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Abstract

Magnetar bursts can be emitted by Alfvén waves growing in the outer magnetosphere to nonlinear amplitudes, δB/
B∼ 1, and triggering magnetic reconnection. Similar magnetic flares should occur quasi-periodically in a
magnetized neutron star binary nearing merger. In both cases, fast dissipation in the magnetic flare creates optically
thick e± plasma, whose heat capacity is negligible compared with the generated radiation energy. Magnetic
dissipation then involves photon viscosity and acts through Compton drag on the plasma bulk motions in the
reconnection region. The effective temperature of the resulting Comptonization process is self-regulated to tens of
keV. The generated X-ray emission is calculated using time-dependent radiative transfer simulations, which follow
the creation of e± pairs and the production, Comptonization, and escape of photons. The simulations show how the
dissipation region becomes dressed in an e± coat and how the escaping spectrum is shaped by radiative transfer
through the coat. The results are compared with observed magnetar bursts, including the recent activity of
SGR 1935+2154 accompanied by a fast radio burst. Predictions are made for X-ray precursors of magnetized
neutron star mergers.

Unified Astronomy Thesaurus concepts: X-ray transient sources (1852); Neutron stars (1108); Magnetars (992);
Radiative processes (2055); Radio bursts (1339); Plasma astrophysics (1261); Radiative transfer (1335)

1. Introduction

Magnetars are neutron stars with ultrastrong magnetic fields
B= 1014–1016 G (see Kaspi & Beloborodov 2017 for a review).
They display spectacular X-ray activity, including rare giant γ-ray
flares of luminosities up to L∼ 1047 erg s−1 and numerous short
X-ray bursts with L∼ 1039− 1042 erg s−1. The giant flares are
produced in the inner magnetosphere, near the neutron star, and
their pulsating tails are emitted by a thermalized fireball confined
by the ultrastrong B 1014 G (Paczynski 1992; Thompson &
Duncan 1996). The origin of short bursts is not established.

The short bursts have durations of∼ 0.1 s and show rather
similar spectra in the broad range of luminosities. They have an
exponential cutoff at Ec= 20− 50 keV and photon index
G = -d N d Eln ln 1ph at E< Ec (e.g., van der Horst et al.
2012; Lin et al. 2020). In the absence of a physical emission
model, the spectra are usually fitted by phenomenological
models—optically thin thermal bremsstrahlung, double black-
body, or a power law with an exponential cutoff.

On 2020 April 28, it was discovered that some X-ray bursts of
magnetar SGR 1935+2154 are accompanied by emission of a fast
radio burst (FRB; Bochenek et al. 2020; The CHIME/FRB
Collaboration et al. 2020). In this event, the X-ray burst had a high
Ec∼ 100 keV and a hard slope Γph, compared with previous
bursts from the same source or most bursts observed in other
magnetars (Li et al. 2020; Mereghetti et al. 2020; Younes et al.
2020). The burst had a usual duration ∼0.1 s and energy output

~ 10X
39 erg.

The present paper investigates how the X-ray bursts could be
emitted in the outer magnetosphere, where Alfvén waves excited
by magnetars can grow to nonlinear amplitudes δB/B 1 and
induce magnetic reconnection events. A magnetohydrodynamic
simulation of such events is presented in Yuan et al. (2020). By
“outer” we mean radii R 108 cm, much larger than the neutron
star radius Rå= 11–13 km. In the outer magnetosphere, B= 108–
1011 G is orders of magnitude lower than the surface field Bå. We

wish to know whether such events can generate the X-ray
spectrum observed from SGR 1935+2154 activity with FRBs. We
will also investigate how the more typical, softer magnetar bursts
can be produced by magnetic flares in B= 108–1011 G.
This paper also suggests that the same emission mechanism can

continually operate in a neutron star binary nearing merger.
Interaction of the magnetospheres of two neutron stars causes their
strong quasi-periodic disturbance δB/B∼ 1, which triggers
magnetic reconnection at R∼ 107 cm (Most & Philippov 2020).
If the two stars have surface magnetic fields Bå 1012 G, their
interaction at R∼ 107 cm leads to the same radiative events as in
magnetars at R 108 cm.
The paper is organized as follows. Section 2 describes

energy dissipation in the radiative magnetic flares. Then, the
emission mechanism is described in Section 3 and simulated
numerically in Section 4. The results are discussed in Section 5.

2. Magnetospheric Dissipation

2.1. Fast Dissipation Region

The typical energy budget of a magnetar burst   1041 erg
corresponds to a weak perturbation of the inner magnetosphere
δBå/Bå∼ 10−3

–10−2. Such perturbations are expected from
starquakes (Blaes et al. 1989; Thompson & Duncan 1996;
Bransgrove et al. 2020). It is less clear how they generate short
X-ray bursts, as this requires quick dissipation of the initially
ideal MHD perturbation, on a timescale ∼0.1 s.
A possible way for fast dissipation involves launching the

perturbation along extended magnetic field lines, into the outer
magnetosphere, where the relative wave amplitude δB/B grows
as B−1/2∝ R3/2. Then, the waves can reach δB/B∼ 1 at
R∼ (30–100)Rå and dissipation can immediately occur through
magnetic reconnection, as demonstrated by Yuan et al. (2020).
Energy dissipated in such events, diss, is a fraction of the outer
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3 is the magnetic dipole
moment of the star. Magnetar bursts have energies consistent
with   0.1diss mag at R∼ (0.3–1)× 108 cm.

Similar magnetic dissipation events are expected during
magnetospheric interaction in a binary neutron star (Most &
Philippov 2020). In this case, the field lines connecting the two
stars can be continually twisted by their asynchronous rotation,
which pumps δB/B 1 and drives quasi-periodic magnetic
flares. Figure 1 shows the flaring magnetosphere of a binary
system in the simple case of (anti)parallel magnetic dipole
moments of the stars. For comparison, Figure 1 also illustrates
a magnetic flare in an isolated magnetar.

