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Recent observations indicate that magnetars may reside in merging compact binaries and at least part of
fast radio bursts (FRBs) are sourced by magnetar activities. It is natural to speculate that a class of merging
neutron star binaries may have FRB emitters. In this work, we study the observational aspects of these
binaries—particularly those with FRB repeaters, which are promising multiband and multimessenger
observation targets of radio telescopes and ground-based gravitational wave detectors as the former
telescopes can probe the systems at a much earlier stage in the inspiral than the latter. We show that
observations of FRB repeaters in compact binaries have a significant advantage in pinning down the binary
spin dynamics, constraining neutron star equation of state, probing FRB production mechanisms, and
testing beyond standard physics. As a proof of principle, we investigate several half-year long mock
observations of FRB pulses originating from premerger neutron star binaries, and we find that using the
information of FRB arriving times alone, the intrinsic parameters of this system (including the stellar
masses, spins, and quadrupole moments) can be measured with high precision, and the angular dependence
of the FRB emission pattern can also be well reconstructed. The measurement of stellar masses [with an
error of O(107°~1073)] and quadrupole moments [with an error of O(1%—10%)] may be an unprecedented
discriminator of nuclear equations of state in neutron stars. In addition, we find the multiband and
multimessenger observations of this binary will be sensitive to alternative theories of gravity and beyond
standard models, e.g., dynamical Chern-Simons gravity and axion field that is coupled to matter. For
example, we find that the effect of gravitational parity violation can be probed much more accurately than
existing observations/experiments by combining FRB observations with either gravitational observations
or x-ray observations and applying universal relations for neutron stars that do not depend sensitively on the

equations of state.
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I. INTRODUCTION

The LIGO/Virgo/KAGRA Collaboration (LVKC) has
detected nearly a hundred compact binary mergers, includ-
ing binary black holes (BBHs), binary neutron stars (BNSs)
and black hole-neutron stars (BHNSs) [1-4], which have
been used as novel probes to astrophysics, fundamental
laws of gravity and cosmology [5-7]. Immediately after the
first gravitational wave (GW) detection of a BBH merger
event GW150914 [8], Sesana [9] pointed out the prospects
of multiband observations of BBHs by both space-borne
and ground-based GW detectors, which offer promising
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opportunities in probing BBH astrophysics, testing non-
general relativity (GR) theories and cosmology [9-18].
In addition, the first multimessenger observations of a
BNS merger event GW170817 [19,20] provides unique
insights into the problems including confirming BNS
mergers as a progenitor of short gamma-ray bursts (GRBs)
and tightly constraining the difference between the speed of
gravity and the speed of light [21]. GW170817 has
also been widely used as a test bed of neutron star (NS)
structure and nuclear physics (e.g., [22-24]), light particles
(e.g., [25-27]), and as a bright siren for measuring the
expansion rate of the local Universe [28].

Inspired by the extensive benefits from the multimes-
senger observations of BNS merger event GW170817, the
GW astronomy community has been searching for other
possible multimessenger observation targets, e.g. BBHs

© 2023 American Physical Society
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and BHNSs. For example, BBH mergers are not likely to
produce electromagnetic (EM) emissions except in a gas
rich environment. Graham et al. [29] proposed that the
BBH merger GW190521 [30] happened in the accretion
disk of an active galactic nucleus and produced a luminous
EM counterpart in the optical band which was detected by
the Zwicky Transient Facility. But the association between
the merger and the optical flare has not been firmly
established [31-34].

Similar to BNS mergers, BHNS mergers are expected to
produce short GRBs and kilonovae if the NS is tidally
disrupted by the BH. However, no EM counterpart (short
GRBs or kilonovae) associated with these mergers has been
found by detailed follow-up observations of the BHNS
mergers reported by LVKC [35-41]. The absence of EM
counterparts to BHNS mergers is explained by the low
probability of NS tidal disruption and faint kilonova signals
from the rare NS disruptions [42,43]. For the nondisruption
systems, EM emissions, as a result of BH interacting with
the magnetic field carried by the NS, have also been
investigated [44-50]. These studies show that the resulting
EM signals are usually dim for normal NSs with the surface
magnetic field strength B, < 10'?> Gauss, but the high-
energy gamma-ray emission would be much more lumi-
nous and potentially observable for NSs carrying stronger
magnetic fields, e.g., magnetars with B, = 10'*15 Gauss,
where the energy budget is 10+ times higher than in the
normal NS case. Notice that such gamma-ray emission is
purely from magnetosphere processes [46], independent of
the postmerger disk formation and possible jet launch for
binary NSs.

Following the observation of GW190425 [51], it has
been suggested that a fast-merging channel may exist
which accounts for a subclass of binary NSs distinct
from those found in our galaxy through electromagnetic
observations. It is unclear whether such a fast-merging
channel may produce magnetars and merge within their
commonly believed short lifetime (~10* yr). However, two
recent discoveries PSR J0901-4046 [52] and GLEAM-X
J162759.5-523504.3 [53] provide evidence for an abundant
old population of galactic ultra long period magnetars and
their age (~10%7 yr) turns out to be much older than
previously confirmed galactic magnetars [54]. On the
other hand, recent detection of an unusual gamma-ray
burst (GRB 211211A) strongly indicates the common
existence of magnetars in compact binary mergers. GRB
211211A is a low-redshift (z =0.076) long gamma-
ray burst (GRB) associated with a kilonova and with
quasi-periodic oscillations (QPOs) in the X-ray pre-
cursor [55,56]. It was accompanied by a long (> 10* sec)
high-energy (>0.1 GeV) afterglow with excess with
respect to the standard synchrotron and synchrotron
self-Compton model of the afterglow [57,58]. This event
suggests that a magnetar is most likely involved in the
merger, where the QPOs in the precursor are a result of a

catastrophic giant flare accompanied by torsional or
crustal oscillations of the magnetar. The long duration
of the GRB produced by a merger is supported by the
prolonged lifetime of the accretion process by the mag-
netic barrier effect [56,59—-61]. The long GeV emission is a
result of a long deceleration time of the GRB jet in a low-
density circumburst medium, and the GeV excess can be
explained with the inverse-Compton scattering of soft
photons from the kilonova by hot electrons in the
relativistic jet, both of which are also consistent with
the compact binary merger scenario [57,58]. As it is
difficult to assess the selection effects in finding such a
system, determining the rate of similar mergers from this
event is highly nontrivial. However, the fact that it happens
at such a low redshift implies merging compact binaries
with magnetar(s) may be a common class of sources for
ground-based gravitational wave detectors.'

Though two members (GRB 211211A and GRB
230307A) of this new class of long GRBs have been
detected, people still believe magnetars in mergers do not
exist or are too rare to detect, and a popular argument for
this belief is based on the nondetection of magnetars in
Galactic BN'Ss. We now show this argument is not as strong
as it seems to be.

Let’s first take a step back and see how to reconcile the
two observations: no magetar detection in galactic NS
binaries and a new class of long gamma bursts of merger
origin and with a bright x-ray precursor. Solution (a) is that
this new class of GRBs have nothing to do with magnetars,
and similar to short GRBs, they are simply sourced by norm
BNS mergers, and solution (b) is that this new class of
GRBs are sourced by magnetar-NS mergers in a fast-
merging channel.

Many people may take solution (a) for granted following
the argument that magnetars in BNS mergers must be too
rare to detect because no magnetars have been detected in
the Galactic BNSs. This solution faces two major issues.
One is that there is no natural explanation to the long
duration and the bright precursor of this new class of GRBs.
The other is that the above argument is not reliable and GW
190425 clearly is a counter-example: applying the same
argument to BNS mergers, people may incorrectly deny the
existence of GW 190425, because no such heavy BNSs
have been detected in Galactic BNSs. With solution (b)
both the long duration and the bright x-ray precursor are

1Nearly one year after the original version of this paper was
posted online, a second member (GRB 230307A) of this new
class of long GRBs of merger origin and with a bright X-ray
precursor was detected from a low redshift (z~ 0.065) host
galaxy [62—-65]. Again it is interpreted as a result of magnetar-NS
merger [65]. In a recent work [66], NS-white dwarf mergers as an
alternative model have been invoked for explaining the long
duration and the kilonova association of this new class of GRBs.
A possible issue of this alternative model is lack of natural
explanation to the bright x-ray precursors.
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naturally explained by the strong magnetic fields carried by
the magnetar. Though the fast-merging channel assumed
has NOT been confirmed, it is well motivated by another
two observation facts: GW190425 [51] and the r-process
material in the Universe [67-71].

Comparing the above two solutions, we conclude that
solution (b) is more plausible, where all the four observa-
tion facts (no magnetars detected in Galactic BNSs, a new
class of long GRBs, GW 190425 and the r-process material
in the Universe) are naturally explained. Therefore we
assume that magnetar-NS mergers are the origin of this new
class of GRBs. This is also the motivation of this paper.

