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ABSTRACT

The discovery of a fast radio burst (FRB) in our Galaxy associated with a magnetar (neutron star with strong magnetic field) has
provided a critical piece of information to help us finally understand these enigmatic transients. We show that the volumetric rate
of Galactic-FRB like events is consistent with the faint end of the cosmological FRB rate, and hence they most likely belong to
the same class of transients. The Galactic FRB had an accompanying X-ray burst, but many X-ray bursts from the same object
had no radio counterpart. Their relative rates suggest that for every FRB there are roughly 10>~10° X-ray bursts. The radio light
curve of the Galactic FRB had two spikes, separated by 30 ms in the 400-800 MHz frequency band. This is an important clue
and highly constraining of the class of models where the radio emission is produced outside the light cylinder of the magnetar.
We suggest that magnetic disturbances close to the magnetar surface propagate to a distance of a few tens of neutron star radii
where they damp and produce radio emission. The coincident hard X-ray spikes associated with the two FRB pulses seen in
this burst and the flux ratio between the two frequency bands can be understood in this scenario. This model provides a unified

picture for faint bursts like the Galactic FRB as well as the bright events seen at cosmological distances.
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1 INTRODUCTION

On 2020 April 28, the Canadian Hydrogen Intensity Mapping
Experiment (CHIME, 400-800 MHz) and the Survey for Transient
Astronomical Radio Emission 2 (STARE?2, 1.3-1.5 GHz) indepen-
dently detected a fast radio burst (hereafter, FRB 200428), which
is spatially coincident with the well-known Galactic soft gamma-
ray repeater (SGR) 193542154 (The CHIME/FRB Collaboration
2020b; Bochenek et al. 2020a). The arrival time difference between
these two frequency bands is consistent with dispersive delay
due to plasma along the line of sight with dispersion measure
DM = 332.8 £ 0.1 pccm™3. The burst had two ~1 ms components
separated by about 30 ms as measured by CHIME; the first at
lower frequencies (400-550 MHz) and the second at higher fre-
quencies (550-800 MHz). The FRB occurred in a side lobe of
CHIME, so its inferred fluence of a few hundred kJy ms may
suffer large uncertainty (The CHIME/FRB Collaboration 2020b).
However, STARE2 provided a more accurate fluence measurement
of 1.5 MJy ms (Bochenek et al. 2020a).

The SGR 193542154 was first detected by Swift with a burst
of y-rays (Stamatikos et al. 2014). Subsequent X-ray follow-up
observations identified this source as a magnetar with rotational
period P = 3.24 s and characteristic surface dipolar magnetic field
B >~ 2.2 x 10" G (Israel et al. 2016). This magnetar has had multiple
episodes of outbursts since the initial discovery (Lin et al. 2020a).
SGR 193542154 is spatially associated with the supernova remnant
G57.240.8 (Sieber & Seiradakis 1984; Gaensler 2014; Surnis et al.
2016), which is at a distance between 6.7 and 12.5 kpc from us
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(Kothes et al. 2018). We adopt d >~ 10kpc, but our results are
unaffected by the distance uncertainty.

A hard X-ray burst was detected from SGR 1935+-2154 by several
instruments including INTEGRAL (Mereghetti et al. 2020), Insight-
HXMT (Li et al. 2020), AGILE (Tavani et al. 2020), Konus-Wind
(Ridnaia et al. 2020), and the arrival time is in agreement with that
of the FRB after de-dispersion. The X-ray burst had fluence of 7 x
1077 ergem™ in the 1-150 keV range, and the light curve in the
hardest band (27-250 keV) of HXMT showed two distinct peaks
separated by about 30 ms (Li et al. 2020), further confirming the
association with the FRB 200428. The isotropic energy (VE,) ratio
between the radio and the hard X-ray bands is ~3 x 107,

Understanding the origin of FRBs —mysterious bright millisecond-
duration radio flashes first discovered about a decade ago (Lorimer
et al. 2007) — has been a major scientific goal of many current or
future telescopes, such as Parkes (Thornton et al. 2013; Bhandari et al.
2018), Arecibo (Spitler et al. 2016), UTMOST (Caleb et al. 2017),
ASKAP (Shannon et al. 2018), CHIME (CHIME/FRB Collaboration
2019), FAST (Li, Nan & Pan 2013), and DSA (Ravi et al. 2019).
Before the discovery of FRB 200428, all localized FRBs were from
cosmological distances (Chatterjee et al. 2017; Bannister et al. 2019;
Prochaska et al. 2019; Ravi et al. 2019; Marcote et al. 2020). Even
with precise localizations of these events in their host galaxies, it
is so far inconclusive what the progenitors of FRBs are and by
what process the powerful radio emission is generated. Many ideas
have been proposed (see Katz 2018; Petroff, Hessels & Lorimer
2019; Cordes & Chatterjee 2019, for recent reviews). They fall into
two general categories: (1) emission within the magnetosphere of a
neutron star (NS), and (2) emission from a relativistic outflow that
interacts with the surrounding medium at large distances from the
NS or black hole.
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The isotropic specific energy of FRB 200428, E, ~2 x
10% erg Hz~! (for a distance of 10 kpc), is about a factor of ~30 lower
than the faintest burst detected from FRB 180916 at cosmological
distances (Marcote et al. 2020), but exceeds that of the brightest
known giant radio pulses from NSs by four orders of magnitude.
Apart from this energetic argument, we provide further evidence
based on volumetric rate (in Section 2) that FRB 200428 belongs
to the faint end of the cosmological FRB population. Therefore, the
detection of FRB 200428 in the Milky Way provides an extraordinary
opportunity to understand the FRB phenomenon in the following
three major aspects: (1) strongly magnetized NSs or magnetars can
make FRBs (as advocated by many authors, e.g. Popov & Postnov
2010; Kulkarni et al. 2014; Lyubarsky 2014; Katz 2016; Beloborodov
2017; Kumar, Lu & Bhattacharya 2017; Metzger, Margalit & Sironi
2019; Wadiasingh & Timokhin 2019), (2) the associated X-ray
emission (and future identifications of other counterparts) provides
valuable clue for the emission mechanism, (3) the close proximity
may allow us to disentangle many of the propagation effects from
the intrinsic emission properties.