In both cases, the flare develops through sudden unstable
inflation of the magnetosphere outside some radius R. It
happens where the magnetic twist δB exceeds the original field

B by a numerical factor 1, which depends on the geometry
and the rate of twisting (Parfrey et al. 2013). This inflation
creates a configuration with two opposite magnetic fluxes
separated by a current sheet. The sheet thickness collapses
under the magnetic pressure, and reconnection is triggered by
the tearing instability breaking the current sheet into threads.
Relativistic magnetic reconnection occurs with speed vrec≈ 0.1c

(Kagan et al. 2015). Therefore, the magnetic flare is expected to
occur on the timescale

~t
R

c
10 . 2diss ( )

As a result, the inflated magnetic field lines snap back to their
original configuration, losing the twist and ejecting plasmoids
from the magnetosphere. The characteristic size of the reconnec-
tion region S (the half-length of the yellow regions in Figure 1) is
a fraction of radius R. Its half-thickness is H∼ (vrec/c)S∼ 0.1S.
Part of the magnetic energy flux flowing through the

reconnection region vrecB
2/8π gets dissipated. The maximum

dissipated fraction of 0.5 is approached if the guide field Bgd

(the magnetic field component along the electric current) is
small, Bgd= δB (e.g., Sironi & Beloborodov 2020). The
resulting dissipation rate per unit volume (inside the layer of
thickness 2H= 2Svrec/c) may be written as

z
p

= =U
U c

S
U

B
,

8
, 3B

Bdiss

2
( )

where ζ< 0.5.
Both analytical theory (Uzdensky et al. 2010) and first-

principle kinetic simulations (e.g., Sironi & Spitkovsky 2014)
show that the current sheet breaks up into a chain of plasmoids
with a broad (self-similar) distribution of sizes, from the
microscopic Larmor radius to the macroscopic size∼H. The
plasmoids are accelerated by magnetic stresses and ejected
along the reconnection layer, allowing reconnection to proceed
with speed vrec≈ 0.1c.

2.2. Reconnection with Photon Viscosity

Reconnection in magnetars and neutron star binaries
operates in a highly radiative regime—essentially all dissipated
energy immediately converts to radiation. The heat capacity of
the plasma particles is negligible compared with that of
photons; particles carry∼10−5 of the dissipated energy in a
typical magnetic flare, as shown below. Under such conditions,
reconnection directly heats photons rather than the plasma.
Photons receive energy by scattering off the moving plasmoids,
and magnetic energy is dissipated by photon viscosity, which
damps the plasmoid motions driven by magnetic stresses
(Beloborodov 2017a). Note also that the fluid bulk motions in
radiative reconnection exceed the particle thermal motions
measured in the fluid rest frame.
Radiation receives energy as follows:
(1) Photons gain energy in scattering. As long as electron

recoil is neglected (Thomson scattering), photons in the
reconnection layer continue to drift upward in energy E with
a rate proportional to E, similar to Fermi acceleration. Their
energy gain per Thomson scattering DE E T( ) depends on the
state of the plasma and defines the effective Comtponization

Figure 1. Magnetic flares in active isolated neutron stars (top) and binary
neutron stars (bottom). In both cases, pumping a strong twist into a magnetic
loop causes its inflation. Then, reconnection is triggered in the yellow regions.
Black arrows indicate the inflow of magnetic energy into these regions. Then,
the disconnected part of the magnetic loop is ejected, and the remaining part
(connected to the star) snaps back to the lower-energy configuration.
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Compton recoil in scattering is negligible for photons with
E= Teff, and the reconnection layer upscatters such photons
just like a static Maxwellian electron gas with temperature Teff
would do. Electron recoil in scattering becomes significant at
E∼ kTeff. It steals photon energy D = -E E E m cerecoil

2( )
and suppresses photon population at E? kTeff. The small
population of energetic photons with E? kTeff is still crucial,
because it controls e± pair creation.

(2) The e± plasma produces new photons with energies E0=
kTeff. The rate of photon production nph is given in Section 3
below. This rate is controlled by the plasma density and its true
temperature T measured in the fluid frame, rather than by Teff.

Photon production gives more photons to share the
dissipated power, lowering energy per photon. When emission
proceeds in a quasi-steady regime, the average energy of
escaping photons Eesc satisfies the relation

»n E U , 5ph esc diss ( ) 

which assumes E Eesc 0 . Ratio E kTesc eff is related to the
spectral slope of escaping radiation, which extends from E0 to kTeff.

Creation of e± pairs endows the reconnection layer with a
significant Thomson optical depth, up to τT∼ 10 in the models
calculated below. Then, very large plasmoids can trap and
advect radiation while smaller plasmoids move through
radiation, experiencing Compton drag. This means that photon
viscosity operates on scales smaller than the size of the layer.
This is similar to photon viscosity in optically thick turbulence
cascades (Zrake et al. 2019).

Photon viscosity (Compton drag) implies that current density J
in a plasma with density n± is accompanied by energy losses per
particle s~ E c U J en ce T

2( ) , where U is the radiation energy
density. Losses per unit volume, n Ee , may be written as sJ2 ˜
with effective conductivity s̃. This gives s s~ ce n U2

T˜ and
the magnetic diffusivity
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A classical Sweet–Parker resistive reconnection layer would have
relative thickness d h~S cSSP

1 2( ) , and its tearing instability
would create structures as thin as δη∼ 100η/c (Uzdensky et al.
2010). For typical parameters of our burst model δη= c/ωp,
where w p= e n m4p e

2 1 2( ) is the plasma frequency. Therefore,
the small-scale reconnection does not obey the resistive MHD.
Instead, it proceeds in the collisionless regime, with speed∼0.1c,
as confirmed by kinetic simulations with Compton drag (Sironi &
Beloborodov 2020). Note also that the characteristic electron
free path due to photon viscosity may be written as λ∼ S/ℓ,
where ℓ∼ 105− 107 is the radiation compactness parameter
(Equation (9) below). Our burst models have

l
w

dhS
c

. 7
p

( )  

This is different from reconnection in ultrastrong fields
B> 1013 G, which could proceed in the resistive MHD regime
(Uzdensky 2011).

Despite the strong collisionless dynamics of the reconnection
layer on microscopic scales, most of magnetic dissipation
occurs on scales?λ, through radiation drag on the moving
macroscopic plasmoids. Energy is extracted from the field
owing to work of the ideal MHD force J× B/c rather than
ohmic dissipation of currents.

2.3. Impulsive Particle Acceleration

The dissipation process described above is similar to pulling
bodies (plasmoids) by strings (magnetic field lines) against a
viscous background (radiation). Radiative kinetic plasma
simulations suggest that this process accounts for ∼80% of
total dissipation (Sironi & Beloborodov 2020). The remaining
fraction goes into nearly impulsive acceleration (“injection”) of
nonthermal particles. The injection occurs near X-points in the
reconnection layer and operates on the timescale as short as

p
w
w

~ =


t
B

en c4
, 8B

p
acc 2

( )

where ωB= eB/mec is the gyrofrequency. The maximum
accelerating electric field E∼ (vrec/c)B∼ 0.1B is capable of
pushing particles to Lorentz factors γ∼ σ0= B2/4πmec

2n± on
the timescale tacc. However, for the typical parameters of our
burst model, radiative losses stop the acceleration at g ~cr

s~ <S ℓr 10e
1 4 3

0( ) . Thus, X-point injection is drag limited,
in contrast to previously discussed magnetic flares near accreting
black holes, where γcr> σ0 (Beloborodov 2017a).
The vast majority of injection events give small γ∼ 1 (see

Figure 8 in Sironi & Beloborodov 2020); they occur via
particle “pickup” by outflows from X-points. The simulations
with magnetization σ0= 10 show that a few percent of the
dissipated power is spent to inject highly relativistic particles.
Note, however, that magnetic flares around neutron stars have
much greater σ0, and radiative kinetic simulations with higher
magnetizations are needed to clarify the scaling of injection
with σ0. Below we use a simple parameterization of high-
energy particle injection to study its effect on the burst
emission.

