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Abstract

The Galactic fast radio burst (FRB) FRB 200428 was associated with a short X-ray burst (XRB) from the
magnetar SGR J1935+2154 during one of its active phases. This FRB-associated XRB exhibits distinct properties
compared to other typical XRBs, including a significantly higher cutoff energy and a steeper power-law index. Its
recovered X-ray light curve shows a multiple-peak structure, with the time of arrival offset from that of the FRB.
These unique features imply a special physical link between the FRB and X-ray emissions. In 2022 October, a
similar FRB—XRB association was detected from the same source. In this paper, we propose a model in which the
observed spectral and temporal features of the associated XRBs can be attributed to the inverse Compton
scattering (ICS) of FRB photons by an extreme pair flow around the light cylinder, with a bulk Lorentz factor of
I' ~ 10 and a power-law distribution in the comoving frame, characterized by a typical Lorentz factor
7’ ~ 5 x 10* This extreme pair flow could originate from the compress1on of a transient pulse of
~10%—10*! ergs” ' and the acceleration through magnetic reconnection in the current sheet during magnetar
activity. The Doppler-boosted ICS spectra and the arrival time shifts in such a scenario can well explain the
observed features of the FRB 200428-associated XRB and can also account for another associated event in 2022.

Unified Astronomy Thesaurus concepts: Magnetars (992); Radio transient sources (2008); X-ray bursts (1814);

Non-thermal radiation sources (1119)

1. Introduction

Fast radio bursts (FRBs) are mysterious bright radio
transients with millisecond durations and extremely high
brightness temperatures (Y. Lyubarsky 2021; D. Xiao et al.
2021; E. Petroff et al. 2022; B. Zhang 2023). So far, more than
800 FRB sources have been discovered, of which more than 70
exhibit repeating properties, with the repetitions ranging from
twice to several thousand times (see the CHIME/FRB Public
Database® and Blinkverse’). Some models have been proposed
to explain the physical origin of FRBs. Based on the locations
of the emission regions, these models can be generally
classified into three main categories (B. Zhang 2020, 2023;
D. Xiao et al. 2021): (1) “close-in” or “pulsar-like” models, in
which the emission is inside the neutron star magnetosphere
(J. I. Katz 2016; P. Kumar et al. 2017, 2022; Y.-P. Yang &
B. Zhang 2018, 2021, 2023; Z. G. Dai & S. Q. Zhong 2020;
P. Kumar & 7. Bosnjak 2020; W. Lu et al. 2020; F. Y. Wang
et al. 2020, 2022; W.-Y. Wang et al. 2022c; B. Zhang 2022;
Z.-N. Liu et al. 2023; Y.-P. Yang 2023; Y.-H. Qu & B. Zhang
2024); (2) “far-away” or “GRB-like” models, which invoke
relativistic shocks situated far outside of the magnetosphere
(Y. Lyubarsky 2014; A. M. Beloborodov 2017, 2020;

6
7

https: //www.chime-frb.ca/ by the CHIME/FRB Collaboration.
http:/ /blinkverse.alkaidos.cn/ by the Zhejiang Lab.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

B. D. Metzger et al. 2019; B. Margalit et al. 2020; S. Yamasaki
et al. 2022; T. Wada & K. Ioka 2023); and (3) the
“intermediate-field” model, in which FRBs are generated near
the light cylinder (Y. Lyubarsky 2020; J. F. Mahlmann et al.
2022; J.-S. Wang et al. 2023).

Although both the physical origin and the radiation
mechanism of FRBs are still not well understood, magnetars
have been confirmed as an origin of at least some FRBs. The
Galactic FRB, FRB 200428, detected by CHIME (CHIME/
FRB Collaboration et al. 2020) and STARE2 (C. D. Bochenek
et al. 2020), was found to be associated with a bright X-ray
burst (XRB) from the magnetar SGR J19354-2154 during one
of its active phases (S. Mereghetti et al. 2020; C. K. Li et al.
2021; A. Ridnaia et al. 2021; M. Tavani et al. 2021). Its light
curve is characterized by a ~0.2s wide bump and multiple
~millisecond bright peaks, with the times of arrival (TOAs) of
these peaks showing time shifts of a few milliseconds relative
to that of the FRB (as shown in Figure 1; M. Y. Ge et al. 2023;
U. Giri et al. 2023). The XRB has a steeper power-law index
and a much higher cutoff energy than other typical XRBs
(G. Younes et al. 2021), highlighting its unique properties and
implying a special physical link between FRB 200428 and its
X-ray counterpart.

Some models involving magnetars have been proposed to
interpret the basic features of the FRB-associated XRB, such as
high-energy radiation processes, including the release of
magnetic energy and resonant Compton scattering in the
magnetosphere (S. Yamasaki et al. 2020, 2022; Y.-P. Yang &
B. Zhang 2021), an expanding fireball along open magnetic field
lines (K. Ioka 2020; T. Wada & K. Ioka 2023, 2025),
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Figure 1. The TOA and interval of the radio peaks of FRB 200428 and ~millisecond X-ray peaks of the FRB-associated XRB (two “main” peaks and a “subpeak’;
M. Y. Ge et al. 2023; U. Giri et al. 2023). The green and blue dashed vertical lines denote the refined estimates for the TOAs of the radio and X-ray peaks,
respectively. All the timestamps are corrected to an infinite frequency and referenced to the geocentric system. The ~0.2 s wide bump is not shown, and the time axis

is not drawn to scale.
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Figure 2. A flowchart showing the core concepts and assumptions of the model.

synchrotron radiation from internal shocks (Z.-N. Liu et al.
2023), relativistic outflows (S. Yamasaki et al. 2022), plasmoid
ejection (Y. Yuan et al. 2020, 2022), and multiple Compton
scatterings after QED magnetic reconnection (Y. Xie et al.
2023). However, simultaneously accounting for both the
spectral and temporal features, as well as their connections to
FRBs, with minimal reliance on artificial external assumptions
(the so-called “Occam’s Razor principle”), remains a great
challenge. In addition, the reason why other XRBs lack these
distinct properties is still poorly understood, although some
studies have suggested that FRBs might have beaming radiation
(L. Lin et al. 2020; B. Zhang 2021; C. J. Chen &
B. Zhang 2023). Consequently, the physical origin of the
unique FRB-associated XRB remains to be further investigated.

