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Fast Radio Bursts

Lorimer et al. 2007

0. Some magnetars can produce FRBs

1. FRB radiation mechanisms are triggered by two MHD modes: 
Alfvén and fast magnetosonic waves

2. FRBs are strong waves



Solid crust

Liquid core

H = 0.1R⋆ = 1 km

Crust is not perfectly rigid
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B-field and crust are moving together and launching waves into the magnetosphere
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Magnetar crust quakes

ωQ ∼
vs

ℓ0
∼ 10 kHz

Crust

Characteristic frequency of seismic waves

ṽs ∼ 0.01c

Magneto-elastic wave speed in the crustMagnetic stress is very large to break the crust. 
The horizontal displacements are incompressible

Qu & Bransgrove 2026, ApJ

EQ ≈ μϵ2
yieldΔℓA ≈ (1043 erg) AQ,11Δℓ4



Magnetar surface

Crust-core boundary
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Into the magnetosphere

Qu & Bransgrove 2026, ApJ

Propagation of magneto-elastic waves

5% — 10% quake energy goes into the magnetosphere



Propagation of magneto-elastic waves

Tcore ≈ 20 % B1/2
⋆,14

τcore ≈
2τc

Tcore
∼ 10 ms

Transmission coefficient into the core

Timescale for the quake energy to dissipate
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Reflected back to the core

Qu & Bransgrove 2026, ApJ
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Fast magnetosonic waves 
propagate along k

Generation of two MHD waves

Alfvén waves propagate 
along B-field

⃗E ∥ ( ⃗k − ⃗B ) plane

Qu & Bransgrove 2026, ApJ
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3D Magneto-Elastic Dynamics of the crust

Qu & Bransgrove 2026, ApJ

Elastic force Lorentz force

ρ
·· ⃗ξ + ρB

·· ⃗ξ⊥ = (∇μ ⋅ ∇) ⃗ξ − ( ⃗ξ ⋅ ∇)∇μ + μ∇2 ⃗ξ +
1

4π
{∇ × [∇ × ( ⃗ξ × ⃗B )]} × ⃗B



Energy emitted into Alfven and fast modes

When , only Alfven waves are producedθQ = 0

Magnetar

θQ = 0

⃗B

Qu & Bransgrove 2026, ApJ
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FRB

Ew ∼ r−1

Bbg ∼ r−3

Emission radius

Magnetar

∼ 100R⋆ ∼ 108 cm

Nonlinear scattering of GHz FRBs

Magnetar

Ew ≪ Bbg

(dipole magnetic field)



∼ 109 cm

Nonlinear radius

Rfrb

MagnetarMagnetar

rem

∼ 5 × 109 cm

Light cylinder

FRB

Ew > Bbg

Ew ∼ r−1

Bbg ∼ r−3 (dipole magnetic field) Nonlinear re
gime

Emission radius

Magnetar

∼ 100R⋆ ∼ 108 cm

Magnetar

Ew ≪ Bbg

Nonlinear scattering of GHz FRBs



Nonlinear parameter

electric force

wave angular frequency

Bbg = 0

a =
eEw

mecω
∼

v
c

Nonlinear scattering

σ =
P
S

∼ a2σT A well known result in laser field



Bbg = 0

Bbg ≠ 0

a =
eEw

mecω
∼

v
c

electric force

wave angular frequency

FRBs: a ∼ 104 r−1
9 L1/2

frb,42ν
−1
GHz ≫ 1

Large-amplitude waves 
a > 1

σ =
P
S

∼ a2σT

Ten orders of magnitude larger than radio pulsars 

Ew > Bbg ⇒ a >
ωB

ω
Ew > Bbg ⇒ a >

ωB

ω

A well known result in laser field

Nonlinear parameter

Nonlinear scattering



1. Waves can remain in the linear scattering 
regime even when a ≫ 1

σX ≈ σT ( ω
ωB )

2
σO ≈ σT sin2 θB

Qu & Kumar 2026 arXiv: 2606.31439

Bbg

⃗k

θB = 90∘ Bbg ⃗k

θB = 0.1

Scattering cross sections



Scattering cross sections

σX ≈ σT ( ω
ωB )

2
σO ≈ σT sin2 θB

a sin θB >
ωB

ω

2. Nonlinear scattering condition:

Ew > Bbg ⇒ a >
ωB

ω
only correct when   k ⊥ Bbg

1. Waves can remain in the linear scattering 
regime even when a ≫ 1

Qu & Kumar 2026 arXiv: 2606.31439

Bbg
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θB = 90∘ Bbg ⃗k

θB = 0.1



Scattering optical depth

τ = 1

Strong FRB waves can escape if γ ≳ 100

Qu & Kumar 2026 arXiv: 2606.31439



⃗μ B

Magnetar

θO

Both X- and O-modes can escape

Rfrb

Qu & Kumar 2026 arXiv: 2606.31439

Only X-mode can escape



Raw

Alfvén waves

FRBs can escape

FRB

Magnetar

Quake

Raw ≈ (4.6 × 108 cm) fB,−4R⋆,6 ≲ Rfrb

⃗μ B

Qu & Kumar 2026 arXiv: 2606.31439

TAlfven ≈ 10 % B2/5
15 ω3/5

0 (cos θ0)−3/5



1. Crust quakes can generate Alfven and fast modes as the trigger mechanism for FRBs.

2. FRBs can freely propagate in the open field line region of the magnetar magnetosphere.  
Crust quake-induced Alfven waves can open up the B-fields and reduce the non-linear scattering

Summary