This paper aims to explore the implications of FRB 200428. In
Section 2, we compare the rate of FRB 200428-like events with
that of the cosmological FRB population. In Section 3, we compare
SGR 193542154 with the sources of other actively repeating FRBs
and discuss how they may be understood in a general framework
of the magnetar progenitors from different formation channels. In
Section 4, we compare the rates of magnetar X-ray bursts and FRBs,
and discuss the physical link between them. Finally, we closely
examine the possible emission mechanisms for FRB 200428 and for
other FRBs in Section 5. A brief summary is provided in Section 6.
We use the widely adopted, convenient, subscript notation of X, =
X/10" in the CGS units.

2 FRB VOLUMETRIC RATE DENSITY

Based on a single detection in about 1yr of STARE2 operation
(Bochenek et al. 2020b), we roughly estimate the Galactic FRB rate
to be ~10yr~! above specific energy of E, ~ 5 x 10% ergHz™!
(the detection threshold energy for a distance of 10 kpc). This
leads to a volumetric rate of ~10% Gpc— yr~! (see Bochenek et al.
2020a, for a more detailed calculation). This should be compared
with the bright end of rate density distribution R ~ 10*® Gpc =3 yr~!
above E, = 10 erg Hz~! as measured by ASKAP also at 1.4 GHz
(Shannon et al. 2018; Lu & Piro 2019). We find the slope for the
cumulative rate distribution to be 8 >~ AlogR/AlogE, ~ 0.8, which
is insensitive to Poisson error of a factor of a few. This agrees with
the slope of the rate distribution found within the (small) ASKAP
sample 0.3 < B <0.9 (Lu & Piro 2019) as well as the joint analysis of
the Parkes and ASKAP samples 0.5 < 8 < 1.1 (Luo et al. 2020). This
agreement suggests that FRB 200428 contributes a significant frac-
tion of the FRB rate density at the faint end near E,, ~ 10* erg Hz ™!,
as illustrated by Fig. 1. Combining this with the fact that the specific
energy of FRB 200428 is only a factor of ~30 below the faintest
known cosmological FRB (Marcote et al. 2020), we conclude that
the magnetar nature of the progenitor and emission mechanism of
FRB 200428 is likely representative of the whole FRB population.

3 NATURE OF FRB PROGENITORS

The number density of Galactic magnetars, SGR 193542154 being
one of them, is of the order of 3 x 10 Gpc=3. The progenitors of
highly active repeaters like FRB 180916 (CHIME/FRB Collabo-
ration 2019; Marcote et al. 2020) are much rarer in the Universe
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Figure 1. The volumetric rate at the faint end as inferred from FRB 200428
(orange point with 68 per cent C.L. Poisson errors, Bochenek et al. 2020a),
as compared to the rate at the bright end inferred from the ASKAP sample
(the shaded region). The silver lines mark the 16 (—10), 50 (median), and
84 per cent (4+10) percentiles based on the Bayesian posterior shown in fig.
4 of Lu & Piro (2019) and evaluated at redshift z = 0.3 (where the ASKAP
constraints are the strongest). We do not expect significant rate evolution
between z = 0.3 and the local Universe at z = 0. The black points (with
68 per cent C.L. Poisson errors) are from an independent analysis of the
ASKAP sample based on the classical 1/Vp,x estimator (Schmidt 1968). The
blue arrow shows the 90 per cent C.L. lower limit for the contribution to the
total volumetric rate density by FRB 180916 (The CHIME/FRB Collaboration
2020a), although this is measured at ~0.6 GHz rather than 1.4 GHz.

with a number density of ~7-700 Gpc™—3, which is estimated by
the expectation number between 0.05 and 4.7 (90 per cent C.L.,
Gehrels 1986) of such repeaters in about half of the sphere (visible by
CHIME) within 150 Mpc. If these active repeaters are also powered
by magnetars, they must belong to a type of ‘active magnetars’ not
seen in the Milky Way. If one assumes that all active magnetars will
evolve to normal magnetars over time by reducing the bursting rate,
the volume density of these active magnetars’ ‘descendants’ would
be at most a factor of ~10*/30 ~ 300 times greater than the volume
density of active magnetars, where 10* yr is the typical age of SGR
19354-2154-like Galactic magnetars and ~30yr is a conservative
estimate of the characteristic age of active magnetars. This gives a
volume density of ~2 x 10°-2 x 10° Gpc™ of these descendants,
still 3—4 orders of magnitude smaller than the Galactic magnetar
volume density. The discrepancy is even larger if the characteristic
age of active magnetars is longer than 30 yr. This deficit cannot
be fully reconciled by reasonable beaming correction,! because we
would not have seen FRB 200428 from one of the ~30 magnetars in
our Galaxy if the average beaming fraction is «1/30. We can then
draw the conclusion that ‘active magnetars’ and SGR 1935+-2154-
like Galactic magnetars must be two distinct populations (as also
suggested by Margalit et al. 2020b).