Recently, in 2022 October, SGR J1935+2154 entered a new
active episode, with multiple short XRBs detected over several
days (C. K. Li et al. 2022; D. M. Palm 2022; G. Younes et al.
2022b; C.-P. Hu et al. 2024; A. Y. Ibrahim et al. 2024). Similar
to the active phase in 2020, during this episode, CHIME and
the Green Bank Telescope (GBT) simultaneously detected an
FRB-like radio burst with multiple radio peaks (denoted
FRB 221014, for simplicity; Y. Maan et al. 2022; U. Giri et al.
2023), which was also associated with an X-ray counterpart
observed by GECAM and Konus-Wind. The peak energy fitted
by an exponential cutoff model is ~40keV, which is also
slightly harder than other typical bursts in this episode
(D. Frederiks et al. 2022; C. W. Wang et al. 2022).

In this paper, we propose a model in which both the hard
cutoff energy and the TOA shifts of the X-ray peaks are
explained by the inverse Compton scattering (ICS) of FRB
photons by an extreme ephemeral relativistic pair flow near the
light cylinder during a magnetar activity phase (where
“ephemeral” means it lasts for only tens of milliseconds).
Here, we refer to our model simply as the FRB-outflow ICS
model. And this pair flow might originate from the

compression of a transient low-frequency pulse of
~10*—10*" erg s~! and acceleration through magnetic recon-
nection in the current sheet during magnetar activity.

This paper is organized as follows. In Section 2, we first
present the basic concepts and assumptions of the model,
discuss a possible formation scenario for the extreme pair flow,
estimate its key parameters, and derive the resulting ICS
spectrum and time shifts of the X-ray peaks. In Section 3, we
apply this FRB-outflow ICS model to explain the observed
temporal and spectral features of the FRB 200428-associated
XRB and also discuss its application to the recent X-ray
counterpart of FRB 221014. In Section 4, we provide some
predictions and discuss the underlying assumptions and
limitations of our model. The conclusions are presented in
Section 5. The convention Q, = Q/10" in cgs units is used
throughout this paper.

2. ICS of Radio Photons by an Extreme Pair Flow
2.1. Model Formulation

In our model, we assume the ~0.2s wide bump and the
multiple ~millisecond bright X-ray peaks of the FRB 200428-
associated XRB originate from distinct physical processes.
The former (the wide bump) is attributed to the mechanisms
commonly invoked for typical XRBs (e.g., C. Thompson &
R. C. Duncan 1995; Y. E. Lyubarsky 2002). In this work, we
focus primarily on explaining the Ilatter (the multiple
~millisecond peaks), which exhibit much harder spectra and
arrival time shifts (U. Giri et al. 2023). We propose that these
peaks arise from the ICS of the FRB photons by an extreme
pair flow. The core concepts and assumptions of our model are
outlined below and illustrated in the flowchart of Figure 2:

(1) The generation of the ~0.2's X-ray bump. As in other
typical short bursts of soft gamma repeaters, the sudden
cracking of a patch of the crust induced by magnetic stresses
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would create a confined photon pair plasma bubble, referred to
as a “trapped fireball.” The spectrum of this trapped fireball is
typically described as a modified blackbody spectrum,
characterized by a superposition of Planckian spectra with
T < T ~ 10keV radiated from each layer of the E-mode
photosphere, since the optical depth for E-mode photons
depends on the frequency and becomes extremely large for
O-mode photons (C. Thompson & R. C. Duncan 1995;
Y. E. Lyubarsky 2002; S. Yamasaki et al. 2020). This model is
consistent with the observations of most typical XRBs.

(2) The formation of an extreme pair flow. The violent
evolution of the magnetic field in the outer magnetosphere may
lead to a rapid rearrangement, potentially generating a large-scale
low-frequency pulse, with a luminosity of ~10*°—10*" ergs™!,
and opening the magnetosphere (the pulse produced in this region
can propagate out without significant decay, with its duration
roughly estimated as SRopen/¢ ~ 0.1Rp /¢ ~ 50 ms). As the pulse
propagates outward, it would interact with the magnetar wind,
compressing and accelerating the plasma to a bulk Lorentz factor
T" (Y. Lyubarsky 2020; J.-S. Wang et al. 2023). Violent magnetic
reconnection is expected to be initiated in the current sheet, which
could significantly dissipate the magnetic energy and energize the
particles to a characteristic Lorentz factor '7;1 in the comoving
frame. We will discuss this process and estimate the typical value
in detail in Section 2.2.

(3) Assumptions on the magnetar and the origin of the FRB.
In this work, we assume that the FRB is generated in the
magnetosphere, just after the pulse, with a small emission cone
of opening angle 0, consistent with pulsar-like models,
where coherent radio radiation is concentrated along open field
lines. We further assume that the FRB emission cone corotates
with the magnetar and persists for several to tens of
milliseconds, defining the intrinsic emission duration. Addi-
tionally, we assume that the magnetar is an oblique rotator
with a large inclination angle « between the rotation and
magnetic axes. As illustrated in Figure 3(a) (from the side
view), while most of the energy of an extreme pair flow may
be concentrated in the rotational equatorial zone, FRB photons
could pass through this region and be upscattered, provided
that the magnetar has a large inclination angle. We will further
discuss and constrain this angle in Section 4.

(4) The generation of the ~millisecond hard-X-ray peaks.
Thus, as shown in the top-view schematic, Figure 3(b), an
FRB ignited before pointing to the observer (blue shaded area)
would be upscattered by the relativistic electrons in the
extreme flow, generating the time-shifted ~millisecond hard-
X-ray peaks. Subsequently, as the magnetar rotates with a
small angle 60, the FRB emission cone reaches the line of sight
(LOS), producing the observed FRB (brown shaded area). We
next show that the spectrum and arrival time of the resulting
X-ray emission produced via ICS primarily depend on the
scattering location, the Lorentz factor of the electrons, the
opening angle of the FRB emission cone, and the magnetar’s
rotation. Based on the FRB-outflow ICS model, the spectral
hardness and arrival-time-shift features of the FRB 200428
and FRB 221014-associated hard-X-ray peaks could be well
explained, regardless of whether these peaks precede or lag
behind the corresponding FRB.