With this motivation in mind, we now consider another
mysterious and intriguing phenomenon closely relating to
magnetars, fast radio bursts (FRBs), which are bright,
millisecond-duration radio transients of cosmic origin [72].
Many theoretical models have been proposed for FRBs,
among which the most well-studied models are those
that postulate that FRBs arise from the flaring activity of
magnetars (see [73,74], for reviews). In particular, the recent
simultaneous detection of FRBs and x-ray flares originating
from the same galactic magnetar [75-80] clearly show that at
least some of FRBs are sourced by magnetar activities.

Based on these observational facts, it is reasonable to
speculate that some NS binaries may emit FRBs during the
inspiral phase as well. Such a scenario has been discussed
in [81] as a possible explanation for the periodic bursts
observed in FRB 180916.J0158 + 65. Although there are
alternative models for the origin of these periodic bursts,
e.g., freely precessing magnetars [82,83] and x-ray binaries
with precessing disks [84,85], we can use the detection of
FRB 180916.J0158 + 65 to infer the rate of observing
similar FRB emitters in merging NS binaries, for the case
that the binary interpretation for FRB 180916.J0158 + 65
is true. The corresponding rate favors a possible detection
of such a system in the LIGO A+ era. The joint observation
of FRB bursts and gravitational waves from the same
system opens up many opportunities for studying funda-
mental physics and nuclear astrophysics, as we shall
discuss in detail in the main text.

This paper is organized as follows. In Sec. II, we
introduce the spin dynamics of compact binaries and the
FRB timing if an FRB emitter resides in a binary. In
Sec. III, we carry out Fisher forecasts on the precision of
constraining model parameters binary NSs with an FRB
emitter from a mock observation of FRB arriving times. In
Sec. IV, we show that the measurement of NS masses and
quadrupole moments from FRB timing can tightly con-
strain equations of state (EoSs) of NSs. In addition, we also
show that multiband and multimessenger observations of
such a binary will be a sensitive probe to alternative
theories of gravity and beyond standard models. In
Sec. V, we briefly analyze the rate prospect of observing
BNSs with an FRB emitter. Summary and discussion are
given in Sec. VI. In the Appendix, we verify the validity of

Fisher forecasts by cross-checking the Fisher results with
full Bayesian analyses. In this paper, we use the natural
units A =G =c = 1.

I1. BINARY SPIN DYNAMICS AND FRB TIMING

FRB emitters currently observed can be classified as
repeaters and nonrepeaters. In the CHIME/FRB catalog
[86], 18 repeaters and 474 nonrepeaters have been reported.
If the emitter only emits one FRB burst during the
observation period, one major question is how to associate
it with the gravitational wave observation. The valid
association requires the false alarm rate to be much smaller
than the expected signal rate. Such a question has been
discussed in [87,88] for current gravitational wave events
and also in Sec. V. In this work, we focus primarily on the
repeater scenario, assuming a series of FRB bursts are
observed during the year-long observation period.

We assume a merging NS binary with an FRB repeater
that is detectable by radio telescopes on the earth. The FRB
emitter may be a magnetar as motivated by the observation
by CHIME [75], but a normal NS is also suitable for this
analysis if they are capable of generating repeating FRBs,
e.g., models of repeating FRBs from interacting BNSs
during the early inspiral phase [89-91]. The emission of
FRBs is assumed to be beamed so that FRBs are only
observable if the line-of-sight is within the cone of
emission. As a result, the arrival time of FRB bursts is
modulated by the NS spin precession, which is governed by
the spin-orbit, spin-spin and quadrupole-monopole inter-
actions [92-95]. We are to investigate to what precision the
binary model parameters can be measured from the FRB
timing measurement.

Consider two stars of masses m; ,, dimensionless spins
X12, normalized quadrupole moments «;, (where k; :=
—Q;m;/S? with Q; and S; being the stellar quadrupole
moment and the stellar spin angular momentum, respec-
tively [96]), and with initial separation r(, binary orbital
angular momentum Ly and spins S ». For convenience, we
choose to work in a coordinate frame X — y — Z with the Z
axis aligned with the initial Ly, the § axis aligned with
initial Ly xS;, and X axis aligned with initial
(Ly xS;) xSy, ie., the initial binary configuration is
parametrized as

LN(t :0) :/17'(2)0)0(0,0, 1),
S,(t=0)=m3y,(sind;,0,cos6,),
S,(t=0) =m3y,(sinf, coshy,,sinb, sing5,cos6,), (1)

where the reduced mass A=mm,/(m;+m,) =
mym,/m with m representing the total mass and the
initial orbital angular frequency w, is determined by the
Kepler’s law
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Pt =21+ F,(rim 2.81,)). (2)
r

where F, may be approximated by the post-Newtonian
(PN) corrections [see Eq. (4.5) in Ref. [93] for the explicit
expression].

The evolution equations of the binary spins, the orbital
angular momentum and the separation accurate to 2PN
order are as follows [93,95],

dd—stlzﬂl XSy,
dd—stzzﬂz X S,,
%:_gl xS, —Q, xS, + (%)n,
%: —65—4;7’:1—33[1 + F,(rimy,812)]. 3)

where the mass ratio n = mym,/m?,

1 my
Q =—|(4+3—|L
b2 [( - m1> N

A m A
+ Sz - 3LN . <’nzK1S1 + Sz) LN
1

1 my
Q=—|(4+322)L
=g | (o)

—|— Sl — 3]:N . <n11K282 + SI>I:N
my
d

dLN - LN dr
< dt )rr_ dr dt’ “)

2000 1800

with f,N representing the unit vector in the Ly direction
and see Eq. (12) in Ref. [93] for the PN correction F,.
In general, FRB emission is not isotropic. We adopt a
simple model assuming the probability of observing a burst
from a NS depends on the angle between the NS spin axis

Sl and the line of sight (l.o.s.)
N, = (Sin elos Cos ¢los’ sin elos sin ¢losv Cos elos) . (5)

As an example, we choose the phenomenological depend-
ence as

(Ap)?
20'/24

}Hw _aw). (6)

pgeom(ﬂ;dﬂvﬂwﬂm) X exp {—

where Ay = |y — p |, = p(1) =My - S (), with gy, the
direction where emission probability maximizes (say,
magnetic poles), and the absolute value |u| takes both
north and south pole directions into account. An implicit
assumption underlying this phenomenological dependence
is that the star rotation period is much shorter than the spin
precession period, thus the emission anisotropy only
depends on the polar angle arccos(u) with respect to the
spin direction after averaging over the rotation period. Note
that we did not assume FRB emissions have well defined
directions. We only adopt a rather conservative assumption
that FRB emissions contain some anisotropy in the polar
direction with respect to the star spin axis after averaging
over the star rotation period. Therefore no matter FRBs are
random in the toroidal direction [97] or have a preferred
toroidal direction [98], our assumption is not affected. As
we will show later that a mild emission anisotropy is
sufficient for extracting the information of binary spin
dynamics from the FRB timing.

In addition to the geometry dependence pgeom Of the
FRB emission, there could be a long timescale modulation

rm]

1600 1400
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[N |
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0.6
s
204

0.2
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FIG. 1. The evolution trajectory of y := n - Sl in the fiducial model, where the bottom x-axis is the time # € (0, £, ), the upper x-axis
is the binary separation r measured in the total mass m (:= Gm/c?) and the vertical black ticks mark the observed FRBs. The inset is a

zoom-in version of a short time interval.
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TABLE L.

Injection values and expected 1-o uncertainties of the 17 model parameters, where m = m, + m, is the total mass and we

have used the natural units with r/m := r/(Gm/c?) ~ r/(4.2 km). The 2nd/3rd rows are for the fiducial model, where the injection
value k; = 4.83 for m; = 1.4M, is expected for NSs with equation of state AP4. The injection values in other models considered (M1,
M2, M3, M4, M5, M6) are the same as in the fiducial model except those explicitly specified.

ml/MO X1 0, Ky mz/Mo X2 Ky P12 ro/m Oos  Pros  Hm oy He A Ay
@inj|ﬁd 1.4 0.02 0.5 4.83 1.4 0.02 0.5 4.83 0.75z 2000 08 -0.5z 08 0.15 02 O 0
6(0)|pg 7.0 x 1076 0.01 0.15 1.0 64x10°9.0x 1073 0.12 0.72 0.40 1.4 x 103 0.25 0.049 0.036 0.065 0.089 0.67 0.67
G)inj|M1 0.1 0.1
6(0)|yy 341075 7.0 x 1072 0.018 0.14 3.4 x 107> 6.6 x 1073 0.019 0.12 0.071 1.2 x 1073 0.094 0.046 0.038 0.037 0.056 0.68 0.66
@inj|M2 0.1
6(O)yp 2.7 x 1070 7.0 x 1072 0.033 0.23 2.0 x 107° 5.1 x 1073 0.016 0.12 0.035 1.2 x 1073 0.062 0.05 0.043 0.038 0.041 0.69 0.65
@inj|M3 10 10
6(O)yz 1.1 x 107 4.4 x 1073 0.052 1.6 1.1 x 107 3.6 x 107 0.045 1.3 0.14 1.3 x 1073 0.13 0.060 0.049 0.052 0.065 0.67 0.66
Oinj v V3/2 03 03
6(O)|ys 7.5x 10792 x 1073 0.16 1.1 73 x107° 8.1 x 10~3 0.12 0.72 0.38 1.1 x 1073 0.19 0.070 0.068 0.080 0.10 0.67 0.66
G)mj|M5 6.48 6.48