One possibility is that the progenitors of FRB 180916 (or FRB
121102, Spitler et al. 2016) may be produced from rare, extreme
explosions such as long gamma-ray bursts (LGRBs), superluminous
supernovae (SLSNe; e.g. Metzger, Berger & Margalit 2017), or NS

"Here, beaming correction is given by the fotal beaming factor, which is
defined as the fraction of the whole 47 sky occupied by the union of the solid
angles spanned by all bursts from a given source. Due to the star’s rotation, the
total beaming factor is typically substantially larger than that for individual
bursts.
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mergers (e.g. Margalit, Berger & Metzger 2019; Wang et al. 2020a),
so that they have relatively short (e.g. millisecond) periods at births
(Usov 1992; Zhang & Mészdros 2001; Metzger et al. 2011). These
magnetars likely stored more toroidal magnetic energy inside the
star, which provides a larger energy reservoir to power bursting
activities (e.g. Thompson & Duncan 1993). In contrast, Galactic
magnetars were likely born with a more moderate initial spin, as
evidenced by the limited energy in their surrounding supernova
remnants (e.g. Vink & Kuiper 2006). These magnetars may store
less toroidal magnetic energy inside the star and are relatively less
active compared with their active cousins. The possible dichotomy of
FRB magnetar progenitor is consistent with the host-galaxy data of
the localized FRBs (Li & Zhang 2020), whereas FRB 121102 has a
host galaxy similar to that of LGRBs or SLSNe (Metzger et al. 2017;
Nicholl et al. 2017; Tendulkar et al. 2017); other four hosts resemble
the Milky Way Galaxy that hosts regular magnetars (Bannister et al.
2019; Prochaska et al. 2019; Ravi et al. 2019; Marcote et al. 2020).

4 LINK BETWEEN X-RAY AND RADIO
EMISSION

The hard X-ray burst associated with FRB 200428 was one of
the numerous X-ray bursts that SGRs generate during their active
periods. The ratio of the energy release in the radio and X-ray bands
is f ~ 3 x 107°. In the following, we discuss the implications on
the physical link between emission in these two bands and possible
beaming of the radio emission.

The Galactic SGR X-ray burst rate is of the order of 0.1 yr~!
(volumetric rate ~2 x 10° Gpc=3 yr~!) above E, = 10%erg, and
the energy dependence has a similar power-law form as that for
FRBs (e.g. Ofek 2007; Kulkarni et al. 2014; Beniamini et al.
2019). For a fiducial value of the radio-to-X-ray flux ratio f; =
107*f, _4 to connect the rates of X-ray bursts to FRBs (Chen, Ravi
& Lu 2020), Ex = 10* erg corresponds to FRB specific energy of
E, ~ 10’ f, _4ergHz' (for 1 GHz bandwidth), above which the
volumetric rate is ~3 x 10° fr;()f Gpc~3 yr! (Lu & Piro 2019; Luo
etal. 2020). We see that only a small fraction (1073 to 10~2) of X-ray
bursts may be associated with FRBs. This also agrees with the fact
that 29 of the X-ray bursts from SGR 1935+2154 had concurrent
observations by FAST, but no radio signal was detected down to
fluence limit of ~10 mJy ms (Lin et al. 2020b).

This small fraction of association may be explained by (a combi-
nation of) the following two possible reasons. The first is that most
X-ray bursts are accompanied by an FRB, but the radio emission is
highly beamed, with a beaming fraction of Qgp/dm ~ 1073-1072.
This may be realized if FRBs are only generated along magnetic
field lines near the poles. The second explanation is that only a small
fraction of X-ray bursts may be physically associated with FRB, but
in each association the FRB beaming fraction is order unity.

In the next section, we discuss the implications of the association
between FRBs and magnetar X-ray bursts on the coherent emission
mechanism.

5 EMISSION MECHANISM

Models for the generation of FRB coherent radio emission can
be divided into two broad classes based on the distance from the
NS where they operate. The first class consists of the ‘far-away’
models, where relativistic ejecta from an NS (or black hole) dissipates
its energy at large distances by interacting with the circumstellar
medium (CSM) and the radio emission is generated by a maser
process (Lyubarsky 2014; Beloborodov 2017, 2019; Waxman 2017;
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Metzger et al. 2019; Margalit, Metzger & Sironi 2020a). The second
class are the ‘close-in’ models, which describe that the coherent
processes occur within the magnetosphere of an NS (Pen & Connor
2015; Cordes & Wasserman 2016; Lyutikov, Burzawa & Popov 2016;
Kumar et al. 2017; Zhang 2017; Lu & Kumar 2018; Yang & Zhang
2018; Kumar & Bosnjak 2020; Lyubarsky 2020; Wang, Xu & Chen
2020b). These two general classes of models have very different
predictions regarding the FRB temporal and spectral properties, and
multiwavelength counterparts. In the Appendix, we present a detailed
analysis of the ‘far-away’ models and show that they face a number
of difficulties explaining the available radio and X-ray data for FRB
200428.

In this section, we focus on the generation of FRB radiation in
the magnetosphere of a magnetar. An additional motivation for our
consideration of this model is that at least some FRBs show very
rapid variability time, as short as tens of microseconds (Farah et al.
2018; Prochaska et al. 2019; Cho et al. 2020), which corresponds to
the light-crossing time of a few km and suggests that the radiation
might be produced close to an NS.?

The basic scenario we suggest is that a disturbance emanating from
the NS surface spreads through the magnetosphere. The dissipation of
the energy near the surface in the closed field line region produces X-
ray emission. The disturbance propagating to distances much larger
than the NS radius, above the magnetic poles, is converted into
coherent radio waves (Fig. 2).

Let us first consider that the energy in the outburst near the surface
of the NS is carried by a beam of e* pairs of isotropic equivalent
luminosity L, and Lorentz factor yy,. The e* number density at
distance R = 108 Rg cm from the NS in the beam comoving frame is
given by n, ~ 3 x 10'%cm™3 Rgz]/];2 for Ly = 47 R*yZnpmec’ ~
10*8 erg s~!, which is the minimum particle beam luminosity so as to
generate the observed radio flux of FRB 200428. This corresponds
to a plasma frequency of v, ~ 101 Ry’ "Hz in the observer frame.
Moreover, the cyclotron frequency is vg ~ 3 x 10> Ry* Hz for
surface dipolar magnetic field strength of B, = 10" G. Most maser
processes resulting from an interaction between highly relativistic
beam of particles and mildly or sub-relativistic plasma produce
radiation near the plasma frequency or the appropriately Doppler
shifted cyclotron frequency. The estimates for these frequencies show
the difficulty for the particle beam based class of maser models to
produce GHz radiation with the observed luminosity of FRB 200428.

