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Prospects for distinguishing dynamical tides in inspiralling binary neutron
stars with third generation gravitational-wave detectors
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School of Physics and Astronomy and Institute for Gravitational Wave Astronomy,
University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom

® (Received 15 March 2022; accepted 23 May 2022; published 28 June 2022)

Tidal effects in gravitational-wave (GW) observations from binary neutron star mergers have the
potential to probe ultradense matter and shed light on the unknown nuclear equation of state of neutron
stars. Tidal effects in inspiralling neutron star binaries become relevant at GW frequencies of a few hundred
Hz and require detectors with exquisite high-frequency sensitivity. Third generation GW detectors such as
the Einstein Telescope or Cosmic Explorer will be particularly sensitive in this high-frequency regime,
allowing us to probe neutron star tides beyond the adiabatic approximation. Here we assess whether
dynamical tides can be measured from a neutron star inspiral. We find that the measurability of dynamical
tides depends strongly on the neutron star mass and equation of state. For a semirealistic population of
10,000 inspiralling binary neutron stars, we conservatively estimate that on average O(50) binaries will
have measurable dynamical tides. As dynamical tides are characterized not only by the star’s tidal
deformability but also by its fundamental (f-) mode frequency, they present a possibility of probing higher-
order tidal effects and test consistency with quasiuniversal relations. For a GW170817-like signal in a third
generation detector network, we find that the stars’ f-mode frequencies can be measured to within a few

hundred Hz.

DOI: 10.1103/PhysRevD.105.123032

I. INTRODUCTION

The detection of gravitational waves (GWs) from binary
neutron star (BNS) mergers [1,2] has opened up a new
avenue to study the microscopic physics of neutron stars
from their macroscopic properties. This inference is
enabled by the imprint of tidal effects on the GW signal,
which allows for the extraction of information about the as-
of-yet unknown nuclear equation of state (EOS) of neutron
stars [3,4]. The discovery of the BNS inspiral GW170817
allowed us to place the first constraints on the nuclear EOS
of neutron stars favoring a soft to medium-soft EOS with a
median pressure at twice the nuclear saturation density of
3.5 x 10* dyncm™ [5]. In addition, complimentary con-
straints on the neutron star EOS have been obtained from
the NICER observation of PSR J0740 + 6620 [6,7], and the
neutron skin thickness of the lead isotope *Pb(R2% ) as
measured by the PREX-2 experiment [8].

Improvements in the sensitivity of the currently operating
network of ground-based GW detectors Advanced LIGO
[9], Virgo [10] and KAGRA [11] will allow for observation
of many more BNS signals [12] in the coming years.
However, the third generation (3G) of GW detectors is
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particularly promising not only for the detection of all BNS
out to aredshift of z = 3 [13,14] but especially for precision
measurements of the EOS from GW observations [15].

The measurement of the neutron star EOS from BNS
observations is made possible by the characteristic imprint
left in the GW signal due to interaction of the star with its
companion’s gravitational field [3,16-20], which leads to
the excitation of various fluid oscillation modes. Here, we
consider only the GW signature of the fundamental oscil-
lation modes (f-modes) with n = 0 radial nodes. The #Z-th
multipolar oscillation mode is characterized by two param-
eters: The tidal deformability 1, and the angular mode
frequency w,. In the regime where @, is much smaller than
the orbital frequency of the binary motion, the dominant
tidal effects are adiabatic f-modes, which depend purely on
Ap and are known to 7.5 post-Newtonian (PN) order [20,21].
The observation of GW170817 allowed for the first meas-
urement of the tidal deformability [1,5,22]. In the late
inspiral at GW frequencies =800 Hz, finite-w, effects,
referred to as dynamical tides, become important, further
enhancing the GW emission. The first constraints on the
f-mode frequency of the companions of GW170817 were
presented in [23].

Assuming general relativity (GR) and a hadronic com-
position of the neutron star, the tidal deformability and
f-mode frequency can be related through quasiuniversal
relations (UR) [24]. By directly measuring both dynamical

© 2022 American Physical Society
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FIG. 1. Sensitivity curves for ET (blue) and CE (yellow) [30]

and the one for LIGO-Hanford at time of the observation of
GW170817 [31] during the second observing run (O2) for
comparison. The inspiral waveform for a GW170817-like binary
starting at 10 Hz is shown by the black dashed line. The regime
above ~800 Hz will be easily accessible for the 3G detectors.

and adiabatic tides, the assumptions behind these URs use
can be tested, most prominently as a platform to test general
relativity and exotic matter models. Furthermore, the
f-mode frequency is commonly contextualized as a prop-
erty of the postmerger if a neutron star is formed [25-27],
however, measuring it also during the inspiral would allow
for consistency tests between the inspiral and remnant
properties and to search for possible phase transitions
during the merger.