2.2. Characteristics of an Extreme Pair Flow

Magnetar activity appears to be complex and diverse, and
some previous studies have proposed various scenarios from
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different perspectives. G. Younes et al. (2023) and C.-P. Hu
et al. (2024) invoked a strong ephemeral wind to explain the
rapid spindown observed in SGRJ1935+2154, with a
luminosity of ~10*’ergs™' and a duration of ~10 hr, which
could effectively carry away an amount of angular momentum
during the antiglitch or the recovery phase between two large
glitches. In addition, it has been proposed that XRBs may be
accompanied by some strong outflows confined within a small
solid angle, due to the constraint of the magnetic field
(K. Ioka 2020; Y. Yuan et al. 2020; T. Wada & K. Ioka 2023).
Some simulation studies have suggested that a powerful wind
outflow during magnetar activity can open magnetic field lines
and create an extended large-scale current sheet (Y. Yuan
et al. 2020, 2022; J. F. Mahlmann et al. 2023). Moreover,
Y. Lyubarsky (2020) proposed that a millisecond-duration,
impulsive, high-luminosity pulse of ~10*" ergs™' could be
generated in the outer magnetosphere and further give rise to
fast magnetosonic (FMS) waves through the merging of
magnetic islands near the light cylinder. These FMS waves are
then converted into FRBs, providing a potential FRB origin
mechanism. A local 2D particle-in-cell simulation by
J. F. Mahlmann et al. (2022) has further demonstrated that
this scenario can generate coherent gigahertz emission with
luminosities sufficient for extragalactic FRBs and reproduce
the frequency drifts and nanosecond substructures. However,
the Galactic event FRB 200428, with a lower luminosity, does
not fall within the suitable luminosity and frequency range of
this scenario. In general, the complex and multifaceted nature
of magnetar activity and its connection to the observation still
require further investigation.

In this paper, we propose one possible scenario for the
formation of an extreme pair flow. As described in the
previous subsection, we assume that the rapid evolution of the
outer magnetosphere generates a large-scale low-frequency
pulse and opens the magnetosphere. As it propagates outward,
it would interact with the magnetar wind, compressing the
plasma and pushing it forward, with the corresponding bulk
Lorentz factor relative to the wind being given by (Y. Lyubarsky
2020, 2021; J.-S. Wang et al. 2023)

1/4
T’ = l Bpulse _ l 2LR(;tpen (1)
2 \ Bbg 2 ansR:sc

where Byyise = (L/ o)/ 2/R is the amplitude of the pulse and

L~ 10*"* erg s~ is the total isotropic luminosity. (Since we
mainly consider the region near the light cylinder, where the
wind Lorentz factor remains low,8 we can use I’ as the
Lorentz factor in the lab frame, i.e., I' 2 I".) The background
magnetic field is given by By, = BopenRopen/R, representing
the field in the opened-up region outside the critical radius
Ropen S Ri, at which the particle kinetic energy density begins
to exceed the dipole magnetic field energy density:

1/4
Rupe ~ | DR @
’ 2L, ’

where L, is the particle kinetic luminosity (prior to further
acceleration), which can be written as L, =~ 47rr2anmecz.
Here, n denotes the number density of the pair flow, B, is the

8 Considering that the wind Lorentz factor grows linearly up to the FMS
point (V. S. Beskin et al. 1998).
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Figure 3. Schematic configuration of the ICS of FRB photons by an extreme pair flow. An extreme pair flow is characterized by a bulk Lorentz factor of I ~ 10, and
the relativistic electrons in the comoving frame follow a power-law distribution with a typical local Lorentz factor of 7:11 ~ 5 x 10*. This extreme pair flow could
originate from the compression by a transient pulse of ~10*~*! erg s ™! and acceleration through magnetic reconnection in the current sheet during magnetar activity
(Section 2.2). (a) Side-view schematic configuration. The FRB is emitted in the magnetosphere, with an emission direction tangential to the local magnetic field line
at the emission point, with the angle between the emission direction and the magnetic axis being denoted by 6,,. The large-scale low-frequency pulse (gray thick line)
from the rapid rearrangement of the magnetic field compresses the plasma and pushes it away. Violent reconnection is expected to be initiated in the current sheet,
which energizes the particles to a Lorentz 'y:n, forming an extreme pair flow (green thick line). The inclination angle a between the rotation and magnetic axes is
expected to be 240°, to ensure the FRB emission passes through the wind zone where the extreme pair flow energy is likely to be predominantly concentrated. (b)
Top-view schematic configuration. The bulk motion of the flow slightly deviates from purely radial directions, with the azimuthal angle 6 < Rypen/r (green dashed
line). An FRB is triggered and emitted, with a small emission cone of opening angle 6y, (blue shaded area). Before pointing to the observer, radio photons from the
magnetosphere would be scattered by relativistic electrons along the LOS, predominantly at the radius around Rs = Ry, producing the hard-X-ray peak (red solid
line). Subsequently, as the magnetar rotates with a small angle 60, the FRB emission cone reaches the LOS, producing the observed FRB (brown shaded area and
brown solid line). The time shift of the X-ray peak relative to the FRB peak Ar arises from two competing contributions: (1) the phase difference, —80T/2, resulting
from the upscattered X-ray photons emitted at an earlier rotational phase; and (2) the path difference, Rs(1 — cos8)/c, caused by the additional distance traveled by
the upscattered X-ray photons. A positive At indicates a delayed X-ray peak, whereas a negative Az corresponds to an X-ray precursor. The schematic configuration
is not drawn to scale.

surface magnetic field strength, and R, is the magnetar radius. in some previous works (e.g., Y. E. Lyubarskii 1996;
Then, violent magnetic reconnection is expected to occur J. Pétri 2012; D. A. Uzdensky & A. Spitkovsky 2014;
within the current sheet, which significantly dissipates Y. Lyubarsky 2020, etc). For convenience, we analyze the
magnetic energy and energizes particles in the comoving physical process in the comoving frame that moves along with
frame. The reconnection process has been studied analytically the current sheet. The pressure balance between the external
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7 Bpulse _ L

1
n'ypmec” = )
2
8w 47rRnpen cI?