We consider another possibility, that the energy released near the
polar region of the NS is carried by magnetic disturbances — Alfvén
waves — which damp far away from the surface, but well inside the
light cylinder, and produce radio waves (Kumar & Bosnjak 2020).
Let us consider that the amplitude of the Alfvén wave at the NS
surface is 6B and its transverse wavenumber is k;, = 27/A |, where
A, is the wavelength perpendicular to the NS magnetic field. Both
8B and k, decrease with radius as R=¥?, as the wave packet follows
the curved magnetic field lines and fans out such that its transverse
size increases as R¥?. The wave becomes charge starved at a radius
R, where the plasma density is below the critical density

IV x8B| _ k8B

8Bio
4 q 4 q

~ (1 x 10%em™?) R
A4

; 1

ne

2The transverse size of the source and the distance from the compact object is
larger when the radiation is produced in a relativistic outflow moving towards
the observer with a Lorentz factor y by a factor y and 2, respectively (e.g.
Katz 2019).
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Figure 2. Sketch of the model described in this paper. Left-hand panel: Sudden magnetic energy dissipation heats up the NS surface and generate e* pair
fireball, which is trapped by the closed field lines. X-rays are produced by the heated surface (red shaded region) and then inverse Compton scattered by e*
pairs (blue shaded region) in the magnetosphere to higher energies. The disturbance spreads across the NS surface (green dashed circles) and launches Alfvén
waves (shown as wiggles with exaggerated amplitude), which propagate along magnetic field lines. Near the magnetic poles, Alfvén waves can reach distances
much larger than the NS radius, where the charge density is too low to sustain the plasma current associated with the wave (marked by a teal dashed curve). This
is because the plasma density in the magnetosphere drops rapidly with the distance to the NS. As a result of charge starvation, a strong electric field parallel to
the background magnetic field develops, and charge clumps are accelerated to high Lorentz factors and coherently produce curvature emission in the radio band
(marked as orange cones). In this picture, the FRB emission is narrowly beamed into the region spanned by the orange arrows, whereas the X-rays are visible
from a large fraction of the sky. The double radio pulses seen in FRB 200428 are produced by two separate eruptions, which also enhance Comptonization and
give rise to the two hard X-ray peaks. Right-hand panel: Crustal deformations due to sudden magnetic energy release excite shear mode oscillations. The shear
wave propagates along the crust, and when it reaches the NS surface, a fraction of energy is transmitted into the magnetosphere as Alfvén waves and the rest is
reflected back into the crust. The FRB duration is given by shear wave propagation delay between different paths, 1, ~ 1 ms for typical wave speed vg ~ 0.01c.

where ¢ is electron charge, Bjg = § B/10'°Gand A 4 = A, /10* cm
are measured at the NS surface.

When the wave arrives at the charge starvation radius R, a
strong electric field develops along the background magnetic field

characteristic frequency of curvature emission v = 3y3c/(4w Rg) and
the curvature radius of magnetic field lines Rg,

y 240 (wRps)'". ()

and accelerates clumps of particles that were formed due to two-
stream instability associated with the Alfvén wave current density.
These particle clumps move along curved field lines and produce
coherent curvature radiation. The clumps that form due to two-stream
instability have a broad spectrum of longitudinal sizes ¢, < c/v, (¢
being the speed of light), and radio emission is generated by those
ones with £; > Ay/2 = 1505 ' cm. The number of particles that can
radiate coherently is Neon =~ nnCZHIZi, where the transverse size is
given by ¢, >~ /RAgp such that the photon arrival time does not
differ by more than half an FRB wave period. This choice of £ is
because the other two relevant length-scales — the Alfvén transverse
wavelength X, and the causal length R/y — are typically much
longer than +/RXAg,. The clump Lorentz factor y is related to the

MNRAS 498, 1397-1405 (2020)

The total luminosity is N, Czoh times the curvature luminosity Ly =
16y3¢%¢c/3R3 from an individual particle, provided that the observer
is located within the relativistic beaming cone (of angular size ~y '),
so we obtain

. (8Bio/h1a)?

OPI0/ A1) 3)
11/3,2/3 _4/3° (
Ry 707 svy

Lp ~ 7 x 10¥ ergs™

where we have denoted the magnetic colatitude of the field line on the
NS surface as § = 107°6_; srad and the corresponding curvature
radius for a dipolar geometry is Rg 2 0.8(Rys/0)(R/Rys)">.

The luminosity is mainly set by the charge starvation radius R,
and the initial amplitude §B as well as the transverse wavelength
Ay of the Alfvén waves. Our poor understanding of the charge
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Figure 3. Physically allowed initial Alfvén wave amplitude §B, charge starvation radius R (in units of NS radius Rps), and FRB luminosity for the model
described in this paper. The boundaries of the parameter space are given by the following constraints (shown by the grey lines): (1) the critical density n.(R) must
be greater than the Goldreich—Julian density ngy for charge starvation to be possible (solid), (2) the plasma frequency v, must exceed the FRB frequency vy, so
as to allow charge clumps of size ¢,, ~ Agp, (dash—dotted), (3) the wave amplitude at the critical radius §B(R) is less than the background magnetic field B so the
wave remains linear (dashed), and (4) the wave amplitude at the critical radius must not exceed ~5 per cent of the quantum critical field strength to avoid rapid
production of Schwinger pairs (dotted). The solutions for different FRB luminosities from 10% to 10*8 erg s~! lie on the coloured lines (with log L [ergs™ 3
marked on each line). Since the charge density profile in the NS magnetosphere is poorly understood, our current model cannot provide a unique solution. We
mark the localized sources with known (ranges of) luminosities in boxes, with the repeaters (FRB 121102 and 180916) in brown. The parameters used for this
plot are transverse wavelength 1, = 10* cm, surface magnetic field Bys = 3 x 10'* G, spin period P = 3 s, magnetic colatitude of the field line = 10~ rad,

and observing frequency vgy, = 1 GHz.

