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ABSTRACT

We propose a geometrical explanation for periodically and non-periodically repeating fast radio bursts (FRBs) under neutron
star (NS)—companion systems. We suggest a constant critical binary separation, 7., within which the interaction between the
NS and companion can trigger FRBs. For an elliptic orbit with the minimum and maximum binary separations, 7y, and rp,x, a
periodically repeating FRB with an active period could be reproduced if ryin < 7 < Fmax. However, if rp.x < 7., the modulation
of orbital motion will not work due to persistent interaction, and this kind of repeating FRBs should be non-periodic. We test
relevant NS—companion binary scenarios on the basis of FRB 180916.J01584-65 and FRB 121102 under this geometrical frame.
It is found that the pulsar—asteroid belt impact model is more suitable to explain these two FRBs since this model is compatible
with different companions (e.g. massive stars and black holes). At last, we point out that FRB 121102-like samples are potential

objects that can reveal the evolution of star-forming region.
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1 INTRODUCTION

The origin of fast radio bursts (FRBs; Lorimer et al. 2007; Thornton
et al. 2013) is still mysterious (see Katz 2018; Petroff, Hessels
& Lorimer 2019 for reviews) but observations continue to refresh
the understanding of FRBs. For example, the recent detection of a
~16d period from FRB 180916.J01584-65 indicates the progenitor
of this FRB may be either a neutron star (N'S)—companion binary or a
precessing NS (Chawla et al. 2020; The CHIME/FRB Collaboration
et al. 2020a) since the size of a non-relativistically moving source
should be smaller than ~107 cm as evident from FRB durations.'
The follow-up observation of the previous non-periodically repeating
FRB 121102 (Spitler et al. 2016) shows that this FRB should also be
a periodically repeating FRB (Cruces et al. 2020; Rajwade et al.
2020). These two observations bring up a question that are all
repeating FRBs (even all FRBs) periodically repeating ones? Before
this problem is understood, we still treat FRBs as three types: one-off
bursts, non-periodically repeating bursts, and periodically repeating
bursts.

Based on the different repeatability of FRBs, many progenitor
models involving NSs have been proposed, e.g.

(1) for one-off bursts: binary NS mergers (Totani 2013), collapsing
NSs (Falcke & Rezzolla 2014), and asteroids/comets colliding with
NSs (Geng & Huang 2015);
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"n principle, black hole binaries (the present model of black hole binaries
applies to one-off FRBs; see Zhang 2016) and accreting black holes with
precessing jets (Katz 2020) could also provide the small-scale radiation
regions and periods of periodically repeating FRBs. At present, no certain
mechanism and observation show a strong coherent and millisecond-duration
radio pulse can be emitted from these systems.

(2) for non-periodically repeating bursts: magnetar hyperflares
(Lyubarsky 2014), close NS—white dwarf binaries (Gu et al. 2016),
and NSs ‘combed’ by plasma streams (Zhang 2017);

(3) for periodically repeating bursts: asteroid belts colliding with
NSs (Dai et al. 2016) in tight O/B—star binaries (Lyutikov, Barkov &
Giannios 2020), orbital-induced precessing NSs (Yang & Zou 2020),
free/radiative precessing NSs (Zanazzi & Lai 2020), and precessing
flaring magnetars (Levin, Beloborodov & Bransgrove 2020).

Besides, some of the models (e.g. Dai et al. 2016; Gu et al. 2016;
Zhang 2017) used to explain the early observation of FRB 121102
(Spitler et al. 2016) have been revised to reproduce the periodicity
detected in FRB 180916.J0158+-65 (e.g. Dai & Zhong 2020; Gu, Yi
& Liu 2020; Ioka & Zhang 2020).> These models usually focus on the
observations that are related to FRB bursts themselves (e.g. duration,
luminosity, and period) and do not consider the observations that
may reveal the environment of FRBs [e.g. the changed/unchanged
rotation measure (RM); Katz 2018; Michilli et al. 2018; Petroff et al.
2019].

