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Fast Radio Bursts main properties . Tl dePais
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Some properties:
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0.5 - Dispersion-free signal - ® First detection in 2007 (from 2001’s catalogue)
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® Bright radio sources: 1 — 100 Jy (Cas A ~ 2000 Jy at 1 GHz)
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Fast Radio Bursts are cosmological
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Observations show FRBs to be of extragalactic origin
(z ~0.03 —z > 1) with a distribution that seems to be

Isotropic

5 FRBs localized in a host galaxy at distances 108-10° |y
(distance to Andromeda Galaxy ~106 ly) - i.e.
cosmological scales
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Most FRBs show linearly polarized emission

rFRB 20180301A rFRB 201211

—— 160 70 5 20 T
S # 8 ar
D 50 80 130 ™ .‘0 40 - T 65|
« Sy ettt e _:‘d’ e o < y
é 20 30+ ”“'? 100 = r‘.\ 10 - ' a 40 {
3
p = ) 70 20
3 10.0 - |
§ 5.0+ |
g 4.8 |-
25 5
i : i *
L 14 x 22 14 6 g
o 15 20 Kl >
§ 10 15 2 o
T 12 5 10 1.2 5 5
g 0 . -2 S 44|
w
1.0 ; 1.0 T D
0 5 10 0 5 10 5 \C
Time (ms)

% () (b) P
& I L | ! ! -
S 75 50 20 '(7’
s h ! o = 90
g i - - $ 4 - o S ' T L T LI TR (-
R i ! 1T a Q

15
5 @00 Burst 11 Burst 12 & 40 : : } : { "E
% 0 H4GBT-1 #GBT-2 =
800
S el 3 T T T =1 T
— . 35 N 8.0 - I : =
g 1.4 gg 14 % 7.6 - = T -

: 2 o T 72k 1 L 1
§ 1.2 o 12 5 I ft === —
g 5 0 S 6.8 F 3 E = N
= 1.0 T T ! 1.0t T T T =5 3 700
0 5 10 0 5 10 15 c 6.4 |- 7] B ‘e I
Time (ms) Time (ms) Time (ms) o = 5 < %
2 6.0 Z
£ 5.6 | 4 F = —
Luo et al. 2020 5.2 : - b
4.8 () 1 | I 3 (d) 1 1 | = O 600
—-1.0 —-0.5 0.0 0.5 1.0-1.0 —0.5 0.0 0.5 1.0 QC)
Time (ms) Time (ms) =
chilli et al. 2018 Y 500
L

» Strong linear polarization in both repeating and one-oft

Time [ms]

Mckinven et al. 2024
« Some show swings in the polarization angle (both for repeating and one-off) suggesting propagation in strong B-tield

P. By /uGn, o

2 . . .
o (1+2) Many potential sources... Magnetars emerge as ideal candidates.
4
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At least some FRBs are produced by Mag

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

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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Two main categories of FRBs emission mechani
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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 7 = e | Magnetic field
. relativistic ion shell L = - = A Low frequency
shgine flare e | N~ P - D/ | pulse (LFP)
3 % g persistent ‘ oS ' ‘ \
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AT —— Ry Rej Simul.ation
M B domain
Metzger et al., 2019

Mahlmann et al., 2022, 2023
Some observations seem to favor a magnetospheric origin for some FRBs: scintillation (Nimmo et al., 2025), change of the PA
(Luo et al., 2020), phenomenological fitting (Voisin et al., to be submitted) with emission radius about ~ 102 R,
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Two main categories of FRBs emission mechani
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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 ,

. This work
for the FRB emission.
SN ejecta 7 = e | Magnetic field
. relativistic ion shell L = - 2 A Low frequency
enBine flare e | N~ P - D/ | pulse (LFP)
: Al persistent N\ ' ‘ %\
2 a8 5 , radio Vei
, . 5 2 =" o
S == RM DM 2 [
/ \ ‘ — //%x
‘ F | L | { i ® B
= '|FRB 1
polarization i /\/%_—o s
y-ray / x-ray X
| ~— ®
A ~clt< r(t)
Ry R,
AT —— Ry Rej Simul.ation
M B domain
Metzger et al., 2019

Mahlmann et al., 2022, 2023
Some observations seem to favor a magnetospheric origin for some FRBs: scintillation (Nimmo et al., 2025), change of the PA
(Luo et al., 2020), phenomenological fitting (Voisin et al., to be submitted) with emission radius about ~ 102 R,
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MHD Waves in Twisted Magnetospheres % - 82%%%”5"“’"9
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Bj,
Force-free magnetosphere: E-B =0, o= > 1
drpc?

o Alfven wave: Along the field lines B,, o k X By,

® Compressive Fast Magnetosonic Wave (This Presentation)

Across the field lines E,, & k X By,

We expect three regimes of interest, dictated by the B* — EZ
1. B> — EZ > 0 A small linear wave is injected

2. B> — E% — 0: A strongly nonlinear wave at sufficiently
large radius (This Presentation)
3. B> —E2 <0 : Formation of an electric zone [Alfvén wave

collision (Xinyu et al., 2019, Li et al., 2021), monster shocks
(Chen et al., 2022) ]
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Steepening of a Fast Magnetosomc Wave Je Parls

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*— E2 — 0) at the trough

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

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

. xc/S)
® |arge scale separation: —800000 —700000 —600000 —500000 -[4({000%] —300000 —200000 —100000 0
/1W a)p/c _ 104 r_‘Q-‘ 50 I ] 1 ] 1 ] ] 1 1 | )
3@ pe st
® Background field profile: =
_ 2 —1 _ |l I
Bbg =2By(1 +x/Ry))~", Ry=104, D@ 0 | _—
® Large magnetization: SEPRETS | =W R — —_—— o —— —T——) E— |
©
® Coolingdiscussed later S
—10 % i % % % : : : %
e 60 cells oer skin depth, PPC = 100 —20000 —=17500 —=15000 —12500 -—-10000 -=7500 —5000 —2500 0
T |c/wp]

A. Vanthieghem & A. Levinson, PRL, 2025
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30 | ; i i i i Zoom-in on the shock structure
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® Excitation of a precursor wave Planar shocks simulations: Iwamoto et
al., 17-18: Plotnikov & Sironi 19; Sironi et al., 21; Babul et al., 21

® Emission: Synchrotron-Maser in a resonant cavity (Plotnikov et al., 19)?