density profile of the magnetosphere does not allow us to directly
determine R. Generally, Alfvén waves launched near the magnetic
poles where field lines extend to large distances are much more likely
to become charge starved and produce coherent radiation. Here, we
can use observed luminosity of FRB 200428, Ly, ~ 3 x 10 ergs™!
(assuming a distance of ~10kpc and frequency bandwidth of
Av ~ 1.4GHz), to constrain R/ R, ~ 20 (§B1o/*14)%".

The spectrum of the emergent radio waves depends on the
size distribution of particle clumps and their Lorentz factors. The
emergent power at frequency v depends on the Fourier transform
of particle number density 7i(k) at wavenumber k ~ 2 v/c, and the
distribution of particle Lorentz factor () on this scale. We note that
the transverse size of the coherent patch ¢ is typically much smaller
than the causal length R/y, which means that Doppler effect only
slightly broadens the spectrum by Av/v ~ (y£,/R)* ~ 0.1, and the
spectrum can have large intrinsic variations over a narrow band as
radiation arrives from different clumps at different observer time.

The FRB emission is produced at a radius of R ~ 20R,, as
described above, with an uncertainty by a factor of a few. Thus,
Alfvén waves should be launched within the polar angle 6 < 0.1 rad
in order to ensure that these waves are able to propagate out to
~10%R,, and pass through charge starvation point. Furthermore, 6
cannot be much smaller than 0.02 rad because otherwise the beaming

cone of field lines at ~20R,; would rotate outside observer line
of sight in 30 ms® and the second radio pulse seen from FRB
200428 would have been missed. These constraints on the magnetic
colatitude motivate the choice of & = 0.03 rad as our fiducial value
in equation (3). All things being similar for different X-ray bursts
from SGR 193542154, we expect to see one FRB for ~10% X-
ray bursts (this seems consistent with the available data for this
object, Lin et al. 2020b). If the Alfvén wave packet has an azimuthal
angular span of §¢ ~ 1rad, then the solid angle of FRB emission at
the charge starvation radius is Qg ~ §¢ 0%(R /Rys) ~ 10~2sr. The
beaming fraction of Qg/4m ~ 1073 is consistent with that inferred
from the volumetric rate of X-ray bursts and FRBs in Section 4.

In Fig. 3, we show the solutions for different FRBs with a wide
range of luminosities, along with a number of physical constraints

31t might be tempting to consider the possibility that the two radio pulses
separated by 30 ms were in fact due to one continuous event that produced a
hollow cone of radio emission, and the two pulses corresponded to the sweep
of the cone across the line of sight as the NS rotated. However, two hard
X-ray pulses also separated by ~30 ms cast doubt on this possibility, since
it requires that the hard X-ray emission is also beamed into the same hollow
cone as the radio emission whereas the softer X-rays were presumably not
beamed.
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on the charge starvation radius and the initial amplitude of Alfvén
disturbance. For simplicity, we fix By, =3 x 104G, P = 35,0 =
107! rad, and vy, = 1 GHz. The biggest uncertainty lies on A , the
transverse wavelength of the Alfvén waves on the NS surface, which
depends on how the initial disturbance is launched. For , = 10* cm,
our model predicts FRB luminosities in the range 103°—10*% ergs~!
and hence provides a viable explanation for faint bursts like FRB
200428 as well as bright events like FRB 190523 (Ravi et al. 2019).
The maximum luminosity is due to the wave electric field, parallel
to the magnetic field, at the charge starvation radius exceeding the
Schwinger limit (Lu & Kumar 2019). We also predict that the FRB
luminosity function must have a (so far unobserved) flattening at
the lower end, although the exact minimum luminosity Ly, depends
on the unknown A . This is because, for very small initial Alfvén
amplitude, charge starvation occurs far away from the NS surface
where the plasma frequency is below the GHz band, and in this case
all charge clumps have longitudinal sizes ¢, > Ag, and hence the
coherent emission at GHz frequencies is strongly suppressed. When
the line of sight is outside the beaming cone of angular size ~y !,
the observed luminosity is heavily suppressed by relativistic effects
and hence may be below L, but the chance of detection is very
small.

