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We study the ability of tidal signatures within the inspiral of compact binaries observed through
gravitational waves (GWs) to distinguish between neutron stars (NSs) and black holes (BHs). After
quantifying how hard this measurement is on a single-event basis, we investigate the ability of a large
catalog of GW detections to constrain the fraction of NS in the population as a function of mass: fNSðmÞ.
Using simulated catalogs with realistic measurement uncertainty, we find that >Oð200Þ events will be
needed before we can precisely measure fNS, and catalogs of>Oð100Þ events will be needed before we can
even rule out the possibility that all low-mass objects are BHs with GW data alone (i.e., without
electromagnetic counterparts). Therefore, this is unlikely to occur with advanced detectors, even at design
sensitivity. Nevertheless, it could be feasible with next-generation facilities like Cosmic Explorer and
Einstein Telescope.

DOI: 10.1103/s8wh-xgvl

I. INTRODUCTION

Tidal signatures are difficult to detect in gravitational
waves (GWs) from individual compact binary coalescences
(CBCs). This poses a significant challenge if one is to
understand the true nature of a specific event in terms of its
matter content; that is, whether the binary contained a
neutron star (NS) or only contained black holes (BHs).
Typically, the leading-order tidal signatures, often taken to
be a smoking-gun signature of matter,1 become increas-
ingly difficult to measure when the component masses are
large because larger masses lead to more compact stars and
correspondingly smaller tidal responses. This makes direct
measurements of the maximum mass of nonspinning NSs
(MTOV) through tidal effects during GW inspirals imprac-
tical for individual events, since the difference between the

tidal response of NSs at MTOV and the BH limit of zero
can be more than an order of magnitude smaller than the
measurement uncertainty [3].
However, this does not mean that we cannot extract

information from a catalog of noisy tidal observations. We
use hierarchical Bayesian inference to combine many noisy
observations of tidal signatures within a catalog of CBCs
observed through GWs. In our analysis, we make the
simplifying assumptions that the overall mass distribution
(comprising both NSs and BHs) and the equation of state
(EoS) are known. We then measure the fraction of the
compact object population that is made up of NSs as a
function of mass and determine how well this can be
measured at different mass scales. In reality, both the EoS
and the shape of the overall population will not be perfectly
known, and therefore our estimates are likely optimistic as
they do not account for this additional uncertainty.
Current GW catalogs [4–8] suggest that there is a sharp

decrease in the number of compact objects within merging
binaries above ∼2 − 3M⊙ [9–11].2 Intriguingly, this is
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1There is interest in other signatures, but these are often harder
to detect. See, for example, Abbott et al. [1] and Abbott et al. [2].

2The details of the inferred mass and spin distributions
have changed somewhat with the addition of new events in
GWTC-4.0 [12]. However, the general trends observed previ-
ously are still present.
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consistent with current estimates of MTOV and begs the
question of whether the dropoff occurs exactly at MTOV or
whether there are other factors governing the formation of
such binaries that produce this effect. Additionally, it is
commonly assumed that all objects with masses≤MTOV are
NSs, even without any clear tidal signature or electromag-
netic counterpart. We take a first step towards relaxing
these assumptions and show how large GW catalogs must
be before we can test these assumptions.3

We consider simulated CBC signals with single-event
measurement uncertainties consistent with expectations for
the current ground-based GW interferometers: advanced
LIGO [14] and Virgo [15]. We do not consider KAGRA
[16] or proposed next-generation detectors (Cosmic
Explorer [17] and Einstein Telescope [18]), although we
expect our conclusions to be similar for all detector
networks. This is because catalogs of low-mass events
will be flux-limited, even with next-generation detectors
[19], and the tidal information for individual events will be
similar between current and next-generation detectors (at a
fixed signal-to-noise ratio). As such, we expect similar
constraints as a function of the number of detections.
Briefly, we confirm that it is more difficult to distinguish

between NSs and BHs using adiabatic tidal measurements
at high masses than at low masses [20,21]. We also find that
precise constraints on the fraction of objects (with a
particular mass) that are NSs will likely require catalogs
of >Oð200Þ events, even for low masses. Nevertheless, we
may still be able to answer some astrophysically relevant
questions with as few as Oð100Þ detections.
This work is structured as follows. Section II discusses

the basics of adiabatic tidal signatures within GW wave-
forms. In Sec. III, we employ Fisher matrix estimates to
understand how the constraints on tides depend on the
component masses. This provides a qualitative understand-
ing of how the population inference will be affected by
different types of sources. In Sec. IV, we implement a full
hierarchical inference with mock data and a mixture model
to account for the two different species of compact objects
(BHs and NSs). We conclude in Sec. V.