2.4. Dissipation of Waves with δB/B< 1

Alfvén waves that do not reach δB/B> 1 keep bouncing in
the closed magnetosphere for some time and eventually
dissipate, without triggering large-scale magnetic reconnection.
Their dissipation may occur via a turbulence cascade develop-
ing owing to nonlinear effects (Thompson & Blaes 1998; Li
et al. 2019). Furthermore, dissipation may result from the
shearing of Alfvén wave packets as they propagate along the
curved magnetic field lines, which enhances the electric current
density (Bransgrove et al. 2020; Chen et al. 2020).
The dissipation process is not well understood for the waves

with δB< B. If it does occur quickly, its radiative effect will be
similar to that of magnetic reconnection. The radiative
calculations below can be applied to any type of fast dissipation
in the outer magnetosphere.

3. Radiative Mechanism

3.1. Parameters of the Problem

The power L dissipated in the magnetic flare immediately
converts to radiation, i.e., L is also the radiation production

3
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rate. The corresponding dimensionless compactness parameter
is defined by

s
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where 2S is the size of the dissipation region (Figure 2). The
flare is fed by magnetic energy in the dissipation region of
volume V∼ 2S× 2S× 2H.3 The volume-average energy
release rate is

s
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It may also be expressed as in Equation (3), which gives the
relation
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The only dimensional parameter of the problem is S∼ 107 cm;
it determines B for given ℓ and ζ.

The formulation of the burst problem is simple:4 there is an
initially empty region of volume V where magnetic energy is
released with a given power L. The dissipation event lasts for
tdiss? S/c (Equation (2)). The magnetic field B in the region
and the released power L are related by Equation (11). The
question is what radiation is emitted by this dissipation event.

In a real magnetosphere, the “empty” region contains some
seed plasma and radiation. Magnetic dissipation starts with

accelerating seed particles, producing inverse Compton emis-
sion and igniting pair creation. Regardless of the initial state,
the high-compactness parameter ℓ guarantees that the region
becomes filled with dense radiation and e± plasma (Cavallo &
Rees 1978).
The e± density n± in the dissipation region is not known in

advance and needs to be calculated self-consistently. It will
determine the characteristic optical depth

t s~ Hn . 13T T ( )

A simple estimate shows that the self-consistent n± is much
lower than the photon number density =n U Eph ¯ , where Ē is
the average photon energy inside the source and U is the
radiation density. When the burst is emitted via quasi-steady
diffusion of radiation, one can estimate L∼ VU/tdiff, where
tdiff∼ τTH/c. This gives the relation s~ L S En c Hn8 2

ph T¯ ,
and so

~ -n
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This also gives an estimate for the magnetization parameter of
the dissipation region,
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3.2. Comptonization

We will use a uniform statistical description of the plasma
motions in the dissipation region. Photons have macroscopic
free paths∼H/τT and randomly sample the four-velocity
u= γβ of the scattering particles. In our simulations, u in each
scattering event is drawn from a single global particle
distribution fe(u). This approximation is much simpler than a
full kinetic plasma simulation of magnetic reconnection
coupled to radiative transfer, a challenge for future work.
The main parameter of fe(u) is the integral

òQ = =
kT

m c
u f u du

1

3
. 16

e
eeff

eff
2

2 ( ) ( )

It determines the rate of energy gain of radiation from
scattering UC (see the definition of Teff in Equation (4)). Note
that Θeff is not known in advance and can evolve in the self-
consistent radiative model of the burst. For any given
instantaneous state of radiation, Teff(t, x, y, z) must satisfy the
local energy balance,

=U T U . 17C eff diss( ) ( ) 

It states that the plasma immediately passes the dissipated
energy to radiation, as the plasma heat capacity is negligible.
The energy exchange rate U TC eff( ) depends on both the
spectrum of radiation and the shape of e± distribution, fe(u).
In our Monte Carlo simulations below, U TC eff( ) is calculated
numerically using the exact Klein–Nishina cross section for
Compton scattering.
A simple analytical estimate for U TC eff( ) is obtained using

Thomson approximation and assuming isotropic e± motions

Figure 2. Magnetic reconnection releases energy in volume 2S × 2S × 2H
(shaded in yellow). Fraction ζ of the inflowing field energy dissipates (the
remaining fraction flows out through the sides). The released power L converts
to radiation, and the region develops an opaque e± coat owing to photon–
photon collisions. The plasma produces seed (soft) photons, and the escaping
spectrum is shaped by their transfer through the e± coat. Photons receive the
released energy via Compton scattering.

3 The dissipation region may be composed of N regions of volume
2S × 2S × 2H, giving the total observed luminosity Ltot = NL. For example,
reconnection in an axisymmetric magnetosphere forms a dissipation region
2πR × 2S × 2H; then N ∼ 10.
4 This formulation of the burst problem is applicable to both magnetic
reconnection and dissipation of Alfvén wave turbulence.

4
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with Θeff= 1:
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Here Uò is the spectral energy density of radiation, U= ∫Uò dò
is the total energy density, and ò= E/mec

2. In a quasi-steady
state, ~U U tdiss diff , where tdiff≈ τTH/c is the diffusion time of
radiation out of the heating region. Then, the energy balance
condition (17) simplifies to

t Q - Q ~4 1. 19T
2

eff C( ) ( )

The parameter Θeff= 〈u2/3〉 can be determined for any
given distribution function fe(u), which may have different
shapes. In a standard model of thermal Comptonization, fe(u)
would be Maxwellian,

µ g- Qf u u e , 20e
2 eff( ) ( )

where Θeff is the only parameter. A realistic reconnection
region is not quite Maxwellian: fe(u) has a subrelativistic peak
formed by plasmoid motions and a high-energy tail formed by
impulsive particle acceleration near X-points. The tail steeply
declines at u? 1. A simple example of a non-Maxwellian
distribution is

µ
+ a+

f u
u

u u1
. 21e

2

0
2

( )
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( )

It replaces the Maxwellian exponential cutoff with a power-law
decline at u? u0. The distribution function in Equation (21)
has two parameters u0 and α. Θeff(u0, α) can be calculated from
Equation (16), and a good approximation is given by
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The power received and radiated by the high-energy tail at u ?
u0 is proportional to ò ¢ ¢ ¢ µ a¥ - +u f u du u

u e
2 3( ) . In particular,

the fraction of the dissipated power received by particles with
u> 1 is approximately given by

a
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In magnetic flares, the power deposited into relativistic particles
u? 1 is likely a small fraction of the total released power Udiss .
This corresponds to fe(u) with a steep high-energy tail, α> 5. A
strong nonthermal tail, α= 5, gives » QU U 21 diss eff  , which
varies around 5% in the sample models calculated below.