Current GW detectors are not sufficiently sensitive at
frequencies above ~800 Hz where dynamical tides become
more prominent, and hence the measurements of the
f-mode frequency is difficult. However, 3G detectors such
as the Finstein Telescope (ET) [28] and Cosmic Explorer
(CE) [14] will have a much improved sensitivity in the
high-frequency regime as illustrated in Fig. 1, and therefore
the complete BNS signal through merger will be detectable
for many of the anticipated 10* detections per year [29],
allowing us to also measure such higher-order tidal effects.

In this paper we investigate the prospect for distinguish-
ing dynamical tides in inspiralling BNS in 3G detectors. To
do this, we calculate the signal-to-noise ratios (SNRs)
required to distinguish between adiabatic and dynamical
tides, and apply this to a fiducial BNS population to
determine the proportion of events from which we can
expect to measure dynamical tides. Furthermore, we
perform full Bayesian inference on a GW170817-like
binary to study how well the f-mode frequency can be
measured.

The paper is organized as follows: In Sec. II we introduce
the methodology including the waveform model we employ
(Sec. IT A), the distinguishability criterion (Sec. II B), and
provide a short summary of Bayesian inference in Sec. II C.

In Sec. III we present our results, first the distinguishability
SNRs required to differentiate dynamical tides in Sec. IIT A
and then applied to realistic population of BNS Sec. III B; in
Sec. IIT C we perform full Bayesian inference a GW170817-
like event. Finally, we conclude in Sec. I'V. Throughout we
set G =c=1.

II. METHODOLOGY

A. Waveform model

To simulate the BNS, we model the frequency-domain
GW phase W(f) of their signals as the post-Newtonian
point-particle inspiral phase at 3.5PN order (see [22,32] and
Refs. therein for details) augmented with quadrupolar
(¢ = 2) adiabatic tidal effects up to 7.5PN order [20,33],
the 6PN octoplar (£ = 3) adiabatic contribution [34], and
the quadrupolar as well as octopolar dynamical tides
contributions of Ref. [35]. For consistency with the
dynamical tides prescription we only consider nonspinning
neutron stars." We do not include any tidal corrections in
the PN amplitude. Hence, the BNS signal is schematically
given as

EBNS (f) = App (f)€i(\PPP(f)+\Pad(f)+‘ydyn(f)>’ (1)

where A, is the pure point-particle amplitude without tidal
corrections, ¥, the point particle contribution to the GW
phase, W4 the adiabatic, and Wy, the dynamical phase all
in the frequency domain.

The leading-order adiabatic tidal effects enters the GW
phase at 5PN order and are entirely characterized by the
binary tidal deformability A [3,4]. The quadrupolar adiabatic
tidal terms depend on the individual dimensionless tidal
deformability of the A-th neutron star, Ay 4 = 454/ m3, the
octopolar term on Az, = 134/ m}. The dynamical tidal
terms additionally depend on the stars’ dimensionless angular
f-mode frequencies Q, 4 = m w, 4 and Q3 4 = myw; 4. We
consider these terms and neglect the quadrupole-monopole
contribution [37] as we only consider nonspinning neutron
stars.

For the majority of analyses we choose a waveform
starting frequency of f,;, = 10 Hz unless stated otherwise,
and truncate the waveforms at a maximum frequency f .«
either given by the (Newtonian) contact frequency [38,39]
or the frequency of the innermost stable circular orbit
(ISCO) whichever one is smaller.

B. Distinguishability criterion

The agreement between two waveforms /i, and h, is
measured in terms of the match M(h, h,) given by

'We note that recent work in the EOB framework has started to
include the effect of the neutron star spin on the f-mode
frequency and the associated GW phase [36].
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(hy|hy)
M(hy, hy) = —r-ront
N TN )
where
_ T I ()5 (f)
(i) = are [ ay )

is the noise-weighted inner product between two wave-
forms. Here, S,(f) is the PSD of the detector strain noise,
h(f) denotes the Fourier transform of /() and * complex
conjugation. The noise-weighted inner product of a GW h

with itself is the optimal signal-to-noise (SNR)

Pop(h) =/ (h. ). 4)

We will use the PSDs of [30] for the ET-D and CE
sensitivities in our analysis. We place ET at the
current Virgo site and CE at the current Hanford site of
Advanced LIGO.