6(0)|ms 8.4 x107° 6.0 x 1073 0.087 1.1 82x107° 5.1 x 1073 0.061 0.73 0.24 1.1 x 10~ 0.15 0.069 0.063 0.062 0.071 0.67 0.66

Oniluis 0.1 6.48 0.1

6.48

6(0)|ye 4.0 x 107 5.1 x 1073 0.021 0.20 3.9 x 107 4.7 x 1073 0.020 0.17 0.065 1.1 x 10~3 0.12 0.053 0.053 0.049 0.047 0.66 0.66

of the FRB emission activity (say, due to some environ-
mental change during the observation time f,), which is
hard to model modulation from first principle. In this work,
we again adopt a phenomenological approach by consid-
ering the following activity modulations p,.(f):

pact(t) x 1 +A1 2 (t/tobs) +A2 X (t/tobs)z’ (7)

and the probability density function

P(£:0) 1= pocom (1(1); fm» Ops o) Pact (1 A1, Az), - (8)

is normalized as 1 = [ p(#; ©)dt.

As a fiducial model, we consider an FRB emitter-NS
binary with p, = const and other model parameters
summarized in the 2nd row of Table I. We initialize and
then evolve the binary according to Egs. (1) and (3),
respectively. In Fig. 1, we show u(z) for 7€ (0, ) with
the observation time f.,, = 1.7 x 107 sec and the arrival
times of 100 mock FRB pulses, which are randomly
sampled according to the probability density function
p(t;®) defined in Eq. (8). The FRBs arrive when u(¢)
is close to peaks, i.e. when the magnetar spin axis is nearly
aligned with the l.o.s., and the probability p(z; ®) is large
as assumed in the fiducial model.

ITI. BAYESIAN ANALYSES AND
FISHER FORECASTS

In order to give forecasts to what precision the binary
parameters can be constrained from the FRB timing, we can

either do full Bayesian analyses with mock data or the
Fisher information matrix. For convenience, we first check
the validity of Fisher forecasts with full Bayesian analyses
for a fiducial model (see the Appendix for details) and
explore more models in a larger parameter space using the
more efficient Fisher matrix method. In this section, we
start with “clean” Fisher forecasts assuming vanishing
measurement uncertainties of FRB pulse arriving times
and the independence between FRB emission pulses, then
deal with these complications in Sec. III B.

A. Clean Fisher forecasts

Let f(X;0) be the probability density function for an
observable random variable X given model parameters @,
the Fisher information is defined as [99]

o ’Inf
P N\00,00,/

:=/7021nf f(x;©)dx,

00,00,
__ M_M>
S (ORI

where f , == 0f /00, and f .5 = aZf/a(aaa@,,,. If O is the
true model parameters, one finds

P P
dx=—2 @)dx=—2_1=0, (10
/ Fapddx 00,00, / flx; @)dx 00,00, (10)
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and therefore

Fop = / Fx:@)(Inf), (nf)dx. (1)

In our case, the observable is the pulse arriving times,
ie, X = {1} with k€ (1,...,Nyys). If the pulse arriving
times are independent with each other, the probability
density function can be written as f(X;0) =[]
1Vous p(24; @), and consequently

Tobs dlnpadlnp
p(1;0)

Faﬂ = Npuls 0 dt (12)

00, 09,

where p(t|@®) is the probability density function defined in
Eq. (8). With the Fisher matrix, the 1-o uncertainty of
parameter O, is given by ¢(0,) = +/(F!),, where
a,pe(l, ... 17).

The injection values of model parameters @ are listed in
Table I and we take the expected total number of FRB
pulses as N, = 100. In order to accurately calculate the
Fisher matrix, we uniformly sample 22° points in the range
of (0,%.s) in computing the integral in Eq. (12). The
forecasted 1-o uncertainties of all the model parameters and
part of the parameter correlations are summarized in Table I
and Fig. 2, respectively. In the fiducial model, we find both
NS masses are expected to be measured to high precision

with 6(m;/Mg) ~ 107> (i = 1, 2), and the total mass (m)

a’

>
Q
o

X1
205

K1

K

UL

&
&
S
o

K2

/\

my X1 K1 my X2 K2

.
®
e

Q& QL > o
$ N o° °°°° [\ Q

FIG. 2. The forecast result using the FRB timing of the fidicial
model (Fig. 1 and Table I). Posterior contours of part of the model
parameters reconstructed from the Fisher forecast, where each
pair of the vertical dashed lines marks the 2-¢ confidence level.

and the chirp mass m, = #>/m can be measured to even
higher precision with (m/Mqy, m./Mg) ~2 x 1075; the
dimensionless spins are also well constrained with uncer-
tainty o(y;) < 0.01; the normalized quadrupole moments
are constrained to good precision with o(k;)/k; & 15%. The
intrinsic binary orientations (6;, #,) and extrinsic orienta-
tions (G5, P10s) can also be measured with low uncertain-
ties <15 degrees. In addition, the angular dependence of
the FRB emission pattern pyeom(#) is also well constrained
[see Fig. 3 for the forecast uncertainty of the reconstructed
function pgeom (#)]. In the fiducial model (and some of the
sample models), the injection values of stellar masses,
spins, and quadrupole moments are the same for the two
stars, but the parameter uncertainties of the two stars
slightly differ simply because the FRB timing depends
only on Sl (1), which has an asymmetric dependence on the
two stars.

Now let us briefly comment on the parameter correla-
tions and the reason that model parameters are well
constrained by the FRB timing. Starting with stellar masses
m, and m,, they are negatively correlated because of their
similar roles in the evolution of the binary orbital angular
momentum Ly, which is the main drive of stellar pre-
cession [Eq. (4)]. Denoting 5m1|5p /p~1 @S the amount of
mass change required to shift the probability density
function by O(1), ie., the u(t;m; + dm|s,,~1) peaks
are shifted by ~o, from the u(t;m,) peaks. If there was
no parameter degeneracy, the 1-¢ uncertainty of m; should
be () & Foum & Nool26my|5,per [Bq. (12)1. From
Egs. (3) and (4), the stellar precession is dominated by
the spin-orbit coupling with the precession rate €; o« Ly,
and therefore N o €1,ps, Where N is the number of
peaks in u(7), i.e., the number of precession cycles that

star 1 has gone through. Consequently, we have
5NpreC/NpreC ~ 5Q1/Ql, i.e.,
1.0
0.8+
0.6
=
<Y
0.4
0.2
0.0
0 20 40 60 80
cosY(u) [degree]
FIG. 3. The forecast reconstruction of probability density

function peom (43 m- 0, ) in the fiducial model (Fig. 1 and
Table I), where the solid line is the injected function and the
shaded region is the 2-¢ uncertainty region of the reconstruction.
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oy 0| é[Ln| om lsp/ et
2ﬂ']vpre:c |Ql| |LN| m ’

(13)

where N, ~2500 in the fiducial model (Fig. 1). As a

result, we obtain o(m;/My) ~ 3 x 1078, which is consis-
tent with the rigorous Fisher result considering that the
my — m, degeneracy degrades the constraint by a factor of a
few. Following the same argument, we expect that m, and
ro should be constrained with a similar fractional uncer-
tainty ~107>. The constraints on the spins y;, can be
understood via its role in the precession frequency of the
magnetar spin S; in the same way. In addition, it is clear the
x1 — x> correlation comes from the spin-spin interaction
and the y; — k; correlations come from the quadrupole-
monopole interaction (Fig. 2).

We also perform forecasts for sample models (M1, M2,
M3, M4, M5, M6) with slightly different values of model
parameters from those in the fiducial model (see Table I).
In M1, we consider a binary with 5 times higher spins
(x1 = x» = 0.1), and we find the constraints on kx; become
~6 times tighter with o(k;)/k; 3% as expected. For
comparison, we consider a binary with a low-spin mag-
netar and a normal NS (y; = 0.02, y, = 0.1) in M2, and
we find the constraint on k, becomes x6 times tighter
and the constraint on «; also improves by a factor =4
(compared with in the fiducial model). For an ultralong
rotation magnetar and a normal NS (y; < 0.001, y, = 0.1),
we find that x; is not well constrained while x, can
still be measured with percent level fractional uncertainty.
Therefore, a measurement of k; with a percent level uncer-
tainty is possible as long as one of the stars is moderately fast
spinning (y = 0.1). In M3, we consider a binary with 2 times
larger quadrupole moments (k; = x, = 10), and we find the
constraints on y; becomes (2-3) times tighter with o(y;) <
4 x 1073 as expected. In M4, we consider the same binary in
which the FRB emission peak is 30 degrees off the spin axis
(U = V/3/2) and is allowed in a larger solid angle
(6, =03, u.=0.3), and we find little change in the
constraints on the binary model parameters. This result is
easy to understand, because the FRB pulses signal the spin
precession evolution when the spin direction and the l.o.s.
subtend a specific angle (which is ~0 in the fiducial model
and is ~30 degrees in M4), no matter the pulses come from
the spin direction or the magnetic pole direction. M5 and M6
are the same as the fiducial model and M1, respectively,
except with slightly different quadrupole moments
k; = 6.48, which is reserved for the purpose of later
discussion in Sec. IV C. For all the models considered, the
FRB emission activity parameters A, , are of little correlation
with other model parameters, the constraints of A, varies
little from model to model. This result is also easy to
understand: dln p/dA; = dln p,/0A; and dlnp/00®, =
01n peeom/00, for other parameters, where the latter

derivatives vary on the precession timescale, while the former
vary on a much longer timescale.