The effect of the nonthermal high-energy tail in fe(u) will be
illustrated below by calculating the burst spectra for the two
choices of fe(u), Equations (20) and (21). In both Maxwellian
and nonthermal plasma models, fe(u) has a single-peak shape: it
grows as fe(u)∝ u2 at small u2<Θeff and falls off at high u.
Therefore, the production of Comptonized radiation declines at
E? kTeff. The weak high-energy part of the photon spectrum is
important, because it controls the rate of e± creation in photon–
photon collisions ggn (see Section 3.5 below). However, the
feedback of ggn on Teff turns out modest, leading to
kTeff= 10–40 keV for the entire range of relevant parameters
(Section 3.4).

3.3. Photon Production Processes

The single global distribution fe(u) is convenient in the
calculations of Comptonization. However, for the analysis of
photon production, it is more convenient to view the plasma as the
sum of two parts: thermal particles (which have a Maxwellian
distribution in the plasma rest frame) and nonthermal particles
injected near X-points.
The true plasma temperature T (which enters the photon

production rates given below) differs from Teff. It is defined in
the plasma rest frame and locked to the Compton temperature,

=T T . 24C ( )

This equality is enforced on the Compton timescale tC, which is
much shorter than the light-crossing time S/c,
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The value of Compton temperature is found from

=U T 0, 26C C( ) ( )

where U TC( ) is calculated for a Maxwellian plasma (in its rest
frame). A simple estimate for ΘC≡ kTC/mec

2 is obtained in the
Thomson approximation and given in Equation (18). An
accurate calculation of TC would use the radiation spectrum Uò

Doppler boosted to the plasma rest frame. However, only a
small fraction of the reconnection region (small plasmoids) has
highly relativistic bulk speeds, and the thermal photon
production is dominated by large plasmoids with mildly
relativistic motions. Therefore, we will neglect the Doppler
boost and find TC from condition (26) in the fixed lab frame;
this gives ∼10% accuracy of T, leading to a similar accuracy
of nph .
In general, thermal plasma in compact X-ray sources produces

photons through three main processes: bremsstrahlung, double
Compton scattering, and cyclo-synchrotron emission. These
processes have been well studied, in particular in the context of
accreting black holes and GRB explosions (Svensson 1984;
Wardziński & Zdziarski 2000; Beloborodov 2013; Vurm et al.
2013; Thompson & Gill 2014). The cyclo-synchrotron mech-
anism dominates in the magnetic flares of interest here. In
addition, some photons may be produced by synchrotron emission
from high-energy particles. The photon production mechanisms
are summarized below.

3.3.1. Cyclo-synchrotron Emission

The thermal cyclo-synchrotron emission peaks at high
harmonics q ωB of the electron gyrofrequency ωB= eB/mec,
with q≈ 15–20. The emission at frequencies ω< q ωB≡ ωRJ is
self-absorbed, forming a Rayleigh–Jeans spectrum, and at
ω> ωRJ Compton upscattering wins over absorption. At
ω= ωRJ the two processes occur with equal rates,

m w s= Q n4 , 27abs RJ eff T( ) ( )

where μabs(ω) is the absorption coefficient of the thermal
plasma.
The self-absorbed Rayleigh–Jeans spectrum peaks at ω=ωRJ

and has the photon density

p
w

»
Q

º =





n
m c

q
B

B2
, , 28

e Q
RJ

0
2

2 3 0
RJ

2
( )



5

The Astrophysical Journal, 921:92 (12pp), 2021 November 1 Beloborodov



where =  m ce is Compton wavelength and =BQ

» ´m c e 4.44 10 Ge
2 3 13/ . Comptonization moves photons

from ωRJ to higher frequencies on the timescale
s= Q 

-t c n4IC eff T
1( ) , and the photons with ω∼ ωRJ are

resupplied by the cyclo-synchrotron emission with the rate

~n
n

t
. 29cs
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( )

The numerical coefficient in this relation is close to unity and
may be refined as 3/4 using Kompaneets equation (Vurm et al.
2013). This gives
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where αf= e2/ÿc≈ 1/137 is the fine-structure constant.
The exact q= ωRJ/ωB depends on B and Θ and involves

cumbersome calculations (Wardziński & Zdziarski 2000).
However, its value falls in a narrow range, because ωRJ is far
in the exponentially steep tail of the thermal cyclo-synchrotron
emissivity, q? 1. A simple approximate fit suggested by Vurm
et al. (2013) for a range of B and Θ similar to what we need
below is
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The weaker dependence of q on Θeff is omitted here (and the
simulations below show that Θeff is not far above Θ).
Equation (31) gives a reasonable approximation, with accuracy
of a few tens of percent.

3.3.2. Double Compton Scattering and Bremsstrahlung

The thermal e± plasma also produces photons through
bremsstrahlung (B) and double Compton scattering (DC), with
the following rates (e.g., Svensson 1984):

s s~ Q ~ Q-n c n n c nn0.1 , 0.1 . 32B T
2 1 2
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The ratio of the cyclo-synchrotron photon production rate to
the DC scattering rate is
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where Ē is the average photon energy in the radiation
spectrum. Our calculations below give E m c0.03 e

2¯ , and
we find > >n n ncs DC B   .