Two waveforms h; and h, are considered indistinguish-
able in a given detector if

D

1= M(h,hy) < —, 5
(o) < 5 (5)
where p is the measured SNR and D denotes the number of
measurable intrinsic binary parameters [40,41]. Conversely,
two signals can be distinguished if the measured SNR is
larger than the necessary distinguishability SNR defined as

D

. = _—. 6

Pdist 2(1 _ M) ( )

We will use the distinguishability SNR in Sec. III A to

determine where in the BNS parameter space dynamical
tides will be, in principle, measurable in 3G detectors.

C. Bayesian inference

While the distinguishability criterion is a sufficient
condition to gauge for which binaries dynamical tides
may be significant, it does not allow us to determine to what
degree the f-mode frequencies €, , can be constrained
in future BNS observations. Therefore, we perform full
Bayesian inference on a 3G detector networks for a
GW170817-like BNS merger. Bayes theorem states that
the posterior density function (PDF) of a set of parameters @
given the data d is

p(d|0)p(0)
p(d)
where p(d|@) is the likelihood, p(@) the prior reflecting any

prior knowledge about the parameters, and p(d) is the
evidence or marginalized likelihood,

p(0ld) = (7)

mw=/}wmmmw, (8)

which serves as a normalization factor.

For the BNS systems that we will consider in Sec. III C,
0 consists of the intrinsic parameters of the binary, i.e., the
component masses n,, the quadrupolar tidal deformabil-
ities A, 4 and the quadrupolar f-mode frequencies €, 4 (all
octopolar contributions are omitted) with A = 1,2, and
extrinsic parameters, i.e., the sky location, inclination,
distance, polarization, coalescence time and phase.

For a detector network the joint likelihood is given by the
product of the individual detector likelihoods,

pwmzﬂmww (9)

where N is the number of detectors in the network.

One-dimensional and two-dimensional PDFs are
obtained by marginalizing over the other parameters. We
utilize the BILBY inference library [42,43] in conjunction
with the nested sampler DYNESTY [44] using slice sampling
to sample the parameter space and estimate the posterior
density. We inject simulated signals into zero noise, which
is broadly equivalent to the results obtained by averaging
the PSD over many noise realizations. However, we do not
neglect noise entirely as it still enters the likelihood
calculation through the PSD.

III. RESULTS
A. Distinguishability SNR for BNS

Despite their high relative PN order, dynamical tides are
expected to be distinguishable from adiabatic tides in the
late inspiral of BNS if the SNR is large enough. Here, we
perform a first assessment of the SNR required to separate
adiabatic and dynamical tides in 3G detectors for a range of
neutron star masses. Considering only nonspinning BNS
with tides up to octopolar order, we compute the distin-
guishability SNR ppr following Eq. (6) with D = 6, where
the six intrinsic parameters are mA,Az,A,Qz,AZ and the
match M between a waveform containing only adiabatic
tides, h,q4, and one that includes both adiabatic and dynamic
tides, hdyn, for the same parameters for ET and CE with
Smin = 10 Hz. Both waveforms /%, and hgy, include
quadrupolar and octopolar adiabatic tidal terms; hgy,
additionally includes the quadrupolar and octopolar
dynamical tidal terms.

We consider three hadronic EOS representative of soft to
medium-soft EOS consistent with GW170817 [5]: APR4

*We do not include the Z = 3 tidal parameters in D as these are
even more difficult to measure but their neglect in waveform
models may induce a bias in the # = 2 tidal parameters and hence
they are included in our inspiral model.
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[45], SLy [46-48] and MPA1 [49] and use the UR of
Ref. [24] to evaluate the quadrupolar f,-mode and octo-
polar f3-mode frequencies. In reality the EOS is unlikely to
adhere to any specific model listed here, but lie somewhere
in the parameter space that they cover. We choose a
minimum NS mass of 1 Mg up to the maximum mass
allowed by each EOS. Figure 2 shows the distinguishability
SNR for dynamical tides for ET (left column) and CE (right
column) for APR4 (top row), SLy (middle row) and MPA1
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(bottom row). In all panels we indicate a GW170817-like
binary with mass ratio ¢, = 1.17 and source-frame total
mass M = 2.735 M with a star.

The dependence of ppt on the total mass M = m + m,
and EOS is a consequence of their effect on Wy ,. Figure 3
shows the dynamical tides part of the phase for 10%
changes in either the total mass or mass ratio g =m; /m, > 1
for a GW170817-like system. It is evident that Wy, is
maximized for low total masses. Consequently, we see that
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FIG. 2. Contour plots for the minimal SNR required to distinguish between adiabatic and dynamical tides as a function of component
mass m;, m, for ET (left column) and CE (right column). We show results for three different EOS: APR4 (top row), SLy (middle row)
and MPAT1 (bottom row). The black star represents a GW170817-like event.