Inspired by the consensus that long and short gamma-ray bursts
are produced by similar compact star—accretion disc systems that
originate from different progenitors (massive stars and NS binaries),
in this paper, we propose a general geometrical frame of NS—
companion systems to explain both periodically and non-periodically
repeating FRBs without considering a detailed radiation mechanism.
Then we will study the implications of this framework on relevant
FRB models.

The remainder of this paper is organized as follows. The details of
our model (the geometry, kinematics, and effect of orbital motion) are
illustrated in Section 2. The case studies of FRB 180916.J0158+65

’Dai & Zhong (2020) have already constrained the structure of the NS—
asteroid belt system according to the period of FRB 180916.J0158+-65.
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Figure 1. Schematic diagram of the geometry of our model. N; is the
NS and N, is the companion. r. is the constant critical binary separation
(corresponding to the polar angle 6.) under which the interaction between the
NS and companion can trigger FRBS. rmay is the maximum binary separation.
When the NS Ny moves into the shaded region on the left, the binary begin
to interact, so that FRBs are produced.

and FRB 121102 are shown in Section 3. We discuss the results
of the two case studies in Section 4. Summary is presented in
Section 5.

2 THE GEOMETRICAL MODEL

2.1 Orbital geometry

For an NS—companion binary with an orbital period T (see Fig. 1), we
assume there is an approximately constant critical binary separation
7. (corresponding to the polar angle 6.) under which the interaction
between the NS N, and its companion N, can trigger bursts of a
repeating FRB. When r, < r < rpax With ryac being the maximum
separation between the binaries, there is no interaction between the
orbiting objects and the FRB is in quiescence. For r < r. < rmpay,
interaction between the companions will give rise to FRBs until r
becomes greater than r.. For r. > rp,, interaction will be persistent
and will result in FRBs that are emitted throughout the orbit, resulting
in non-periodic repeating FRBs.?

So far, no periodicity has been detected between successive pulses
of repeating FRBs. This indicates the radio emission of FRBs is not
a ‘lighthouse’. The radiation should not come from the NS polar cap
but from a position in the NS magnetosphere that can always be seen
by the observer. Correspondingly, the repeatability of a periodically
repeating FRB during one orbital period should be mainly determined
by the activity of the companion under this geometric frame. Note that
the repeatability of non-periodically repeating FRBs does not depend
on other geometric conditions as long as the condition ryx < 7 1
satisfied. We will only discuss the geometric details of periodically
repeating FRBs in the next subsection.

2.2 Kinematics

According to Kepler’s second law, an elliptic orbit can be
described by

4m®m,a*b? 1
r = , (D
aT? 1 +é&cosf
oT? \ '
o= (gem,) @

3If the trajectory is a parabola, this non-periodically repeating FRB should
be an ‘one-off” repeating FRB.
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and

b=av1-—¢e?, 3)

where m,, is the reduced mass of the binary (i.e. mmy/(m; + my)
with m; being the mass of the NS and m, being the mass of the
companion), a is the semimajor axis, b is the semiminor axis, « is
defined as Gmm, with G the gravitation constant, 6 is the polar
angle, and ¢ is the orbital eccentricity.

In this geometrical framework, for a repeating FRB to have a
period 7 with an active window of A7, there should be

AT Oc
—ﬂab:/ r2do. 4)
0

T
A+ B ¢ Bt 0
arctan [ 4/ — tan —
AB\JAB A2

Oc

, (&)

0

Integrating equation (4) gives

AT 4rm,a?h?\
—7ab = .

T aT?

(A—B)tan
ABtan® § + A2

withA=1+4+eandB=1—¢.

Note that 7 and AT are observable quantities, if m;, m,, and
& are known quantities, then one can solve 6., as well as the
correspondingly critical binary separation r., numerically through
equation (5).

