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Detectability of subsolar mass neutron stars through a template bank search
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We study the detectability of gravitational-wave signals from subsolar-mass binary neutron star systems
by the current generation of ground-based gravitational-wave detectors. We find that finite size effects from
large tidal deformabilities of the neutron stars and lower merger frequencies can significantly impact the
sensitivity of the detectors to these sources. By simulating a matched-filter based search using injected
binary neutron star signals with tidal deformabilities derived from physically motivated equations of state,
we calculate the reduction in sensitivity of the detectors. We conclude that the loss in sensitive volume can
be as high as 78.4% for an equal mass binary system of chirp mass 0.17M, in a search conducted using
binary black hole template banks. We use this loss in sensitive volume, in combination with the results from
the search for subsolar-mass binaries conducted on data collected by the LIGO-Virgo observatories during
their first three observing runs, to obtain a conservative upper limit on the merger rate of subsolar-mass
binary neutron stars. Since the discovery of a low-mass neutron star would provide new insight into
formation mechanisms of neutron stars and further constrain the equation of state of dense nuclear matter,
our result merits a dedicated search for subsolar-mass binary neutron star signals.
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I. INTRODUCTION

The first detection of a gravitational-wave signal from a
binary neutron star merger, GW170817, [1] allowed the
exploration of matter at high densities [2-6]. The LIGO-
Virgo network of second-generation gravitational-wave
observatories have observed neutron stars in four compact
binary coalescence events. Two of these were binary
neutron star mergers, and the other two neutron star black
hole mergers [1,7,8]. Among these, matter was only
detected for the GW 170817 event, which was accompanied
by a multiwavelength electromagnetic counterpart that was
observed across the entire electromagnetic spectrum [9].
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The masses of the neutron stars observed in these events are
greater than 1Mg. Separately from these, gravitational-
wave events involving subsolar-mass compact objects
provide another important discovery space. The observa-
tion of even a single subsolar-mass event could be a
revolutionary discovery, and can imply the existence of
qualitatively new kinds of exotic objects, since there are no
known astrophysical processes involving subsolar-mass
compact objects that produce gravitational-wave signals
detectable by the LIGO-Virgo detectors [10].

The recent claim of the observation of a 0.77M ; neutron
star within a supernova remnant [11] suggests that sub-
solar-mass neutron stars could be an important class of
sources for gravitational-wave detectors. The minimum
theoretical mass of a neutron star constructed from a cold,
dense equation of state is =0.1My [12]. However, the
supernova mechanism likely imposes a minimum mass
larger than this [13]. This constraint provides a lower bound
on the allowed masses of neutron stars, but it depends
on supernova physics that is not yet fully understood.

© 2023 American Physical Society
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Very low-mass neutron stars with masses down to about
0.1M, are still gravitationally bound and could be formed
through speculative channels, such as the fragmentation of
a neutron star in a collision [14]. The 0.2M, object
discovered by self-lensing in the KIC 8145411 system
could be an example of such a low-mass neutron star,
formed in an unexpected way [15]. As pointed out by Silva
et al. [16], there are various observational and theoretical
reasons why low-mass neutron stars are an interesting
target for gravitational-wave detectors.

The cores of neutron stars can reach densities up to 5-6
times the nuclear saturation density ny = 0.16 fm™3. The
phase of gravitational wave signals emitted by inspiraling
binary neutron star systems carries information about tidal
effects on neutron star matter, which is strongly dependent
on the nuclear equation of state [17,18]. Extracting infor-
mation about the tidal polarizability of neutron stars from
gravitational-wave signals allows us to probe the dense
low-temperature region of the phase space of nuclear matter.
This region is inaccessible through the existing theoretical
tools, like chiral effective field theory or perturbative
quantum chromodynamics [19], or through laboratory
experiments [20,21] which probe the low-density regime.
The constraints on the tidal deformability of neutron stars
from GW170817 [2-6], and those on neutron star radius,
obtained from the NICER x-ray telescope [22-24], have
ruled out a large fraction of the equations of state which were
previously considered feasible.

Measurements of the tidal deformability of neutron stars
with masses less than 1My can provide very interesting
constraints on the structure of the crust of a neutron star.
The central density of neutron stars with M <0.5M is
n~02 fm™3, with central densities near the minimum
mass being as low as n ~ 0.1 fm™>. As a result, these stars
have a large crust compared to higher mass neutron stars,
and their tidal deformabilities are largely insensitive to the
equation of state of the core [25]. While the exact equation
of state of the crust has been shown to not affect the tidal
deformability parameter, A [defined in Eq. (1)], for a
fiducial mass neutron star (M = 1.4M ) [26], the behavior
of A shows a noticeable dependence on the crust near the
minimum neutron star mass. Therefore, measurements of
tidal deformability for a neutron star near 0.1M  could help
constrain the behavior of the neutron star crust directly.
However, we are largely insensitive to the equation of state
of the core because of the low densities of subsolar-mass
neutron stars [25].

Current searches for binary neutron stars are not designed
to be sensitive to systems having component masses below
1M, even though they retain some sensitivity in this regime.
LIGO and Virgo have searched for gravitational-wave
signals from subsolar-mass black holes, with component
masses lying in the range 0.2-1M  [27-30]. These searches
assume that the compact objects have a dimensionless tidal
deformability A, = 0, and the inspiral waveforms used as

templates are terminated at their Nyquist frequency, which is
1024 Hz. Matter effects have been previously shown to
impact searches for gravitational waves from binary neutron
star systems in [31].

In this paper, we assess the impact of neglecting the
tidal deformabilities and physical merger frequencies in a
search for binary neutron star systems with component
masses my, m, € [0.2,1.0]My. We find that this can cause
a nontrivial loss in detected event rate, due to the mismatch
between the signal and template waveforms, in a matched-
filter search. We use this result, and the result of the search
for primordial black holes in the data collected by the LIGO
and Virgo detectors during the O1 to O3 observing runs,
reported in [32], to set an upper limit on the merger rate of
subsolar-mass binary neutron stars.