3)

where the prime denotes quantities measured in the plasma
comoving frame and 7;1 is the characteristic Lorentz factor of
the energized particles. Assuming that the energy released via
reconnection is balanced by the synchrotron cooling, the
energy conservation implies

C L2 4 2

Mrec EBpulse = 9 —n'cr Bpulqe 7m A/ “4)
where 7). is the reconnection rate, r. is the electron radius, and
A is the width of the layer, which is assumed to be £ times the
Larmor radius and is given by

" mec?
Al = YmMeC 5
5—63 (5)

pulse

Thus, solving the above equations, the bulk Lorentz factor, the
characteristic Lorentz factor, the critical radius, and the
number density can be obtained by

3 6 434 \I/24
= M ~ 10716 g-1/6p -1/8
235 8§4L3 T]rcc,—z 1 40

5! 1(34 e2c¥/ 2, T2By Ris
L

/7
2/3 —2/37 —1/2
) ~5 X 10477”/&7251 BLg?,

) 452L3/z
e _ L 9e2c5/2n, . TBYR{E 7
open — \/z re §L5/2
1/6  +—1/67 —3/8
~O0SRL IS L& 0L,
L
=darien’ = ———— ~ 10% sy} Li*
FZ,YémeCZ 77rec 2§1

(6)

Considering that the real environment during the magnetar
activity phase is highly complicated and diverse, we simply
assume that the electron/positron pairs follow a power-law
distribution around the characteristic energy in the comoving
frame, with sharp low- and high-energy cutoffs. Since the
X-ray flux of the ICS process is primarily contributed by
electron/positron pairs, we focus on the energy carried by
them, denoted as L.. If additional baryonic components are
present and extract a fraction of the energy, L. would be
smaller than L, thereby suppressing the ICS emission. In the
following, we assume that most of the energy is carried by the
pairs and neglect the difference between L, and L.
Furthermore, the total power could be lower than the typical
isotropic-equivalent value mentioned above.

In addition to the conversion of energy, the angular
momentum of the electromagnetic field is also transferred to
the particles, causing the bulk motion to deviate slightly from a
purely radial direction, with a small angle 6 = vy/c S Ropen/
(S. V. Bogovalov & F. A. Aharonian 2000; F. A. Aharonian &
S. V. Bogovalov 2003; F. A. Aharonian et al. 2012). Here, we
treat 0 as a free parameter, which can be constrained by the
observed spectrum and time shift.
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Moreover, during the reconnection, the typical photon
energy of synchrotron radiation is given by
0. 26")//23

pulse

~ 500 keVn’/°

rec,—2

Esym,e = 17/6L 1/8 (7)

2mmec
and its luminosity satisfies Lgy, < 7L, corresponding to a
photon flux 7 x 10> phem s~ ' keV ™!, which is lower than
the tail of the FRB-outflow ICS spectrum. Therefore, the X-ray
emission from magnetic reconnection can be neglected in
comparison with the ICS emission. In addition, the magneto-
sonic waves generated by the merging of magnetic islands are
expected to exhibit a characteristic frequency (Y. Lyubarsky
2020; J.-S. Wang 2020):

2 ¢

= ~ 10°Hz x; 'L0
2r KA

nrec -2

~1/6p 1178
e UTia (8)

where the size of the magnetic islands is s times that of the
current sheet. The resulting frequency is far below the
gigahertz band and well beneath the detection thresholds of
current telescopes. This is primarily due to the low energy of
the burst from the galactic magnetar, as also discussed in
J.-S. Wang (2020).

2.3. The Spectrum and Time Shift of the X-Ray Peak

As shown in the schematic configuration of Figure 3, an
FRB is triggered and emitted with a narrow emission cone of
opening angle 6y, before rotating into the LOS (blue shaded
area). This radiation can be upscattered by relativistic pairs in
the extreme pair flow at a radius r with a small incident angle 6
(for simplicity, we assume the LOS lies on the equatorial
rotation plane). The ICS of FRB photons by relativistic pairs in
the flow can generate significant high-energy emission,
potentially contributing to the hard-X-ray peaks of the FRB-
associated XRB. Due to the relativistic bulk motion of the pair
flow, the scattered emission is subject to Doppler boosting.
The resulting X-ray spectrum produced by the ICS of FRB
photons can be expressed as

dNx 1
dExdSdt  4nD}

! ! !
Y/ oblst (1) o1y, 0, E'x, E'g] dn'g dE'y dv'dl,
y'dl' dE} dE'x

©))

where Dy,s = 1/T'(1 — (3 cosbys) is the Doppler factor and
Oops is the angle between the LOS and the bulk moving
direction of the pair flow. The luminosity distance of the
source is taken to be D = 6.6 kpc (P. Zhou et al. 2020). And
the integration over d! is performed along the LOS. Quantities
in the plasma comoving frame are denoted by primes. The
energies of the upscattered X-ray and incident radio photons in
this frame are given by E’'x = Ex/Dy,s and E'gr = Ex/Dy,
respectively, where Dy = 1/T'(1 — Bcosby) and 0, is the
incident angle between the direction of the radio photons
and the bulk motion of the pair flow. The particle energy
is assumed to follow a power-law distribution, as
dN!/dy' = Kv'~?, and dN//dl' denotes the number density
of particles per length in the comoving frame, which can be
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obtained by

Vimax !
L=cI? f N y'mec2dy'. (10)
’anin d,y/dl/

The differential cross section for anisotropic ICS is given by
(F. A. Aharonian & A. M. Atoyan 1981; Y.-Z. Fan et al. 2008)

do'[y', 0", Ex. Egl 3ot
dE% T4y 2EL
2 26 262
1 e _ , 11
[ + 20-8  by(1-8 + b&(lfﬁﬂ] (1D

where £ = Ex/(y'mec?) and by = 2(1 — cos 0..)y' Ex/(mec?).
Here, 9;C is the scattering angle between incident radio photons
and scattered photons in the comoving frame, which is related to
that in the observer frame by 1 — cos 0. = Dy Ds(1 — cos )
(G. Dubus et al. 2010).

The ICS process is highly sensitive to the distance from the
scattering site to the magnetar, since both the number densities of
the FRB photons and relativistic electrons decrease as the square
of the radius, and the incident angle 6 < Ropen/ r also becomes
smaller at a larger radius. As a result, the radiation flux drops
rapidly with radius, indicating that the emission is predominantly
contributed by the region closest to the magnetar—that is,
around Rg. As the extreme pair flow may originate from the
compression of a transient pulse and the acceleration through
magnetic reconnection in the current sheet, the acceleration
radius of the extreme pair flow would be approximately greater
than the light cylinder Ry . Then, the minimum scattering radius
is defined as Rs = max{Ry, R} = Ry, where R, represents the
intersection radius between the FRB radiation and the LOS pair
flow, which indicates the starting direction of the FRB radiation.
As the magnetar rotates, the FRB emission cone sweeps a small
angle of 66, reaching the LOS and making the FRB observable
(brown shaded area). As shown in Figure 3, the geometrical
relationship among the incident angle 6 (also the scattering
angle), the opening angle of the FRB emission cone 6y, and the
FRB swept angle 60 can be expressed as