2.3 The effect of the orbital motion

The orbital motion will change the binary separation, as well as the
distance from the binary to the earth. Therefore, by definition, the
RM and dispersion measure (DM) could be time-varying. For clarity,
one can separate the contribution of orbital motion to the total RM
and DM from observations, i.e.

63 I d
RM=(-—> By dl By dl’ 6
() ([ e [oemear) o

and

le d
DM — / nodl + / ndl. %
0 le

where e and m, are the charge and electron mass, B, is the magnetic
field along the line of sight, d is the shortest distance between the
earth and the point in the orbit, and /. is the orbital-motion-induced
change in distance d. Since there is an inclination angle ¢ between
the normal of the orbit and the line of sight, one has 2bsint < [, <
2a sin t. From equations (6) and (7), the change in RM is

63 le
ARM = | ——— By dl. 8
(2ﬂmgc4)A ne Dy (8)

By the definition that ADM = [;° no d/ and BjADM = [ n. By di,
equation (8) can be rewritten as

€3BH
ARM = ADM. )
TImEC

Equation (9) predicts that if /. is large enough, ARM and ADM may
change evidently during an orbital period as long as n. and B, are
non-negligible.

Empirically, one can adopt B, = B, o(l/lp)™" and n. = ne_o(l/lp)™¢
with Iy being the size of the source that provides the magnetic
environment. Given a point source, there should be /) <« /.. According
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Figure 2. The values of 6. and r. versus ¢ under 7 = 16d. The top three
lines are 6. versus ¢. The three lines at the bottom are r. versus €. The solid
lines, dashed lines, and dot—dashed lines are for AT/T = 1/2, ATIT = 1/4,
and AT/T = 1/8, respectively. Note that, from equations (1)—(3), there is a
relation that re o< (m) + m2)3T23 . Therefore, one can estimate r,. for a given
binary through this relation and this figure.

to equation (6) and (7), one approximately has

Byne,
(3257) fonrs

By one,
Buoneoe’ / 110y " d1. (10)
27tm2c*
Integrating equation (10) gives
_ p+ —1 lc —q+1
mﬁwa—!L—f(f) (11
l—gq ly
under0 <g<1,—p—qg+1<0,and
_ p+qg-—1
Bjo~ B ———— 12)
g —1

underg > 1,—p—qg+1<0.

Equations (9) and (10) indicate that the changes in RM and DM
may provide the information of magnetic environment of periodically
repeating FRBs. In the next, we will study two FRB samples on the
basis of the above discussion.

3 TWO CASE STUDIES

3.1 FRB 180916.J0158+65

FRB 180916.J0158+4-65 shows a period of 7'~ 16d and an active
period of AT ~ 4d (The CHIME/FRB Collaboration et al. 2020a).
According to equations (1) and (5), the values of 6. and r, versus e
are shown in Fig. 2 (see Appendix A for more details) by assuming
the companion also is an NS and m; = m; = 1.4 M. Since the
companion may also be a massive star/black hole/white dwarf, we
discuss these scenarios separately.

Under this geometrical frame, the interaction between the NS and
companion (e.g. the accretion/wind interaction) should provide an
approximately constant critical separation r.. For the NS—massive
star binary scenario, the accretion/wind interaction is susceptible
to the activity of the massive star, so that the critical separation r,
may not be constant with time. The spin-down power of an NS is
nearly a constant, as well as the critical separation induced by this
wind interaction. Therefore, as the companion, an NS is worthy of
consideration.
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Under NS-NS scenario, the wind from the companion NS N,
should be strong enough to ‘comb’ the NS N; (Zhang 2020), i.e.