3.3.3. Synchrotron Photons from High-energy Particles

An additional source of photons is the synchrotron emission
from nonthermal particles. Particles with a Lorentz factor γ
emit synchrotron photons with the characteristic energy

g= ~
E

m c

B

B
0.3 . 33s

s

e Q
2

2 ( )

Here, the choice of the numerical coefficient ∼0.3 corresponds
to isotropic particles, which may be a rough approximation;
however, it will be sufficient for the estimates below.
Absorption by the thermal plasma imposes a lower limit
òs> ò0 (Equation (28)) for photons that survive and engage in

the Comptonization process. This lower limit corresponds to

g g> ~ ~q3 7. 34abs
1 2( ) ( )

The particles lose energy to synchrotron emission with rate
g s g b= -m c c U4 3e B

2
T

2 2( ) , producing photons with rate
g s . This gives the photon production rate per unit volume
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where g g= - »u 1abs abs
2 1 2

abs( ) is the four-velocity that
corresponds to γabs.
It is useful to relate ns to the rate of energy deposition into

particles with γ> γabs, which we denote g g>U
abs

 . Self-absorp-
tion by nonthermal particles of interest is negligible, and a large
fraction of g g>U

abs
 is radiated via synchrotron emission rather

than Compton scattering. Therefore,
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It should be compared with the required photon production in
the self-regulated emission ~n U Eph diss esc  (Equation (5)).
One can see that n ns ph   as long as
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where = E m ceesc esc
2. This condition can be easily satisfied

in strong B 109 G. Therefore, in an approximate self-
consistent model of the burst one can neglect ns˙ and keep
only ncs˙ .

3.4. Photon Balance

In general, the boundary ò0 between the Rayleigh–Jeans and
the Comptonization part of the photon spectrum determines

p= Qn 2RJ 0
2 2 3 and implies photon supply with rate

s» Q n n c n3ph RJ eff T . This gives the relation

s pQQ »c n n2 . 39T 0
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It is valid regardless of the photon emission mechanism. In a
quasi-steady state, the condition nph ≈Udiss /Eesc gives
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This “photon balance” condition imposes a relation between n±
and Θeff.
Photon production in the neutron star bursts is dominated by

cyclo-synchrotron emission, which has a special feature:  0
2 is

proportional to the magnetic energy density UB. Since
z=U U c SBdiss also scales with UB, the parameter ℓB

practically drops out from Equation (40), and one finds

s
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Note that Θ, Θeff, and esc are all comparable. The detailed
simulations presented below show that Θ is below Θeff and esc
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is above, so that QQ ~ Qeff esc eff
3 . Then, Equation (41) yields
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where we substituted ζH/S≈ 0.1ℓ/ℓB (Equation (11)).

3.5. Pair Creation and Annihilation

The evolution of e± density n± obeys the equation

s= - »gg



dn

dt
n n n cn,

3

16
. 43ann ann T

2 ( )  

Here nann is the annihilation rate, written in the limit of Θ= 1
(relativistic corrections to nann are negligible at temperatures of
interest Θ 0.1; see Equation (68) in Svensson 1982). Pairs
are created with rate ggn in collisions of photons with energies
above mec

2, which receive a small fraction of the dissipated
power.

The rate ggn depends on the radiation spectrum formed by
Comptonization. Radiation Comptonized by a Maxwellian
distribution with temperature Teff at high energies approaches a
Wien spectrum,
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with the effective UW∼ (0.1− 0.3)U depending on the overall
shape of the Comptonized spectrum with the total density U.
Pair creation in the Wien tail is given by (Svensson 1984)
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When annihilation balance is established, »ggn nann  , the e±

density becomes
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Then, the relation n±mec
2/U∼ 8S/Hℓ (Equation (14)) gives
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This requires Θeff≈ 0.05− 0.1 in the entire relevant range of
compactness parameter ℓ and implies that Θeff very slowly
decreases with ℓ. The rough estimate of the numerical
coefficient in Equation (47) is sufficient, because its variation
weakly affects the solution for Θeff.

Comptonization by a nonthermal e± distribution fe(u)
(Equation (21)) produces a radiation spectrum with a power-
law (rather than exponential) tail at E? kTeff. This leads to
more efficient pair creation, so that the same τT can be achieved
at a lower Teff.

3.6. Comptonization Timescale

One can now check how quickly the injected photons
with E0= kTeff get upscattered to energy E∼ 3kTeff (where
losses to Compton recoil become dominant). Photons gain
energy ΔE/E= 4Θeff per scattering and reach the peak after

» Q -N kT E4 ln 3W eff
1

eff 0( ) ( ) scatterings. This takes time
tW=NW/cσTn±, and so
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The regime of saturated Comptonization occurs if tW is much
shorter than the timescale for photon escape from the
dissipation region, tesc. The photons can escape by diffusing
across the reconnection layer on the timescale tdiff≈ τTH/c,
and
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As long as tdiff represents the characteristic residence time of
photons in the dissipation region, the ratio tdiff/tW controls the
overall shape of the escaping radiation spectrum (Illarionov &
Syunyaev 1972). The limit of tdiff/tW→∞ gives the Wien
spectrum = -dn d E E kT E kTln 0.5 expph

3( ) ( ), which peaks
at E= 3kT. A small tdiff/tW 1 gives a soft spectrum with an
exponential cutoff at E∼ kTeff.
Using the photon balance condition (Equation (42)), we find
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Since Θeff is self-regulated, so that it varies in a narrow range,
Equation (50) gives 0.3 tdiff/tW 3 in a broad region of the
parameter space. The variation of tW/tdiff between different
models presented below causes (moderate) variations in the
spectral slopes. In all cases, Comptonization occurs in the
unsaturated regime.

3.7. Magnetic Flares with τT> c/vrec

In a reconnection layer, the moving magnetic field lines advect
the e±-photon fluid (coupled by scattering). If τT exceeds c/vrec,
radiation diffusion becomes slower than advection. Then, a large
part of the generated radiation can be advected sideways along the
reconnection layer and ejected together with the magnetic
plasmoids on the timescale∼ S/c. This timescale is shorter than
tdiff when τT> c/vrec.
In general, the photon residence time in the quasi-steady

dissipation region is tesc∼ tdiff in the diffusion-dominated
regime, and tesc∼ S/c in the advection-dominated regime:

t t
t

»

t

H c c v

S c c v
. 51esc

T T rec

T rec

⎧
⎨⎩

( )

The high τT in the advection-dominated regime must be
accompanied by a reduced Θeff, according to the photon
balance condition (Equation (42)). This situation occurs if the
dissipation generates a nonthermal e± distribution with a
significant high-energy tail. Compared with a Maxwellian
plasma, the nonthermal e± are more efficient in Comptonizing
photons to E>mec

2, enhancing e± creation, so that a high
τT> 10 can be achieved even when Θeff is below 0.05 (a
numerical example will be calculated in Section 4).
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In the advection-dominated regime, the ratio tesc/tW, which
controls the slope of the Comptonized spectrum, becomes
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4. Radiative Transfer Simulations

We have developed a new radiative transfer code CompPair
to calculate the production of Comptonized radiation by
e± plasma that is self-consistently created in photon–photon
collisions. The code follows the evolution of radiation and
plasma in time. It employs a Monte Carlo technique to track the
emission, scattering, absorption, and escape of a large number of
photons. The Monte Carlo method is combined with a grid-
based description of radiation in phase space, which is used in
the calculation of photon–photon absorption opacity. Monte
Carlo photons in the simulation carry dynamic weights, changed
by photon splitting and merging, as needed for sufficient
sampling across the radiation spectrum. This allows the code to
resolve the weak spectral tail Emec

2 that is responsible for e±

production. The simulation also follows photons emitted by e±

annihilation, which contribute to radiation at Emec
2. The code

has been well tested.5 Further details of the code will be
described elsewhere.