We have been considering monitoring the binary system
with an initial binary separation ry, = 2000m for half a year
before the final coalescence, which is a rather conservative
scenario. With a longer observation time #,,, and a larger
initial separation ry téég, the binary parameters can be
measured with even higher precision. For example, the
measurement uncertainty of stellar masses scales as

a(m,-)ocN;ulléz(Nngé_orbit)_l, where the number of FRB
pulses detected Npyg o fps, and the number of pre-
cession cycles driven by the spin-orbit coupling

\pin—orbit in—orbi 3/8 .
N3PI=omit o Qspin—orbity o £3/8 n g similary way, o(y;)

N2 (NSRRI 1 and 6 (;) o No 2 (Nmono~aad) =1 yith

puls puls
spin—spin Spin—spin 1/4 mono—quad 1/4
Noprec oc QSPm=sPiny ooty and Noprec & I

B. Realistic complications

In the previous subsection, we have assumed vanishing
uncertainty of pulse arriving times, otherwise the Fisher
matrix should be formulated as

dln(p) dIn{p)
00, 00,

t\)hs
Fop = Npys ; p(1;0) dr, (14)

with

o) = [ e {-"Z horar. a3

where o, is the uncertainty of FRB pulse arriving times.

The uncertainty o, is in general sourced by the changing
dispersion measure (DM) between pulses (6”™) due to the
solar wind and other local factors within our galaxy and the
FRB host galaxy [100], the intrinsic pulse width ('), and
the pulse width broaden by scattering o$'. Taking FRB
180916 as an example, the DM changes over 1 year is
found to be ADM = 0.5 pccm™ [101,102], which trans-
lates to an FRB arriving time uncertainty as

ADM -2
oM — 415 ms( ——— ) (2RE) © (16)
pccm GHz

As measured by the Green Bank Telescope, the intrinsic
pulse width is ¢i" < 6 ms, and the scattering timescale is
o3t < 1.7 ms at 350 MHz [102], and should be much lower
at higher frequency (say GHz) considering the scaling
i o Uppp. Putting all the three contributions

relation o}
together, we obtain a conservative upper bound ¢, < 10 ms.

In the binary model we are considering, the stellar spin
precession timescale is Zons/Npre, and the timescale on
which the probability density function p(z) varies is
tobs/Npree X 6,/ (27) = 162 sec which is at least 4 orders
of magnitude higher than the uncertainty of pulse arriving
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times o,. Therefore the vanishing ¢, assumption should be
valid and our numerical results with Eq. (14) also con-
firmed this expectation.

The second assumption we have used in the previous
subsection is the independence of each FRB pulse. As a
result, we can simplify the probability density function as
F(X;0) =1, p(1;0). In fact, the bursts are clustered
in time as pointed in Refs. [103,104]. As an example
investigated in Ref. [104], the mean burst rate of FRB
121102 s r = 6 day™', while the interburst intervals cluster
around a much shorter time 8¢ ~ 10 mins (<« '), i.e., the
pulse arriving times are non-Poisson. The interburst inter-
vals t;,1 —t;, in FRB 121102 can be described by the
Weibull distribution instead [104]

W(x; Ky, 1) = k™ T (1 + 1/k,, ) e BT A1/
(17)

with the shape parameter k,, ~ 0.3.

If the clustered-in-time behavior in FRB 121102 is
typical, the FRB pulses in a same cluster should not be
independent, and the effective number of independent pulses
should be less than the total number N;{fls < Npuis» and the
forecast parameter uncertainties in the previous subsection

should be increased by a factor | /Npy/ Ngf,fls. As a rough

estimate of the effective number N;ﬁﬂs, we may use the
condition |t; — t;| > 6t as the criteria of the independence
between two pulses i and j. In the fiducial model, the typical
interval of detected bursts is /N5 & 2 days ~ 3005t if
the pulses are not strongly clustered. If the pulses are
strongly clustered as in FRB 121102, the typical interval
between clusters is even larger, and the bursts in different
clusters should be independent, and N;ffls is approximately
the number of pulse clusters.

In practice, the cluster property of FRB bursts can be
incorporated in the probability density function
f(X;0,k,, r). Following Ref. [104], the probability f(X =
{ti,....ty};0,k,,r) can be calculated by marginalizing
the arriving time ty,, of next pulse,

flty, . ty; O,k 1) —/ H(tons = tn)H(tn11 = tobs)
Iy

Xf(th"‘7tN9tN+l;®’kw’r)dtN+l’
(18)

where the product of the two Heaviside functions imposes
the condition that ty < #,,, < ty.1, and

f(tl’ ...,tN,tN+1;®,k,V,r)
N
= P(11:0. k,,.7) [ [ P(tisi]1:. ©. K, 7). (19)

i=1

with P(z;; ©, k,,, r) the probability density function of first
pulse arrival at 7;, and P(#;,,|t;, ®, k,,, ) is the conditional
probability density function of next pulse arrival at ¢,
given the previous one #;. The explicit expressions for both
P(t,) and P(t;,|t;) have been derived in Ref. [104]. The
implementation of the full probability density function
f(X;0,k,, r) in Bayesian analyses is beyond the scope of
the current paper.

These simple forecasts show that the FRB timing from
the FRB binary is a promising observable for measuring the
binary parameters (the NS masses, spins, quadrupole
moments, intrinsic/extrinsic orientations, and the FRB
emission pattern). Even with 3rd-generation ground-based
gravitational wave detectors, measurement accuracy of the
same parameters from merging binaries is not as high as
that from FRB observations [105,106]. However, the FRB
timing mainly probes the binary dynamics at large sepa-
rations where the inspiral timescale is long so that we
expect to observe the majority of FRB pulses, while the
GW signal is sensitive to dynamics at small separations
(r/m < 170 for f4, > 10 Hz). As a result, other observ-
ables including the binary coalescence time (¢.) and the star
tidal deformabilities (A;,) that are sensitive to high-
frequency dynamics, can be measured from the GWs with
much better precision (as we will show in Sec. IV B). In the
next section, we will investigate a few applications of FRB
timing alone and the benefit of multiband and multimes-
senger observations with both FRB and GW observations.

IV. APPLICATIONS

A. Nuclear astrophysics and radius measurement

The first application we consider is nuclear astrophysics.
One of the most well-studied relations between NS observ-
ables is the mass-radius relation that depends strongly on
the underlying EoSs of nuclear matter. This means that
independent measurements of these quantities allow us to
probe nuclear physics. A similar test can be performed with
independent measurements of the mass and quadrupole
moment. This is because the relation between these
quantities also depends sensitively on the EoSs.

Figure 4 presents such relation with 10 EoSs considered,
e.g., in [107]. Observe how the relations depend on a
different choice of EoSs. To put the test into context, we
consider a fiducial model of m; = 1.4My, «; =4.83
(corresponding to the AP4 EoS) and y; = 0.02 or 0.1.
The measurement errors of «; for these models are given in
Table I (we use the one for «,). In Fig. 4, we show such
errors as green and blue shaded regions respectively. The
allowed region for the mass is shown by a horizontal line at
1.4M, as the measurement error of the mass is too small
and not visible. If such observations are realized, the
allowed EoSs are those that cross the m; = 1.4M line
in the shaded regions. For the y; = 0.02 case, there are
several EoSs consistent with the green shaded region at
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FIG. 4. Relation between the mass and quadrupole moment of
NSs with various EoSs. Shaded regions show the projected
measurement errors on k; from FRB observations, found from the
Fisher analysis in Table I. We assumed the fiducial values of
m; = 1.4M (shown by the horizontal line) and x; = 4.83. The
spins are assumed as y; = 0.02 (green) and 0.1 (blue). The
measurement error on m; is not visible as it is too small.

1.4M 4, while for the y; = 0.1 case, AP4 is consistent while
WFF2 and SLy are only marginally consistent, and all the
other EoSs are inconsistent.