The organization of the paper is as follows: In Secs. II
and III, we explore the effects of large tidal deformabilities
and lower merger frequencies resulting from large radii of
subsolar-mass neutron stars, on the gravitational signals
emitted by these sources. In Sec. IV, we analyze the
detectability of these sources using binary black hole
template banks, which are conventionally used during
searches for subsolar-mass binaries, by simulating a search
for injected subsolar-mass binary neutron star signals in the
Advanced LIGO noise curve. We use the PyCBC toolkit [33]
to perform the analysis presented in this section. In Sec. V we
estimate an upper limit on the merger rate of subsolar-mass
binary neutron star systems by combining the reduction in
sensitive volume of the detectors with the rate upper limit
on subsolar-mass black hole binaries from a previous search,
conducted on the data from the LIGO and Virgo observa-
tories through the completion of their third observing run.
Section VI includes a discussion of our main results and the
potential astrophysical implications of observations of gravi-
tational-wave signals from binary neutron star mergers
involving subsolar-mass component stars.

II. EQUATION OF STATE MODELS AND THE
TIDAL DEFORMABILITY OF SUBSOLAR-MASS
NEUTRON STARS

Neutron stars in binary systems are deformed by the tidal
forces of their companion object, leading to deviations from
spherical symmetry. The tidal deformability of a neutron
star is defined as the constant of proportionality between
the induced quadrupolar response, Q,-j, of the star and the
external perturbing field, &;;, that is, Q,;; = —A&;; [18].

The phase of gravitational waves emitted by inspiraling
binary neutron star systems is sensitive to the nuclear
equation of state through the effective tidal deformability
parameter for the binary system. The tidal deformability
parameter of a neutron star, in its dimensionless form, is
given by [17,18]

A 2 Gm\ =3
A= e =3 (7e) M
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Left panel shows the match between binary neutron star and binary black hole waveforms as a function of chirp mass M and

effective tidal deformability A of the binary system, for equal mass binaries. The binary neutron star signals are terminated at the
frequency of gravitational-wave emission at the innermost stable circular orbit for a point particle orbiting a Schwarzschild black hole.
Low match values in the region bounded by the equation of state curves indicate that ignoring the tidal deformability of subsolar-mass
neutron stars can reduce the sensitivity of LIGO searches to gravitational-wave signals from these sources. Right panel shows the match
between binary neutron star and binary black hole waveforms as a function of the chirp mass of the system, for equal mass binaries, and
for three different neutron star equations of state. The lower frequency cutoff for match evaluation is 15 Hz.

Here, k, is the quadrupolar (/ = 2) tidal Love number,
which characterizes the neutron star’s response to an
external tidal field, R is its radius, and m its mass [34].
For neutron stars having comparable masses, a higher
value of A is indicative of a stiffer equation of state,
and hence a more deformable structure. The leading-order
tidal correction to the phase of the gravitational waveform
which occurs at 5 PN (post-Newtonian) order is expressed
in terms of the effective tidal deformability parameter, A
of the binary neutron star system, [17,18,35]

/~\ - 16 (m1 + 12m2)m‘lLA1 + (m2 + 12m1)m§A2
a 13 (m1 + m2)5

. ()

where m |, m, are the masses and A, A, are the dimension-
less tidal deformabilities of the component neutron stars.
To account for the uncertainties in the nuclear equation of
state at densities encountered in neutron stars, we assume
three different equation of state models, namely the
APR [36], SLy4 [37] and BSk21 [38—40] equations of
state. These models all use a unified nonrelativistic
formalism and produce neutron stars which are consistent
with both the maximum mass of known neutron stars [41],
the measured values of neutron star radii from NICER,
and A;, from GW170817 [2-6,22-24,42]. This set of
equations of state is by no means comprehensive, but
provides a range of possible neutron stars consistent with
observational constraints. Using the equation of state
models as inputs to the Tolman-Oppenheimer-Volkoff
system of differential equations, and then following the
approach discussed in [17], we evaluate the tidal deform-
ability of the neutron stars, which is then used to calculate

the effective tidal deformability of the binary system
using Eq. (2).

To demonstrate the effect of tidal deformabilities of
subsolar-mass neutron stars on the gravitational-
wave signals emitted by inspiraling binary neutron star
systems, we generate a set of waveforms for equal mass
binary neutron stars, with chirp masses in the range
M €[0.18,0.87]M, and effective tidal deformabilities
in the range A € [1000,5 x 10°]. We compute the match
between each injected waveform and a binary black hole
waveform having the same component masses, where the
match quantifies the resemblance between the two. It is
the overlap between the two waveforms, weighted by the
Advanced LIGO noise power spectral density, maximized
over the extrinsic paremeters of the waveform. The overlap
integral for match calculation is evaluated from a lower-
frequency cutoff of 15 Hz, up to the Schwarzschild innermost
stable circular orbit (ISCO) frequency. The plot on the left
panel of Fig. 1 shows the match as a function of chirp mass,

Mg = ml' and effective tidal deformability A, of the

(my+ms)
binary neutron star systems. The region bounded by the
equation of state curves overlaid on the figure approx-
imately represents the feasible part of the parameter space
for subsolar-mass binary neutron star systems. As can be
seen in the figure, the tidal deformabilities of the subsolar-
mass neutron stars are large, and the gravitational-wave
signals emitted by them can be significantly different from
binary black hole signals, as is indicated by the low match
values in the plot. This suggests that it is important to
account for the tidal deformabilities of subsolar-mass
neutron stars in order to accurately model the gravitational
waveforms emitted by these sources.
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III. MERGER FREQUENCIES OF SUBSOLAR-
MASS NEUTRON STARS

In addition to assuming that the sources are binary black
holes, the waveform models used in subsolar-mass searches
also terminate the binary inspiral templates at the Nyquist
frequency, 1024 Hz [27-29]. This assumption is justifiable
for binary black holes and more massive binary neutron
star systems, since these are extremely compact objects.
Subsolar-mass neutron stars, on the other hand, are sig-
nificantly less compact, and have large radii, as can be seen
in Fig. 2. In the case of binaries in which one or both of the
stars have a large radius and large tidal deformability, such
as the low-mass binaries considered here, the merger is
expected to take place shortly after Roche overflow of the
secondary star [43,44]. As such, the point of Roche lobe
overflow can be used as a conservative time at which to
terminate an inspiral gravitational waveform model [45,46].
Here, we estimate the gravitational-wave frequency corre-
sponding to the mass-shedding limit fr,.e by performing a
sequence of numerical simulations of binary neutron stars
based on quasicircular equilibrium approximation [47].