What fraction of energy in this event reached near the magnetic
poles and contributed to FRB emission? Suppose initially the outburst
started far away from the magnetic pole, since most free energy in
the tangled magnetic fields is near the equator (Thompson, Lyu-
tikov & Kulkarni 2002; Gourgouliatos, Wood & Hollerbach 2016).
Crustal deformations during the flare excite seismic oscillations,
preferentially toroidal shear modes that preserve the shape of the
star (Duncan 1998; Piro 2005), and the disturbance propagates along
the crust to other parts of the star. Due to the small thickness of
the crust 4 ~ 0.5-1km, the wave undergoes many reflections off
the surface before reaching the polar region. The distance travelled
by the wave between two consecutive reflections is ¢ ~ /AR,
and the minimum number of reflections between the trigger to
the magnetic pole is wR,/2¢ ~ 4. The FRB duration is given by
propagation delay between different paths #y, ~ £/vs ~ 1 ms for
wave speed v ~ 0.01c. Each time the waves reach the surface, high-
frequency (>>10*Hz) Fourier components are largely transmitted
into magnetospheric Alfvén modes (Blaes et al. 1989). The Alfvén
waves launched at 6 = 0.1rad are trapped in closed field lines,
cascade to smaller scales, and create an e*-photon plasma that
radiates most of the energy as X-rays. For low-frequency seismic
components <10* Hz, since the corresponding Alfvén wavelength
is 23R, their transmission to the magnetosphere preferentially
occurs near the poles where the magnetic field lines are sufficiently
extended (Thompson & Duncan 1995). The energy per unit surface
area transmitted into the magnetospheric Alfvén waves in the polar
region can be estimated to be Fp/F ~ T(1 — T)h/R,,, where the
fluence normalization F' = E /4w Rﬁs is from uniformly distributing
the total energy over the NS surface, 7 is the transmission coefficient
from crustal shear waves to Alfvén waves, and N, ~ 5 is the typical
number of reflections. The frequency spectrum of seismic oscillations
and their propagation properties are still highly uncertain. For 0.03 <
T < 0.5 (Blaes et al. 1989; Bransgrove, Beloborodov & Levin 2020),
we roughly estimate F/F to be of the order of 10~3. Following
the field lines from the NS surface to the charge starvation radius,
the energy per solid angle drops by another factor of R,s/R ~ 0.1.
Assuming a fraction of order unity of the Alfvén luminosity is
converted into coherent radio emission, we expect the FRB to X-
ray luminosity ratio to be of the order of 10~*, which is in rough
agreement with observed fluence ratio between these two bands.
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6 SUMMARY

The first Galactic FRB from a magnetar, with its associated X-ray
counterpart, provides an extraordinary opportunity to understand the
FRB phenomenon as a whole. We explore the implications of FRB
200428 in various aspects. We find that FRB 200428-like events
likely contribute a significant fraction of the cosmological FRB rate
function at the faint end near specific energy E, ~ 10% erg Hz~'. We
compare SGR 193542154 with the sources of other active repeaters
(e.g. FRB 121102) and discuss how they may be understood in
a general framework of the magnetar progenitors from different
formation channels. Then, we compare the rates of SGR X-ray bursts
and FRBs and find that only a small fraction (of the order of 1073—
1072) of X-ray bursts may be accompanied by FRBs.

We consider two broad classes of FRB emission mechanisms.
First, the ‘far-away’ models describe that a relativistic outflow drives
a shock into the surrounding medium at large distances and generates
radio emission by a plasma maser process. We carried out a detailed
analysis of these models and found a number of difficulties explaining
the radio and X-ray data from FRB 200428. The second class are the
‘close-in” models, where radio emission is generated by a coherent
process within the NS magnetosphere. We propose a scenario that
magnetic disturbance near the stellar surface propagates to larger
radii in the form of Alfvén waves, which then damp and produce
radio emission. FRB 200428 was associated with an X-ray burst, and
the hard X-ray light curve had two prominent spikes that occurred at
nearly the same time as the two FRB pulses. The coincidence of hard
X-ray and radio peaks and their relative fluxes can be understood in
this scenario. This model provides a unified picture for faint bursts
like FRB 200428 as well as the bright events seen at cosmological
distances.
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APPENDIX A: ‘FAR-AWAY’ MODELS -
EMISSION FROM BEYOND THE LIGHT
CYLINDER

In this Appendix, we study the other class of ‘far-away’ models,
where a relativistic outflow drives a shock into the circumstellar
medium (CSM) at large distances, and FRB is generated by a plasma
maser process, as proposed by Lyubarsky (2014), Beloborodov
(2017, 2019), Metzger et al. (2019), and further developed by
Plotnikov & Sironi (2019) and Margalit et al. (2020a).

The properties of the CSM may be highly diverse as it is shaped
by the pulsar wind, flares from the NS, and the supernova remnant.
These complications can be avoided by considering one snapshot in
the FRB light curve. The observed flux at a given time can be shown
to be produced when the shock front is at some effective radius . We
take the average density of the material swept up by the shock front up
to radius r to be pg, bulk Lorentz factor of the unshocked, upstream
medium to be I'y, and magnetization parameter o = 1 + B2 /47 poc?;
where By, the magnetic field strength of the upstream fluid, and pg
are measured in the comoving frame of the upstream medium. The
CSM is initially cold. The ejecta drives a shock into the CSM and the
shock Lorentz factor in the lab or NS rest frame is I's. The energy of
the shocked CSM at radius r is

E =~ dxriugl2, = 47’ poc*(Ns/ To)?, (A1)

where we have used uy = o poc? as the average energy density
of unshocked CSM up to radius r, and the relative Lorentz factor
between the shocked and pre-shock plasma I'y,y = I'y/(Tgo %) as
given by the Rankine—Hugoniot jump conditions (e.g. Kennel &
Coroniti 1984). The emission frequency of the maser emission w =
2mv is roughly given by (Plotnikov & Sironi 2019)

o >~ 3Tw,, (A2)

where w, = \/4mnoq?/me is the plasma frequency, no = po/m is the
electron number density of the upstream plasma, and m is the mean
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mass per electron. The emission duration #g, is given by4
r 2I‘52tfrbc. (A3)

It is straightforward to solve the above three equations for the
emission radius r, shock Lorentz factor I'y, and pre-shock number
density ny. And we find

1
r~ (8.9 x 10" cm) (ﬁ) "riES
— . 0 ~40%9 >

Me

_1

P 12x 100 () 18 Efg iy

s = LaX m 0 La0V9 ~ b ms»
€

m

1
32 18
ng >~ (9.0 x 10*em™) ( ) Ty E’ Vs tirums- (Ad)

€
The optical depth of the upstream plasma for induced Compton
scattering is given by (e.g. Lyubarsky 2008; Kumar & Lu 2020)

o 30‘T Efrbl"gnoc

m
Tic 2 23— fr.—4 V9 ttb,ms- (AS)
Me

32m2r2mev3
To allow GHz coherent radio waves to escape, we find that the
upstream composition must be dominated by electron—positron
pairs® with m ~ m,. In fact, the baryonic shock model is ruled
out by the data since it overproduces X-ray luminosity by a factor
of >10%. This is because the baryonic shock must have much larger
energy to get around the induced Compton constraints. Hereafter, we
take m = m, and then the luminosity of upstream material is

4

8 1 4
Lo~ (22 x 10** ergs™) o Ty Ejvs tib.ms- (A6)

InFig. A1, we show how the FRB frequency is related to the upstream
luminosity Ly and Lorentz factor Iy according to the above relation,
while fixing E40 = 1 and #z, ms = 1 as motivated by FRB 200428.
We see that, to generate GHz radio emission, the upstream plasma
conditions must lie along a narrow valley in the otherwise very wide
parameter space.