Let us now consider converting the measurement errors
on k; to those on the radius, R;. This can be done by taking
the advantage of the universal relation between «; and the
stellar compactness C;(:= m;/R;) [108] that does not
depend sensitively on the EoSs, whose fit can be found,
e.g., in [109].> Using this relation «;(m,/R;) and the fact
that the errors on the masses are small and negligible, the

measurement errors on x; can be converted to those on R;
from the relation

o(x)) ~ o(R)) %

(20)
We note that the universal relation between «; and R; holds
among hadronic EoSs only, and it is not applicable to quark
stars [109].

Figure 5 presents the mass-radius relation of NSs with
the radius measurement errors converted from those on «;.
To be precise, 6(R;) are given by 6(R;) = 0.82 km for y; =
0.02 and 6(R;) = 0.14 km for y; = 0.1. The fiducial radius
of our model corresponds to R; = 11.4 km. This means
that for a NS with y; = 0.1, the radius can be inferred down
to O(1%) with the FRB observations! The fractional error
on the radius is smaller than that of the quadrupole moment.
Indeed, from the figure, we see that for y; = 0.1 (blue
shade), the only consistent equation of state out of all 10
considered here is AP4, and even WFF2 and SLy are now
inconsistent with the projected measurement errors. This
shows that the FRB observations can be very powerful in

*For magnetars, k; originates not only from spin but also from
magnetic field, though the latter contribution matters only for
neutron stars with slow rotation [110].

22 N e )
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FIG. 5. The relation between the mass and radius of NSs with

various EoSs. The meaning of different curves and shaded
regions are similar to those in Fig. 4. The measurement errors
on the radius are estimated through Eq. (20).

probing nuclear physics, though we stress that the above
measurement errors of R; need to be taken with care as we
assumed that nuclear matter obeys hadronic EoSs.

B. Tidal deformability measurement

In principle the FRB observations will help the GW
observations in better determining the tidal deformability.
This is because the prior information on the masses from
the FRB observations may break the degeneracy between
the tidal deformability and masses in GW observations. We
will investigate this in this subsection by carrying out two
Fisher analyses, one with GW alone and another using the
mass prior information from the FRB observations.

The gravitational waveform in the frequency domain is
given by

h(f) = Af-7/6il¥m(H+¥ulF)], (21)

where A is the amplitude,

lep(f) = 2”f[c _¢c _%

3 20 (743 11,
el 22
128;71)5[ 9 (336+ 4”)” * ] (22)

is the phase with 7., ¢. being the coalescence time and the
coalescence phase (see [111], for the full expression
accurate to 3.5 PN order), v = (zmf)'/3 and

9v° [m, + 12m, my\?
S e B Nl N e
16 ) m

my + 12m my\?
()]
nmy m
is the tidal contribution to the phase at the leading PN order

induced by the (dimensionless) stellar tidal deformabilities
A; [112,113].

+

Wiy (f) -

(23)

063014-9



ZHEN PAN, HUAN YANG, and KENT YAGI

PHYS. REV. D 108, 063014 (2023)

We consider the same compact binary as in the previous
section and forecast the constraints of GW model param-
eters ©, = {A, 1., ., m,m., A}, where

16 12 5 12 5
:=_[m2—|— mlAl (ﬂ) +m1+ m2A2<@> }
13 my m m, m
The fiducial model parameters are chosen as follows:
fe = e =0, m =2.8Mg, m. = m/45, A =260 and A

is chosen such that the signal-to-noise ratio (SNR) of GWs
from the binary with LIGO A+ equals 20, where

SNR? = 4 / ! Lg )i’;gf ) ay, (24)

with S,(f) being the noise spectral density (the one for
LIGO A+ can be found in [114]), f; =10 Hz and
zfy, = o|,_om- The corresponding Fisher matrix is
defined as

A

I ha(f)h*ﬁ(f)
FOV — 4R [
o f1 Sn(f)

where h,=0h/0®,, R denotes the real part. We
find the measurability of the tidal deformability para-
meter as o(A)|gw = 260. For comparison, we consider
multimessenger/multiband observations by imposing pri-
ors o(m/My) = 1.8 x 107 and 6(m./My) = 2.3 x 107°
in the above Fisher forecast from the FRB observations in
Table I. We obtain an improved constraint 6(A)|grpgw =
200 due to the breakage of the degeneracy between the
masses and tidal deformability parameter.

We also perform similar forecasts assuming GWs
from the same binary are detected by a 3G detector,
Cosmic Explorer (CE) (with the baseline 40 km
design [115]). We find that the GW SNR = 367, and
6(A)|gw = 6(A)|prergw = 25. This is expected as 3G
detectors can already measure the masses with high
precisions.

df, (25)

C. Testing gravity with universal relations

Let us now study the application of multimessenger
observations on tests of gravity. As discussed in Sec. IV A,
relations between two NS observables typically depend on
the underlying EoSs. Therefore, although such relations
should also depend on the gravitational theory and inde-
pendent measurement of the two quantities can be used, in
principle, to probe gravity, there is some degeneracy
between uncertainties in nuclear physics and gravitational
physics. One can avoid this problem by using universal
relations mentioned earlier, as such relations do not depend
sensitively on EoSs, and thus, one can probe gravity
without being contaminated by uncertainties in nuclear
physics [109,116-119].

1. Q-Love relation

Examples of such universal relations include the I-Love-
Q relations [116,117] between the moment of inertia, tidal
Love number (or tidal deformability), and quadrupole
moment. The one that is relevant for our analysis is the
Q-Love relation, as one can combine the measurements of
the quadrupole moment from FRBs and tidal deformability
from GWs’

Let us first work in a model-independent framework.
Following [119] for the parametrized I-Love relation, we
can construct a parametrized Q-Love relation as follows:

Ki(A) = KOV (N) + BANT, (26)

where K,'E»GR) (A;) is the universal relation between «; and A;

in GR, while (f,,b,) are generic non-GR parameters
describing a deviation in the relation from GR. The non-GR

b/5 based on

-1/5

i

term is parametrized to be proportional to A;

the fact that the stellar compactness is proportional to A
in the Newtonian limit.

Figure 6 presents the Q-Love relation in both GR and
non-GR cases, with the latter given by several example
combinations of (8,, b, ). For each value of b,, we choose
P so that the relation is marginally consistent with the
measurement errors of kx; and A; that are found in Table I
(we use the one for x,) and Sec. IV B. We choose the
fiducial values of (A;,k;) = (260,4.83) and consider two
cases: (i) using LIGO A+ for the GW measurement and
assuming the spin of y; = 0.02 for FRB observations, and
(ii) similar but for CE and y; = 0.1. Strictly speaking, the
tidal deformability error estimated in Sec. IV B is on A and
not on A;. It would be difficult to measure individual tidal
deformability from GW observations because there is a
large degeneracy between A; and A,. Here, we simply use
the error on A for that on A; as A = A, for an equal-mass
binary. For an unequal mass binary, one can Taylor expand
A; about a fiducial mass (like 1.4M ) and search for the
first Taylor coefficient (A; at the fiducial mass) to measure
the tidal deformability at a given mass [107,121,122].
Although Fig. 6 shows only several examples of b,, one
can repeat this for other values of b, and derive maximum
values of 3, that are consistent with the projected mea-
surements on k; and A;. Figure 7 shows such an upper
bound on g, as a function of b, for the two cases.

Let us now put the parametrized test into context by
considering a specific modified theory of gravity. We choose
dynamical Chern-Simons (dCS) gravity [123,124]. In this
theory, a pseudoscalar field is coupled to a Pontryagin
density with the coupling constant « (that has a dimension
of length squared) in the action. This coupling constant

*The universal I-Love relation for magnetars has recently been
studied in [120] and the effect of magnetic field was shown to be
negligible even for the magnetic field strength of 10> G.
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FIG. 6. Multimessenger tests of gravity using the parametrized Q-Love relation. The black curves are the GR relations between the
quadrupole moment and tidal deformability, while colored curves are for parametrized non-GR relations. bE\CS> is the index b, for dCS
gravity given in Eq. (28). For each b,, we choose f such that the parametrized relation is marginally consistent with the projected
measurement errors on k; and A; shown by the green or blue shaded region. We choose the fiducial values as (A;, k;) = (260,4.83) that
are shown by the black dots. Similar to Figs. 4 and 5, we consider two cases, (i) LIGO A+ and the NS spin of y; = 0.02 (left panel), and

(i1) CE and y; = 0.1 (right panel).

has been constrained to /a < O(10%) km from solar
system and table top experiments [125,126]. Recently,
Silva et al. [127] derived a new bound from ringdown
observations of gravitational wave events as \/a < 38.7 km.
Silva et al. [119] applied the tidal deformability measure-
ment from LIGO/Virgo and the compactness measurement
from NICER to the I-Love relation and found \/a < 8.5 km.
In this last analysis, GR was assumed to be the correct theory
when converting the measurement of compactness to that of
the moment of inertia, which can be a strong assumption.