The simulations presented in this paper have∼ 107 photons
in the computational box at any given time. The photons are
produced with the rate n n T,ph ( ) given in Section 3 and
escape when they reach the box boundaries. The box is
Cartesian, 2S× 2S× 2Hbox. It has the horizontal half-width
S= 107 cm and the half-height Hbox= 0.4S. This height is
sufficient, as we find that the scattering photosphere is located
at smaller altitudes. The evolution of e± plasma parameters n±,
T, and Teff is calculated on a spatial grid. The problem is
symmetric about the midplane z= 0, and the grid has Nz= 20
points in the vertical direction for 0< z<Hbox. We have
checked that this grid gives a reasonably good resolution, as the
grid cells have optical depths well below unity.

The energy release rate Udiss is prescribed with a Gaussian
profile, which peaks at z= 0,

= -U t z U t
z

H
, exp
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During an initial short time interval (0< t< 0.2S/c), U0 is
linearly increased from zero to a maximum U0

max . Then,
=U U0 0

max  is kept constant for a much longer time t∼ 30S/c.
The released power in the box is given by
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We parameterize the heating rate using the compactness
parameter ℓ,

s
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All the runs presented below have H= 0.1S. In this case,
ℓ= ζℓB.
We have performed two different sets of simulations, for

the two versions of the particle distribution ansatz fe(u): a
Maxwellian (Equation (20)) and a smoothly broken power law
(Equation (21)).
The choice of an initial state of radiation and e± plasma is

not important, because the system forgets it at times t? S/c
and approaches a quasi-steady state. This later phase dominates
the observed emission, as the burst duration is ?S/c
(Section 2.1). We have run the numerical models for long
times t∼ 30S/c and here show radiation and e± plasma created
during the quasi-steady state, well after the initial relaxation
phase. At these times, the balance between pair creation
and annihilation is approached even at high altitudes z, where
the e± density is low. The presented simulations use the
approximate photon production rate »n nph cs  given by
Equations (30) and (31); the photons are injected with a
Planck distribution with the average energy E0= ÿωRJ. Our test
runs have shown that using more accurate modules for soft
photon injection weakly affects the results; they will be needed
in future simulations where an accurate particle distribution
function is provided by a kinetic plasma code coupled to
radiative transfer.
Figure 3 shows the plasma density n±(z) and temperature Teff(z)

established in three simulations with ζ= 0.2 and ℓB= 105, 106,
107, all with the Maxwell ansatz of the e± distribution function.
These values of ℓB correspond to the magnetic fields B= 5.6×
108 G, 1.8× 109 G, and 5.6× 109 G. One can see that the opaque
e± plasma is sustained inside and around the main heating region
|z|H. An e± coat is generally expected around compact X-ray
sources, since photons can collide and convert to pairs outside the
source (Beloborodov 1999, 2017a). The optical depth of the e±

plasma is given by

òt s= n dz. 56
H

T
0

T
box

( )

We find τT≈ 4.5, 6.6, and 10 in the models with ℓB= 105, 106,
and 107, respectively. Higher ℓB> 107 would give τT> 10.
Then, the diffusion of radiation will become slow compared to
its advection by the plasma (Section 3.7). Calculations of burst
emission in this regime are deferred to a future work.
In agreement with the estimates in Section 3.5, kTeff shown

in Figure 3 stays in the narrow range of 30–50 keV. It is above
the Compton temperature TC, as required by the energy balance
condition (see Equation (19) for an approximate form of the
energy balance). At high altitudes z, where heating Udiss is
negligible, Teff approaches TC. Curiously, Teff(z) is not mono-
tonic, and its approach to TC is slower than might be expected
from the exponentially falling U zdiss( ) . This happens because
the Comptonization temperature Teff(z) is shaped not only by
the local heating rate but also by the local densities of photons
and e±. In particular, the high photon density at the center z= 0
makes the local Compton cooling efficient, reducing Teff. This
causes a reduction in the pair creation rate ggn toward z= 0
despite heating being strongest at z= 0.

5 One test has a particularly useful setup: energy  is injected in a closed box
(with reflecting boundaries), with no subsequent emission of soft photons,

=n 0ph . This closed system conserves both energy and the total number of
photons and e±, N = Nph + N±. It relaxes to a steady state with a Wien
radiation spectrum and an equilibrium N±, reproducing the known analytical
result (Svensson 1984). This test is not passed unless the scattering, photon–
photon collisions, and annihilation are all calculated exactly, with relativistic
corrections.
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Figure 4 shows the escaping radiation spectrum for the three
models with Maxwellian plasma, which have ℓB= 105, 106, 107

and ℓ= 0.2ℓB. The numerical results are in agreement with the
analytical estimates presented in Section 3. In particular, one
can see how the slow decrease of Teff with increasing
ℓ (Equation (47)) results in the slight shift of the spectral peak
to lower energies. The photon balance condition enforces the
growth of optical depth τT in response to the lower Teff, not far
from the estimate τT∝ Teff

−3 in Equation (42). As a result, the
ratio tdiff/tW grows (Equation (50)), and so Comptonization
becomes more efficient with increasing compactness. This
gives the Comptonized radiation a more pronounced spectral
peak, as the Wien peak begins to emerge at E∼ 3kTeff in the
high-compactness models. However, as expected, Comptoniza-
tion remains far from being saturated. At the high-energy end,
E? Ec, radiation approaches a Wien spectrum with temper-
ature Teff. At the low-energy end, E< E0, the spectrum follows
a Planck distribution. The break position E0 is proportional to

µB ℓ ;B
1 2 it shifts from ò0≈ 3× 10−4 at ℓB= 105 to ò0≈ 3×

10−3 at ℓB= 107.
Figure 5 shows the burst spectra for a few models with a

nonthermal distribution function fe(u) (Equation (21)) with the
high-energy slope α= 5. This choice of α corresponds to a

significant fraction∼2Θeff of the released power being deposited
into relativistic particles u> 1 (Equation (23)). The nonthermal
plasma more efficiently upscatters photons to E>mec

2 that create
e± pairs. Therefore, when run with the same parameters ℓB and ℓ

as the corresponding Maxwellian models, the simulation gives a
higher optical depth τT. Since our simulations neglect the
advection of radiation (Section 3.7), we limit the calculations to
the regime of τT 10. It can occur in a bright burst with
nonthermal plasma only if ℓB= ℓ, i.e., a small fraction ζ= 1 of
the magnetic energy is dissipated in the burst. Figure 5 shows the
effect of decreasing ζ on the emitted X-ray spectrum while
keeping a constant released power ( = =ℓ 10 const5 ).