We approximate the gravitational-wave driven inspiral of
the binaries as a sequence of quasicircular orbits. We use the
publicly available library LORENE [48] to create binary
equilibrium configurations within the extended conformal
thin sandwich formalism [49]. Neutron star matter is taken to
be irrotational, as this well represents the late stages of the
binary evolution as studied in [50,51]. The resultant field
equations are then solved using a multidomain spectral
approach, as implemented in LORENE [52]. We refer to [53]
for details on the mathematical formalism and implementa-
tion, where various tests of the method in different regimes
are also presented.

For our calculations, we consider five domains for each
neutron star, with one domain inside the star and the
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FIG. 2. Comparison of mass-radius curves for neutron stars,
obtained by integrating the Tolman-Oppenheimer-Volkoff system
of differential equations for the three different equations of state
being considered in this work. The large radii of the low-mass
neutron stars impact the merger frequency of their gravitational
waveforms as they are tidally disrupted by the companion at
lower frequencies than higher-mass neutron stars.

remaining four to cover the remaining region around them
and match the boundary of the neutron star. The number
of collocation points are N, x Ng X Ny =25 x 17 x 16,
where N,, Ny, N, denote the number of points in radial,
polar and azimuthal directions, respectively.

Following [47], we monitor the gravitational binding
energy of each binary E, = Mapy — (M| +M,) as a
function of the dominant (£ = 2, m = 2) gravitational-
wave frequency fgw, wWhere Mapy, the Arnowitt-Deser-
Misner mass, is defined as the total mass-energy content
in a hypersurface (see e.g. Eq. 64 of Ref [54]). We find
good agreement between the numerical results and the 3PN
point-particle limit [55] at low frequency (large separa-
tions). As we increase the frequency (reduce the separa-
tion), we observe that the two start to deviate. This is an
indication that matter effects become progressively more
important and that the system is approaching Roche over-
flow [47]. A representative example is shown in Fig. 3. At
even higher frequencies (smaller separations), no quasie-
quilibrium configurations can be found using LORENE. We
take the highest gravitational frequency for which a quasie-
quilibrium configuration can be found as a conservative
estimate for fg,che- 10 validate this choice, we perform full
numerical relativity simulations of three configurations
using the LORENE configuration with fgw = froche a5
initial data and the WhiskyTHC code [56-58] for the
evolution. frcne Should be thought of as a lower limit to
the merger frequency. We find that the merger takes place
only ~2-3 gravitational-wave cycles after this point [59].

Using this procedure, we estimate fgrope fOr various
other mass configurations and the three equations of state

froche

~N

My =M>=1.0Mo

~2.01 lorene
24 — 3PN .
200 400 600 800 1000
frequency (Hz)
FIG. 3. Gravitational binding energy E, for an equal mass

binary neutron star system with M| = M, = 1M as computed
with LORENE (accounting for matter effects) and in the point-
particle limit at 3PN. The APR equation of state is used in this
calculation. The Roche lobe overflow frequency (vertical dashed
line) is estimated as the frequency beyond which no equilibrium
solution can be found.
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FIG. 4. Gravitational-wave frequency at Roche lobe overflow for binaries with different masses m; > m, and three equations of state:
APR, SLy4, and BSk21. Each point represents a binary neutron star system, and is colored according to the gravitational-wave

frequency at the point of Roche lobe overflow.

considered in this study: APR, SLy4, and BSk21. In total,
we have generated 117 binary sequences (39 for each
equation of state). Our results are collected in Fig. 4. The
observed trends can be understood as an interplay between
the compactness of the stars, the tidal fields of the
companion, and the mass ratios. When the mass increases,
the neutron star becomes more compact and less suscep-
tible to the companion’s tidal field in a binary. The tidal
field falls off with distance as d=>. As a result, only at very
small separations the companion’s tidal field becomes
strong enough to initiate Roche lobe overflow. When
considering different mass ratios, the trend is that, as the
asymmetry in binary masses increases, the lower-mass star
is tidally disrupted at a larger separation. As can be seen
from Fig. 4, the Roche lobe overflow frequencies typically
lie within the sensitive band for the Advanced LIGO
detectors, thus suggesting that it is important to consider
the effect of lower termination frequencies of the inspiral
signals in modelling the gravitational-wave signals from
these sources.

IV. IMPACT ON SEARCH SENSITIVITY

The discussion in Secs. II and III motivates the need to
incorporate the tidal deformabilities of the neutron stars and
their physical merger frequencies, for accurate modelling of
gravitational waveforms from subsolar-mass binary neu-
tron star systems. In order to test how the differences in the
binary neutron star waveforms from their binary black hole
counterparts affect the search sensitivity, we simulate a set
of realistic binary neutron signals, and determine the ability
to recover these waveforms for the Advanced LIGO
detectors. The tidal deformabilities of the neutron stars
are derived from the APR, SLy4, and BSk21 equations of
state, and their merger frequencies are calculated by using a
two-dimensional interpolating function which estimates the
Roche Lobe overflow frequency of the system as a function
of component masses m; and m,, using the data from the
simulations described in Sec. III.

Gravitational waves from compact binary coalescences
are conventionally searched for by matched filtering against
pre-constructed template banks [60—70], which are families

of templates generated using a parametrization that is
believed to efficiently describe the astrophysical parameter
space of interest. We used the Advanced LIGO zero-
detuned high-power noise curve [71] and a lower frequency
cutoff of 15 Hz for constructing the template bank, as well
as for fitting factor computations. The aim of this paper is
to explore how well the conventional binary black hole
template banks used in LIGO searches would recover an
incoming gravitational-wave signal from subsolar-mass
binary neutron star mergers. We restrict our analysis to
nonspinning binary neutron star systems. In principle,
waveform models for rotating neutron stars can be con-
sidered, as has been discussed in [72], but a detailed
discussion of spin is beyond the scope of this work.