II. TIDAL SIGNATURES IN CBCS

The leading-order tidal signature within CBC waveforms
enters the phase at fifth post-Newtonian (PN) order as a
linear combination of the tidal deformabilities of the
binary’s components weighted by their masses,

Λ̃¼
�
16

13

�ðm1þ12m2Þm4
1Λ1þðm2þ12m1Þm4

2Λ2

ðm1þm2Þ5
; ð1Þ

where m1;2 are the masses of the binary’s components
and Λ1;2 are their dimensionless tidal deformabilities,
defined as

Λ ¼ 2

3
k2

�
R
m

�
5

; ð2Þ

where k2 is the gravitational Love number (which depends
on the EoS), R is the NS radius, and m is the mass. While
the precise functional form of ΛðmÞ can vary, the general
trend is that a larger mass leads to higher compactness and a
significantly decreased tidal response. See Fig. 1 for an
example.
We expectΛ ¼ 0 for nonspinningBHs (seeRefs. [24–26]),

but a consensus has not yet been reached for spinning
BHs. Spinning BHs could either have Λ ¼ 0 [27,28] or
Λ ∼Oð10−3Þ [29,30] depending on the approach used to
obtain the tidal Love number (see Refs. [31,32]). However,
NSs should have Λ≳Oð10Þ [29]. Because the maximum
possible Λ for spinning BHs is orders of magnitude smaller
thanΛ for NSs, wemodel all BHs withΛ ¼ 0 for simplicity.
In Sec. III, we discuss estimates for tidal constraints on a

single-event basis and point out that our ability to clearly
identify the system components is limited to very loud
systems with low masses. This also implies that the
likelihood of observing many events with clearly identified
components is low. Section IV then approaches this
problem at the population level and studies whether a
large number of events with poorly constrained tidal
properties can still be used to learn about the general
composition of the population.

III. PROSPECTS FOR TIDAL MEASUREMENTS
WITH INDIVIDUAL EVENTS

We estimate the measurement uncertainty on Λ̃ for an
individual event with the Fisher information matrix [33].

FIG. 1. Tidal deformability (Λ) as a function of the gravitational
mass (m). We show the (black) maximum-likelihood EoS from
Essick et al. [22,23] and a (red) simple power-law with Λ ∝ m−5.

3Other authors have also looked at the distinguishability
between binary NS systems and NS-BH systems using tidal
information. See, for example, Chen and Chatziioannou [13].
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In general, this only provides a lower-bound on the
measurement uncertainty, but nevertheless allows us
to investigate trends with, e.g., component masses
and spins.
The Fisher information matrix is defined as an integral

over all possible data (d) given some true signal para-
metrized by θμ,

Γμν ¼ −
Z

ddpðdjθtrueÞ∂μ∂ν lnpðdjθÞ; ð3Þ

where ∂μ ¼ ∂=∂θμ. In the high signal-to-noise ratio (SNR)
limit, a systematic expansion of the likelihood produces a
multivariate normal distribution for θμ at leading order with
precision matrix Γμν (see, e.g., Vallisneri [33]). We there-
fore approximate the likelihood as a Gaussian centered on
the maximum-likelihood estimate (θμMLE),

lnpðdjθÞ ∼ −
1

2
ðθ − θMLEÞμΓμνðθ − θMLEÞν; ð4Þ

and approximate the posterior distribution by assuming a
Gaussian prior also centered on θμMLE with covariance Pμν

so that the posterior distribution has covariance,

Cμν ¼ ðΓþ P−1Þ−1μν : ð5Þ

In the limit P → ∞, we obtain the result assuming a flat
prior on θμ. Otherwise, the prior can impose limits that
roughly approximate physical boundaries.
If the data are a sum of a signal hðθμÞ and zero-mean,

stationary, Gaussian noise described by a one-sided Power
Spectral Density (PSD) SðfÞ, then the Fisher information
matrix elements simplify to

Γμν ¼ 4

Z
df

Rf∂μh̃�∂νh̃g
S

; ð6Þ

where ð·Þ� denotes complex conjugation, Rf·g denotes the
real part of a complex number, and h̃ðfÞ ¼ AðfÞeiψðfÞ (with
A;ψ ∈R) is the Fourier transform of the signal h. If we
further assume that θμ only affects the signal’s Fourier
phase, so that