Figure 4. Escaping radiation spectrum for the three models shown in Figure 3.

Figure 5. Escaping radiation spectrum of three bursts with equal ℓ = 105

assuming different dissipation models: Maxwellian plasma and ζ = 0.01
(dotted), nonthermal plasma and ζ = 0.01 (dashed), and nonthermal plasma
and ζ = 0.001 (solid). The nonthermal plasma has an e± distribution described
by Equation (21) with α = 5.

Figure 3. Structure of the e± coat formed in three simulations (ℓB = 105, 106, and
107) with a Maxwellian plasma. All three simulations had the same ζ = 0.2, and so
their compactness parameters are ℓ = 0.2ℓB. Bottom: the e± density profile n±(z).
The red circle on each curve marks the position of the photosphere—the location
where the optical depth remaining to escape along the z-axis is unity. Top: the
plasma temperature Θeff(z) (solid) and the radiation Compton temperature ΘC(z)
(dotted). The vertical dotted line indicates the characteristic altitude z = H above
which the heating Udiss is exponentially suppressed (Equation (53)).

9

The Astrophysical Journal, 921:92 (12pp), 2021 November 1 Beloborodov



Figure 5 also compares the nonthermal and Maxwellian
models. Note that the nonthermal plasma gives spectra with an
exponential cutoff at a lower Ec. This occurs because the burst
self-regulates to a lower Teff, as the nonthermal particles more
efficiently upscatter photons to E>mec

2 and sustain e±

creation at a lower Teff. One can see the nonthermal
Comptonized component emerging at E<mec

2 and extending
to E>mec

2, where it becomes strongly absorbed before
reaching 2mec

2. By contrast, no absorption feature is seen in
the Maxwellian model; in this case, Comptonization and
annihilation emission balance photon–photon absorption while
sustaining the Wien (exponential) tail of the spectrum with
temperature Teff.

5. Discussion

5.1. Summary of the Emission Model

The radiative mechanism investigated in this paper is generic
for fast dissipation events in the outer magnetosphere of a
neutron star. The produced X-ray burst has a large dimension-
less parameter—the compactness ℓ∼ 104− 106 (Equation (9)).
It scales linearly with the burst power and is a fraction of the
magnetic compactness ℓB (Equation (12)), which scales quad-
ratically with the magnetic field B. How the magnetic flare is
triggered weakly affects its radiation. Therefore, the results
should apply equally well to magnetar bursts and to magnetic
flares in a tight neutron star binary (Figure 1).

A key difference of the flare mechanism from existing
kinetic plasma simulations of magnetic reconnection is that the
plasma density n± is not a given parameter. Instead, the plasma
is created during dissipation, and its density is regulated by
reactions γ+ γ↔ e++ e−. The pre-flare density n± is
negligible and has no effect on the observed emission.

We have developed a new Monte Carlo code CompPair for
this problem and simulated bursts produced in magnetic fields
B∼ 108–1010 G. For a prescribed heating, the code calculates
time-dependent radiative transfer with self-consistent e±

creation. It shows how the dissipation region becomes dressed
in an e± coat and how the e± plasma produces soft photons (via
cyclo-synchrotron emission) and Comptonizes the photons to
the hard X-ray band before they escape.

The simulation results are consistent with analytical
estimates given in Section 3. Most of the burst emission is
produced during the quasi-steady phase t? S/c, where S/c is
the light-crossing time of the dissipation region. Then, the
nonlinear state of the system is settled by three conditions:
energy balance, photon balance, and annihilation balance. The
pair density n± settles to values much lower than the photon
number density nph: the ratio n±/nph varies around 10−5 in the
calculated models. This is sufficient to sustain an e± coat; its
optical depth τT= 5−10 varies slowly with ℓ. The optically
thick e± plasma efficiently upscatters photons to energies
E∼ 0.1mec

2, with a small fraction of photons (∼10−5) reaching
E>mec

2 and converting to e±. The escaping radiation
spectrum is shaped by radiative transfer through the e± coat.

All the simulated bursts display spectra with an exponential
cutoff at energy Ec in the hard X-ray band. The highest Ec is
achieved when Comptonization occurs with a pure Maxwellian
distribution. Then, Ec≈ 2.5 kTeff≈ 100 keV stays almost
constant with ℓ (Figure 4). This is an example of the known
“thermostat” effect of e± creation (Svensson 1984), which
keeps the Comptonization temperature Teff in a narrow range of

30–40 keV. An increase of Teff would generate exponentially
more e±, and hence more photons, which immediately cool the
plasma. A decrease in Teff would suppress e± creation and
photon production, leading to a rise in temperature.
This self-regulation also occurs in bursts with a nonthermal

plasma, which sustain a power-law tail of relativistic e±. These
bursts self-regulate to a lower Teff of 10−30 keV, because
nonthermal Comptonization is more efficient in upscattering
photons to E>mec

2 and creating e± pairs.
The overall spectrum shape shows moderate variations

between the calculated models. A typical photon index
G = d N d Eln lnph at E< Ec is between −0.5 and −1. Soft
spectra Γph<−1 are found in models where a very small
fraction of the magnetic energy is dissipated, ζ 10−3.