Lsd,2 ZBLQ,I (R*)G (13)

dmrie 8 \ ry

where r; and r, are distances of the interaction front from NSs N,
and N,, respectively, L, 2 is the spin-down power of NS N, B, 1
and R, are the polar cap magnetic field and radius of NS Ny, and ¢
is the speed of light. The typical isotropic value of repeating FRBs,
Ergs. iso, is a few 10" ergs™' (Luo et al. 2020). In principle, the
rotational energy of the NS can satisfy this energy requirement but
there is no clear mechanism to extract this energy through such
an interaction between the two NSs. We turn to consider magnetic
energy (which can be dissipated through magnetic reconnection).
The magnetic-energy density of NS N, at r; should be high enough,
ie.

By (R°
(cAr) 3 — | ~ foEFRB.iso> 14)
Vi r

where At is the duration of a FRB burst, and f;, is the beaming factor.
Equation (14) gives

E iso At -
By ~ 3 x 1012 (foEmeio (AL ( d )G, (15)
104 erg I ms 107 cm

where R, = 10° cm is adopted for the estimation.

According to equation (15), r; should be much smaller than r.
(e.g. r1 ~ cAt), otherwise B, | will be too strong. Correspondingly,
r, is given by

ry=rc—r ~rc — cAt ~ 1 ~ 107 cm. (16)

However, this brings up another problem that the magnetic field of NS
N, would be unreasonable unless there is a very small f;,* because,
according to equation (13), there is

2 JoErRB.iso
3At3

Jo EFRB.iso Ar 7 _
103 | 200 ) (T L 17
( 1040 erg I ms cres an

Equation (17) shows the NS N, must be a millisecond magnetar with
B,.1 ~ 10'® G. This powerful wind only can last for <1 s since the
largest rotational energy of an NS is ~10 erg.

For the NS-black hole binary scenario, both the accretion interac-
tion and wind interaction require an accreting black hole. However,
the changes in the accretion disc can result in changes in .. Besides,
the luminosity of a super-Eddington accreting black hole is much
smaller than that of a millisecond magnetar (see equation 17), so the
wind from this accreting black hole is not strong enough to perturb
the magnetosphere of NS N;.

For the NS—white dwarf scenario, the wind from the white dwarf
is much weaker. FRB bursts should be triggered by the accretion
interaction. Since white dwarfs do not have mass ejections and
bursts as the Sun, the accretion interaction between the NS and
white dwarf could be different from that of the NS—massive star
scenario. The separation r. under this case may be approximately
a constant. However, for the specific NS—white dwarf binary model
(Gu et al. 2020), an extremely high eccentricity (¢ > 0.95) is required
to explain FRB 180916.J0158+65. This model demands the FRBs

Lsd 2~ 47'(}’

“It is unrealistic since the size of the wind from the companion should be
larger than the radius of NS N;. Half of the magnetosphere of NS N; should
be disturbed.
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with 7' > 16d to be special ones. Therefore, it can be tested after
enough periodically repeating FRBs are detected.

In summary, the above discussion shows that the NS—massive star
binary scenario cannot provide a constant r.; the NS-NS binary
scenario and NS-black hole binary scenario cannot provide strong
winds; and the NS-white dwarf binary model (Gu et al. 2020)
requires a special orbit with extremely high eccentricity. These
models cannot explain all the observed characteristics of FRBs.

However, it is worth noting that the accretion/wind interaction is
not the only way to provide a critical separation as long as the above
stellar-mass objects have asteroid belts. Under the pulsar—asteroid
belt impact model (Dai et al. 2016; Dai & Zhong 2020), the outer
boundary of the asteroid belt is naturally corresponding to the critical
separation r.. Besides, there is another critical radius, 7/, i.e. the inner
radius of the asteroid belt. If the trajectory of the NS can cross the
inner boundary, the asteroid belt will divide the binary separation into
three segments, i.e. r < r/,r. <r < r., and r. < r. Therefore, there
will be two periodic active phases that are separated by a quiescent
phase during one orbital period. We suggest to fold periodically
repeating FRBs at their period just like that of The CHIME/FRB
Collaboration et al. (2020a). If such a FRB is found, the other FRB
models should at least complement the corresponding details (e.g.
for precessing NS models, the precession angle of the FRB beam is
larger than the opening angle of the FRB beam). On the other hand,
there is a tiny probability that the orbit of the NS N, happens to be
in the asteroid belt (corresponding to ., < 7¢), so that the induced
repeating FRB will show aperiodicity. Hence, the NS—asteroid belt
model predicts that the number of aperiodically repeating FRBs will
be much less than the periodically repeating ones.