∂μh̃ ¼ ih̃∂μψ ; ð7Þ

then we obtain

Γμν ¼ 4

Z
df

�
A2

S

�
∂μψ ∂νψ

¼ ρ2opt

�R
dfðA2=SÞ∂μψ∂νψR

dfA2=S

�
; ð8Þ

after remembering that the optimal SNR (ρopt) is defined as

ρ2opt ¼ 4

Z
df

jh̃j2
S

¼ 4

Z
df

A2

S
: ð9Þ

Note that Γ ∝ ρ2opt, and therefore louder signals (higher
ρopt) will naturally produce more precise measurements.
We adopt a PN waveform model based on Poisson and

Will [34] and include tidal corrections to the phase ψðfÞ
taken from Eq. (12) in Flanagan and Hinderer [35]. The full
expressions depend on a reference time and phase, the chirp
mass (M ¼ ðm1m2Þ3=5=ðm1 þm2Þ1=5), the symmetric
mass ratio (η ¼ m1m2=ðm1 þm2Þ2), two spin parameters
(β and σ), and Λ̃. We adopt a diagonal prior covariance
matrix with finite marginal variances only for the mass ratio
and spin parameters (ση ¼ 0.25, σβ ¼ 8.5, and
σσ ¼ 5.0) [33,34]. We also adopt the PLANCK18 cosmology
to relate detector- and source-frame parameters, although
this difference is negligible for low-mass systems with
current detectors [19,36]. Finally, we use the power-law
approximation to the maximum likelihood EoS from Essick
et al. [23,37] shown in Fig. 1.
Equipped with the Fisher information estimate of the

marginal uncertainty in Λ̃, we examine the dependence on
mass in more detail. Figure 2 shows the ρopt needed to reach
σΛ̃ ¼ Λ̃ and the ratio Λ̃=σΛ̃ at the approximate detection
threshold (ρopt ¼ 10; see also Essick [38]). In both cases,
only low-mass binaries have a reasonable chance of
producing precise constraints on Λ̃ for realistic ρopt. For
high-mass NS and for NS-BH binaries, the ratio of Λ̃=σΛ̃
can be extremely small unless ρopt is extremely large, which
will be exceedingly rare (fewer than 1 in 103 detected
events are expected to have ρopt > 100). For high-mass NS
binaries, this is because both components’ tidal deform-
abilities become small nearMTOV. For NS-BH binaries, this
is because Λ̃ effectively scales as Λ̃ ∼ η4Λ2, and small η can
completely overwhelm even very large Λ2 for small-mass
secondaries.
These estimates provide further quantitative evidence

that it may be nearly impossible to distinguish between a
NS and a BH nearMTOV from adiabatic tidal measurements
within CBC inspirals. They also show that it will be easier
to precisely measure Λ̃ for low-mass binaries, and we may
even be guaranteed to make a relatively precise measure-
ment (Λ̃=σΛ̃ ≳ 10) for detected binaries with m1;2 ≤ M⊙
[20,21]. Both effects suggest that it may be easier to
measure the fraction of NSs in a population at lower
masses than at higher masses, which we now confirm with
a full hierarchical inference.

IV. HIERARCHICAL ANALYSIS

We now study whether imprecise measurements of the
adiabatic tides can nevertheless be used to identify sub-
populations. We use catalogs of simulated CBCs and
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conduct hierarchical inference with a suitable popula-
tion model.
Given a model for the compact object population,

described by hyperparameters λ which in turn describe
the distribution over single-event parameters θ, we model
the astrophysical population as an inhomogeneous Poisson
process with differential rate-density,

dN
dθ

¼ RpðθjλÞ; ð10Þ

where R is an overall rate and pðθjλÞ is the model for the
population. The joint probability density of detecting Ndet
events with data and parameters fdi; θig is then

pðfdi; θigNdet
i¼1 ; λ;RjNdetÞ

¼ pðλ;RÞRNdete−RPðDjλÞ YNdet

i

pðdijθiÞpðθijλÞ; ð11Þ

where D denotes detection, and only detected events
appear in the product in Eq. (11). The selection effects
are accounted for in the population-dependent selection
function,