123032-4



PROSPECTS FOR DISTINGUISHING DYNAMICAL TIDES IN ...

PHYS. REV. D 105, 123032 (2022)

=

=9 \
= — ¢=q., M =09M, =2462M, \)
g M — g=q. M =110 = 3.000M,
S 5] —— q=09g, =0.769, M = M,
q=11g, =0.939, M = M,
01 ==~ Apra
-7 SLy
o] = MPAl
4x10° R 2 % 10°
[ [Hz]
FIG.3. GW phase contribution from dynamical tides, ¥y, as a

function of GW frequency for a variation of total mass and/or
mass ratio (solid lines) and EOS (dashed lines). We either vary the
total mass M or the mass ratio g by 10% from a GW170817-like
binary with ¢, = 0.854, and M, = 2.735 M and EOS MPAL.
We also vary the EOS for a GW170817-like binary showing the
tidal phase for APR4 (orange), SLy (yellow) and MPA1 (blue).

for heavy BNS systems the dynamical tides are suppressed
and therefore more difficult to measure. Variation in EOS
shows that for a given pair of (M, q), stiffer EOS (e.g.,
MPA1) produce the largest contribution to the dynamical
tidal phase for the EOS considered here. Physically, this
corresponds to between a quarter and half an orbit
dephasing at the contact frequency solely due to dynamical
tides for our softest and stiffest EOS in the case of
GW170817. These observations explain the distribution
of ppr in Fig. 2: At regions where Wy, is maximized, i.e.,
lighter neutron stars, a lower ppt is required to disentangle
adiabatic and dynamical tides. The SNRs required to see a
noticeable impact of dynamical tides on the tidal phase
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reach up to 6400 in ET for the MPA1 EOS, which admits
the largest neutron star mass of the EOS considered here.
However, when quantifying these SNRs, the overall
increased sensitivity of 3G detectors must be taken into
account as illustrated below.

Considering a GW170817-like event as a typical event,
we measure ppp = 84, 74,56 (102,89, 67) for APR4, SLy
and MPAL1 respectively in ET (CE). For comparison, the
measured SNR of GW170817 in the LIGO-Virgo network
was ~32 [1]. For ET and CE the optimal SNRs for a
GW170817-like binary would be 1031 and 2935 respec-
tively for this event. In this scenario, any EOS considered
here would lead to results that exceed the minimum
distinguishability SNR ppt by at least a factor of 10. It
is also important to note that these results consider only one
detector, while for any coincident event the network SNR is
the quadrature sum of the individual detector SNRs.

When comparing the two 3G detectors, we consistently
find that CE requires larger values of ppr. It may seem
counterintuitive to require a higher distinguishability SNR
for a more sensitive detector at first glance, however, the
higher optimal SNR [Eq. (4)] of a signal detected by CE
must be remembered comparatively. Therefore, to mean-
ingfully compare the two 3G detectors, it is necessary to
also take the optimal SNR into account. We demonstrate a
comparison between detectors in Fig. 4, where we mirror
Fig. 2 but show the ratio p,y/ppr assuming the BNS are at
a luminosity distance of 100 Mpc. This ratio can be
interpreted as the fraction of the optimal SNR that is
required to distinguish between adiabatic and dynamical
tides. It follows that for po,/ppr > 1, it is possible to
distinguish dynamical tides in this signal for the chosen
luminosity distance. Therefore despite the higher ppr in CE
relative to ET, the required fraction of the optimal SNR is
much lower, and hence dynamical tides are more easily
detectable. For example, in the case of a GW170817-like

2.0 ‘d 175

1.81

mgy [M @]

1.25 1.50 1.75 2.00
m1[M®]

FIG. 4. Contour plots for pyy/ppr for an optimally orientated source at 100 Mpc with EOS APR4, as a function of component mass
my, m, for ET (left) and CE (right). The black star represents a GW170817-like event. Dynamical tides are distinguishable

when pnpt/pDT > 1.
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system at 100 Mpc ppp = popi/S for ET and ppr = poy/ 11
for CE.

We also explored the distinguishability of octopolar
(£ =3) dynamical tides from quadrupolar dynamical
tides, which, as expected, requires even higher SNRs.
As reference, for a GW170817-like binary the SNRs
required to discriminate the two would be 1258, 1050,
684 (1545, 1278, 822) for APR4, SLy and MPA1 respec-
tively in ET (CE). Comparing this to the optimal SNRs of
1031 (ET) and 2935 (CE), it is evident that for the softer
EOS (as preferred by GW170817) ET is unlikely to be able
to disentangle octopolar from quadrupolar dynamical tides,
whereas CE would be able due to its increased sensitivity.