The I-Love-Q relations in dCS gravity have been studied
in [118]. In particular, the Q-Love relation is given by

(GR)

Kki(A) =k () + Eixes (A), (27)

where & = 16za?/m? and the fit to kcg(A;) can be found
in [118] that is also shown in Fig. 8. To find the mapping

100 ¢

— LIGO A+, x;=0.02

— CE, XiZO.l

Ba

0.100¢

0.010¢

0.001

4 ) 0 2 4

b/\
FIG. 7. Upper bound on f, as a function of b, from the
multimessenger observations of FRBs and GWs. The vertical

dashed line corresponds to b, = bg\cs)'

between (fi,, b,) and @, we can fit the Q-Love relation in
dCS to the parametrized form in Eq. (26) (a similar
mapping for the I-Love relation can be found in [119]).
We find

AV =420x1072E b =358 (28)

kg for this new fit is also shown in Fig. 8. Notice that the fit
is accurate at low A while it deviates from the correct values
at high A. Practically, this is not an issue as the CS
correction is much smaller at such high A than at low A.
Using this mapping, we can convert the upper bound on /5,

in Fig. 7 at b, = bf\cs) to that on y/a. The results are
summarized in Table II. These constraints are much

stronger than the existing bounds mentioned earlier.

0.010

0.005+

o 0001

5.x1074¢
Guptaet al.

parameterized Q—Love

1.x107* : : : ‘
” 10 50 100 500 1000
A
FIG. 8. DCS correction to the quadrupole moment as a function

of the tidal deformability. We show the relation found in Gupta
et al. [118] and the fit in Eq. (26) for the parametrized model.
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TABLE II.  Projected bounds on the coupling constant /a in
dCS gravity using Q-Love or Q-C universal relation. These
bounds are stronger than the existing bounds from solar system
experiments [125], table-top experiments [126], GWs [127], and
multimessenger observations [119].

Q-Love 4.65 km 3.30 km
Q-C 5.92 km 5.54 km

2. OQ-C relation

In Sec. IVA, we explained another universal relation,
the one between the quadrupole moment and compactness
(the so-called Q-C relation). The compactness of a NS
has been measured with x-ray observations with NICER,
so one can combine FRB and NICER observations
to test gravity through the Q-C relation. Although FRB
and NICER sources are different NSs, one can still
apply the universal relations derived from a single NS
provided we use measurements of NS observables with
the same mass. To be more specific, the posterior samples
on the NS mass and radius from NICER observations
have been used to infer the compactness of a NS with a
mass of 1.4M, which can be combined with the meas-
urement error on k; for a NS with 1.4M, from FRB. If
FRBs are detected for a NS with a mass other than 1.4M g,
say mpgrp, we can derive the inferred value for the
compactness of a NS with mass mpgrg from the NICER
observation provided the mass for the NICER source is
similar to mggg [119].*

Similar to the Q-Love relation, we begin by constructing
a parametrized relation of the form

(GR)

K (Ci) = ki (C)) + BeCre, (29)

where K(GR)(C,») is the GR relation while (f¢,bc) are

L
generic non-GR parameters. Figure 9 presents the Q-C
relations with various (B¢, bc). We also present the
measurement errors on C; and ;. We choose the fiducial
values of (C;,k;) = (0.159, 6.48). The measurement error
on k; is given in Table I while the inferred value for C; with
1.4M is given by C; = 0.15910¢55 [119]. For each b, we
choose f that gives a marginally consistent Q-C relation
with the above measurement errors. Figure 10 shows the

“There are other ways to combine information from two NSs.
For example, if we have a measurement of x, from a NS with
mass m, and C, from another NS with mass m,, one can
construct a new universal relation between x, and C,, at these
specific masses. Instead of having one curve for each EoS, we
have one point for each EoS in the x,—C; plane but repeating this
for multiple EoSs provides multiple points which can be
approximately connected by a single curve, and thus giving a
universal relation [128].
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FIG. 9. Similar to Fig. 6 but for the relation between the
quadrupole moment and compactness. The fiducial values are
chosen as (C;, x;) = (0.159, 6.48).

bound on S, as a function of bo for y; = 0.02 and 0.1.
Notice that the bounds are not very sensitive to the spin of
the NS.

Let us now map the bound on f- to that on dCS
parameter a. In dCS gravity, the compactness is only
modified from GR at second order in spin [129]. For the
fiducial values of spins considered in this paper, such an
effect is negligible. Therefore, we can easily turn the
Q-Love relation in dCS discussed in Sec. IVC 1 to the
Q-C relation by using the universal relation between
the tidal deformability and compactness in GR [109,130].
We can then derive the mapping between (S, bc) and a.
We find

(CS)

B = 1078, b =5.69. (30)

Finally, we can convert the bound on . in Fig. 10 to that
on y/a. The results are summarized in Table II. The bounds
are similar but slightly weaker than those from the Q-Love
relation. Yet these bounds are stronger than all the existing
bounds.
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FIG. 10. Upper bound on fc as a function of bo from the
multimessenger observations of FRBs and an x-ray pulsar (with

NICER). The vertical dashed line corresponds to b- = b<CCS).

D. Testing beyond standard models

As an example of beyond standard models, we consider
axions which are hypothetical light scalar particles pre-
dicted by string theory [131,132]. If coupled to matter,
axions can mediate long range interactions between com-
pact objects in a binary and thus modify the binary
dynamics. Searching for the axions from gravitational
waves of compact binary mergers has been investigated
previously, e.g., [26,27]. We will show that the FRB timing
is also a sensitive probe to the axions coupled to NSs.

Considering an axion field of mass m, and a binary NS
carrying axion charge Q;,, which are related to the NS
radius R, by [25,26]

0= i4752]0111’?1,27 (31)

where f, is the axion decay constant. Accurate to the
leading order, the scalar charges induce an effective
potential

LD oy T o (3

Vv = -
a(r) A r r

with y, := Q,0Q,/m;m,. As the binary orbits around each
other, the axion field also emits scalar waves with power
(accurate to the leading order)

Py(r,0) = (&_%)2<M)2r2w4

m;  my m +m,) 12z

2\ 3/2
X <l—m—;> H(w —m,)
w

=5 mim, \2r’o*
m1+m2 1271'

2

< (1-22) o - m). (33)

In the presence of the axion field, the binding energy and
the energy dissipation rate of the binary are modified as
E(r)=Egr(r.)+V,(r), and dE/dt=(dE/dt)gg —
P,(r,w), respectively, where

Egr = % r’w?
+ nm{—%jt = {(3 +p)Pe?
e |
n (L Rl w) } (34)

with the modified Kepler’s law due to the axion field
given by

Pa? = % [1 -(-n) % +yae™" (1 + marﬂ . (35)

accurate to 1PN order. As a result, the dynamical equations
of the binary are the same as Eq. (3), except with

ﬂ - dE/dt - dE/dt|GR - Pa(r, C())
dt dE/dr dE/dr|gg +dV,/dr’

(36)

Let us first study how well one can probe axions with the
FRB timing alone. As an example, we consider the
massless axion limit m, — 0 and the same fiducial binary
as in Sec. III (with fiducial y, = 8¢> = 0), and forecast the
constraints on axion charge parameters y, and d¢q, (in
addition to the 14 base model parameters) using the same
FRB timing. We find little change in the constraints on the
base model parameters (Table I), and

o(y,) =24x107°,  6(6¢%) =5.4x1078. (37)
The axion decay constant f, are related to y, and dg> via
Egs. (31)and (32). Inthecaseof Q;Q, < Oand m; = m,, we
have R, % R, and Q; = —Q,. Then, 6¢*> ~ (2Q,/m;)? and
Ve~ (Q1/m;)?, and it is clear that f,, is mainly constrained
by the dipole radiation whose power is proportional to 5g°.
On the other hand, in the case of 0,0, >0, 6¢* ~
(Q1/m;)*(1 —R,/R,)* which is consistent with zero
due to the uncertainty in the NS radii. Therefore f, is
mainly constrained by the axion potential which is propor-
tional to y,. As a result, we find that GeV/f,<1.2x
1073(R/10km)'/? and GeV/f, <107%(R/10km)'/? are
expected to be excluded at 3o confidence level in the former
and latter case, respectively. These projected constraints are

063014-13



ZHEN PAN, HUAN YANG, and KENT YAGI

PHYS. REV. D 108, 063014 (2023)

msm
0° ¢ w107
10—14 4 e N N N .
10-154 ¢ .: : .
s s
> 10716 \ ,
? s
10717
1018 4 FRB only GW only FRB +GW |
10'_13 10'_16 10'_14 10'_12 10'_10
my [eV]
FIG. 11. Forecasted exclusion parameter space at 3-o confi-

dence level from FRB timing alone, GW alone and the combi-
nation assuming a 1.4M g + 1.4M , magnetar + NS binary (more
binary model parameters are detailed in Table I and Sec. IV D).

orders of magnitude tighter than the existing constraints
from GW170817 [27].

In the following discussion, we will make the
conservative assumption Q;0Q, > 0 and P, = 0 in fore-
casting the f, constraints for a general axion mass m,. The
forecast result is shown in Fig. 11, where the constraint
converges to the zero-mass limit result for m, < 10713 eV.
However, the FRB timing is not expected to be so
constraining in the case of a more massive axion field
(say m, = ﬁ) because the axion charge potential V,(r) is
strongly suppressed at large binary separations where we
expect to detect the majority of the burst pulses (Fig. 1). In
that case, multiband and multimessenger observations
(FRBs and GWs) will be valuable.