PðDjλÞ ¼
Z

dθPðDjθÞpðθjλÞ; ð12Þ

where PðDjθÞ is the time-averaged probability that an
individual event described by θ would be detected. See,

e.g., Essick and Fishbach [39] and Essick et al. [36] for
more discussion.
Conditioning on the observed data and marginalizing

over both the rate [with pðRÞ ∝ 1=R] and the single-event
parameters (fθig) yields a posterior for just population level
parameters,

pðλjfdigÞ ∝ pðλÞ
YNdet

i

R
dθpðdijθÞpðθjλÞ

PðDjλÞ : ð13Þ

For the inference to proceed, we have to specify a
population model [Eq. (10)]. We focus on the mass, spin,
and tidal parameters. Our central assumptions are that the
overall compact object distribution is well-known and that
it is a mixture of BHs and NSs,

dN
dmds

¼ Rpðm; sjλÞ ¼ R
X
O

pðm; sjO; λÞPðOjλÞ; ð14Þ

whereO denotes the object type (either BH or NS). To fully
specify the population, we relate the object-dependent
distributions pðm; sjO; λÞ to the assumed total distribution,
pðm; sjλÞ (or, equivalently, dNO=dmds to dN =dmds).
A particularly useful quantity to parametrize the mixture is
the ratio of the object-dependent rate-density to the total
rate-density,

fOðm; sjλÞ ¼ dNO=dmds
dN =dmds

¼ pðOjm; s; λÞ; ð15Þ

FIG. 2. Measurement uncertainty for Λ̃ for individual events. (top) ρopt required to achieve Λ̃ ¼ σΛ̃ as a function of source-frame
masses for our reference EoS (Fig. 1). (bottom) Relative uncertainty (Λ̃=σΛ̃) at ρopt ¼ 10. The boundary between NSs and BHs (MTOV)
is denoted by black lines.
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which corresponds to the fraction of objects at a certain
mass (and spin and tidal deformability) that belong to a
specific subpopulation, which we call the (object) mass
fraction. We study fNSðm; sjλÞ and obtain fBHðm; sjλÞ ¼
1 − fNSðm; sjλÞ.
While we take the shape of pðm; sjOÞ as given, we infer

the shape of fNSðm; sÞ from the data. As a result of this
choice the selection function in Eq. (12) becomes inde-
pendent of our parametrization for fNSðmÞ, and we can thus
treat it as a global normalization for our population
posterior. To understand the behavior at a basic level,
we further assume fNS only depends on m and follows a
simple piece-wise constant model. See the left panel
in Fig. 3.
Additionally, since we assume a fixed (and known) EoS,

we can compute the maximum possible mass of a
nonrotating NS (MTOV) and the maximum allowed
mass for spinning NS (Mmax

NS ). See, e.g., Breu and
Rezzolla [40] and Most et al. [41]. This fixes the mass
fractions in the highest bins in the analysis to fNS ¼ 0
whenever m > Mmax

NS ðsÞ.
We adopt the parametrized model for the one-dimen-

sional mass distribution from Farah et al. [11] and Farah
et al. [42,43] (Fig. 3). Within the relevant mass range, the
distribution is a broken power-law with a notch filter that
represents a mass gap. We convert the one-dimensional
mass distribution into a two-dimensional distribution over
both component masses with a pairing function [43,44]. As
has become commonplace, we assume the pairing function
is a simple power law in the asymmetric mass ratio
(q ¼ m2=m1) with a preference for equal-mass binaries.

Figure 3 provides an example of the two-dimensional
distributions for each of the different subpopulations.4

We also include a dependence on the spin, as the
maximum mass can extend beyond MTOV for rapidly
rotating NSs. We model this effect following Breu and
Rezzolla [40] and Most et al. [41],

Mmax
NS ðχjχms;MTOVÞ

¼ MTOV

�
1þ A2

�
χ

χms

�
2

þ A4

�
χ

χms

�
4
�
; ð16Þ

with A2 ¼ 0.132 and A4 ¼ 0.0071. We assume the
Keplerian mass-shedding limit is χms ¼ 0.7 [41], which
is slightly above the bounds inferred from GW170817 in
Essick et al. [45], and that the spin magnitudes are
uniformly distributed within the allowed range for each
mass. This implies that the population prior is

pðχjm;O ¼ NS; λÞ ∝ Hðχmin ≤ jχj ≤ χmsÞ ð17Þ

χminðmÞ≡
8<
:
0 m≤MTOV

χms

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4A4

m
MTOV

þA2
2
−4A4

p
−A2

2A4

r
m>MTOV

: ð18Þ

For simplicity, we model the tidal deformability
as ΛðmÞ ¼ Λ0ðm=m0Þ−αHðm ≤ MTOVÞ with Λ0 ¼ 419.7,

FIG. 3. Mass distribution assumed in our analysis. We show a schematic of the 2-bin model for fNSðmÞ, and the 1-bin model is a
special case where both bins have the same fNS. (left) The compact object rate density for (black) the overall distribution, (blue) NSs,
and (red) BHs. (right) The rate density for the four different binary sub-populations in the joint source-frame component mass plane;
gray dashed lines denote the boundaries between subpopulations (Mmax

NS ).