In order to quantify how well a binary black hole
template bank can identify a gravitational-wave signal
from a subsolar-mass binary neutron star system, we
perform a set of template bank simulations and evaluate
the fitting factors for each of the injected signals. For a
given signal waveform /1, the fitting factor is the maximum
fraction of signal-to-noise ratio recovered when it is filtered
against the template from the bank that generates the
highest value of match for it [73-76]. It serves as a measure
of the efficiency of the template bank in searching for
gravitational-wave sources characterized by the same
parameters as those used to construct the template bank,

FF = max M(hy,, hy), (3)
hj,Ebank

where the match, M, is the noise-weighted overlap
between two normalized waveforms, maximized over the
extrinsic parameters of the system [77], which in this case,
are the time 7. and the phase ¢, of coalescence,

M(hy(A), (s 1e. b)) = max(y (A) |7y () e C71=0)).

tespe
(4)

To determine the loss in signal-to-noise ratio incurred on
using a binary black hole template bank to search for
subsolar-mass binary neutron star signals, we construct a
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template bank containing 1.7 x 10° templates which span
the mass range m;,m, € [0.2,1.0]My. For details of
template bank construction, we use Ref. [77,78]. The
templates are generated using TaylorF2 waveforms which
follow the stationary phase approximation, accurate to 3.5
PN order. They have an upper cutoff frequency correspond-
ing to that of gravitational-wave emission from a point
particle orbiting around a Schwarzschild black hole, in its
innermost stable circular orbit. This varies inversely with
the total mass M of the binary system, as

3

6V61GM )

f ISCO —

The template bank is constructed to have a minimal match
of 0.95, corresponding to a maximum allowed fractional
loss in signal-to-noise ratio of 5% due to the mismatch
between the signal and the template.

To test the efficacy of the template bank, we perform a
series of template bank simulations to evaluate the fitting
factors for injected signals corresponding to binary black
holes (used as the control setup), and binary neutron
star inspirals with component masses lying in the range
my,m,€[0.2,1.0)]Mg, and having tidal deformabilities
derived from the APR, SLy4 and BSk21 equations of state.
To test the effect of the different frequency cutoffs, we
perform one set of simulations where the inspiral waveforms
extend all the way up to the Schwarzschild ISCO frequency,
and another where they are terminated at the Roche Lobe
overflow frequency, computed by using a two-dimensional
interpolating function for the data generated from the
simulations described in Sec. IIL

Iterating through the full template bank, containing
1.7 million templates, to find the best match template
for a large number of injected signals, would cause a
wasteful expenditure of a large amount of computational
power and resources. We can reduce the number of match
computations by comparing the values of the 0 PN chirp
time, 7, of the injected signal with those of the templates in
the bank, and eliminating those templates that have a 7

TABLE L.

_ % 0995
@ﬁ 0.990
% 0985
0980

0975

tting Factor

1

F

0.970

0.965

0.960

T T T T
02 03 04 05 06 07 08 0.9 1.0

m1 (Mo)

FIG. 5. The shaded region in the figure shows the fitting factor
[Eq. (3)] as a function of component masses (1, m,) of injected
binary black hole signals. Fitting factors are highest for signals
located closest to the templates, and lowest for those located
equidistant from two nearest templates.

value that differs from that of the injection by more than
three seconds. Here, the 7, parameter depends on the chirp

-5/3 .
WMC/ , Where fL 1S

the lower-frequency cutoff [79]. Since 7, is a metric
coordinate used in the construction of the template bank,
the difference between the 7, values of the signal and the
template serves as a test of proximity of templates to the
signal.

The results of the template bank simulations for the
control setup, consisting of binary black hole signals, are
shown in Fig. 5. The figure illustrates that the template
bank recovers 100% of the injected subsolar-mass binary
black hole signals with fitting factors greater than 0.95, as is
expected.

For the subsolar-mass binary neutron star systems, the
fitting factors are weakly dependent on the equation of
state, but for a vast majority of the signals, they are
lower than 0.95, which is the specified minimal match for

mass of the system as 7, =

A summary of the results of the template bank simulations, for different equations of state, and termination

frequencies. ISCO stands for the frequency of gravitational-wave emission by a point particle orbiting a Schwarzschild
black hole, in its innermost stable circular orbit. RLO refers to the Roche Lobe overflow frequency, where one of the
neutron stars is tidally disrupted by its companion and has reached the mass shedding limit.

Equation of state and Minimum fitting

Maximum fitting % of signals having

termination frequency factor factor FF < minimal match
APR (RLO) 0.6024 0.9823 63.06
APR (ISCO) 0.5788 0.9810 69.39
SLy4 (RLO) 0.5780 0.9785 72.72
SLy4 (ISCO) 0.5580 0.9761 78.63
BSk21 (RLO) 0.5900 0.9712 82.24
BSk21 (ISCO) 0.5764 0.9690 87.12
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FIG. 6. Leftpanel shows fitting factors obtained on performing template bank simulations, for injected binary neutron star signals with the
component neutron stars having tidal deformabilities derived from the APR, SLy4 and BSk21 equations of state, and terminated at their
Roche Lobe overflow frequencies, plotted as a function of the primary mass m; and secondary mass m,. Right panel shows a plot of effective
tidal deformability of the binary neutron star systems, as a function of m; and m,. The fitting factors are lower for systems having higher tidal
deformabilities, indicating greater mismatch between the binary black hole templates and the injected binary neutron star signals.

the template bank. Table I summarizes the results of  deformabilities are low, and so the percentage of signals
the template bank simulations for the binary neutron  having fitting factors lower than 0.95 is less than that for
star signals. For the softer equations of state, the tidal  the stiffer ones. However, as can be seen from the third
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column of the table, a majority of the injected signals can
not detected by using the binary black hole template bank,
with the percentage of signals having fitting factors lower
than the minimal match ranging from 63% for the APR
equation of state, to 82% for BSk21.

The fitting factors evaluated from the template bank
simulations improve slightly when the waveforms are
terminated at their Roche Lobe overflow frequency.
However, even for the softest equation of state being
considered here, i.e. the APR equation of state, the fitting
factor obtained on matched-filtering an inspiral signal
from a (0.2,0.2) M, binary neutron star system is ~0.60,
corresponding to a 78.4% loss in sensitive volume of the
detectors to these sources. Figure 6 shows the tidal
deformabilities, as well as the fitting factors obtained
from the template bank simulations, as a function of the
component masses of the injected binary neutron star
signals, for the three different equations of state.