Thus, let us now consider adding GW observations. In
the presence of an axion field, the gravitational waveforms
of an inspiraling binary gains an extra phase shift, which
(accurate to 1 PN order) is formulated as

h(f) = Af_7/6ei[‘ypp(f)+5q’a (f)] s (38)

where A is the amplitude, ‘¥, is the phase in the GR case

5 320 1380% 36000
8, (f) ie—“/vz{—u v 0T v

~ 6o’ a Z &
36028
J’_

4 (ea/vz - 1)

(04
- 21\/;?(;—?2 e“/”zErf(\/a/vz)}, (39)

with v = (zmf)'3, n = (m./m)>, a = m,m and Erf
being the error function.

We consider the same compact binary as in the case of
FRB observations alone and forecast the constraints of GW
model parameters {.A, t.., ¢., m, m,,,} for different axion

masses m, assuming the binary is observed by LIGO A+.
The fiducial model parameters are chosen as follows:
te=t.=7,=0, m=28My, m.=m/4> and A is
chosen such that the SNR equals 20. The forecast result
with GW observations alone is also shown in Fig. 11, where
we see the heavier axion field can be constrained by the
GW signal, simply because LIGO A+ is sensitive to the
binary dynamics at smaller separations [Eq. (32)].

Let us finally study the case with multimessenger/multi-
band observations. We give forecasts on the constraints
using the GW signal with the prior information of NS
masses from the FRB timing. As a result, we find the
constraint on y, (or equivalently on f,) is dominated by the
FRB timing for m, < 1073 eV, and for a more massive
axion field, the uncertainty 6(7, ) |prp..gw is further lowered
by a factor of few than o(y,)|qw because the extra
constraints on the NS masses from the FRB timing break
the degeneracy between y, and the chirp mass [27].

V. RATE PROSPECT

In the final part of this paper, we will discuss the rate
prospect of observing FRB emitter in merging compact
binaries. We will first present a general argument for the
rate of forming FRB emitters in binaries, given a number of
assumptions. In the case that FRB 180916 is indeed in a
binary, we are able to quantitatively estimate the rate of
observing FRB repeaters in merging binaries. We will also
comment on the detection criteria for nonrepeaters in a
merging NS binary.

We use the volumetric birth rate Rpgg of all FRB
emitters (either in isolation or in binaries) to infer the
number of FRB emitters in close binaries that are going
to merge while the FRB emitter is still active assuming
a constant fraction fi;, := RM /Rpgp. Here RYN is the
volumetric birth rate of FRB emitters in binaries.
Following Ref. [133], the detection rate of FRBs is
formulated as

dz dv _
_BD > Lo \R ’
1+zdz rFRB( l/,hm) FRB (Z)TFRB

R(> Sim) = /
(40)

where dV/dz is the differential comoving volume as a
function of the redshift z, Si™ is the flux density threshold
for detection, L5 =4zD{ Si™ is the corresponding iso-
tropic luminosity density limit with the luminosity distance
Dy, R (z) = Ro(1 + 2)*38 is the volumetric birth rate of
FRB emitters assuming it follows the cosmic star for-
mation rate, tgrg 1S the typical lifetime of magnetars
as active FRB emitters, B = (50)?/4 is the FRB emis-
sion beaming factor with 66 the half opening angle of
FRB emissions, D is the FRB emission duty cycle, and

rere (> L}j‘l’im) is the average burst rate per FRB emitter in
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the active phase. Using existing constraints rggg (> L5, ) ~
3.5(LES,/10%erg/s/Hz) %0 day™", R(> Sim =11Jy)~
2870 day~! and Eq. (40), the authors of [133] obtained
BDRyteg ~ 130 Gpc™3. Then the total birth rate of FRB

emitters is

" -1
/Z dzd—VRFRB(Z)moo(TFRB) B'Dyr!, (41)
0

‘dz 14z 10° yr

where we have used z, = 2, the redshift where the cosmic
star formation rate peaks. At this stage, let us assume that the
birth of FRB emitters is independent of their environment,
i.e., whether they already reside in binaries or they are
isolated NSs. This assumption is at most an approximation,
as physically one expects that the emission of FRBs should
depend on the evolution stage of NSs. Nevertheless, we shall
carry through the analysis to see the corresponding rate
under such an assumption. The resulting total number of
compact binaries possessing FRB emitters N (< t,,,) with a
merger time shorter than 7, and part of the FRB pulses
arriving on the earth, as

@ dV Rygg(2)
N = inB in dz— W)
fb b A dZ 1 ¥z g

~ 10 Sin TrRB \ 60 -
1072/ \ 103 yr 0.3
sin@\ [ D\ [ tow
— )= 42
x (0.5 ) (0.4) (10 yr)’ (42)

where we have taken 7,,, = 10 yr as a typical timescale that
multiband/multimessenger observation may cover, and we
have used the fact that the emitter spin precession expands
the effective FRB emission opening angle with the beaming
factor By, = sin 660, with 6 the angle between the magnetar
spin axis S; and the binary orbital angular momentum
direction Ly. As the binary fraction f;, is unconstrained,
the above expression should be viewed as a relation between
the rate and various physical quantities, instead of being a
rate forecast.

Among the over 500 FRBs reported, a low redshift
(z = 0.0337) repeating FRB 180916 showing ~16 day
periodicity is of particular interest [101]. For explaining
the periodicity, many models have been proposed, e.g., the
orbital period of a magnetar-companion star binary, the free
precession period of a magnetically deformed NS, the spin
period of an extremely slow-rotation magnetar, the geo-
desic precession period of a magnetar in a compact binary,
etc. To date, it is still unclear what is the underlying
mechanism for the periodicity, but the predictions of
many of these models are falsifiable with further observa-
tions [134-136]. If the geodetic precession interpretation is
true [81], given the low redshift of the source, it means that
there are many active FRB repeaters in the universe within
binaries O(10?)-O(10%) years away from merger. This

allows us to estimate the rate of observing merging NS
binaries with FRB repeaters in this scenario.

Assuming that FRB 180916 is an FRB emitter residing in
a compact binary and the occurrence of FRB 180916-like
FRBs follows the Poisson distribution, it is straightforward
to show that the local number density of FRB 180916-like
emitters is given by

no(< BP0V (2 <00337) M 1533 (43)

at 1-o confidence level, where rERB!8%16e(0(10%)-
O(10%) years is the time till merger, as a function of
the binary mass ratio [81], and the local volumetric
birth rate of FRB emitters residing in binaries is
RE™ = no(< 1ERB180916) /ERBISOII6  Again assuming the
birth rate of FRB 180916-like emitters follows the cosmic
star formation rate, R%"(z) = R§"(1 + z)*?8 for a redshift
7 < z; & 2, we obtain the total number N (< t,,,) of merging
compact binaries with an FRB repeater and with a merger
time shorter than 7, as

e dV RY™(z)
N(< tyy) = dz— Low
(< fw) A “dr 147 ¢

3000+6900 tgw t§§B180916 -1 (44)
T 10 yr )\ 103 yr )

The merger rate of such binaries is simply Rerp_pin =
N(< tgy)/ gy, therefore we obtain the expected detection
rates by LIGO A+ and by 3rd-generation GW detectors as

[FRB 180916 1
e
10° yr '

FRB 180916\ —1
: N 690 . —1( tew
R;SB—Bin(Z <z.)w 3OOJ—F90 yr 1<Tyr> . (45)

RéﬁLB—Bin(Z <02)~ O~3J—r8fgg

where z = 0.2 is approximately the LIGO A + horizon for
BNS detection and the horizon of 3G detectors is well
beyond z =z, [137]. Note that the estimate in Eq. (45)
depends on the lifetime of FRB 180916, on which there is no
consensus yet: a kyr or even shorter lifetime is preferred
from the birth rate argument [138], while the offset of FRB
180916 from a nearby star formation region suggests a much
longer liftelime (~Myr) [139].

We can also perform a rate estimation from GRB
211211A, assuming a magnetar in the inspiral stage is
responsible for the observed QPOs in the precursor and the
long duration of the GRB. The merger rate of compact
binaries with a repeating FRB emitter is related to the rate of
GRB 211211A like events by R®"(z) & RERBZI2HA(7)
(1/20) x (18/474), considering that 1 FRB has been
confirmed from one of the 20 known galactic magnetars
[75-80], and the number ratio of repeating FRBs over
nonrepeating FRBs in the CHIME/FRB catalog is 18/474
[86]. The local rate RSRB2!1211A g approximately
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RGRB212HAY (7 < 0.076)BarpTops ~ 1733 (46)

with the GRB beaming factor Bggg, and the average time
interval to see a GRB 211211A like event T . This is a
conservative estimate in which we have not included other
selection effects, e.g., the fraction and efficiency of kilonova
follow-up after a long GRB. Assuming the same redshift
dependence RORB2II2IIA(7) — RORBIIZIA(] 4 1328 we

obtain

—_ Tobs -1 BGRB =
Rl <02) =0.67:45 yro! () (e ),

1 Tobs \ 7' (Bore !
7zl?}gB—Bin(Z < Z+) ~ 67Oir213((])0 yr : <IOO;I‘> < 10—2 :

(47)

From the above estimates [Eqgs. (42), (44), (45), and (47)],
FRB repeaters in compact binaries may be a promising
multimessenger source of FRBs and GWs.”