The next step is to consider that there are two radio pulses separated
by about 30 ms as detected by CHIME. The first one spans from
400 MHz (lower end of the observing band) up to 550 MHz, and the
second one spans from 550 to 800 MHz (upper end of the observing
band). One should be cautious about the details of the spectrum
because FRB 200428 is detected in the far side lobe where the spectral
response may not be well understood. However, since CHIME’s
response is not expected to change significantly on a time-scale of
30 ms, the difference between the spectra of the two pulses should be
physical. Each pulse has duration of about 1 ms, after correcting for
scattering broadening. We also note that the associated X-ray burst
also had two distinct peaks separated by 30 ms in the hardest band
(27-250 keV) of HXMT (Li et al. 2020), which were temporally
coincident with the two radio peaks. This suggests that the two
radio pulses are generated by two separated ejectas. The first ejecta
interacts with the (perhaps temporarily enhanced) magnetar wind.

4From pressure balance between the shocked regions, one obtains the relative
Lorentz factor I'ye 2~ (L/Lo)"*, where L = Eltej is the luminosity of the ejecta,
Lej is the launching duration, and Lo = 4nr2uor‘gc is the luminosity of the
outflowing CSM. This combined with equation (A3) then gives ffp 2 fej/(20')
(Kumar & Zhang 2015), which means the FRB duration is much shorter than
the ejection duration if o > 1.

5For a baryonic (electron—proton) composition, the radiative efficiency must
be extremely low f; < 1077 in order to have 7ic < 10. And that requires an
ejecta energy of E > 10*3 erg, which is 3 orders of magnitude higher than
seen in the associated hard X-ray burst.
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Figure Al. This graph (with black contour lines) shows the FRB frequency
v as a function of the upstream plasma luminosity Ly and Lorentz factor
Iy for the shock-maser model described in this Appendix. We see that, to
generate GHz radio emission, the upstream plasma parameters must lie in a
very narrow range of the allowed space (along L¢ o< Fg/ 3 line). In reality, the
physical properties of the CSM (that the relativistic, magnetar flare, ejecta
runs into) is expected to be highly diverse as it is shaped by many different
processes, and the probability that the maser emission from the shock falls in
the observing band is extremely small (the figure shows that the frequency of
the emergent maser emission could be anywhere between 10° Hzand 10" Hz
for the parameters of FRB 200428 according to the shock model). We also
show the locations of the two radio pulses as observed by CHIME by orange
ellipses. For this plot, we fix the upstream magnetization o = 1, ejecta energy
E = 10* erg, and FRB duration fg, = 1 ms, as motivated by FRB 200428.

The second ejecta interacts with the slower tail of the first ejecta or
the magnetar wind in between the two flare ejectas responsible for
the two radio pulses.

The second ejecta will catch up with the tail of the previous ejecta
or the wind following the previous ejecta, which we take to be moving
with Lorentz factor I'y, at 8¢ ~ 30 ms in the observer’s frame, at the
radius

r~2T%tc~ 1.8 x 10°em T2 (A7)

We combine equation (A7) with the expressions in equation (A4) to
obtain

1
r 2~ (2.0 x 108 cm) EZ vy !,
11 1
Ty > 5.7 x 10° EfyVy >ty mes
_1
ne 2 (4.0 x 10° em™) E % 13 tirb ms.

_1
T~ 105 Ety, 2, (A8)

12

where n; is number density of the upstream plasma in its comoving
frame. We see that the dynamics of the second ejecta is well
determined,’® thanks to the resolved X-ray light curve by HXMT.
The upstream Lorentz factor I'y is reasonable if the first ejecta has

OIn fact, the dynamics of the first ejecta can also be determined if we assume
the density profile of the upstream plasma ahead of the first shock to be
no o r~2 (or other power—law forms). This is because, at the observer’s
time ¢ >~ 1 ms (during the first radio pulse of FRB 200428), the first ejecta
is at its deceleration radius, which is a factor of 302 less than the first
expression in equation (A8). Then, one can plug the deceleration radius back
into equation (A4) to solve for the unknown I'g and hence other quantities as
well.
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most of the energy near the front end with high Lorentz factor >>100
(which is responsible for the first radio pulse) and a small fraction
of energy in the tail with relatively low Lorentz factor ~100 (which
is responsible for decelerating the second ejecta and hence generate
the second radio pulse).

Can these shocks produce the non-thermal hard X-rays observed
by HXMT and other instruments? The answer turns out to be no.
The reason is that the characteristic synchrotron frequencies (vy,) for
an electron—positron CSM, for the parameters of the two shocks we
determined above, are of the order of 10'3 Hz and 10'> Hz respec-
tively, much smaller than X-ray frequencies. Simulations suggest that
shocks in a magnetized pair plasma might not produce an extended
power-law particle spectrum above the average energy per particle
(Sironi, Keshet & Lemoine 2015), i.e. little emission above v,,. Even
ignoring this difficulty, let us assume that the Fermi acceleration
operates in the e* magnetized shock and produces power-law particle
distribution with index p =~ 2. The emergent synchrotron spectrum
then is F, o v=%3, which is consistent with the observed soft X-
ray power law. The spectrum should extend with the same slope
up to ~100 MeV for the shock parameters of equations (A4) and
(A8). However, Konus-Wind detected no significant emission above
250 keV from this event (Ridnaia et al. 2020), which suggests that
the hard X-rays did not originate in these shocks.