V. CONSTRAINT ON MERGER RATE

We use the loss in sensitivity computed in Sec. 1V,
and the results from the search for subsolar-mass binary
black holes reported in [32], to obtain a conservative
upper limit on the merger rate of subsolar-mass binary
neutron stars. This search used data collected by the
Advanced LIGO and Advanced Virgo detectors
during their first three observing runs, to place an
upper limit on rate for subsolar-mass binaries, in the
range 720-46000 Gpc=yr~! for the chirp mass range
(0.17,0.87)M . Using the loudest event statistic formal-
ism, the 90% confidence interval on the chirp mass
dependent upper limit of merger rate can be obtained as

—— Constraint on BBH rate from O1-O3b data
—— Constraint on BNS merger rate

10°

T T T T T T
0.2 0.3 0.5 0.6 0.7 0.8

0.4
Chirp Mass Mc Mop)

Roo =y (6)

where V is the sensitive volume, and 7 is the time
analyzed [80].

To estimate an upper limit on the merger rate of
subsolar-mass binary neutron stars, we use the fractional
loss in average sensitive distance, computed from the
fitting factors. We compute the average fitting factors for
the entire population by dividing into equally spaced
chirp mass bins, and use them to compute the sensitive-
volume of the detectors for binary neutron stars as
Vgns = FF? x Vggy. Substituting this in Eq. (6), we
obtain a rate upper limit for subsolar-mass binary neutron
stars as [830-210,000] Gpc=3yr~! for the chirp mass
range (0.17,0.87)M,.

For the subsolar-mass binary black holes, the merger
frequencies do not lie in the sensitive band of the LIGO-
Virgo detectors, and the amplitude of the gravitational-
wave strain is a function of the chirp mass at leading order.
As a result, the constraint on the merger rate for the
primordial black hole search is not strongly dependent on
the total mass of the sources or their mass ratios. Since we
combine the results of the template bank simulations with
the rate constraint from the primordial black hole search,
and the fitting factors vary only slightly as a function of
mass ratios, the rate constraint derived here is not sensitive
to the mass ratios of the binary neutron star systems. It is
also found to be largely independent of the equation of state
model being used, since the fitting factors from the
template bank simulations do not depend strongly on the
equation of state. Figure 7 depicts the derived upper limit
on the merger rate of subsolar-mass binary neutron stars.

4.5

4.0

3.5

2.0+

T T T T
02 03 04 0.5 0.6 0.7 0.8

Chirp Mass Mc Mop)

FIG. 7. Left panel: Blue curve shows the upper limit on merger rate for subsolar-mass binaries obtained in [32] for the O1 to O3b
observing runs. Red curve shows an upper limit on the rate of subsolar-mass binary neutron star mergers, obtained using the sensitive
volume reduced by a factor of (average fitting factor)?. Right panel: The ratio of upper limit on the rate of binary neutron star mergers to
the upper limit on the rate of binary black hole mergers, plotted as a function of chirp mass of the binary system.
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Our results indicate that a dedicated search for binary
neutron star signals using a template bank that incorporates
their tidal deformabilities and physical merger frequencies
would be more sensitive to these sources than a search for
subsolar-mass binary black holes.

VI. CONCLUSIONS

The analysis presented in this paper explores our ability
to identify gravitational-wave signals from inspiraling
subsolar-mass binary neutron star systems, when a template
bank search for compact binary coalescences involving
low-mass sources is carried out for the Advanced LIGO and
Virgo detectors. As discussed in the text, existing template
banks to search for binary neutron star signals treat neutron
stars as effective black holes, since their tidal deformabil-
ities and lower frequencies of merger are unaccounted for
in the construction of the template banks. We find that
ignoring the finite size effects of low-mass neutron stars,
such as their large tidal deformabilities and physical merger
frequencies, on the gravitational-wave signals, can lead to a
significant loss in signal-to-noise ratio, thus potentially
missing signals from such sources. Using a binary black
hole template bank to search for subsolar-mass candidate
events in Advanced LIGO noise fails to recover a signifi-
cant fraction of the injected signals with fitting factors
above the specified minimal match for the template bank.
This effect is amplified with decreasing chirp mass of the
system. At the lower end of the mass range considered here,
the loss in sensitive volume of the detectors is as high as
78.4%, thus necessitating the use of refined template banks
which are specifically designed to search for binary neutron
stars [81] in order to effectively recover gravitational-wave
signals involving subsolar-mass neutron stars.

Using the results of the search for subsolar-mass binaries
for the O3b observing run of the LIGO-Virgo detectors
[32], and accounting for the reduced detection efficiency
for low-mass neutron stars, we obtain a chirp mass
dependent upper limit on the merger rate, lying in the
range [830-210, 000] Gpc— yr~!. This constraint can be
improved by implementing a search using a template bank
that incorporates the tidal deformabilities and physical
merger frequencies for binary neutron star signals, which
we will explore in a subsequent paper. The cost of
performing a search for subsolar-mass neutron stars would
depend, to a large extent, on that of generating a template
bank that spans the parameter space of interest, i.e.
ml,m2 € [0.2, 1]M and their respective tidal deformabil-
ities lying in the range allowed by plausible equations
of state describing dense nuclear matter. Template banks

incorporating tidal effects can be generated using a stochastic
template placement algorithm, as discussed in [81].
Including the tidal deformability is expected to increase
the number of templates beyond 1.7 million, which is the size
of the bank spanning the m1, m2 parameter space for binary
black hole systems. However, imposing physical constraints
on the allowed values of tidal deformability, i.e. restricting to
a region bounded by plausible equations of state on the soft
and stiff end, can reduce the number of templates required to
some extent. The ability to test the validity of proposed
formation mechanisms for neutron stars and further constrain
the nuclear equation of state, through the detection of
gravitational-wave signals involving low-mass neutron stars,
makes it a useful scientific goal to consider a directed search
for such events in the future observing runs of the LIGO-
Virgo-KAGRA network.

Supporting data for this manuscript is available at [82].