So far, no observation shows that the RM and DM of
FRB 180916.J0158+4-65 have obvious evolution. If the RM and
DM of FRB 180916.J0158+65 are almost constants, according to
equation (8), there are two explanations: (a) /. is small enough; (b)
ne and B, are negligible. Given 2bsint < [, < 2asint¢, /. can only
be neglected when ¢ is very small (the orbit happens to be face-
on). So, /. is more likely a non-negligible quantity. The explanation
(b) should be more reasonable, i.e. the companion is at least weak
magnetized (e.g. a massive star/black hole). Alternatively, if future
follow-up observation confirms this unchanged RM and DM, the
single precessing NS scenario (corresponding to explanation (a); see
e.g. Levin et al. 2020; Zanazzi & Lai 2020) is more suitable for
explaining this observation.

3.2 FRB 121102

FRB 121102 is the first localized FRB (Tendulkar et al. 2017). The
long-time follow-up observation shows that FRB 121102 also is a
periodically repeating FRB with 7 ~ 160d and AT ~ 76 d (Cruces
et al. 2020; Rajwade et al. 2020). Note that r. o (m; + my)*T%?
and r. is not sensitive to ¢ (see Fig. 2) when AT/T ~ 1/2. For
an NS binary scenario, there is . ~ 7 x 10'* cm. Comparing with
the case of FRB 180916.J0158+65, this time the accretion/wind
interaction must be stronger since /. gets longer. Therefore, under
the wind interaction, the NS—NS binary and NS-black hole binary
scenarios are more powerless to explain FRB 121102 according to
the discussion in Section 3.1. Under the accretion interaction, the
interaction between the NS and white dwarf should work on a longer
distance. Besides, the longer period of FRB 121102 indicates a much
larger eccentricity and a much smaller white dwarf for the certain
NS-white dwarf binary model (this is unreasonable; see fig. 2 of Gu
et al. 2020). Comparing with the above scenarios and models, the
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pulsar—asteroid belt impact model seems to be not quite that extreme
(itneeds a huge asteroid belt; see Smallwood, Martin & Zhang 2019).

Observations have shown that the RM of FRB 121102 changed
from 1.46 x 10°radm~2 to 1.33 x 10°radm~2 within 7 months
(Michilli et al. 2018). The recent work shows that the RM of
FRB 121102 has a consistent decreasing trend in RM with the DM
being steadily increasing (Hilmarsson et al. 2020). Thus, despite the
orbital motion could induce the change in RM, this effect should
not be the primary cause since the orbital period is much shorter
than the duration of the decrease in RM. Nevertheless, we can use
the published data (Michilli et al. 2018) to estimate the upper limit,
B, 0. max> of B, o. We will roughly adopt /. ~ r, (see the last paragraph
of Section 3.1) for the following estimation.

Away from a point source, the radial component of the magnetic
field decays as /=2, and the toroidal component decays as !, i.e. | <
p <2 (seee.g. Spruit, Daigne & Drenkhahn 2001). On the other hand,
q should be ~0 for intergalactic medium and ~2 for stellar wind.
In any case, the middle term of the right-hand side of equation (11)
is larger than 1. Therefore, By should be small enough to keep the
value of B, ( reasonable (see equation 11). From equation (9), there
is (see also Katz 2018)

_ 2tm2c*\ ARM
By =

el ADM

67.6 ARM 3pcem™? G (18)
= 67. mG.
10* rad m—2 ADM

Since ARM induced by the orbital motion should be smaller
than 1.46 x 10° — 1.33 x 10° = 1.3 x 10* rad m~2, we can estimate
B, o, max under different companions through equations (11), (12),
and (18).