5.2. Implications for Magnetars and Mergers

Our results provide a possible explanation for the observed
spectra of magnetar bursts and can shed some light on the
dissipation mechanism. The typical exponential cutoff in
observed spectra, Ec= 20–40 keV, corresponds to low
kTeff/mec

2= 0.015–0.03. The low Comptonization tempera-
tures occur when dissipation generates an e± distribution with a
nonthermal tail. Such distributions are expected to occur in
magnetic flares, as discussed in Section 2. In our sample
nonthermal models, the relativistic e± tail (u> 1) received
∼4% of the dissipation power.
We find that the most typical spectra of magnetar bursts are

produced when dissipation occurs in stronger magnetic fields
B∼ 1010 G with lower dissipation fractions ζ∼ 10−2− 10−3

(Figure 5). Such fields are found at radii R∼ 2× 107 cm. This
result may be interpreted as follows. If the dissipation is powered
by magnetic reconnection, the low ζ implies a strong guide field,
so that the reconnecting field component is δB∼ 0.1Bgd. The
small ζmay also be consistent with dissipation of Alfvén waves of
moderate amplitudes δB/B∼ 0.1, which do not cause a magnetic
flare with a global restructuring of the outer magnetosphere. Such
dissipation events are not expected to produce ejecta from the
magnetosphere. Thus, in a typical burst, the dissipation region
likely remains confined.
The results suggest the following interpretation of the hard

X-ray burst of SGR 1935+2154 on 2020 April 28, which was
accompanied by FRB 200428. Its hard spectrum is consistent
with a high dissipation fraction ζ 0.1 in a magnetic field
B∼ 109 G, as expected in a major reconnection event with
δB∼ B (Figure 1). The observed high Ec∼ 100 keV indicates
that the nonthermal e± component was weaker than in typical
magnetar bursts. When parameterized with index α
(Equation (21)), it may correspond to α 6.
Such magnetic flares should eject plasmoids from the

magnetosphere and drive a large-scale magnetic explosion into
the magnetar wind (Yuan et al. 2020). The blast waves from
magnetic flares are expected to produce coherent radio
emission in the wind, providing a possible mechanism for
repeating FRBs (Beloborodov 2017b); Yuan et al. (2020)
argued that FRB 200428 could be produced by this mechanism.
Future detections of FRBs from magnetars could clarify if they
are always associated with spectrally hard X-ray bursts, further
testing the connection with ejecta-producing magnetic flares in
the outer magnetosphere.
Our calculations also suggest what X-ray precursors of

neutron star mergers could look like. The precursor luminosity
depends on the magnetic fields of the neutron stars, and its
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spectrum should always extend to Ec∼ 0.1mec
2. The predicted

emission is detectable with sensitive X-ray detectors (for
nearby mergers) if the neutron stars have surface magnetic
fields Bå∼ 1013 G. Such binaries are capable of generating
luminosities L 1042 erg s–1 in the interaction region
R∼ 107 cm, where B∼ 1010 G. The high luminosities of the
precursor flares correspond to large compactness parameters
ℓ 106 and ℓB 107. The energy output of such flares should
peak at E∼ Ec and have an exponential cutoff at E> Ec.

5.3. Extensions of the Model

The presented simulations used an idealized picture of the
dissipation process. The magnetic energy was assumed to be
uniform in the simulation box, while in a real magnetospheric
burst there are spatial and temporal variations of the reconnect-
ing magnetic field. Then, effectively, one may observe a
superposition of spectra with varying ℓ and ℓB. However, the
described self-regulation process across a broad parameter space
should prevent dramatic spectral changes. Note also that the
models presented in Figures 3–5 were calculated with a
Gaussian distribution of the heating rate in the dissipation layer,

= -U z U z Hexp 2diss diss
0 2 2( ) ( )  , where H/S= vrec/c= 0.1, a

canonical thickness of a reconnection layer. Different H is
possible and may deserve further investigation. We have run a
few models with a smaller H= 0.03S and saw minor changes in
results.

Two additional effects may influence future models of
magnetic reconnection around neutron stars:

1. The reconnection rate may be affected by the radiation
pressure developing around the dissipation layer. The e± coat
implies a nominal magnetization parameter σ0∼ 0.2ℓB/τT
(Equation (15)), which is huge. However, the e± mass is
dominated by the effective inertial mass of radiation
interacting with the plasma, Urad/c

2? n±me. One can define
the effective magnetization as σ=B2/4π(Urad+ n±mec

2),
and it is not much greater than unity. This implies that
radiation pressure may become competitive with magnetic
stresses that drive the reconnection process.

2. The other effect was discussed in Section 3.7: the
magnetic field lines moving through the reconnection
region advect the e±-photon fluid. When τT> c/vrec,
radiation diffusion becomes slower than advection. Then,
a large part of the produced radiation will be advected
sideways along the reconnection layer and ejected
together with the magnetic plasmoids. This effect was
not modeled in our simulations, which were limited to the
diffusion-dominated regime of τT c/vrec.

Plasmoids ejected by the magnetic flare away from the star
will immediately expand and release their radiation, so their
effective σ quickly rises from B2/4πUrad to B2/4πn±me. The
final σ is comparable to σ0 inside the reconnection layer,
because the escaping plasmoid density n± is only moderately
reduced by e± annihilation.6 The resulting magnetization
parameter of the flare ejecta may be estimated as

s ~ ℓ0.1 . 57Bej ( )

The high σej implies that the ejecta will accelerate to a high
Lorentz factor as it leaves the magnetosphere, launching an
ultrarelativistic blast wave into the surrounding wind from the
neutron star (or the wind from the neutron star binary in the pre-
merger systems). The ejecta acceleration was observed in the
simulation of Yuan et al. (2020), which assumed σ→∞ (the
force-free limit of magnetohydrodynamics). The ultrarelativistic
acceleration of the flare ejecta is essential for the blast wave
scenario of FRB production (Beloborodov 2020).
Note that our calculations neglected the effect of the

magnetic field on the Compton scattering cross section. This
approximation is good for dissipation events in the outer
magnetosphere, as photons of interest have energies
E? ÿeB/mec

2∼ 0.1 B10 keV. For more powerful magnetic
flares, with stronger B, it becomes important to follow the
transfer of photons in two linear polarization states, which have
different scattering cross sections in the ultrastrong B.
Ultrastrong flares would also develop much higher e± densities,

and radiation trapped in the e± plasma would become thermalized.
This is the situation of giant flares discussed by Thompson &
Duncan (1996). An estimate for the thermalization transition
may be obtained by comparing the plasma temperature
predicted by our models, T∼ 2× 108 K, with the characteristic
blackbody temperature of the dissipated magnetic energy, ~TBB

» ´U a B1.5 10B
1 4 8

10
1 2( ) K, where a= 7.56× 10−15

erg cm−3 K−4 is the radiation constant. This comparison shows
that thermalization must occur in flares with B>Bth∼ 3× 1010

G. The plasma temperature in flares with B=Bth very slowly
decreases with B, reaching a minimum of kT∼ 10–20 keV
at B∼Bth, and then grows as B1/2 at B>Bth. At the QED
field = = ´B m e 4.44 10 GeQ

13
c2 3 , the flare temperature

approaches ~kT mecBB
2 , which gives n±∼ nph and a huge optical

depth. The spectrum radiated from the photosphere of this hot
fireball was discussed by Lyubarsky (2002).
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