B. Population study

We now consider a realistic population of BNS to which
we apply the distinguishability methodology for our
choices of EOS. We assume that the EOS is universal,
1.e., it is the same for all NS.

Following the neutron star population model outlined in
Ref. [50], we sample NS masses from the formation
channel corresponding to the second-born NS of the binary
system, referred to as “slow” neutron stars due to their
effectively zero spin. Reference [50] assumes here that the
first and second-born mass distributions are independent.
This population takes the form of a double Gaussian in
which the probability of a neutron star with mass m is
given by

p(m) = &N (ui,01) + (1= &N (2, 02), - (10)

where N (u;, ;) are normalized Gaussians with mean y;
and standard deviation o;, and &, is the fraction of binaries
in the low mass peak. The values for &, uy, 0y, tr, 0, are
taken from Table 1 of Ref. [50]. Here the low mass peak
corresponds to radio-visible NS, and the high mass peak is
informed by GW190425 as originating from a fast merging
population.

Although the BNS redshift horizon of 3G detectors is
predicted to reach up to z~3 [13,14], we recall from
Sec. II B that high SNRs are required to distinguish higher
order tidal effects, and we therefore introduce a redshift
cutoff of z=0.5 (equivalent to a luminosity distance
D; ~ 3000 Mpc assuming a Planck15 [51] cosmology)
for our population study. We also impose a minimum SNR
of pop > 8 for each detector. Considering a GW170817-
like event placed at z = 3, the measured SNR would be
~5 (6) for ET (CE), which would not be detectable and
demonstrates our choice for the distance cut. We distribute
the BNS in redshift following the Madau-Dickinson star
formation rate (SFR) [52], as at low redshift regardless of
the time delay distribution chosen between birth and
merger, merger rates broadly follow the SFR. We specifi-
cally adopt the distribution described in Ref. [53], in which
the probability distribution of redshift z is given by

av, 1
dz 14z

p(2) w(2), (11)

where V, is the comoving volume and y(z) is the SFR

(14 z)%7
(1 + 2)/2.955

w(z) = 0.0151 Mg yr~'Mpc™.  (12)

Current GW observations constrain the local merger rate for
BNS to be ~10-1700 Gpc~™3 yr~! [54]. Following [55], we
estimate the detection rate of BNS up to z ~ 0.5 for a single
CE detector to be ~O(few x 10*) yr~!, which is consistent
with the estimated detection rate for BNS mergers in 3G
detectors [29]. We therefore generate ten (random)
realizations of 10* binaries, where the GPS time of each
binary is chosen randomly from the uniform interval
[1703721618, 1735257618], to place a conservative bound
on the observability of dynamical tides from a population
of BNS.

Extrinsic parameters are randomly drawn from uniform
distributions, where declination 6 is sampled in cosine,
inclination ¢ in sine, and right ascension a and polarization
angle y are sampled between 0 and z. The optimal SNR
Popt 18 then calculated as in Eq. (4), however, due to varying
extrinsic parameters there now also exists a geometric
factor folded in via the detector response.

Table 1 shows the number of events for which tidal
information is recovered when averaged over our ten
realizations, i.e., all binaries satisfying po, > par, Where
pat 18 the distinguishability SNR Eq. (5) for adiabatic tides.
No tidal information would be recovered in cases that do
not satisfy this, making them indistinguishable from binary
black hole events, and the only evidence for a BNS would
be from the component masses. We also list the subset of
events that have detectable dynamical tides, i.e., where
(Popt = ppr)- Considering the stiff EOS MPAL, tidal
information is measurable in 11.5% (23.9%) of binaries,
and for 4.2% (6.7%) of those also dynamical tides can be
recovered in ET (CE). This fraction decreases for softer
EOS such as APR4, reducing to 4.0% (10.2%) of events
with measurable tides, and 3.7% (4.2%) of those have
distinguishable dynamical tides. Figure 5 shows the aver-
age number of BNS as a function of poy/par for the soft

TABLE I. The average number of events detected by ET and
CE where adiabatic tides are distinguishable p,, > par, and the
subset of these for which also dynamical tides are distinguishable
Popt = ppr from 10 realizations of 10* BNS for different EOS.