Under the intergalactic medium situation, the results are as follows.

(i) For the NS-NS binary scenario, there is [y ~ 10° cm. So one
has

ADM ! I
Bj omax ~ 5.2 x 10° G. (19)
" 3pcem3 1013 cm

However, observations® show that the magnetic field of the NS in an
NS-NS binary is stronger than 10° G. Therefore, the magnetic field
of an NS is too large for equations (19).°

(i1) For the NS-massive star binary scenario, we adopt /y ~
10" cm. Then one has

B 5.2 ADM )™ L G (20)
FOmax =2\ 3 peem3 108 cm/)

This value is compatible with the magnetic field of a massive star
(Bychkov, Bychkova & Madej 2009).

(iii) For the NS-white dwarf binary scenario, [y ~ 108cm is
adopted for estimation. There is

ADM ! e
Bj.omax ~ 5.2 x 10° ( ) ( ) G. 1)

3pcem3 1013 cm

This value also is compatible with observations (Tout et al. 2008).
(iv) If the companion is a black hole, the magnetic field should be
provided by the accretion disc. We adopt the outer boundary of the

SData come from the Australia Telescope National Facility (ATNF) Pulsar
Database (Manchester et al. 2005; https://www.atnf.csiro.au/research/pulsar/
psrcat/).

SEven if the value of ADM is taken as ~0.1 (The CHIME/FRB Collaboration
et al. 2020a), the value of B, ¢ is still much smaller than 10°G.
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disc ~50r, with r, being the Schwarzschild radius of the black hole.
The result is

B 17 (APM h Le Mo )™ G, (22)
110.max 3pcem3 10 cm 103 Mg '

where Mgy is the mass of the black hole. This value is consistent
with previous work (e.g. Ferreira & Pelletier 1995).

Under the stellar wind situation, the value of B, ¢ is independent
of the companion (see equation 12). Since the magnetic field of an
NS or a white dwarf is too large for equation (18), the companion
should be a massive star or a black hole.

4 COMPARISON OF THE TWO CASE STUDIES

Based on the study of FRB 180916.J0158+-65 presented in the previ-
ous section, if the FRB is induced by the accretion/wind interaction,
the companion should not be a massive star or an NS; the companion
star could be a white dwarf only if FRB 180916.J0158+-65 is a special
one. The unchanged RM of FRB 180916.J0158+65 indicates the
companion should be weakly magnetized. Under the pulsar—asteroid
belt impact model, the companion could be a massive star/black hole
as long as the companion has an asteroid belt.

The case study of FRB 121102 shows that the feasibilities of
scenarios involving accretion/wind interaction (e.g. NS—NS/white
dwarf binary scenario) need some unreasonable conditions due to
the larger period T and critical separation r.. The pulsar—asteroid
belt impact model could reproduce the observed 7, AT, and satisty
the change in RM more reasonably (the asteroid belt should be large
enough) due to the compatibility with different companions, e.g.
massive stars and black holes.

In Section 3.2, we mention that orbital motion is not the primary
cause to induce the change in the RM of FRB 121102. Since the
source of FRB 121102 is colocated with a star-forming region
(Bassa et al. 2017), the gases in the star-forming region may mainly
induce the change in the RM of FRB 121102.7 Therefore, the
following discussion can also be applied to the precessing NS
scenario since the change in the RM is induced by the evolution of
the star-forming region and has nothing to do with the FRB source.
Let us check this idea at first.