In the following, we point out several problems with the shock
model.

Since the two radio components have similar frequencies and dura-
tions to within factors of order unity and the upstream magnetization
is modest o < 2 (otherwise the FRB duration will be much less
than a few ms), we infer that the upstream plasma for both shocks
must have similar ratio of Lo/ Fg/ 3 as given by equation (A6). This
poses a problem for this model because the physical conditions of
the upstream plasma before the two shocks are largely unrelated.
The ratio Lo/ Fg/ ? could change by many orders of magnitude from
one pulse to another in an FRB event — especially, considering that
the shock is being driven into the tail end of the previous outburst,
or outflow preceding the current flare, which contains a tiny fraction
of the total energy of the outburst — and the resulting synchrotron
maser emission will generally be at widely separated frequencies and
produce pulses of very different durations in the observer frame. For
instance, if Ly were to be different for the two shocks by a factor of
2, then the maser frequency in the observer frame would be different
by a factor of 1.7 (for the same pulse duration). A factor of 2 change
in Iy would lead to a factor of 4 change in the maser frequency. The
same argument applies to other close burst pairs such as the ones
seen in FRB 121102 (Hardy et al. 2017).

The typical variability time of the emission from a relativistic
shock should be of the order of the signal arrival time in the observer’s
frame, At ~ t, because the observed flux at a given moment comes
from a wide range of emitting radii of Ar ~ r and angles with respect
to the line of sight & ~ 1/T"5. However, the de-dispersed light curves
of the two pulses in FRB 200428 show extremely rapid rise with A#/t
= £ ~ (.1. Some other FRBs also show very rapid variability time as
short as tens of microseconds (Cho et al. 2020). An external shock
can account for this sharp rise time, provided that the observed flux is
produced in a very small emission area A ~ & 2(rIT',)?, which is much
smaller than the size of the causally connected region r/I"5. However,
in this case the blastwave energy should be larger by a factor of
&2 ~ 107 to account for the observed FRB flux. Then, the efficiency
decreases to f; ~ 1077, and the energy required in the relativistic
shock is ~10? larger than seen in the X-ray band. Furthermore, an
even more serious problem is the requirement that the size of the
emission patch in the two completely unrelated shocks should be
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nearly of the same area and similar location wrt the observer line of
sight in order that the observed flux of the two pulses and their rise
times are similar.

The observed spectrum of the first (or second) pulse cuts off
abruptly above (or below) about 550 MHz. This also poses a problem.
The spectrum for the maser-in-shock mechanism is expected to be
broad with Av ~ v due to slightly different Doppler shift for different
points on the shock surface within an angle 1/T"5 from the line of sight.
Particularly worrisome is the cutoff of the spectrum of the second
pulse below 550 MHz. Even if the maser mechanism is terminated
suddenly when the shock is at some radius r, we will continue to
receive radiation for at least a few times r/ (ZCFE), which drifts down
in frequency as 1/t and the flux declines roughly as 1/#~% (Kumar
& Panaitescu 2000); ¢ is the observer frame time. Therefore, in the
shock scenario, it is not possible to cutoff the observed emission
below 550 MHz except by invoking some propagation effects, but
then that makes it problematic to explain the first pulse which extends
down to 400 MHz merely 30 ms earlier.

Another concern, at least for the second radio pulse, is that the
predicted downward frequency drift by the shock model is not
observed; the observed frequency should decrease with time as the
shock decelerates. From the expression of I'y in equation (A8), the
observer’s time scales as t o« I';2v~! since the blastwave energy
is conserved. For two different frequencies v > v®, the shock
Lorentz factor must satisfy I'{" > T'®_ so we obtain #V//® <
v/ meaning that the observed frequency evolution is steeper
than ¢ oc v~!. However, no significant drift is seen for the second
pulse between 550 and 800 MHz, despite the fact that a factor of
2 1.5 in arrival time difference should be measurable.

We end this Appendix by concluding that the ‘far-away’ shock-
maser model does a good job of explaining the radio emission
efficiency f; ~ 107°—107*. The radio waves can escape the upstream
plasma without being significantly scattered by the induced Compton
process, provided that the upstream composition is electron—positron.
However, there are a number of serious problems with the model: (1)
The two radio pulses are generated by two shocks driven by different
ejectas separated by 30 ms, but the frequency and duration of the radio
pulses require that the upstream plasma with which these ejectas
collide must have almost identical values of L¢/ Fg/ ?, even though
they are expected to be physically unrelated and their values could
have been easily different by a factor of 2 10. (2) The rapid variability
time Af < fcan be explained by the model by invoking that the flux at
a given time only comes from a small patch of size much smaller than
the causally connected region, but that decreases the efficiency by
another factor of ~107?, i.e. the energy requirement for the relativistic
ejecta exceeds X-ray emission by a factor of ~10? in this case.
Furthermore, it will need to invoke an additional uncomfortable
assumption that the size of the emitting patch is nearly the same
for the two pulses produced by unrelated shocks. (3) The narrow
frequency band, particularly in the second pulse (550-800 MHz),
is problematic for the emission from a relativistic shock. This is
because even if the shock and the maser emission is suddenly turned
off at a certain radius, we would continue to see photons of frequency
smaller than 550 MHz arriving to us from an angle wrt to our line
of sight just slightly larger than I'! with flux barely a factor of
2 smaller than that at 550 MHz; CHIME should have detected the
emission down to 400 MHz. (4) The emission from a decelerating
shock drifts downwards in frequency with time, but the expected
drift is not observed by CHIME.
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