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Motivation



Fast Radio Bursts (FRBs)

Transient episodes of extremely strong radio emission of unknown
origin. (First detection in 2007.)

• Peak flux > 0.5 Jy (= 0.5× 10−23 erg s−1 cm−2 Hz−1) at GHz
frequencies

• Some of them repeat⇒ the mechanism cannot be catastrophic
• High occurrence rate⇒ large population source
• Release ∼ 1035 − 1043 erg in ∆t ∼ ms

Caleb et al. (2018) 2



Sky distribution

Figure 1: FRBs in Galactic coordinates, predominantly those found by CHIME,
which have significant variations in sensitivity over the sky and only views
the northern hemisphere. When corrected for non- uniform sky coverage, it
has been shown that the distribution is isotropic, as expected for a
cosmological population. Petroff et al. (2022)
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Coherent emission from a compact source

• High-implied
brightness
temperatures
Tb > 1032 K⇒ the
emission should be
coherent

• c∆t ∼ 107 cm⇒ the
source should be
compact

Petroff et al. (2019)
FRBs appear to be extremely efficient sources of coherent radio
emission. The mechanism is still unclear.
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Models in the literature

Shock models: the FRB is
produced at a large (1010 cm)
distance from the compact object
(magnetar or black hole).

Magnetospheric models: the FRB
is produced in the neutron star
magnetosphere.

Metzger et al. (2019) Lu et al. (2020)
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Monster shocks

Fast magneto-sonic waves create shocks inside the magnetosphere
that can release a huge amount of energy (Beloborodov 2023).

Vanthieghem & Levinson (2025)
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The galactic FRB



Magnetars

Magnetars are very highly magnetised neutron stars (NS) with
B0 ∼ 1014 − 1015 G, about 1000 times stronger than BNS.

Soft gamma repeaters (SGRs) and anomalous X-ray pulsars (AXPs)
present irregular bursts in X-rays and soft-gamma-rays.

During the short (faster than minutes) bursts, the brightness can
increase by a factor of 1000 or more.
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Magnetar SGR J1935+2154

Recent discovery of a FRB occurring simultaneously with an X-ray
burst from the Galactic magnetar SGR J1935+2154

Radio (CHIME)
• LGHz ∼ 1038 erg s−1

• νFRB = 400 MHz
• δt = 0.6 ms

X rays (Integral)
• LX ∼ 1041 erg s−1

• Ecutoff,X ∼ 80 keV

Mereghetti et al. (2020)

8



Expanding fireball in magnetar SGR J1935+2154

For 80 keV photons to be observed, the e± − γ plasma should expand
along the large-scale open B-field lines outside the trapped fireball

l0 =
(

LX
2πcaT4

) 1
2

∼ 104 cm

80 keV photons cannot
escape from the optically
thick region above the
trapped fireball

Ioka (2020)
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Baryon loaded expanding fireball

• X-ray photons heat the magnetar surface and ions and electrons
are ablated (Thompson & Duncan 1995).

• The baryon mass density in the outflow, ρ′b, is determined by the
free parameter η

η ≡ e′0
ρ′b0mpc2

, e′0 = 5.6× 1021
(
kBT′0
80 keV

)4
erg cm−3

Wada & Ioka (2023)
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Baryon-loaded expanding fireball
Saturation radius:

rs
R =

( η

100

) 2
3

• r < rs: Radiation
dominated

• r > rs: Matter
dominated
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Baryon-loaded expanding fireball

Diffusion radius:

rdiff
R =

{
68.4η−1, η < 14.7
1.8, η > 14.7

At r > rdiff photons escape
from the in the direction
perpendicular to B and
create e± pairs outside the
baryon-loaded fireball
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Photospheric radius : rph
R =


1.6× 103η− 3

2 , η < 30.6
19.4η− 1

5 , 30.6 < η < 1.2× 103
1.6× 102η− 1
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Radiation acceleration

At rph ≤ r ≤ rc, the fireball is accelerated by resonant cyclotron
scattering (Wada & Asano 2024).