0= efrb + 60 ,S Ropen/RS- (12)

Furthermore, because of the extremely high luminosity of
the FRB emission, an FRB generated within a magnetar
magnetosphere would go through the regime of “strong
waves,” where the electric field amplitude of the FRB pulse
E,, exceeds the background magnetic field By,. In this case, the
strength parameter a = eEy,/mecwpp > wp/wep > 1, where wy
is the cyclotron frequency and wyy, is the FRB frequency. In
this region, the Lorentz force contributed by the waves and the
relativistic motion of electrons must be considered, leading to
a significantly enhanced scattering cross section (Y.-P. Yang &
B. Zhang 2020; A. M. Beloborodov 2021; Y. Qu et al. 2022;
Y.-C. Huang & Z.-G. Dai 2024). However, if the angle
between the FRB propagation direction and the background
magnetic field, as well as the opening angle of the radiation
cone, are small, the interaction between the FRB pulse and the
plasma would reduce substantially (Y. Qu et al. 2022;
Y .-C. Huang & Z.-G. Dai 2024). This allows FRBs generated
in the magnetar magnetosphere to escape unimpeded. More-
over, the numerical result of the scattering cross section
depends on the ratio wg/wgp. It decreases significantly,
approaching the order of the Thomson cross section or,
as wp drops below wyp (Y. Qu et al. 2022). The critical
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radius at which wg = wy, can be defined as R, =
[eBnsR../ (mecwiw)]'/? ~ 0.6R., beyond which the cross
section approaches or. Therefore, for the scattering radius
considered in this work (Rs approximates several Rp), the
nonlinear effect of the strong wave could be neglected. On the
other hand, the effect of scattering on the FRB itself could also
be ignored, since the optical depth 7(Eg) ~ 107° < 1, for
typical parameter values. Based on the observation results of
FRB 200428 and its associated XRB, and considering the
immense photon flux of FRBs, it is expected that only a small
fraction of the radio photons upscattered into X-rays account
for the observed XRB flux.

The time shift between the observed X-ray peak and the
FRB peak is contributed by two competing components: (1)
the phase difference—the upscattered X-ray photons are
emitted at an early rotational phase, introducing an advance-
ment of 60 T/2w, where T = 3.24 s is the rotation period; and
(2) the path difference—the X-ray photons travel an additional
length of Rg[1 — cosf] compared to the FRB photons,
resulting in a delay. The former is an advanced effect, while
the latter introduces a time lag. These two factors compete
with each other, resulting in either an advance or a delay of the
X-ray peak. The time shift can be expressed as

At = —ﬁT+ &(1 — cosf), (13)
2w c

where Ar > 0 means that the X-ray peak lags behind the FRB,
while At < 0 represents an advanced X-ray peak. This relation
implies that a less-beamed FRB is more likely to produce a
delayed X-ray peak, whereas a highly beamed FRB may be
accompanied by an X-ray precursor.

3. Explanation of Observations

In this section, we first briefly summarize the data analysis
of FRB 200428 and its associated X-ray counterparts. Then,
we fit both the spectrum and the peak time shift and constrain
the properties of the extreme pair flow and the FRB radiation,
considering different combinations, in which the X-ray peaks
either delay or advance the FRB. We also discuss the recent
X-ray counterpart to FRB 221014, showing that the FRB-
outflow ICS model could well account for the different
spectral indices and advanced time.

3.1. Observational Properties of the FRB and Associated XRB

The Galactic FRB 200428 consists of two sub-bursts. The
first peak was detected by CHIME, showing an apparent
spectral cutoff at 600 MHz, while the second peak extends
from the CHIME 500-800 MHz band up to the STARE2
1.28-1.47 GHz band (C. D. Bochenek et al. 2020; CHIME/
FRB Collaboration et al. 2020). Based on the observed narrow
spectrum feature, in this work, we simply assume that the FRB
spectrum can be modeled by a Gaussian function:

1(v—1p
Lfrb,u(V) - Ll/(Vp)eXp - = > (14)
2\ v
where 14, and év denote the peak frequency and characteristic
width of FRB 200428, respectively. Assuming év/v, = 0.2,
we can get v, ; = 500 MHz, ov; = 100 MHz for the first peak,
and v, , = 1085 MHz, év, = 217 MHz for the second peak.
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Figure 4. X-ray spectrum of the FRB-outflow ICS model (black solid line) compared with the Insight-HXMT observation of the X-ray peaks (the gray, yellow, and
orange markers show the 1-10 keV, 5-30 keV, and 20-250 keV energy ranges, respectively; M. Y. Ge et al. 2023). (a) The first “main” X-ray peak (which could also
be regarded as the precursor of the second radio peak, denoted by the dashed gray line). (b) The second X-ray peak.

The spectrum of the FRB-associated XRB exhibits unique
properties, with a steeper power-law index and a much higher
cutoff energy, ~80keV, than that of the other typical bursts
explained by trapped fireballs (~10keV; L. Lin et al. 2020;
S. Mereghetti et al. 2020; C. K. Li et al. 2021; A. Ridnaia et al.
2021; M. Tavani et al. 2021; T. Wada & K. Ioka 2023). The
light curve of the XRB exhibits a multipeak structure, with the
TOA showing some marginal deviation from the two peaks of
FRB 200428 (S. Mereghetti et al. 2020; C. K. Li et al. 2021;
A. Ridnaia et al. 2021). Recently, U. Giri et al. (2023)
reanalyzed the CHIME radio data and provided a refined
estimation of the TOAs for the two radio components, ruling
out the simultaneity of the arrival times for the radio sub-bursts
and corresponding X-ray peaks with a high significance.
M. Y. Ge et al. (2023) reconstructed the data of the High
Energy X-ray Telescope (HE) on board Insight-HXMT and
performed a detailed timing analysis by fitting the XRB light
curve. Based on observations of INTEGRAL, Konus-Wind,
and Insight-HXMT, the weighted average time delays of the
two “main” X-ray peaks relative to the two radio peaks are
found to be 3.47 £+ 0.73 ms and 6.70 £ 0.67 ms, respectively
(U. Giri et al. 2023). In addition to the two narrow and bright
“main” peaks, a weaker and softer peak with about half the
magnitude and 20.55ms prior to the radio signal is also
noteworthy, where we refer to it as the “subpeak.” Moreover,
INTEGRAL detected another narrow peak about 30 ms behind
the second “main” peak (S. Mereghetti et al. 2020). The
timeline and interval of the X-ray peaks (two “main” peaks
and a “subpeak”) and radio peaks (geocentric) discussed above
are illustrated in Figure 1.