A. Vanthieghem & A. Levinson, PRL, 2025 10
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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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A. Vanthieghem & A. Levinson, PRL, 2025 11



Application to Fast Radio Bursts GePars ¢

Scalings

) [ Shock formation radius
S . r,=2X 108B11§2L4_31/4 cm (Beloborodov, 2023)

T — L [Cfwp = 107° Ro]

 Dissipation zone: r, < 1, . < 31, (Beloborodov, 2023)
e Upstream magnetization: 5, ~ 300 BllgzLE/“

* Plasma frequency: w, = 10° (#/ rs)l/z/%6Q1/2B11§4 w® Hz

e Peak emission frequency in the lab frame
Dpeak =2 /0y Op M ~ 2GHZ

(scaled from the simulation)

T 0375 0.400 0.425 0.450 0.475 0.500 0.525 0.550 0.575

7 [Rol Open questions:
P t
arameters ® Can they escape? Decay into Alfvén waves
e Dipole * wave power e FMS wave frequency (Golbraikh & Lyubarsky, 2023), damping
B, = B,s(R/r) L, = 10%L,; erg/s v =10* Hz (Beloborodov, 2024/2025, Sobacchi et al., 2024)
106 . TR - | | o |
R = 104 cm multiplicity ) ® Efficiency including radiative cooling?
v=10" Hz M = nyIng; = 1004 PIC+synchrotron (Zhang et al., 2025)

A. Vanthieghem & A. Levinson, PRL, 2025 12
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A periodic system of solitary structure
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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

13
— LO T
-
£
0.0 : - t } + t ‘ :
24900 24925 24950 24975 25000 25025 25050 25075
z[c/wy ® Soliton cavity size determines the emission spectral features.
® A stationary solution from a single fluid + Maxwell’s equations The size of the cavity scales weakly with M,
leS - 4 _
T : ln<MA+\/MA 1>
% 10H<) y| - A~ 2 c/w,
d 1 — M2
& — A
QS\I Such that, in the downstream frame, the wavenumber scales
v 0 | 1 ; as
0 20 40 60

ckiy ~ Yauq @, ~ \/ O @
Magnetic field profile z|c/wy | d shid *“p \/_ p

A. Vanthieghem & A. Levinson, PRE, 2025 13 As observed in PIC simulations (Plotnikov et al., 2018)
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Unstable trajectories in the locally compressed magnetic field

Compressed magnetic field profile
+1e5
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Floquet exponents I of the perturbative system with periodic
coefficients
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A. Vanthieghem & A. Levinson, PRE, 2025 14

Unstable Test-Particle orbits in a Periodic Trail
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of solitons
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Stationary solution
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Self-Consistent coupllng with the magnetlc fleld ) dePoris

/

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

Dynamical system
A reduced model for the steady flow: . BZ ﬂly
. oiit = —= —

® Multi-fluid pair plasma, i = 1, ...
® clectron-positron beams as a single fluid (Kennel & Pellat 76, Alsop & Arons 88)

® |nitial conditions for the plasma system | B Y
1. Magnetized a;ﬂly = — =
2. Drifting My My i
3. Thermal spread N~
- 1 U,
0B, =— M, — —
The multi-tluid (cold) approach captures kinetic effects and convergence with increasing N N - Uy
(Dawson, 1960)
Longitudinal Velocity Transverse Velocity
ol = 25 x 105 muc? S — ] Lo
_ | | A
J 10 20 30 40 . 10 20 30 40 100
v [c/w,) v [c/w,) 2 [c/w,)
15 N = 200, ¢ = 100, uy = 35.8, and kxT = 2.5 X 107> m c?

A. Vanthieghem & A. Levinson, PRE, 2025



A Model of the Shock Structure 3o Pans toire
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Kinetic Simulation
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(a.2)
keT = 4.0 x 107 % m.c?

1.01

- e

B es

- S

1.00
1.01

1c.t

08\, 8 1"
2.0

8 5] N N 0 S- p- o—
[(|'~U\5]ln()ﬂx — *

Plotnikov & Sironi, 2019

1.00
1.01

(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

.
2 S 1.01
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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

A. Vanthieghem & A. Levinson, PRE, 2025 16
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Chaos, Entropie, and Thermalization
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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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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

A. Vanthieghem & A. Levinson, PRE, 2025 18
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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 Monster Shocks
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Synchrotron Radiation Reaction in Monster Shocks GePars ¢
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Structure of a monster shock with radiation reaction
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Increasing the cooling rate leads to faster shock, increasing the emission frequency in the FMS wave frame, and

may lead to X-mode suppression
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Conclusion and Perspectives Je Parls

Do

e Shocks form in a MHD system when B> — E*? = 0

® Shock structure: a quasi-periodic decaying soliton train dictated by kg7 and M, leading to chaos
® Collective plasma instabilities play a minor role in shock formation

® A general model for the shock structure, including synchrotron cooling

Next

e Opbliquity

® Escape