Pair expanding fireball:

Γ± =
( rdiff
R

) 1
2
( rc,±
R

)
= 60.4

Baryon expanding fireball:

Γb = Γph

(
rc,b
rph

)
=

{
46.6

(
η
100

)− 1
10 , η⋆ ≤ η ≤ 1.2× 103

37.7
(

η
1000

)− 1
4 , η ≥ 1.2× 103
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Energy budget for FRB emission

FRB isotropic-equivalent luminosity: LFRB,iso = 1038 erg s−1

FRB true luminosity: LFRB,true = (∆Ω/4π)LFRB,iso,
∆Ω = (θfireball + 1/Γb)

2

• Kinetic luminosity of the pair expanding fireball

L± = πmec3[l2b(rdiff)n′±(rdiff)Γ±(rdiff)]Γ± = 3.5× 1035 erg s−1

• Kinetic luminosity of the baryon-loaded expanding fireball

Lb
erg s−1 =

{
5.1× 1040

(
η
100

)− 11
10 η⋆ ≤ η ≤ 1.2× 103

4.1× 1039
(

η
1000

)− 5
4 , η ≥ 1.2× 103,
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FRB emitter

The condition Lb/LFRB,true > 1 to satisfy the energy budget in the
baryon-loaded expanding fireball to power the FRB emission gives

rmax
R =

{
5.1× 106

(
η
100

)− 11
10 η⋆ ≤ η ≤ 1.2× 103

4.1× 105
(

η
1000

)− 5
4 , η ≥ 1.2× 103

The condition max(ω′
p, ωB)/2π < ν′FRB gives the minimal radius of

FRB photon escape

rmin
R =

{
1.7× 104

(
η
100

)− 1
10 , η⋆ ≤ η ≤ 1.2× 103

1.2× 104
(

η
1000

)− 1
4 , η ≥ 1.2× 103
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FRB emitter

The condition Lkin,b > LFRB,true together with
max(ω′

p, ωB)/2π < ν′FRB, determine a region in the η − r plane where
FRBs can be produced

100 101 102 103 104 105
100

101

102

103

r/
R

pair creation

acceleration

rs
Alfven
rph

rdiff

rc

16



Beam instability



1D PIC simulations

Background (baryon loaded fireball): electron–proton plasma

Beam (pair fireball): electron–positron plasma that propagates
through the fireball with Γbeam = 10

• Plasma frequency: ωp ≈ 1.79× 107
√
ntot/105cm−3 rad s−1

• Skin depth: c/ωp ≈ 1.6× 103 cm

Electric field energy density Number density
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Cavities

Langmuir saturation Simulation end

Density

Electrostatic field
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Cavities

Cavity size: wavenumber ktyp at which the spectrum has the maximal
intensity

Langmuir saturation Simulation end

Dtyp = 8.4 c
ωp

= 1.4× 104 cm Dtyp = 39 c
ωp

= 6.5× 104 cm

⟨n⟩/ntot = 0.21 ⟨n⟩/ntot = 0.057 19



Electric wave coherency

How well the particles emit coherently at a spatial length x?

Et = ⟨E(x)⟩∆tcoherent ωp∆tcoherent = 80

∆tcoherent > Dtyp/c, allowing particles to achieve emission coherency
from more than one cavity. More cavities contribute to the FRB
emission.

S(x) = ACF
(
Et
)

≡ ⟨Et(x′ + x)Et(x′)⟩x′

S(k) =
∣∣FFT

(
S(x)

)∣∣
10−1 100

k c / ωp

10−2

10−1

100

101
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103

S
(k

)
[a

.u
.]

k−3.6

k−2.6ωpt = 212–282

ωpt = 2730–2800
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Emission mechanism



Single electron’s emission

Each relativistic electron passing through one cavity will radiate an
energy per unit frequency interval (over a time τ = 2D/c)

Ie,∥(ω) =5× 10−28
(

⟨Ex⟩
StatV cm−1

)2( Dtyp
c/ωp

)2(
Γ

100

)2
erg Hz−1

Each electron interacts with Nc,∥ = r′∥/Dtyp ∼ 3× 108 cavities when
passing through the emitter1

Etot,1e = Ie,∥(ω)Nc,∥νFRB

1The duration of the FRB δtFRB = 0.6 ms (in the reference frame of the observer)
defines the crossing time of the emitter δtFRB = r∥/(cΓ2fb), where r∥ is the the
direction parallel to the line of sight.
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Incoherent emission