ACKNOWLEDGMENTS

The authors thank Alexander Nitz for helpful discussion
regarding subsolar-mass binary black hole searches in
LIGO and Virgo and making the data required to make
Fig. 7 available. D. R. acknowledges funding from the U.S.
Department of Energy, Office of Science, Division of
Nuclear Physics under Award No. DE-SC0021177 and
from the National Science Foundation under Grants
No. PHY-2011725, No. PHY-2020275, No. PHY-
2116686, and No. AST-2108467. D.A.B. and A.B.
acknowledge funding from the National Science
Foundation under Grant No. PHY-2011655. DAB also
thanks National Science Foundation Grant No. PHY-
2116686. E. L. acknowledges funding from the National
Science Foundation under Grant No. AST-1559694. J. P.
acknowledges funding from the U.S. Department of Energy
Office of Science, Office of Nuclear Physics under Award
No. DE-FG02-92ER40750. C.J. H. and B. R. acknowledge
funding from the U.S. Department of Energy Office of
Science, Office of Nuclear Physics under Award No. DE-
FGO02-87ER40365. D. A.B. and C.J. H. thank the Kavli
Institute for Theoretical Physics (KITP) for hospitality
during the initial development of this work. KITP is
supported in part by the National Science Foundation
under Grant No. NSF PHY-1748958. This research was
supported through computational resources provided by
Syracuse University. D.R. acknowledges support as a
Alfred P. Sloan Fellow.

103012-9



ANANYA BANDOPADHYAY et al.

PHYS. REV. D 107, 103012 (2023)

[1] B.P. Abbott ef al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 119, 161101 (2017).

[2] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 121, 161101 (2018).

[3] S. De, D. Finstad, J. M. Lattimer, D. A. Brown, E. Berger,
and C. M. Biwer, Phys. Rev. Lett. 121, 091102 (2018); 121,
259902(E) (2018).

[4] D. Radice and L. Dai, Eur. Phys. J. A 55, 50 (2019).

[5] C. Raithel, F. Ozel, and D. Psaltis, Astrophys. J. Lett. 857,
L23 (2018).

[6] C.D. Capano, I. Tews, S. M. Brown, B. Margalit, S. De, S.
Kumar, D. A. Brown, B. Krishnan, and S. Reddy, Nat.
Astron. 4, 625 (2020).

[7] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Astrophys. J. Lett. 8§92, L3 (2020).

[8] R. Abbott et al. (LIGO Scientific, KAGRA, and VIRGO
Collaborations), Astrophys. J. Lett. 915, L5 (2021).

[9] B.P. Abbott er al. (LIGO Scientific, Virgo, Fermi GBM,
INTEGRAL, IceCube, AstroSat Cadmium Zinc Telluride
Imager Team, IPN, Insight-Hxmt, ANTARES, Swift,
AGILE Team, 1M2H Team, Dark Energy Camera GW-
EM, DES, DLT40, GRAWITA, Fermi-LAT, ATCA, AS-
KAP, Las Cumbres Observatory Group, OzGrav, DWF
(Deeper Wider Faster Program), AST3, CAASTRO,
VINROUGE, MASTER, J-GEM, GROWTH, JAGWAR,
CaltechNRAO, TTU-NRAO, NuSTAR, Pan-STARRS,
MAXI Team, TZAC Consortium, KU, Nordic Optical
Telescope, ePESSTO, GROND, Texas Tech University,
SALT Group, TOROS, BOOTES, MWA, CALET, IKI-
GW Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre
Auger, ALMA, Euro VLBI Team, Pi of Sky, Chandra Team
at McGill University, DFN, ATLAS Telescopes, High Time
Resolution Universe Survey, RIMAS, RATIR, and SKA
South Africa/MeerKAT Collaborations), Astrophys. J. Lett.
848, L12 (2017).

[10] H. Sotani, K. Iida, K. Oyamatsu, and A. Ohnishi, Prog.
Theor. Exp. Phys. 2014, 051E01 (2014).

[11] V. Doroshenko, V. Suleimanov, G. Piihlhofer, and A.
Santangelo, 10.21203/rs.3.rs-1509469/v1 (2022).

[12] S. Shapiro and S. Teukolsky, Black Holes, White Dwarfs,
and Neutron Stars: The Physics of Compact Object (Wiley-
Interscience, New York, 1983).

[13] J.M. Lattimer and M. Prakash, Astrophys. J. 550, 426
(2001).

[14] S. Popov, D. Blaschke, H. Grigorian, and M. Prokhorov,
Astrophys. Space Sci. 308, 381 (2007).

[15] K. Masuda, H. Kawahara, D. W. Latham, A. Bieryla, M.
Kunitomo, M. MacLeod, and W. Aoki, Astrophys. J. Lett.
881, L3 (2019).

[16] H. O. Silva, H. Sotani, and E. Berti, Mon. Not. R. Astron.
Soc. 459, 4378 (2016).

[17] T. Hinderer, B. D. Lackey, R. N. Lang, and J. S. Read, Phys.
Rev. D 81, 123016 (2010).

[18] K. Chatziioannou, Gen. Relativ. Gravit. 52, 109 (2020).

[19] C. Drischler, S. Han, and S. Reddy, Phys. Rev. C 105,
035808 (2022).

[20] D. Adhikari ef al. (PREX Collaboration), Phys. Rev. Lett.
126, 172502 (2021).

[21] D. Adhikari et al. (CREX Collaboration), Phys. Rev. Lett.
129, 042501 (2022).

[22] T.E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).

[23] M. C. Miller et al., Astrophys. J. Lett. 887, L.24 (2019).

[24] M. C. Miller et al., Astrophys. J. Lett. 918, L.28 (2021).

[25] J. Carriere, C. J. Horowitz, and J. Piekarewicz, Astrophys. J.
593, 463 (2003).

[26] J. Piekarewicz and F. J. Fattoyev, Phys. Rev. C 99, 045802
(2019).

[27] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 121, 231103 (2018).

[28] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 123, 161102 (2019).

[29] R. Abbott er al. (LIGO Scientific, VIRGO, and KAGRA
Collaborations), Phys. Rev. Lett. 129, 061104 (2022).

[30] R. Abbott er al. (LIGO Scientific, VIRGO, and KAGRA
Collaborations), arXiv:2212.01477.

[31] T. Cullen, I. Harry, J. Read, and E. Flynn, Classical
Quantum Gravity 34, 245003 (2017).

[32] A.H. Nitz and Y.-F. Wang, Phys. Rev. D 106, 023024
(2022).

[33] A. Nitz et al., gwastro/pycbc: v2.0.5 release of pycbc
(2022), 10.5281/zenodo.6912865.