As a comparison, we can estimate the lower limit of short
GRB (sGRB) rate from the BNS merger rate measured
by LVK. With the local merger rate density Rpng ®
160 Gpc—yr~! [4] and assuming the same redshift
dependence, it is straightforward to find Rygrg >
Rens(z < z4) ~6.3 x 10* yr!, which is two orders of
magnitude higher than the estimated merger rate of
compact binaries with an FRB repeater [Eqgs. (45)
and (47)].

In a recent study [140], the FRB-GRB association was
searched and no GRBs were found within their sample that
are coincident with any of the FRBs from the first CHIME/
FRB catalog when applying the joint temporal (up to
7 days) and spatial criteria (overlapping 3¢ localization
regions). This null result is consistent with our rate
estimates above: among all the FRBs in the CHIME/
FRB catalog, only one of them (FRB 180916) was found
to be periodic, which is possibly a FRB emitter residing in a
compact binary that is still long before the final coalescence
producing a sGRB. There might be a few more FRBs
residing in compact binaries that are in even earlier inspiral
stage where the spin precession rate of the FRB emitter
Q, «x /% [Eq. (4)] is too long to show any period in the
bursts. Of course, we do not expect there is any GRB that is
associated to the FRBs in the CHIME/FRB catalog. In the
second part of [140], they also determined upper limits on
possible radio emission for 39 GRBs (including 5 sGRBs)
6 hours before the GRB high-energy emission. This null
result is again consistent with our rate estimates with
Rers-gin/ Rsgre < O(1072), ie., <O(1%) sGRBs are
produced from compact binaries with a FRB emitter.

>The recent detection of GRB 230307A further strengthens
this conclusion.

We have been focusing on the scenario of a repeating
FRB emitter residing in a compact binary in this work.
There are also some proposals invoking interactions
between BNS magnetospheres as the FRB emission
mechanism [89-91] or relating BNS mergers to nonrepeat-
ing FRBs, e.g., magnetic interactions of a BNS producing
FRBs right before the merger (see e.g. [141-146]). The null
result in searching FRB-GRB association [140] set an
upper limit of the FRB emission luminosity in the former
scenario. In the latter scenario, associating the FRB to the
GW event will be difficult due to the high false alarm rate.
Consider a merger event with its sky localization con-
strained within 0Qgw from its GW signal. The average
number of FRBs that coincidentally lie in the same sky area
and the same time interval Az is Ny, = (6Q/47)R At with
5Q ~ max(6Qgw, 6Qrrp), Where the solid angle uncer-
tainty in the CHIME/FRB catalog [86] is at 0Qrp <
O(1) deg? level. The detection probability of a true FRB-
GW association depends on the FRB production details and
the emission beaming factor 3, and in general, should be
Niwe = B. Consequently, the false alarm rate is comparable
to the true association detection rate with

Npge | 0Q R At 1072
Nywe 102 deg?2870 day™' 102 sec B

(48)

and therefore the FRB-GW association is difficult to
identify. On the other hand, if the host galaxy of the
BNS is identified (via the EM counterpart), the identifica-
tion of the FRB-GW association is possible because the
false alarm rate should be much lower Niye/Nipe < 1
with 6Q ~ 6Qpgrg-

VI. SUMMARY AND DISCUSSION

Recent observations suggest that magnetars commonly
reside in merging compact binaries and magnetars are the
sources of at least part of FRBs. It is natural to speculate the
existence of FRB emitters in a class of merging compact
binaries, which are ideal multiband and multimessenger
observation targets of radio telescopes and ground based
GW detectors. In this work, we have performed a prelimi-
nary study of what can we learn from observations of such
binaries. The key physical process is that FRB arrival times
are modulated by the magnetar spin precession, which
encodes the information of the binary dynamics. As an
example, we consider monitoring a fiducial merging
magnetar-NS binary for a half year before the final
coalescence, and we find the arriving times of 100 FRB
pulses from the precessing magnetar enable high-precision
measurements of the NS masses, spins, quadrupole
moments, binary intrinsic/extrinsic orientations and the
angular dependence of an FRB emission pattern
(Table I, Figs. 2 and 3). To our knowledge, there is no
other way of measuring these quantities to similar preci-
sion, even with 3rd-generation GW detectors.
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We found that the accurate measurement of stellar
masses m; and quadrupole moments x; will be an extremely
sensitive probe to the NS EoS (Figs. 4 and 5), and may also
be converted into a tight [up to O(1%)] measurement of the
NS radius R; with the aid of Q — C universal relation
(Fig. 5), depending on the spin of NSs. In combination with
measurements of the stellar tidal deformability parameter A
from GW signals and of stellar compactness C; by NICER,
we found that the Q-Love and Q — C universal relations
can tightly constrain alternative theories of gravity, e.g.,
dCS gravity. We also found that multiband and multi-
messenger observations of such binaries are useful in
testing beyond standard models, e.g., an axion field that
is coupled to matter.

The rate of observing FRB binaries is rather uncertain at
this stage, as the physical mechanism of FRB emission and
the source classification are still unknown. We are able to
obtain a quantitative estimation of the rate in the case that
FRB 180916 is of binary origin, which favors detection
with future-generation GW detectors. In the future, alter-
native rate calculations may be performed based on GRB
211211A-like events, once the observational selection
effects and the characteristics of magnetar FRB emission
are better understood.
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APPENDIX: VALIDITY OF FISHER FORECASTS

For verifying the validity of Fisher information in
forecasting the model parameter constraints, we consider
a mock observation of FRB pulses, and forecast the model
parameter constraints using both the Fisher matrix and full
Bayesian analyses. The binary model parameters are listed

in Table III, where we choose a small initial separation ry =
160m and a short observation time 7., = 720 sec for the
sake of computational efficiency in MCMC simulations.
Same as the models considered in the main text, we choose
the expected number of detectable FRB pulses as Npy =
100 in the Fisher forecast. Before running MCMC simu-
lations, we also need to generate mock data, i.e., a list of
mock FRB pulse arriving times d = {#;}, (k = 1, ..., Npys),
in the same way as in Sec. II.

According to the Bayes theorem, the posterior of
parameters given data is

P(O|d) x L(d|O)z(0), (A1)

where £(d|0) is the likelihood of detecting data d given a
model with parameters @ and z(@®) is the parameter prior
assumed. In our case, the likelihood is defined as

Npu]s

£(d®) = ] p(1l®).

k=1

(A2)

with p(7|@®) being the probability density function defined
in Eq. (8), and we impose a sufficiently wide uniform prior
for each model parameter. We sample the model parameters
using the dynamical nested sampling method [147] imple-
mented in the package Bilby [148]. The 2-d posteriors and
1-0 uncertainties of all the model parameters are shown in
Fig. 12 and Table III, respectively.

From Table III, we see that the Fisher forecast uncer-
tainties of all the model parameters are in agreement with
those of full MCMC simulations within a factor of a few,
except for ry,. The reason is simply that the ry—m;
degeneracy largely degrades the ry constraint in the full
MCMC simulations, while the degeneracy is accidentally
broken in the Fisher matrix, because only the local
curvature of the likelihood is taken into account, which
has a small deviation from the curvature in a finite r
region. For a longer observation time as considered in the
main text, all the model parameters are expected to be
constrained with much better precision, and the Fisher
matrix should perform much better where the local curva-
ture is a better approximation (this is well known for Fisher
forecasts of GW signals, where Fisher forecasts perform
better for GW signals of higher SNRs for the same reason).
Therefore, we believe the Fisher forecast results in the main
text should be valid.

TABLEIIL Injection values and 1-¢ uncertainties of the model parameters assuming that N, = 100 FRBs are detected in 7o, = 720 sec.
ml/MO X1 0, K mz/Mo X2 0, K ¢ ro/m Oos  Dos  Ho oy He A Ay
Oy 1.4 0.1 0.5 4.83 1.4 0.1 0.5 4.830.75% 160 0.8 =05z 1.0 0.15 02 O 0
6(0)|pgher 4.6x 1073 0.14 023 34 39x10~3 0.12 0.39 29 1.1 23x1072 0.30 0.05 0.04 0.08 0.11 0.73 0.72
P@hee 3310 38 B TF 0100 QW 4 A 0L 93 00 i g o
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FIG. 12. Posterior contours of all the model parameters assuming a mock observation detailed in Table III, where each pair of the
vertical dashed lines marks the 2-c confidence level, and the red/solid lines denote the injection values.
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