Total number of beam electrons in the emitter2

Ne = n′beamV′FRB = 5.8× 1032
(

n′beam
105cm−3

)(
Γ

100

)3(
δtFRB
0.6ms

)3

Total incoherent emission
Etot,inc = Etot,1eNe ∼ 1029 erg

≪ EFRB = 6.4× 1034 erg

2The size of the emitter in the direction perpendicular to the observer is
r⊥ = cδtFRB ∼ 1.8× 107 cm, whereas r∥ = Γ2fbr⊥ . The emitter volume is therefore
VFRB = r∥r2⊥ = 5.8× 1021Γ2fb cm

3 . In the frame of the expanding fireball, r′∥ = r∥Γfb

and the volume of the emitter is V′FRB = r2⊥r
′
∥ = Γ3fb5.8× 1021 cm3 .
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Coherent emission

We consider the coherent sum of radiation fields by beam electrons
contributing coherently to the total emission

Etot,Ne = Etot,1e [Ne + Ne(Ne − 1)b(ω)]

Etot,Ne = EFRB = 6.4× 1034 erg

Coherence parameter
b(ω) ∼ 1

N2e
Etot,Ne
Etot,1e

∼ 4.3× 10−27

Coherently emitting electrons
Ncoh =

√
N2eb(ω) ∼ 4× 1019

CHIME/FRB collaboration (2020)
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Conclusions



Conclusions

• Magnetar SGR J1935+2154 is unique in the sense that T = 80 keV
makes thr closed fireball optically thick at l0

• We consider e± creation outside a baryon-loaded expanding
fireball

• 1D PIC simulations show that cavities filled with strong
electrostatic fields are created by relativistic beam instabilities
(Γe± > Γb)

• A small coherence parameter is needed to produce an energy of
EFRB = 6.4× 1034 erg

• Collisionless Bremmstrahlung can be an efficient mechanism
for FRBs. We will test our model with a laser experiment
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Questions?
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Peak energies

Figure 2: Left: the April 28 event and other SGR 1935+2154 X-ray bursts. Right:
Peak energies Ep vs. total energy fluences of ∼ 250 bright magnetar bursts.
Ridnaia et al. 2021
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PIC simulations

Particles have an initial Maxwell and Maxwell–Jüttner velocity
distribution functions

g(u) = gbg(u) + gbeam(u),

gbg(u) =
(
nbg

2πv2t

) 3
2

e
− |v|2

2v2t gbeam(u) = 1
γb

nbeam
2K1(ρ)

e−ργbγ(1−β·βb)
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Dispersion properties of the electrostatic waves over the whole
simulation time and for pbeam/mec = 10 and nbeam/nbg = 1. The
same data are in both plots but focusing on the Langmuir waves
(left) and on the ion–acoustic waves (right)
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Profiles of electric field and the plasma number density (top row)
and their spectra (bottom row) during the Langmuir wave saturation
time and close to the simulation end
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Broadband emission in the laboratory

Broadband emission above 2νp (plasma frequency) was discovered
by Kato et al. (1983)

They explored beam-plasma propagation with the beam-plasma
density ratio nbeam/np > 0.1 and with a relativistic electron beam of
Γbeam = 3
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Collisionless Bremsstrahlung

Weathrall & Benford (1991) and Benford & Weathrall (1992) quantify
the emission and spectra of beam radiation in a turbulent plasma

Instability due to counter-streaming plasmas saturates in a turbulent
state of intense localized regions of electrostatic field (cavitons)

Energetic electrons accelerate while traversing the cavitons

Weathrall & Benford (1991)
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Laser experiment to test our model

Experiments (Kato et al. 1983), analytical models (Weathrall &
Benford, 1991), and numerical simulations (Boyd & Ondarza-Rovira,
2016) suggest the existence of a radiation process in which
relativistic electrons scatter coherently from concentrations of
electrostatic plasma waves (cavitons)

Parameter Value (ELIMAIA, ELI Beamlines)
Laser intensity I = 3× 1021 W cm−2

Laser wavelength λL = 0.8µm
Laser frequency ωL = 2.35× 1015 rad s−1

Cryogenic target number density nt = 4.9× 1022 cm−3

Width of the cryogenic target Lt = 100µm = 128λL
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Laser experiment to test our model

Laser strength parameter:

a0 = 36.8
√

I
3× 1021W cm−2

(
λL

0.8µm

)
Critical density (local plasma frequency = laser radiation frequency):

nc = 1.7× 1021
(

λL
0.8µm

)−2
cm−3

Boyd & Ondarza-Rovira (2016)
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