3.2. Fitting Results of the FRB 200428-associated X-Ray
Counterpart

We first analyze the two FRB peaks and the two “main”
peaks of the associated XRB, taking into account the observed
X-ray delays of 3.47 ms and 6.76 ms, respectively, as denoted
by the red double-headed arrows in Figure 1. The geometries
and properties of the pair flow and FRB can be constrained by
jointly fitting both the time lag and spectrum of the X-ray
peak. In Figure 4, we present the time delays and spectral

Table 1
The Parameters of the FRB-outflow ICS Model for the FRB 200428—
associated X-Ray Peak

Delayed Peak Advanced Peak

First Second Subpeak  First”

Scattering radius Rs (Ry) 1.5 1.5 1.5 1.5

Incident angle 6 (107" 13 1.6 13 13

FRB swept angle 50 (1072) 0.7 0.8 53 6.0

FRB radiation O, (1071 1.2 15 0.8 0.7
cone angle

Bulk Lorentz r 10 9 10
factor

Minimum Lorentz Y min (10%) 5.0 35 35
factor”

Maximum Lor- Y max (10%) 1.8 1.3 1.2
entz factor®

Index of electrons p 2 2 2
distribution

Electron/positron L (10%%rg s~ 2.8 4.0 3.6
luminosity

Notes.

 “First” and “Second” represent the two “main” bright peaks. The advanced
weaker “Subpeak” is not clearly quantified, and thus we here only constrain
geometric parameters from the 20.55 ms advance.

The prime denotes the quantity measured in the plasma comoving frame.
€ We could only constrain the lower limit of fy:n o+ due to the lack of higher-
energy observations.

energy distributions based on the FRB-outflow ICS model, in
comparison with the Insight-HXMT observations of the X-ray
peaks (M. Y. Ge et al. 2023).” The fiducial values of the fitting
parameters are presented in Table 1. Here, we ignore the
deviation in the low-energy part, due to the saturation and
absorption effect, and include a constant to account for the
saturation in the HE band.

° It should be noticed that the observational data used here focus on the

detailed spectra of the two X-ray peaks, with a width of a few milliseconds
(M. Y. Ge et al. 2023), rather than the entire 1.2 s spectrum in C. K. Li
et al. (2021).
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The time shifts depend on the geometrical configuration,
including the FRB swept angle 66, the scattering angle 6, the
scattering radius Rg, and the opening angle of the FRB
emission cone 0Og,. However, these parameters are not
independent, being related by g, = 6 — 60 and 0 < Ry /R,,.
Thus, the primary factors determining the time shift are the
scattering angle 6 and the FRB swept angle 66, which influence
the additional propagation length of the X-ray photons (the
path difference) and the scattering phase relative to the LOS
(the phase difference), respectively. As inferred from
Equations (9) and (11), the shape of the spectrum is primarily
determined by the product of the bulk and comoving frame
Lorentz factors of the electrons, 1“72, and the scattering angle,
0. While some degeneracy exists when considering the
temporal or spectral features individually, this degeneracy of
parameters could be significantly reduced if we jointly fit both
features, allowing for a more robust interpretation of the model
parameters in relation to the observable features.

On the other hand, if we associate the advanced and
relatively weaker X-ray peak with the FRB as a paired event,
then the X-ray peak could be regarded as the FRB precursor.
As denoted by the blue double-headed arrows in Figure 1, the
new pairs would become the first low-frequency CHIME burst
and its weaker and softer X-ray peak 20.55 ms ahead, then the
second radio peak and its 25.55ms precursor, leaving a
separate X-ray peak. In this case, the time shift Ar < O,
indicating that the FRBs are highly beamed. For the X-ray
subpeak and the first FRB peak, the geometry parameters are
listed in the third row of Table 1, which can account for the 20
ms advance. However, considering that the exact spectrum of
the advanced X-ray peak is not clearly quantified, the
properties of the electrons cannot be inferred, and the
geometry angles are not well constrained due to the
degeneracy. For the first X-ray main peak and the second
FRB peak, the spectrum and time shift can still be well fitted,
as the parameters in the fourth row of Table 1. As for the last
X-ray peak, lacking a radio counterpart, as well as the third
INTEGRAL peak, they may be explained by a premature
cessation of FRB emission. In this case, the FRB radiation
only interacted with the LOS relativistic electrons, then shut
down before turning toward the observer, i.e., 60 < 0 — Oy,

3.3. X-Ray Precursor of FRB 221014

FRB 221014 and its X-ray counterpart constitute the second
FRB-XRB association event from SGR J1935+2154. How-
ever, since the burst was weak, the spectral index was poorly
constrained by Konus-Wind’s observation, given the low
signal-to-noise ratio (D. Frederiks et al. 2022). A refined
analysis of the GECAM data, which offer higher temporal and
spectral resolution, is ongoing and will be reported later
(C. W. Wang et al. 2022). In this work, we do not focus on the
spectral fitting, due to the lack of detailed data. Instead, we
propose that the ICS process of the FRB on an extreme pair
flow could generate relatively harder X-ray spectra with
different time advances. This is consistent with the higher E,
implied by Konus-Wind and the advance of the X-ray peak
suggested by GECAM. In order to compare with the
forthcoming results of the data analysis, we constructively
present the X-ray spectra predicted by the FRB-outflow ICS
model with a time advance from —20 to —70 ms.

For the incident radio photons, we adopt a Gaussian-shaped
FRB spectrum described by Equation (14), with v, = 1 GHz,
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Figure 5. Predicted spectral energy distribution of the FRB-outflow ICS
model for the FRB 221014-associated X-ray counterpart, compared with the
typical trapped fireball spectrum characterized by an effective temperature of
kpTerr ~ 10 keV. The maximum time advance (assuming the FRBs are highly
beamed, i.e., 66 > > Ogy,) ranges from 20 to 70 ms. The corresponding model
parameters are listed in Table 2. We propose that in the FRB-outflow ICS
model, the ICS process could generate the relatively harder X-ray spectra with
different time advances.