Popt 2 PAT Popt > PDT
ET CE ET CE
APR4 404.1 1018.4 14.9 43.0
SLy 558.1 1309.8 22.3 68.6
MPA1 1150.5 2392.6 46.8 149.7
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APR4 EOS. For events with po,/par < 1, no tidal infor-
mation is measurable. For all EOS considered here, the vast
majority of events would not be distinguishable from BBH
events. However, taking into account that the predicted
BNS detection rates for a network of 3G detectors is on the
order of ~103-10° binaries per year, we still expect a
substantial number of binaries to have dynamical tidal
contributions depending on the true EOS and detector
network. From Table 1, we expect ~O(few x 10°) binaries
per year with distinguishable adiabatic tides and ~O(50)
binaries per year with distinguishable dynamical tides with
a single CE detector.

C. Parameter estimation

While the distinguishability criterion Eq. (5) is a useful
measure to estimate for which events dynamical tides may
be significant, it does not inform on the accuracy to which
the f,-mode frequency can be constrained from a GW
observation. Thus, we perform full Bayesian inference on a
GW170817-like BNS signal in an ET-CE 3G detector
network to determine the posterior probability densities of
the tidal parameters and, in particular, the accuracy to
which the f,-mode frequency can be measured during the
inspiral. Here, we only consider quadrupolar adiabatic and
dynamical tides. We use the same waveform model for our
simulated GW signal and to infer the parameters as detailed
in Sec. IT A.

Consistent with GW170817 we choose source-frame
component masses of the primary m; = 1.475 M and
the secondary m, = 1.26 M, and the soft APR4 EOS for
the simulated signal. The extrinsic parameters are as follows:

The inclination between the orbital angular momentum and
the line-of-sight 1 = 0.1 rad, right ascension @ = 2.554 rad,
declination 6 = —0.41 rad, luminosity distance D; =40 Mpc.
We set the phase ¢, polarization angle y and gpstime to zero.

To reduce the computational cost of the sampling, we
assume that the sky location (a,§), distance d; and
polarization y are known. This assumption is justified
by the detection of an electromagnetic counterpart to pin the
sky location and distance, which, for a nonspinning system,
trivially gives a measurement of the polarization.3 We
integrate the likelihood from a GW frequency f, =
20 Hz up to the Schwarzschild ISCO frequency of
1593 Hz. We note that for the chosen parameters, the
BNS contact frequency is estimated to be 1843 Hz, which is
significantly higher than the point at which we truncate the
analysis and hence it is safe to assume that the two stars are
still well separated and that the f,-mode frequency of each
neutron star is a well defined quantity. While the choice of
the lower frequency cutoff reduces the signal length and
hence the accumulated SNR, (adiabatic) tidal contributions
to the phase only become prominent at GW frequencies
2400 Hz [3] and dynamical tides become relevant at even
higher frequencies [35]. We therefore expect the impact of
this choice to be small for the measurement of the f,-mode
frequency. Our simulated signal has an ET-CE network
SNR of 2360 which per the results of Sec. IIB easily
satisfies the distinguishability criterion for a GW170817-
like binary and hence we expect that some information

*We note that electromagnetic counterparts are expected to be
observable up to distances of ~200 Mpc for the next generation
of telescopes [56].
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about the f,-mode frequency can be recovered from such
an observation.

We obtain posterior probability distributions of the
source parameters using the nested sampling algorithm
DYNESTY [44], as implemented in BILBY [42], with
random slice sampling and 2000 live points. The simulated
GW signal is injected into zero noise to avoid any noise-
induced biases in the results. For our fiducial analysis
we sample in chirp mass M, and the inverse mass
ratio 1/qg and adopt the following uniform priors:
MEte[1.19666,1.19675|M o, 1/q € [0.825,0.875], Ay 4 €
[0, 1000], Q, 4 € [0.05,0.125], phase ¢ € [0,2z] and geo-
centric time [—0.1,0.1] around the injected value.

Figure 6 shows the 1D and 2D posteriors of the tidal
parameters. The complete results are shown in Fig. 9 in the
Appendix. At 90% confidence we find the median f-mode
frequencies of the stars to be f,| = 19161’563; Hz, and