[34] T. Damour and A. Nagar, Phys. Rev. D 80, 084035 (2009).

[35] E.E. Flanagan and T. Hinderer, Phys. Rev. D 77, 021502
(2008).

[36] A. Akmal, V.R. Pandharipande, and D. G. Ravenhall, Phys.
Rev. C 58, 1804 (1998).

[37] F. Douchin and P. Haensel, Astron. Astrophys. 380, 151
(2001).

[38] J. M. Pearson, S. Goriely, and N. Chamel, Phys. Rev. C 83,
065810 (2011).

[39] J. M. Pearson, N. Chamel, S. Goriely, and C. Ducoin, Phys.
Rev. C 85, 065803 (2012).

[40] A.Y. Potekhin, A. F. Fantina, N. Chamel, J. M. Pearson, and
S. Goriely, Astron. Astrophys. 560, A48 (2013).

[41] H. T. Cromartie et al. (NANOGrav Collaboration), Nat.
Astron. 4, 72 (2019).

[42] M. Al-Mamun, A.W. Steiner, J. Nattild, J. Lange, R.
O’Shaughnessy, 1. Tews, S. Gandolfi, C. Heinke, and S.
Han, Phys. Rev. Lett. 126, 061101 (2021).

[43] T. Dietrich, N. Moldenhauer, N. K. Johnson-McDaniel, S.
Bernuzzi, C. M. Markakis, B. Briigmann, and W. Tichy,
Phys. Rev. D 92, 124007 (2015).

[44] S. Bernuzzi et al., Mon. Not. R. Astron. Soc. 497, 1488
(2020).

[45] M. Shibata and K. Uryu, Phys. Rev. D 64, 104017 (2001).

[46] P. Marronetti, M.D. Duez, S.L. Shapiro, and T.W.
Baumgarte, Phys. Rev. Lett. 92, 141101 (2004).

[47] M. Bejger, D. Gondek-Rosinska, E. Gourgoulhon, P.
Haensel, K. Taniguchi, and J. Zdunik, Astron. Astrophys.
431, 297 (2005).

[48] E. Gourgoulhon, P. Grandclément, and J. Novak, LORENE,
https://lorene.obspm.fr.

[49] E. Gourgoulhon, arXiv:gr-qc/0703035.

[50] L. Bildsten and C. Cutler, Astrophys. J. 400, 175 (1992).

[51] C.S. Kochanek, Astrophys. J. 398, 234 (1992).

[52] S. Bonazzola, E. Gourgoulhon, and J.-A. Marck, Phys. Rev.
D 58, 104020 (1998).

[53] E. Gourgoulhon, P. Grandclement, K. Taniguchi, J.-A.
Marck, and S. Bonazzola, Phys. Rev. D 63, 064029
(2001).

103012-10


https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.091102
https://doi.org/10.1103/PhysRevLett.121.259902
https://doi.org/10.1103/PhysRevLett.121.259902
https://doi.org/10.1140/epja/i2019-12716-4
https://doi.org/10.3847/2041-8213/aabcbf
https://doi.org/10.3847/2041-8213/aabcbf
https://doi.org/10.1038/s41550-020-1014-6
https://doi.org/10.1038/s41550-020-1014-6
https://doi.org/10.3847/2041-8213/ab75f5
https://doi.org/10.3847/2041-8213/ac082e
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.1093/ptep/ptu052
https://doi.org/10.1093/ptep/ptu052
https://doi.org/10.21203/rs.3.rs-1509469/v1
https://doi.org/10.1086/319702
https://doi.org/10.1086/319702
https://doi.org/10.1007/s10509-007-9335-9
https://doi.org/10.3847/2041-8213/ab321b
https://doi.org/10.3847/2041-8213/ab321b
https://doi.org/10.1093/mnras/stw969
https://doi.org/10.1093/mnras/stw969
https://doi.org/10.1103/PhysRevD.81.123016
https://doi.org/10.1103/PhysRevD.81.123016
https://doi.org/10.1007/s10714-020-02754-3
https://doi.org/10.1103/PhysRevC.105.035808
https://doi.org/10.1103/PhysRevC.105.035808
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.129.042501
https://doi.org/10.1103/PhysRevLett.129.042501
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.1103/PhysRevLett.121.231103
https://doi.org/10.1103/PhysRevLett.123.161102
https://doi.org/10.1103/PhysRevLett.129.061104
https://arXiv.org/abs/2212.01477
https://doi.org/10.1088/1361-6382/aa9424
https://doi.org/10.1088/1361-6382/aa9424
https://doi.org/10.1103/PhysRevD.106.023024
https://doi.org/10.1103/PhysRevD.106.023024
https://doi.org/10.5281/zenodo.6912865
https://doi.org/10.1103/PhysRevD.80.084035
https://doi.org/10.1103/PhysRevD.77.021502
https://doi.org/10.1103/PhysRevD.77.021502
https://doi.org/10.1103/PhysRevC.58.1804
https://doi.org/10.1103/PhysRevC.58.1804
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1103/PhysRevC.83.065810
https://doi.org/10.1103/PhysRevC.83.065810
https://doi.org/10.1103/PhysRevC.85.065803
https://doi.org/10.1103/PhysRevC.85.065803
https://doi.org/10.1051/0004-6361/201321697
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1103/PhysRevLett.126.061101
https://doi.org/10.1103/PhysRevD.92.124007
https://doi.org/10.1093/mnras/staa1860
https://doi.org/10.1093/mnras/staa1860
https://doi.org/10.1103/PhysRevD.64.104017
https://doi.org/10.1103/PhysRevLett.92.141101
https://doi.org/10.1051/0004-6361:20041441
https://doi.org/10.1051/0004-6361:20041441
https://lorene.obspm.fr
https://lorene.obspm.fr
https://lorene.obspm.fr
https://arXiv.org/abs/gr-qc/0703035
https://doi.org/10.1086/171983
https://doi.org/10.1086/171851
https://doi.org/10.1103/PhysRevD.58.104020
https://doi.org/10.1103/PhysRevD.58.104020
https://doi.org/10.1103/PhysRevD.63.064029
https://doi.org/10.1103/PhysRevD.63.064029

DETECTABILITY OF SUBSOLAR MASS NEUTRON STARS ...