4Note that the BHNS and NSBH subpopulations are distinct,
since we employ mass ordering such that there are unique
primary and secondary objects in each binary.
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m0 ¼ 1.366M⊙, α ¼ 5, and MTOV ¼ 2M⊙, where Hð·Þ
represents the indicator function.5 See Fig. 1.
We assume standard, uninformative distributions for the

rest of the signal parameters, such as isotropic distributions
across the sky, isotropic inclinations between the orbital
angular momentum and the line-of-sight to the binary,
random orbital phase at coalescence and polarization angle,
and a uniform-in-volume distance distribution, which
corresponds to pðρoptÞ ∝ ρ−4opt. We account for the orienta-
tion and sky-position related parameters through the
collective parameter Θ introduced in Finn and Chernoff
[48]. Effective distributions for this parameter that lead to
realistic measurement uncertainties on the luminosity dis-
tance were found in Fishbach et al. [49] and Dominik
et al. [50]. We use the 3-parameter fit from Dominik

et al. [50] to the distribution defined in Finn and
Chernoff [48] for a one-detector configuration (n ¼ 1):

αð1Þ ¼ 1, að1Þ2 ¼ 0.374222, að1Þ4 ¼ 2.04216, and að1Þ8 ¼
−2.63948.6

Table I summarizes our choices for the population prior.
As part of the hierarchical inference procedure, we

mock up reference posterior samples for individual
events. To generate this “mock PE,” we follow the same
procedure as in Fishbach et al. [51] and Farah et al. [42].
We make use of a likelihood model that assumes inde-
pendent (truncated) Gaussian likelihoods for the post-
Newtonian detector frame parameters of the GW wave-
form, fMz; η; χeff ; χa; Λ̃; δΛ; ρ;Θg.7 Mock posterior and
likelihood distributions are obtained by first scattering the

TABLE I. Fixed population model for component masses, spins, tides, luminosity distance, and orientation.
Uniform distributions between X and Y are denoted by UðX; YÞ.
Parameter Description Object type Prior

m1;2 Source-frame component masses BH and NS

BROKEN POWER LAWþ DIP [11]

Broken power law
mbreak 2.28M⊙
α1 ¼ α2 −1

Notch filter

γlow 2.2
ηlow 100
γhigh 3
ηhigh 50
A 0.8

High-pass filter
mmin 1M⊙
ηmin 10

High-pass filter
mmax 4M⊙
ηmax 5.94

jχij Spin magnitude BH Uð0; 1Þ
NS UðχminðmiÞ; 0.7Þ, see Eq. (18)

cosðtiÞ Spin tilt BH and NS Uð−1; 1Þ

Λi Tidal deformability

BH Λi ¼ 0

NS Λi ¼ Λ0ðmi
m0
Þ−αHðmi ≤ MTOVÞ

Λ0 419.7
m0 1.366M⊙
α 5
MTOV 2M⊙

DL Luminosity distance BH and NS ∝dVc=dDL

Θ Orientation BH and NS Isotropic/random [50]

5The tidal deformability for (rapidly) rotating neutron
stars (RNS), which are required for matter partners with
m∈ ½MTOV;Mmax

NS �, will depend on the compactness of the RNS
solutions in this regime, which is expected to be significantly
increased in this regime, see, e.g., [40,46]. However, see [47] for an
examplewhere the compactness can also slightly decrease in going
from the maximum-mass stable TOV to the maximum-mass stable
RNS. Nevertheless, Fig. 2 indicates that tidal deformabilities for
highly compact stars already approachingMTOV are not expected to
be observable, and we thus assume them to be zero.

6Note that our definition of Θ corresponds to the definition of
w in Dominik et al. [50], which differs from the original
parameter, ΘFC, introduced in Finn and Chernoff [48], such that
Θ ¼ w ¼ ΘFC=4.