o1 = 2103f69§96 Hz, compared to the injected values of
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f21 = 2044 Hz and f,, = 1947 Hz. While the recovered
median values are in good agreement with the injected
values, the 90% credible intervals are wider than 1000 Hz
despite the large SNR. From the 2D posteriors it becomes
evident that there is a noticeable correlation between the
f>-mode frequency and A,. As an attempt to break this
correlation, we repeat the inference but choose a different
mass prior. This choice is motivated by examination of the
quadrupolar contribution of the dynamical phase, which is
dependent on various combinations of component masses
and tidal parameters. Noting the dependence of the dimen-
sionless tidal deformability on the mass, by improving the
component mass measurement we expect to improve
constraints on the tidal parameters, leading to an improve-
ment in the measurement of Q,. To do so, we first
determine the component mass posteriors from a low-
frequency analysis from 10-20 Hz entirely without tides
and use the resulting mass posterior distributions as prior
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FIG. 6. Posterior distributions for tidal parameters. Top: 1D posterior of the quadrupolar f-mode frequencies f, 4 for the primary (left)
and the secondary (right). Bottom: joint 2D posteriors of f, 4 and the tidal deformability A,. The injected values (black solid lines) are
shown alongside 50% (dashed lines), 90% (dotted lines) credible intervals/contours and priors (gray lines).
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for the subsequent tidal analysis. For this restricted analy-
sis, the SNR is 1582, and we sample again in M, and ¢,
keeping the M, prior as before, however widening the
mass ratio uniform prior to ¢ € [0.5,1]. We also restrict
the allowed range for the component masses to be
my € [1,3]My. Everything else remains unchanged rela-
tive to our fiducial analysis. Once the mass posteriors are
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FIG. 7.

determine from the restricted analysis, we proceed with the
tidal analysis from 20 Hz as before but now sample directly
in the component masses. The mean and variance are
up = 1.4465, oy = 0.0320 and p, = 1.3078, o, = 0.0285,
respectively.

Figure 7 shows the resulting 1D posteriors of f, 4 in
comparison to the results with the uniform mass prior.
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One-dimensional posterior distributions of the quadrupolar f-mode frequency for the primary (left) and secondary (right)

neutron star for a GW170817-like binary in an ET-CE detector network. Flat priors (blue) and Gaussian component mass priors (yellow)
are shown alongside the injected values (black solid lines) and the 90% credible intervals (dotted lines).
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FIG. 8. Left: one-dimensional posterior distribution for A for the fiducial run, showing the 90% credible intervals (dotted lines),
injected value (solid black line) and prior (solid gray line) with prior range A € [0, 1025]. Right: one-dimensional posterior distribution
for czDT for the fiducial run, showing the 90% credible intervals (dotted lines), injected value (solid black line) and part of the prior (solid
gray line) with the full prior range spanning ¢DT € [-4.3 x 10°,0].
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With the Gaussian mass priors we find the f,-mode
frequencies at 90% confidence to be f, = 1959f§’f3 Hz,
and f,, = 2154f§§§ Hz. When considering the primary
mass, the Gaussian mass prior results show improvement in
the posterior around the injected value and in turn a
reduction in the 90% interval. However, in the case of
the secondary mass, no improvement is evident. This is
unsurprising, as tidal deformation is enhanced for smaller
masses, and thus the regime in which we can gain the most
improvement is for the larger primary mass. The complete
results for the analysis with the Gaussian mass prior and the
nontidal 10-20 Hz run are shown in Figs. 10 and 11 in the
Appendix.

While the individual tidal parameters A, , yield only
broad posterior distributions (see e.g., Fig. 9 in the
Appendix), the binary tidal deformability A [4] is well
constrained to A = 294"{ for the fiducial run at the 90%
credible interval, which is in excellent agreement with the
injected value as shown in the left panel of Fig. 8. Similarly,
we find that the quadrupolar dynamical phasing coefficient
given by

I |A
DT = — “2LX0(155 — 147X,
XX, Q5
A2,2 6
+ 222 X8(155 — 147X,) |, (13)
2,
where X4 = my /M, is found to be DT = —4.3707 x 10° at

90% confidence, which is in excellent agreement with the
injected value ¢?T = —4.3 x 10°. For comparison, the prior
range is 2T € [-4.3 x 10°,0] as shown in the right panel
of Fig. 8. We find that ¢2T = 0 (adiabatic limit) is excluded
at >99% confidence, showing a coherent measurement of

dynamically driven dephasing within the signal.

IV. CONCLUSIONS

The next generation of ground-based GW detectors will
have unprecedented sensitivities between ~10 Hz and a
few kHz. The improved sensitivity at frequencies ~400 Hz
is particularly enticing as it will allow to place formidable
constraints on the as-of-yet unknown EOS of neutron stars
by measuring tidal effects in inspiralling neutron star
binaries. Beyond the leading-order adiabatic tidal effects,
dynamical tides can become important at higher frequen-
cies and may be measureable in 3G detectors [23]. This
would allow to independently verify EOS-independent
relations [24,57,58] and search for higher-order phase
transitions between the inspiral and post-merger regime
[59] and therefore provide a means to study potentially new
physics.