Table 2

The Model Parameters of the FRB 221014—associated Advanced X-Ray Peak
| At 20 30 40 50 60 70
(ms)

Rs (Ry) 4.6 32 23 1.9 1.6 1.3
6~60(10" 0.4 0.6 0.8 1.1 1.3 1.5
r 16 11 10 10 9 9

¥ (10%) 6.0 6.0 4.8 3.8 3.6 3.1
y'max (10%) 1.5 1.5 1.2 1.0 0.9 0.8
p 2.4 24 2.5 2.5 2.6 2.7
L(10%%rg s~ 63.0 15.0 4.0 1.7 0.8 0.5

ov = 500MHz, and isotropic luminosity Lggg ~ 5 X
103° erg s~!. We consider an extreme scenario, in which the
FRBs are highly beamed, such that the swept angle is much
larger than its emission cone, i.e., 60 > Oy, and 0 ~ 60, in
which case the advanced time is the longest. As shown in
Figure 5, the FRB-outflow ICS model predicts a slightly harder
spectrum with different advance times. The corresponding
model parameters are listed in Table 2, which could be
constrained more precisely with improved knowledge of the
temporal and spectral properties of radio and X-ray emission.

4. Discussion

In this paper, we have proposed that the observed spectral
and temporal features of FRB-associated XRBs can be
attributed to the ICS of FRB photons by an extreme pair flow
during magnetar activity. Further details and implications of
the FRB-outflow ICS model are discussed as follows.

1. Model predictions and potential observation evidence.
Based on the FRB beaming characteristic and the geometry
configurations of the model, various forms of FRB-XRB
associations are possible. In some cases, only one of the radio
or X-ray peaks may be detected, even though both are
physically present: (1) if the FRB is triggered just before
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rotating to the LOS, resulting in a large scattering radius, or if
the outflow is rather weak, the ICS emission may be too faint
to detect—in this case, only the FRB would be observed; (2) if
the FRB is quenched before rotating into the LOS, then only a
bright hard-X-ray peak would be observed, but without an
accompanying FRB detection; or (3) a weaker radio burst may
survive if the viewing angle is not far from the FRB emission
cone, defined as a slow radio burst, characterized by a broader
width and lower flux due to a smaller Doppler factor
(B. Zhang 2021; C. J. Chen & B. Zhang 2023).

Some observations potentially support this scenario. The
multiple radio pulses with flux of a few janskys detected by the
Yunnan 40m radio telescope on 2022 November 20 were
associated with a multiple-peak-structured XRB detected by
GECAM, which can be interpreted within this scenario (X.-B.
Li et al. 2024, in preparation). Moreover, additional radio
bursts and their X-ray counterparts have been discovered from
the same magnetar (Y. X. Huang et al. 2022; X. B. Li et al.
2022a, 2022b; A. B. Pearlman & Chime/FRB Collaboration
2022; G. Younes et al. 2022a). Beyond SGR 193542154, at
least five bright XRBs from other magnetars also exhibit
unusually hard spectra, which are clearly outliers among the
hundreds of bursts detected by Konus-Wind since 1994
November (see A. Ridnaia et al. 2021, Extended Data Figure 6).
Unfortunately, there were no simultaneous radio observations
during these events, and thus they cannot be excluded as
candidates for FRBs. These peculiar hard spectra could also be
explained by the FRB-outflow ICS model, even in the absence
of detected radio bursts.

2. Assumptions and limitations of the FRB-outflow ICS
model. In our model, we assume that FRBs are generated in the
magnetosphere with a narrow beam that corotates with the
magnetar, consistent with pulsar-like models. An increasing
amount of observational evidence supports the origin of the
magnetosphere: for instance, the polarization angle swings
observed in some FRBs suggest a “pulsar-like” origin, in
which the radiation is confined in a certain region of the dipole
field (R. Luo et al. 2020; B. Zhang 2020, 2023; X. Liu et al.
2025), and the analysis of scintillation constrains the emission
region of FRBs to be less than ~10°cm (K. Nimmo et al.
2025). Moreover, we further assume that the FRB emission
cone rotates with the magnetar and persists for several to tens
of milliseconds, corresponding to the intrinsic duration of the
FRB emission, which is longer than the observed FRB
duration. The persistent time of the FRB emission cone, i.e.,
the intrinsic duration of the FRB 744, can be estimated from
the swept angle, 60, T4, = 60T/27. For the delayed X-ray
peak, 60 ~ 102, the intrinsic duration would be 74, ~ 4ms,
and if the X-ray peak is regarded to be advanced,
80 ~ 5 x 1072 and g, ~ 20 ms.

Meanwhile, a specific extreme pair flow is required to
account for the significant hard ICS emission. Despite the
uncertainties and variability of the magnetar activity, we have
proposed a plausible formation scenario for the extreme pair
flow, potentially arising from the compression of the large-
scale low-frequency pulse and violent reconnection in the
current sheet (Section 2.2). The parameter fitting results of the
FRB 200428-associated X-ray peaks fall within a reasonable
range. However, we should note that the violent activity of a
magnetar and its highly deformed magnetosphere, where some
closed field lines are opened, is quite complex and diverse. The
corresponding particle acceleration processes could be much

Wu et al.

more complicated than those in typical steady-state neutron
stars. Even in this case, the exact mechanism has not reached a
consensus. On the one hand, theoretical MHD models suggest
that 'y, increases linearly until the FMS point, beyond which
the acceleration slows down (V. S. Beskin et al. 1998;
I. Contopoulos & D. Kazanas 2002); alternatively, ['y, may
grow as ocrl/? through reconnection in the stripped wind
(Y. Lyubarsky & J. G. Kirk 2001). On the other hand, some
models propose rapid acceleration within a narrow “accelera-
tion region” to account for the subteraelectronvolt emission of
pulsars, although the exact mechanisms are not well under-
stood (S. V. Bogovalov & F. A. Aharonian 2000; F. A. Ahar-
onian et al. 2012). And other models, such as the outer gap
model (K. Hirotani 2013) and the slot gap model (A. K. Hard-
ing 2009), have also been proposed to explain the high-energy
emission of gamma-ray pulsars. Based on current observa-
tions, it is not easy to reach a consensus at present.
Considering these factors, other forms of electron motion
resulting from different underlying mechanisms cannot be
ruled out. We further discuss an ultrarelativistic wind scenario
in the Appendix, for completeness, which may be applicable at
least in the case of a young fast-rotating magnetar as the source
of the FRB.