7This procedure may not perfectly capture the complexity of
full parameter estimation, as there likely are correlations between
some of these parameters. However, we expect the assumption of
independence to be a reasonable model. See, for example, Fig. 12
in Abbott et al. [52] for the weak correlations between η and Λ̃ for
GW170817.
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true detector-frame PN parameters of the event θtrue, which
are drawn from the population [θtrue ∼ pðθjλtrueÞ], accord-
ing to Gaussians centered on the true parameters,
i.e., θMLE ∼

Q
8
μ¼1N ðθμjθμMLE; σiÞ.8 These scattered param-

eters emulate the detector noise and are then used as
maximum likelihood values for the Gaussian likelihoods,

such that pðθjdÞ ≈ Q
8
μ¼1N ðθμjθμMLE; σiÞ. Mock-posterior

samples are then obtained through rejection sampling the
prior weighted by the likelihood. In practice, we use a
Gaussian likelihood in logMz for the chirp mass and, to
account for a change in spread of the likelihoods due to
SNR, we always sample the SNR first and then rescale the
remaining variances with the SNR, i.e., σi → σi=ρobs.
The choices fσMz

¼ 0.08;ση ¼ 0.022;σρ ¼ 1;σΘ ¼ 0.21g
are as in Fishbach et al. [51] and Farah et al. [42],
which were tuned to match the uncertainties of typical

FIG. 4. (left) Hyperposterior for fNS when it is assumed to be a constant throughout the entire NS mass range: (colors) hyperposterior
averaged over catalog realizations at different catalog sizes and (gray) hyperposteriors for individual catalog realizations for Ndet ¼ 190.
(right) Size of the 68% HPD credible region vs catalog size: (gray) individual catalog realizations and (black) 68% HPD CR for the
hyperposterior averaged over catalog realizations. (colored) Vertical lines denote the catalog sizes highlighted in the left panels.

8θν denotes the νth component of the single-event parameter
set θ and N ðxjμ; σÞ denotes a Gaussian distribution in x with
mean μ and standard deviation σ.
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LVK-O3 events. For the remaining uncertainties, we
conduct a similar calibration study based on the events
GW170817, GW190425, GW190426, GW190814,
GW200105, GW200115 [53–56], which have component
masses consistent with our population model (see Table I).
We obtain fσχeff ¼ σχa ¼ 0.5; σΛ̃ ¼ σδΛ ¼ 104g.

A. Results

We study three different true values of fNS with two
bins within the allowed mass range for NSs. In
principle, the edges of the mass bins that define our
piecewise constant fNS should be inferred at the same
time as the amplitudes. However, for simplicity, we fix
the upper edge of the upper bin to the maximum
possible mass of a NS including the effects of spin
(MNS

max ¼ 2.28M⊙). We also assume there are no subsolar
mass objects9 and fix the lower edge of the lower bin to
1M⊙. Finally, we place the edge separating these bins at
1.7M⊙ to approximately separate low-mass systems, for

which individual tidal constraints may be informative,
from high-mass systems, for which individual tidal
measurements are unlikely to be informative. We also
consider BHs up to 4M⊙. At higher masses, the mass
ratio of the binary would lead to a significant suppres-
sion of the tidal effects, as discussed in Sec. III.
We generate the three populations, each of which has a

constant ftrueNS within the entire allowed mass range for NS.
In order to test different astrophysically interesting scenar-
ios, we consider

(i) no NSs (ftrueNS ¼ 0),
(ii) an equal mixture (ftrueNS ¼ 1=2), and
(iii) only NSs (ftrueNS ¼ 1).

For each model, we generate 5700 detected events
(ρopt ≥ 10)10 from which we then generate 30 catalogs

FIG. 5. Hyperposteriors and credible region sizes for the two-dimensional inferencewith ftrueNS ¼ 1. Colorsmatch Fig. 4, and the upper-left
and lower-right panels show themarginalized one-dimensional posteriors forfNS in the upper (f

high
NS ) and lower (flowNS )mass bins, respectively.

9Although searches for such objects are ongoing [57].

