,
, Y TN P < X R 5 S S v IR X s eI %
\ " - \ e T, | e T e s e S e e VN SN T N G SN P OB NS N i SR O e et Lo e ——
\f \/ -(,,.‘?-,‘r.,.-. BRCERS . W R AN o i VAV AY AT v ) ey (ZAY s SRRSO A, W PRGNS ARG SN NN R A RIS RIS o DY AW 07, Loy, v e W AR AW 8y v g pm iy ARSI ey SN N ok RN AR

® Soliton cavity size determines the emission spectral features.

o The size of the cavity scales weakly with M,
Periodic soliton for ug = 100 and A4 = 1.500

i W In <MZ\+\/MZE - 1>
A~ 2 c/oop
0- \/I—Mgz

15 ~10 _5 0 5 10 15 Such that, in the downstream frame, the wavenumber scales

50 - as
Q'
FE CKig ~ Yshja @p ~ \/;a)p

e PIC simulations: Peak emission at ckjq ~ \/;a)p +
o harmonic spectral features (Plotnikov et al., 2018)
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Electron- positron relativistic soliton profile (C. Jacomet)
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Unstable trajectories in the locally compressed magnetic field

Compressed magnetic field profile
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Unstable Test-Particle orbits in a Periodic Trail
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A multifluid model of the shock transition

—> The stationary state is modelled as a dynamical system of N-fluids
with N > 1

A reduced model for the steady flow:

® Multi-fluid pair plasma,i = 1, ... ,N

® clectron-positron beams as a single fluid (Kennel & Pellat 76, Alsop & Arons 88)

® |nitial conditions for the plasma system
1. Magnetized

2. Drifting
3. Thermal spread

The multi-fluid (cold) approach captures kinetic effects and convergence with increasing N

(Dawson, 1960)
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Dynamical system
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N = 200, ¢ = 100, uy = 35.8, and kxT = 2.5 X 107> m c?
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Kinetic Simulation

. (8) .

Th eory a.n
s 40
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Plotnikov & Sironi, 2019

(a.3)
kpT = 2.5 x 10° m.c®

S50

1.00
(a.4)
kpl =2.5% /103 MeC

® |ncreasing temperatures lead
reduced number of soliton
generations
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N — ea—— mecz, the soliton
I I s [ | , , . cavity disappears (Babul et al., 20)

N = 200; ¢ = 100; u, = 35.8 _ —
Recovered jump conditions
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Chaos, Entropy, and Thermalization
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Critical point for soliton stablllty around M 1y 2 | Geparis

The characteristics of the chaotic dynamics are quantified by the set of Lyapunov exponents
A ={Ali=-N,....0,....,N}
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Subcritical Relatlwstlcally Magnetlzed Shock Waves } Sepans o
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Stable trajectories in solitons lead to inefficient dissipation of the directed kinetic energy across the shock

= Subcritical shock
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Radiation-reaction in relativistically magnetized shocks
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—" M |' . 'dl " I<I 1 II 1| Radiation-reaction modifies the shock structure
JitTuid shock mode and emissivity of the shock transition region

0.002 |- 1| (Beloborodyv, 2023; Zhang et al., 2025)
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Radiation Reaction in Monster Shocks e Paris
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X-mode Suppression & Wave-Modified Monster Shocks Separs O
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Structure of a monster shock with radiation reaction
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e Increasing the cooling rate leads to faster shock & suppressed X-mode emission for 7 > 1
* Precursor wave-plasma coupling (heating - Beloborodov, 2024/2025, Sobacchi et al., 2024) leads to effective
pressure on the background, analogous to Cosmic-Ray Moditied Shocks (Drury & Voelk, 1981)
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Conclusion and Perspectives Je Parls
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e Monster Shocks form in a MHD and kinetic system when B> — E? — 0

® Shock formation through the onset of chaos in particle trajectories within relativistic solitons

® Coupling between shock profile and precursor emission

® Stable solitons lead to relativistic sub-critical shock waves for 1 < M, < 2

® Radiation-reaction is essential in Monster shocks: emissivity, scaling relation, and (X-mode)-moditfied shocks

Next

e Obliquity ® Soliton emission process
® Spectrum of FMS waves (here monochromatic) ® Soliton-soliton + soliton-wave couplings

® Escape?
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Critical point for soliton stability around
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The characteristics of the chaotic dynamics are quantified by the set of Lyapunov exponents (divergence rate of trajectories)
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| I l I | l | l | I I
(a)

'xaf.
‘ ‘ .,.*V"

o0
o0
o0 o8

» e oM
-
)

-

L N

¥ [o
v

O
R
oF
3 00re—e
=

. 90

0 00
B N
o0 00

=
-

2+1 vanishing Lyapunov exponents: " 2 ® o

® 2 integral of motions
l

| | |
® 1 involution: (u, u,, B,) - (u,, — u,, B 0 2 4 6 3 10 12 14 16 18 20
I’[,I : Number of fluids

= At least two fluids for the onset of chaos L)

= Natural interpretation for entropy generation & thermalization scale
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