In this paper, we have investigated the detectability of
dynamical tides from inspiralling BNS in 3G detectors.
First, using the conservative distinguishability criterion
[41] we determined the SNRs required to disentangle
dynamical from leading order adiabatic tides. We found
that for loud enough signals, dynamical tides are indeed
distinguishable but that the required SNR depends on the
NS EOS, component masses and detector: binaries with a
stiff EOS and low total mass present the best candidates for
measuring dynamical tides. For a GW170817-like signal
we found that irrespective of the EOS and the specific
detector network, the distinguishability criterion is always
fulfilled since the optimal SNR would be SNR 1031 (2935)
for ET (CE) and the highest required SNR to distinguish
dynamical tides is 84 and 102 respectively.

We then applied this methodology to a population of
BNS: We simulated 10,000 BNS inspiral signals with
masses drawn from a double-peaked mass distribution
consistent with the galactic double neutron star and
recycled pulsar distribution and three different EOS up
to a redshift of z = 0.5. We found that for the vast majority
of signals no tidal information is recovered, and therefore
they cannot be discerned from binary black holes unless an
electromagnetic counterpart is detected simultaneously
[60]. In the case of the soft APR4 EOS tidal information
can be obtained in only 4.0% (10.2%) of cases, for 3.7%
(4.2%) dynamical tides can be measured in addition to
adiabatic effects. However, given the BNS detection rates
expected for 3G instruments of 103-10° per year, for a
significant number of BNS detections dynamical tides will
be distinguishable.

To understand whether simple distinguishability maps
into a measurement of the f-mode frequencies of the two
stars during the inspiral, we performed full Bayesian
inference on a GW170817-like signal in a CE-ET detector
network. While we found that the f-mode frequencies of
the individual stars are only constrained to within a few
hundred Hz, the leading-order PN phasing coefficient for
dynamical tides ¢DT is measured to O(30%) and purely
adiabatic tides (i.e., ¢DT = 0) is excluded at >99% con-
fidence. Fisher estimates promise tighter bounds on the
f-mode frequencies, but we observe large correlations
between the star’s tidal deformability A, and its f-mode
frequency, which are neglected in Fisher estimates.
Similarly, the individual A, are poorly constrained, but
the binary tidal deformability parameter A is measured to
within ~5% at the 90% CI. Preliminary studies suggest that
similar to A, ¢2T might be a preferred sampling parameter
and we leave further investigations to future work. We leave
a more comprehensive investigation across the BNS
parameter space to future work.

The results presented here assume perfect knowledge
of the waveform describing a BNS inspiral in general
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relativity as well as the correctness of quasiuniversal
relations for tidal parameters. In addition, we assume
perfect calibration knowledge when performing parameter
estimation. All three assumptions are simplifications and
hence pose a caveat to our analyses. Recent work suggests
that systematic waveform errors will have the largest
impact on astrophysical inference of the nuclear EOS
while detector calibration errors still play a crucial but
subdominant role [61-63]. A future avenue we will explore
is understanding how dynamical tidal information can be
incorporated into the joint inference of the astrophysical
population and the equation of state [64], especially in the
presence of correlated parameters [65] and waveform
systematics [62]. Another caveat to our analysis is the
neglect of spin. The inclusion of spin will in practice affect
the measurability of resonant tidal effects [36,66—72]. For
spins which are (anti-)aligned with the orbital angular
momentum, the f-mode frequency is shifted upwards
(downwards) [73] and thus results in less (more) dephasing
in the signal [36] but we caution that rather high NS spins
are needed to have a noticeable effect on the tidal phase
[70,72]. In addition, the inclusion of spin precession in the
point-particle sector is known to break mass-spin degen-
eracies, which results in a more accurate mass measurement
[74—77] and therefore may improve the measurement
of tidal parameters. We leave the extension to spinning
neutron stars for future work.
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APPENDIX: COMPLETE PARAMETER
ESTIMATION RESULTS

Here we show the full 1- and 2D posterior distributions
for all parameter estimation analyses presented in
Sec. LI C. Due to fixing most of the extrinsic parameters,
we show all intrinsic parameters as well as the angle
between the total angular momentum and the line-of-sight,
0;,.-The dashed vertical lines in the marginalized 1D
distributions indicate the 90% credible interval. All mass
parameters are shown in the source frame. The posteriors
for the fiducial run are shown in Fig. 9, while posteriors for
the results containing Gaussian mass priors are shown in
Fig. 10 and the corresponding 10-20 Hz results to inform
the Gaussian mass priors are shown in Fig. 11. The
injection parameters for all runs are as follows: M =
1.186 Mo, M=2.735M o, m;=1475M g, m, = 1.26 M,
q=0.854, Ay, =176.7, Ay, =473.2, [, =2044 Hz,
f2’2 = 1947 HZ, (9],, = 0.1 rad.
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