10In many cases, selecting events based on their optimal SNR
rather than the observed SNR can lead to biases. See, for
example, discussion in Essick and Fishbach [39]. However,
because we assume a fixed overall mass, spin, and distance
distribution, and because fNS does not affect PðDjλÞ, the impact
of mismodeling the selection effects in this way is negligible.
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of 190 events each by randomly drawing events without
replacement.
For all of the injected catalogs, we consider two different

models and compute hyperposteriors for fNS. Specifically,
we consider a one-dimensional model where fNS is a
constant throughout the entire NS mass range (consistent
with the injected population) as well as a two-dimensional
model in which fNS is piecewise constant within the
separate mass bins in the NS mass range. For each catalog
realization, we study the convergence of the hyperposterior
with the size of the catalog, and we quantify the precision
with the 68% highest-posterior-density (HPD) credible
region (CR). Figures 4 and 5 also show the hyperposterior
averaged over the different catalog realizations.
In general, and as expected, we find that larger catalogs

lead to more precise hyperposteriors. Generally, we require
Oð10Þ events before the hyperposterior no longer appears
uniform. However, even with large catalogs, we are often
unable to precisely constrain fNS. Table II lists the posterior
credible regions for both the one- and two-dimensional
models for a few catalog sizes.
For the one-dimensional model, we observe slightly

tighter constraints when ftrueNS ¼ 1 than in the other cases
(Table II and Fig. 4). Injected catalogs of mixed populations
(ftrueNS ¼ 1=2) yield the broadest hyperposteriors, although
they are similar in size to what is obtained from catalogs
with ftrueNS ¼ 0. For the considered sample size of 30
catalogs for each scenario, the observed differences in
the averaged credible regions still lie within the expected
statistical uncertainty.
For the two-dimensional inference, we only study the

injection campaigns with ftrueNS ¼ 1 in detail, although
Table II lists the posterior CRs for all ftrueNS . Figure 5 shows

the 68% HPD CRs for the joint hyperposterior over fNS in
both bins (flowNS and fhighNS ). The two-dimensional posterior
confirms our intuition from the Fisher analysis in that less
precise tidal information for heavier (more compact) NSs
yields a broader posterior for the upper mass bin. In fact,
the hyperposterior obtained with 190 events still has
significant support for all values of fhighNS . In contrast,
flowNS is constrained at a similar level as for the one-
dimensional inference. This shows that most of the infor-
mation in the one-dimensional constraint comes from low-
mass binaries and is only extrapolated to the high-mass
systems by the prior assumption that fNS is constant within
that model.

B. Astrophysical questions

The outlook for precisely constraining fNS with tidal
effects during the inspiral of CBCs is generally grim.
Nevertheless, we can still hope to answer astrophysically
relevant questions even if the exact behavior of fNS is not
precisely measured. In particular, we can try to determine
whether BHs and NSs exist at the same mass by trying to
rule out fNS ¼ 0 or 1 for at least one mass.
We therefore consider the average number of events that

it takes for the Bayes factors,11

Ba
b ¼

�
pðfNS ¼ ajfdigÞ
pðfNS ¼ bjfdigÞ

��
pðfNS ¼ bÞ
pðfNS ¼ aÞ

�
ð19Þ

and

TABLE II. 68% HPD posterior CRs (centered on the mean) for the one- and two-dimensional models for fNS
based on the hyperposteriors averaged over catalog realizations. We consider several catalog sizes and different
values of ftrueNS (constant throughout the entire NS mass range). Some CRs are very asymmetric because the
associated distributions have long tails and often peak at the edges of the physically allowable range.

ftrueNS Parameter

Catalog size

10 40 100 160 190

0

1-bin flowNS ¼ fhighNS 0.49þ0.18
−0.49 0.46þ0.17

−0.46 0.38þ0.12
−0.38 0.33þ0.09

−0.33 0.30þ0.08
−0.30

2-bin
flowNS 0.49þ0.18

−0.49 0.47þ0.17
−0.47 0.42þ0.14

−0.42 0.35þ0.10
−0.35 0.33þ0.09

−0.33

fhighNS 0.50þ0.46
−0.22 0.49þ0.18

−0.49 0.49þ0.18
−0.48 0.48þ0.17

−0.48 0.48þ0.18
−0.48

1=2 1-bin flowNS ¼ fhighNS 0.50þ0.49
−0.18 0.54þ0.46

−0.16 0.53þ0.45
−0.18 0.52þ0.37

−0.25 0.52þ0.35
−0.27

2-bin
flowNS 0.50þ0.44

−0.24 0.49þ0.18
−0.49 0.48þ0.17

−0.48 0.47þ0.16
−0.47 0.47þ0.19

−0.42

fhighNS 0.51þ0.48
−0.20 0.50þ0.50

−0.18 0.51þ0.49
−0.18 0.51þ0.48

−0.19 0.50þ0.49
−0.19

1 1-bin flowNS ¼ fhighNS 0.54þ0.46
−0.17 0.60þ0.40

−0.13 0.69þ0.31
−0.08 0.75þ0.25

−0.05 0.77þ0.23
−0.05

2-bin flowNS 0.53þ0.47
−0.17 0.57þ0.43

−0.15 0.63þ0.37
−0.12 0.68þ0.32

−0.08 0.72þ0.28
−0.07

fhighNS 0.50þ0.47
−0.21 0.51þ0.49

−0.18 0.52þ0.48
−0.17 0.54þ0.46

−0.17 0.54þ0.46
−0.17

11We compute Bayes factors through Savage-Dickey density
ratios [58].
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Ba
any ¼

