Fast radio bursts from magnetars
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e GHz band

* ms duration

FRBs:

» luminosities up to 10* erg/s

Plausible origin: magnetars  (weak FRBs have been detected
from a known magnetar)

Energy source: magnetic field near the neutron star (Bhg > Ewave) :

r < 100R, (well inside Ry,c ~ 1O4R*)



Magnetosphere

~ 1010 rg?

Waves: (1) O-mode E L (k x Byyg)

MHD if Larmor radius r1, < <
(2) X-mode FE || (k X Byyg) W



Damping of GHz bursts
in the magnetosphere

AB 2023 (arXiv:2307.12182)

imagine a FRB source in
the inner magnetosphere

(Bbg > Ewave)
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Damping occurs at radii 7 > Ry where By drops below Byave = Ewave

magnetic dipole moment

/ of the star

PIC simulation:

C,LL2 1/4 Chen et al. 2022
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MHD regime

Example:
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MHD regime

Example:

GHz wave
with power
L = 10* erg/s

R, =2.5x 10%cm
~ 200 R,
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Evolution of a GHz wave train with r
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Shock heating in the GHz wave train
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Evolution of wave power with r
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ensemble average of particle energy
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Radio bursts are damped in the static background magnetosphere

AB 2021, 2023
Golbreikh, Lyubarsky 2023

=> FRBs must be emitted by magnetic explosions
(and released far from the star, in the wind)

Explosions can develop from small perturbations of the magnetosphere

— a typical crustal quake (kHz) with amplitude ~0.001 is sufficient



Explosions from
Alfvenic perturbations

Shear (Alfven) wave is
launched from the star,
grows nonlinear, and
launches an explosion

Yuan et al. 2022
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Magnetic reconnection




Explosions from magnetosonic perturbations



an expanding EM wave packet
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Compressive MHD wave

compression rarefaction
Bbg -BbgA
B, E.
k —
E./|
B = Bbg + BW | BW
E =FE,
Uwave 1




Compressive MHD wave
plasma motion in the wave:

compression rarefaction vp ExB |vp| |E|
By, BbgA 7 B B2 c @
Byl g wave breaks when
N B
k k |E| = |B| = %
E"K/ (vp = —c¢)
B = Bbg —+ BW | BW
E=F, occurs at Ry ~ 10% cm

v PIC simulation: @ MHD:
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E/E,
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E/E,
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wave evolution with r
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wave evolution with r
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E/E,

Plateau: the ceiling of E* = B? corresponds to || E,| ~
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wave evolution with r
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wave evolution with r
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shock at the edge of the plateau

monster shock weakens as it expands inside the

magnetosphere, and again becomes strong outside

relativistic explosion in the magnetar wind



Shock from a kHz magnetosonic
perturbation in the magnetosphere

Ry : Bbg = 2B ave

(E® = B?)




FRB mechanism: magnetic explosion
— shocks in the magnetar wind AB 2017, 2020

— ejecta carrying waves from magnetic reconnection  Lyubarsky 2020;
Mahlmann et al. 2022
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Blast waves from magnetars

blast Lorentz factor
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(cf. solar flares)



Coherent emission mechanism: shock maser
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Coherent emission mechanism: shock maser
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Shock-powered coherent emission
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FRBs from magnetars

* Required energy source: inner magnetosphere Bhg > Ehurst

* Static outer magnetosphere acts as a pillow damping GHz waves

=> energy must be transported beyond the magnetosphere
where FRBs can be released

FRBs come from powerful electromagnetic outflows/explosions

(and involve “field instability” rather than “plasma instability”)

* Formation of strong shocks (now settled)

shocks produce semi-coherent radio emission