PHYS. REV. D 107, 103012 (2023)

[54] E. Gourgoulhon, P. Grandclément, K. Taniguchi, J.-A.
Marck, and S. Bonazzola, Phys. Rev. D 63, 064029 (2001).

[55] L. Blanchet, Phys. Rev. D 65, 124009 (2002).

[56] D. Radice and L. Rezzolla, Astron. Astrophys. 547, A26
(2012).

[57] D. Radice, L. Rezzolla, and F. Galeazzi, Mon. Not. R.
Astron. Soc. 437, L46 (2014).

[58] D. Radice, L. Rezzolla, and F. Galeazzi, ASP Conf. Ser.
498, 121 (2015).

[59] S. Padamata et al. (to be published).

[60] S. A. Usman et al., Classical Quantum Gravity 33, 215004
(2016).

[61] A.H. Nitz, T. Dal Canton, D. Davis, and S. Reyes, Phys.
Rev. D 98, 024050 (2018).

[62] T. Dal Canton, A. H. Nitz, B. Gadre, G. S. Cabourn Davies,
V. Villa-Ortega, T. Dent, I. Harry, and L. Xiao, Astrophys. J.
923, 254 (2021).

[63] T. Adams, D. Buskulic, V. Germain, G. M. Guidi, F. Marion,
M. Montani, B. Mours, F. Piergiovanni, and G. Wang,
Classical Quantum Gravity 33, 175012 (2016).

[64] C. Messick et al., Phys. Rev. D 95, 042001 (2017).

[65] S. Sachdev et al., arXiv:1901.08580.

[66] C. Hanna et al., Phys. Rev. D 101, 022003 (2020).

[67] T. Venumadhav, B. Zackay, J. Roulet, L. Dai, and M.
Zaldarriaga, Phys. Rev. D 101, 083030 (2020).

[68] T. Venumadhav, B. Zackay, J. Roulet, L. Dai, and M.
Zaldarriaga, Phys. Rev. D 100, 023011 (2019).

[69] S. Olsen, T. Venumadhav, J. Mushkin, J. Roulet, B.
Zackay, and M. Zaldarriaga, Phys. Rev. D 106, 043009
(2022).

[70] Q. Chu et al., Phys. Rev. D 105, 024023 (2022).

[71] B.P. Abbott et al. (KAGRA, LIGO Scientific, Virgo, and
VIRGO Collaborations), Living Rev. Relativity 21, 3
(2018).

[72] N. Stergioulas, Living Rev. Relativity 6, 3 (2003).

[73] T. A. Apostolatos, Phys. Rev. D 52, 605 (1995).

[74] D. A. Brown, I. Harry, A. Lundgren, and A. H. Nitz, Phys.
Rev. D 86, 084017 (2012).

[75] D. A. Brown, P. Kumar, and A. H. Nitz, Phys. Rev. D 87,
082004 (2013).

[76] E. A. Huerta and D. A. Brown, Phys. Rev. D 87, 127501
(2013).

[77] B.J. Owen and B.S. Sathyaprakash, Phys. Rev. D 60,
022002 (1999).

[78] T. Cokelaer, Phys. Rev. D 76, 102004 (2007).

[79] S. Babak, R. Balasubramanian, D. Churches, T. Cokelaer,
and B.S. Sathyaprakash, Classical Quantum Gravity 23,
5477 (2006).

[80] R. Biswas, P. R. Brady, J. D. E. Creighton, and S. Fairhurst,
Classical Quantum Gravity 26, 175009 (2009); 30, 079502
(E) (2013).

[81] I. Harry and A. Lundgren, Phys. Rev. D 104, 043008
(2021).

[82] https://github.com/sugwg/sub-solar-ns-detectability.

103012-11


https://doi.org/10.1103/PhysRevD.63.064029
https://doi.org/10.1103/PhysRevD.65.124009
https://doi.org/10.1051/0004-6361/201219735
https://doi.org/10.1051/0004-6361/201219735
https://doi.org/10.1093/mnrasl/slt137
https://doi.org/10.1093/mnrasl/slt137
https://doi.org/10.1088/0264-9381/33/21/215004
https://doi.org/10.1088/0264-9381/33/21/215004
https://doi.org/10.1103/PhysRevD.98.024050
https://doi.org/10.1103/PhysRevD.98.024050
https://doi.org/10.3847/1538-4357/ac2f9a
https://doi.org/10.3847/1538-4357/ac2f9a
https://doi.org/10.1088/0264-9381/33/17/175012
https://doi.org/10.1103/PhysRevD.95.042001
https://arXiv.org/abs/1901.08580
https://doi.org/10.1103/PhysRevD.101.022003
https://doi.org/10.1103/PhysRevD.101.083030
https://doi.org/10.1103/PhysRevD.100.023011
https://doi.org/10.1103/PhysRevD.106.043009
https://doi.org/10.1103/PhysRevD.106.043009
https://doi.org/10.1103/PhysRevD.105.024023
https://doi.org/10.1007/s41114-018-0012-9
https://doi.org/10.1007/s41114-018-0012-9
https://doi.org/10.12942/lrr-2003-3
https://doi.org/10.1103/PhysRevD.52.605
https://doi.org/10.1103/PhysRevD.86.084017
https://doi.org/10.1103/PhysRevD.86.084017
https://doi.org/10.1103/PhysRevD.87.082004
https://doi.org/10.1103/PhysRevD.87.082004
https://doi.org/10.1103/PhysRevD.87.127501
https://doi.org/10.1103/PhysRevD.87.127501
https://doi.org/10.1103/PhysRevD.60.022002
https://doi.org/10.1103/PhysRevD.60.022002
https://doi.org/10.1103/PhysRevD.76.102004
https://doi.org/10.1088/0264-9381/23/18/002
https://doi.org/10.1088/0264-9381/23/18/002
https://doi.org/10.1088/0264-9381/26/17/175009
https://doi.org/10.1088/0264-9381/30/7/079502
https://doi.org/10.1088/0264-9381/30/7/079502
https://doi.org/10.1103/PhysRevD.104.043008
https://doi.org/10.1103/PhysRevD.104.043008
https://github.com/sugwg/sub-solar-ns-detectability
https://github.com/sugwg/sub-solar-ns-detectability