pðfNS ¼ ajfdigÞ
pðfNS ¼ aÞ ; ð20Þ

to either drop below a value of 0.1 or grow larger than 10.
That is, how many events are needed before we can
confidently favor a particular value of fNS over another
(or compared to an agnostic prior) at 90% credibility.
Figure 6 shows log10 B for different catalog realizations

in gray and the mean over catalog realizations in black. In
general, we find that even these simpler criteria are difficult
to achieve with catalogs of fewer than 100 events. However,
when ftrueNS ¼ 1, we find B0

1 < 0.1 on average for catalogs of
Ndet ∼Oð75Þ events, meaning we would rule out a pop-
ulation of only BHs with confidence with GW data alone.
That being said, the observation of even a single electro-
magnetic (EM) counterpart may settle the issue much

faster [59,60], although EM counterparts have proven to
be difficult to find within the large localizations from GW
events.

V. DISCUSSION AND OUTLOOK

We investigate the ability of adiabatic tidal signatures
from the inspiral of CBCs detected through GWs to
determine whether a NS is present within the system. In
agreement with the literature, we find that this is generally a
difficult measurement to make for typical SNRs and binary
masses. Interestingly, though, we find that we are almost
guaranteed to make a confident detection of tidal signatures
for subsolar mass binaries even at low SNRs near the
detection threshold (see also Refs. [20,21]).
We then address the question of whether we can learn

about the fraction of NSs at a particular mass scale from an

FIG. 6. (gray) Bayes factors (B) as a function of catalog size for the individual catalog realizations. (black The mean of log10 B over
the different realizations. Rows denote (top to bottom) ftrueNS ¼ 0, 1=2, and 1. Columns denote (left to right) log10 B0

any,
log10 B1

any, and log10 B0
1.
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entire catalog of CBC detections. By simulating large
catalogs of CBCs and combining them within a hierarchical
framework, we find that it will generally be difficult to
constrain fNS precisely even with catalogs of Oð200Þ
events. As expected, the best constraints are obtained at
low masses, and the high-mass fraction (nearMTOV) is only
very weakly informed even by the largest catalogs
considered.
More optimistically, we find that astrophysically inter-

esting conclusions may still be drawn from more modest
catalogs. In particular, we can expect to confidently rule out
populations of only BHs at NS masses with fewer than
Oð100Þ events.
These large catalog sizes are likely driven by a few

effects. First, tidal measurements are only likely to be
informative for low masses, but GW selection effects favor
heavier systems [36]. As such, high-mass BNS and NS-BH
detections (which are more likely) will increase the catalog
size but provide very little information about fNS. We
typically find that 74.3% of our detected catalogs have
m2 ≤ m1 ≤ 1.7M⊙ (Λ̃=σΛ̃ ≥ 0.32 at ρopt ¼ 10) and only
15.9% have m2 ≤m1 ≤ 1.3M⊙ (Λ̃=σΛ̃ ≥ 1.49 at ρopt ¼ 10).
Given the relatively low rate of observed BNS with low

masses, it is therefore unlikely that we will reach sufficient
catalog sizes to determine fNS precisely, or even to answer
the simpler question of whether NSs and BHs exist at the
same masses, based on GW observations with advanced
detectors. However, next-generation ground-based GW
interferometers like Cosmic Explorer and Einstein
Telescope are expected to extend the detection horizon
for such systems by a factor of ≳10 [19]. This could
increase the detection rate by as much as a factor of ≳103.
As such, catalogs of >Oð103Þ BNS are not implausible for

next-generation detectors, leaving open the possibility of
measuring fNS directly with GWs.
Our population study assumed a fixed mass-dependence

of the NS tidal deformability, which corresponds to the
assumption of perfect knowledge of the equation of state.
We would generally expect that including uncertainty in
our knowledge of the EOS leads to worse constraints for
fNS. However, the general trends that we identified in this
work should still apply.
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