Furthermore, for a relatively young magnetar, which has
undergone frequent active episodes, we assume that it has a
large inclination angle. In a dipole field configuration,
assuming that the FRB is emitted at a radius ~108 cm, with
its direction tangential to the local open field line (W. Lu et al.
2020; B. Zhang 2022; Z.-N. Liu et al. 2023), the angle 0#
between the direction of the FRB and the magnetic axis can be
expressed as tan 6, = 3tan /(2 — 3 tan®6), where 6 < 0, =

arcsiny/Rys/R. denotes the polar angle (relative to the
magnetic axis) of the emission point (G. J. Qiao &
W. P. Lin 1998). Thus, while most of the energy of the
extreme pair flow may be concentrated in the rotational
equatorial zone, with the poloidal angle relative to the spin axis
ranging from 7/2 — « to /2 + «, the FRB could pass
through this region and be upscattered, as long as the
geometric condition o + 6, > m/2 — « is satisfied, suggesting
an inclination angle @ > 40°.'°

In addition, given the uncertainties of the magnetar activity
and the origin of FRBs, other scenarios accounting for the FRB
200428-associated XRB remain possible, though they more or
less overlook the temporal properties or do not fully explain
why other XRBs lack such features. However, with only one
well-analyzed association available so far, this is insufficient to
definitively rule out or confirm these models. Nevertheless, as
more radio and X-ray associations are detected, along with
multiwavelength observations and statistical analyses, there
will be greater promise for testing and constraining various
models.

5. Conclusions

The FRB 200428-associated XRB is significantly unique
compared with other typical XRBs. It exhibits a harder
spectrum, with a steeper power-law index and a much higher

19 0n the other hand, considering the presence of significant multipolar fields
near the magnetar, if FRBs are triggered and emerge near the directions of
multipolar magnetic poles at various latitudes (Y.-P. Yang & B. Zhang 2021),
their emission could potentially intersect the equatorial zone, even if the
inclination angle of the dipole field is small. However, the transparency of the
FRB would be complex in such a scenario.
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cutoff energy. Its light curve shows a multiple-peak structure,
and the TOA of the XRB peak shows a time shift of a few
milliseconds relative to that of the FRB. Similarly, FRB
221014 has also been found to have a slightly harder X-ray
counterpart compared to other typical bursts in the same
episode. These unique spectral and temporal properties of the
FRB-associated XRB imply a special physical link between
FRBs and their high-energy counterparts. In this paper, we
have shown that both the hard spectrum and the peak time shift
(whether delayed or advanced) of the X-ray peak can be
explained by the ICS of FRB photons by an extreme pair flow
at a scattering radius around the light cylinder (we refer to this
scenario as the FRB-outflow ICS model). This pair flow is
characterized by a bulk Lorentz factor I' ~ 10 and a power-law
distribution in the comoving frame with a typical Lorentz
factor 7;1 ~ 10*. We propose that it could originate from the
compression of a large-scale pulse due to rapid magnetosphere
evolution and violent acceleration in the current sheet during
magnetar activity. The FRB-outflow ICS model fits well with
the spectrum and time shift of FRB 200428 and its X-ray
counterparts, with the parameters being in a reasonable range.
From the fitting results, we can also infer the emission angle of
the FRB O, ~ 107! and the swept angle 60 ~ 1072,
corresponding to an intrinsic duration of the radio emission
approximating several to tens of milliseconds. We construc-
tively apply our model to the event of FRB 221014, providing
a slightly harder spectrum, with time advances ranging from
20 to 70 ms. The model parameters for this event can be
further constrained by future detailed analyses. The FRB-
outflow ICS model also predicts various forms of association,
which would be tested by other radio bursts and X-ray
counterparts detected from SGR 193542154, as well as some
XRBs exhibiting unusually hard spectra from different
magnetars. We expect that with improvements in detector
sensitivity and increasing numbers of simultaneous observa-
tions in radio and high-energy bands, more FRBs and
associated hard XRBs will likely be discovered in the future,
helping to reveal the origin and surrounding environment
of FRBs.
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Appendix
ICS Process by a “Cold” Ultrarelativistic Wind

The acceleration of particles has not reached a consensus yet.
Other scenarios, such as rapid acceleration in narrow zones
(S. V. Bogovalov & F. A. Aharonian 2000; F. A. Aharonian et al.
2012), are also possible, though the exact mechanism remains
unclear. Some works have proposed that electrons moving along
the magnetic field line would be centrifugally accelerated if the
inertia of the particles does not counteract the efficient corotation
with the magnetic field. This can provide efficient electron
acceleration to a high bulk Lorentz factor in some directions
(Z. Osmanov & F. M. Rieger 2009; S. V. Bogovalov 2014). For a
young and fast-rotating magnetar, as the source of an FRB, the
magnetocentrifugal mechanism could accelerate electrons to a
bulk Lorentz factor of T, ~ 10°tan aAg lP,ZZ Bys, where A is the
number density in units of the Goldreich—Julian density and « is
the angle between the magnetic field and the radial direction
(Z. Osmanov & F. M. Rieger 2009; S. V. Bogovalov 2014). Thus,
we refer to this as the “cold” ultrarelativistic wind. The direction
of the accelerated electrons is along the tangent to the light
cylinder surface, = (1 — I'o/T'y)R./r =~ Ry /r (F. A. Aharonian
& S. V. Bogovalov 2003; Z. Osmanov & F. M. Rieger 2017). The
anisotropic ICS of the directed FRB photons on the directed
electron beam would produce a specific high-energy emission.
Since particles in the magnetar wind move in a straight line with a
high Lorentz factor, only the emission from electrons moving
initially along the LOS contributes to observations. The spectrum
can be described by

AN N
X (B, T) = —2
dExdSdt 47D}
//da[Fw, 0. Ex. Er] dNr()_,p 0 (AD)
dEx dERrdSdr

where Ex and Eyr represent the emission X-ray and incident
radio photons, respectively, Ny is the number rate of electrons/
positrons in the magnetar wind, and dNg(r)/dErdSdr is the
incident photon number at the scattering radius. For radio
incident photons, 2EzI,[1 — cosfd] < mec?, which means
that the Compton scattering takes place in the Thomson regime.
The differential cross section of the anisotropic ICS in the
Thomson regime is given by (D. Fargion et al. 1997; G. Dubus
et al. 2008)

do[Ty, 0(r), Ex, Er] _ _ 7rd
dEx 20812 Ex
2/ 1 21 Ex ’
3 —cos“0 + —@Bcos 6 — 1) -—1[] (A2
e IyER

where the prime represents quantities in the comoving frame

of the electrons. The time shift is also expressed by
Equation (13). However, for a young magnetar as an FRB
source at a cosmological distance, the millisecond-duration
X-ray emission will be hard to detect.
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