The RM contributed by the star-forming region is given by

e3 lg
RMg = (m)/o ne’gB”’g dl, (23)

where /, is the size scale of the gases along the line of sight, and n o
and By , are number density of electrons and magnetic field strength
along the line of sight in the gases, respectively. To reproduce the
observed RM, from equation (23), the magnetic field strength over
the size scale /, should be

RM I, \7'/ n -1
By, ~ 123 £ o8 G. (4
e (105radm‘2> (lOOpc) (lOOcm—3) HG. (29

If this magnetic field is provided by the dynamo process in the gases,

Bﬁ,g 1 2
A < E”pmpvp’ 25)

"It is worth reminding that the source of FRB 180916.J01584-65 also is
colocated with a star-forming region (Marcote et al. 2020). We should expect
the correlation of locations between the star-forming region and the source
of FRB 180916.J0158+65 to be different from that of FRB 121102. Another
explanation to the higher RM of FRB 121102 can be found in Margalit et al.
(2018) [the following discussion (e.g. equation x5) is still applicable].

MNRAS 500, 4678-4684 (2021)

where n, and v, are the number density of protons and velocity
of the gases, respectively, and m,, is the proton mass. According to
equations (24) and (25), there is

B 2 v -2
ny > 12 e ( Ly ) cm™>, (26)
12.3 uG 106 cms—!

Through equations (24) and (26), one can find that 7, is compatible
with n.. Therefore, this idea is self-consistent.

If the total RM is mainly contributed by the star-forming region,
according to equation (23), the change in RM should be induced by
the changes in /,, n. ,, and B ,. This demands

15(0) Lo(t)
ADM = /0 neg(l, t)dl — /0 ney(l,1)dl < DM, 27)
dRM e’ d [ =0
T~ — eol,)By (I, )dl| , 28
dt (27Tm§c4) dt |:/0 n vé( ) ”aé( ) ( )
where 7 is the time since the first measurement of RM. Note that
ADM < ARM 29)
DM RM ’

DM, = folg(t) neg(l, 1) dl can be approximately treated as a constant
(see equation 27). Therefore, equation (28) is reduced to

dRM e’ d [DM B (Z)]
dr \2mm2ct ) ar b

e d
N (W) DM, - [By.(1)] (30)

where B, has the same definition as that of By. So, once the time
evolution of RM is determined by future observations, one can infer
the time evolution of B}, through equation (30). FRB 121102-like
samples may be potential objects that can probe the evolution of star-
forming regions in distant galaxies (e.g. turbulence and convection).

5 SUMMARY

In this paper, we show a general geometrical frame to explain
the periodically and non-periodically repeating FRBs. We study
FRB 180916.J0158+65 and FRB 121102 under this geometrical
frame and find that the pulsar—asteroid belt impact model is preferred
(although a huge asteroid belt is needed; Smallwood et al. 2019; Dai
& Zhong 2020). Besides, we point out that FRB 121102-like samples
may be potential objects that can reveal the evolution of star-forming
region.

Although we concentrate on the geometrical frame of NS—
companion systems in this paper, it is worth reminding that the
precessing NS scenario is more suitable for explaining a repeating
FRB with an unchanged RM. We also discuss a possible explanation
to the changed RM of FRB 121102 under the precessing NS scenario
in Section 4. This is only one aspect of the problem. The invoking of
aprecessing NS is to produce a gyroscope-like radio beam so that the
beam toward/outward Earth’s field of view can also reproduce the
observed periodicity (e.g. Levin et al. 2020; Zanazzi & Lai 2020).
However, there is no conclusive evidence that shows that precession
exists in the known isolated pulsars and magnetars on such short time-
scales till now.® Besides, the duty cycle AT/T depends on the size of
the radio-emission region on the NS (see e.g. the pink semicircle in

8The spin—precession period induced by spin—orbit coupling is too long for
periodically repeating FRBs (even for the most compact relativistic system:
PSR J0737—-3039; Burgay et al. 2003; Lyne et al. 2004).
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fig. 3 of Zanazzi & Lai 2020). If the result of Rajwade et al. (2020) is
confirmed, this scenario will face a problem that the emission region
becomes unrealistic for a 160-d periodicity since AT/T is the ratio
of the radio-emission region size to the circumference at the same
latitude. Maybe, the free/radiative precessing NS model (Zanazzi
& Lai 2020) needs a wider radio beam; and the precessing flaring
magnetar model needs a wider ‘pancake’-like plasmoid to produce a
FRB beam with a larger solid angle (see the lower panel of fig. 1 in
Levin et al. 2020).

Nevertheless, both the geometric frame and the model invoke a
gyroscope-like radio beam have to explain the lack of FRBs in the
Milky Way (see Appendix B for more discussions). There are three
speculations for the no detection: (i) such a system should be a special
one that belongs to ‘rare species’ so that the absolute quantity of these
systems is much less than the number of NSs in the Milky Way; (ii)
the radio emissions of these rare-species systems tend to be outward
rather than along the Galactic disc so that the Galactic FRBs are
difficult to be seen; (iii) the conditions for coherent radiation are
hard to be satisfied (suitable magnetic field, position and charge
density, etc.) since not every X-ray burst is corresponding to a radio
burst.

In this paper, we do not discuss the detailed radiation mechanism
of radio emission (e.g. Wang et al. 2019) since it depends on the
unknown structure of NS magnetospheres and complicated magne-
tohydrodynamic processes. Although the details of radio radiation are
unknown, this NS—companion frame can still be tested by detecting
the gravitational-wave radiation induced by orbital inspiral (e.g.
Laser Interferometer Space Antenna (LISA), Amaro-Seoane et al.
2017; TianQin, Luo et al. 2016; and 7aiji, Ruan et al. 2020).
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APPENDIX A

From equations (1)—(3), there is

(A1)

ore ( aT? >1/3 e2cosf, +2¢ + 1

e \4mm, (1 + £cosb,)?

If changes in r, on the size scale of an NS magnetosphere do not
affect AT/T, there should be a ‘step length’ of the eccentricity, Ae,
which satisfies
ore 27C

—Ag ~

— A2
Oe P1 ’ ( )

where P; is the rotational period of the NS »,. Combining equa-
tions (A1) and (A2), when the change in orbital eccentricity is within

27c ar? \ 7V
Ag ~ —
Pl 47'(2m#

(1 + ecos6,)?

, A3
g2cosf. +2¢+1 (A3)
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ATIT would be approximately a constant. Considering r. ~
10""-10"%cm and P, = 1072-10"'s, there is Ae ~ 10*-10*
according to equation (A3). This is not a reasonable result since
Ae must be smaller than 1. Under the geometrical frame, the
unreasonable value of Ae¢ indicates a small change in 7. can and
must affect AT/T.

APPENDIX B

We do not believe FRB 200428 (Bochenek et al. 2020; The
CHIME/FRB Collaboration et al. 2020b) has the same origin as
the cosmological FRBs. Before discussing this question further,
we should specify that what an FRB is. If an FRB is just defined
as a millisecond-duration bright radio pulse, it is fine to call
the two radio pulses (Bochenek et al. 2020; The CHIME/FRB
Collaboration et al. 2020b) as FRBs. However, once considering the
physical origin, one should treat the differences between FRB 200428
(weaker luminosity and X-ray burst association) and cosmological

MNRAS 500, 4678-4684 (2021)

FRBs more carefully, although the absence of FRB 200428-like
cosmological FRBs can be naturally explained as a selection effect.
Remember that soft gamma-ray repeaters (SGRs) are mistakenly
believed to be gamma-ray bursts in history. If all FRBs are produced
by the events that generate SGR bursts (Li et al. 2020; Mereghetti
et al. 2020; Ridnaia et al. 2020; Tavani et al. 2020), it is difficult
to reconcile the association between accidental SGR bursts and
periodically repeating FRBs (unless the period origins from a certain
‘external factor’, e.g. asteroid belts). As the reviewer comments
‘the fact that luminosity of the SGR burst is at least 30 times
smaller than the faintest pulse of an FRB is a strong enough
argument to suggest that not all repeaters may come from SGR-like
origin’.
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