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Fully general-relativistic binary-neutron-star (BNS) merger simulations with quark-hadron
crossover (QHC) equations of state (EOS) are studied for the first time. In contrast to EOS with purely
hadronic matter or with a first-order quark-hadron phase transition (1PT), in the transition region
QHC EOS show a peak in sound speed and thus a stiffening. We study the effects of such stiffening in the
merger and postmerger gravitational (GW) signals. Through simulations in the binary-mass range
2.5 <M/Mg < 2.75, characteristic differences due to different EOS appear in the frequency of the
main peak of the postmerger GW spectrum (f,), extracted through Bayesian inference. In particular, we
found that (i) for lower-mass binaries, since the maximum baryon number density (1,,,c) after the merger
stays below 3—4 times the nuclear-matter density (n), the characteristic stiffening of the QHC models in
that density range results in a lower f, than that computed for the underlying hadronic EOS and thus also
than that for EOS with a 1PT; (ii) for higher-mass binaries, where n,,,, may exceed 4-5n, depending on the
EOS model, whether f, in QHC models is higher or lower than that in the underlying hadronic model
depends on the height of the sound-speed peak. Comparing the values of f, for different EOS and BNS
masses gives important clues on how to discriminate different types of quark dynamics in the high-density
end of EOS and is relevant to future kilohertz GW observations with third-generation GW detectors.
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Introduction.—Multimessenger astronomy, including
gravitational, electromagnetic, and neutrino signals, has
started offering new ways of obtaining information on
ultrahigh-density matter [1]. Observations of the inspiral of
a binary-neutron-star (BNS) merger may provide informa-
tion on the equation of state (EOS) at a few times the
nuclear saturation number density (1, = 0.16 fm™3), and
even higher densities (several times n() may be investigated
through observations of the postmerger phase, where
matter is also hotter than in the inspiraling neutron stars
(NSs) [2,3]. In the near future, the detection of BNS
mergers will happen on a daily basis and this will also
allow one to perform improved statistical analyses of the
properties of their EOS.

The EOS plays a crucial role in determining the structure
of NSs. See Fig. 1 for schematic plots of the mass-radius
and energy-pressure relations in NSs with different types of
EOS. Nuclear EOS based on microscopic nuclear two- and
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three-body forces are supposed to be valid up to number
densities n ~1.5-2n; and thus to describe somewhat
accurately the equatorial radii of canonical NSs (mass
M ~14 M), which have core densities around 2-3n,.
The most massive NS known, PSR J0740 + 6620, has mass
M/Mgy =2.08=+0.07 [4] and inferred core density
23-4nq. This is close to the density at which baryons
with radii ~0.5-0.8 fm begin to overlap, presumably
resulting in matter beyond the purely hadronic regime,
such as quark matter.

One of the fundamental questions in the study of
ultradense matter is how the quark-hadron phase transition
takes place. The most intensively studied scenario is the
one involving first-order quark-hadron phase transitions
(1PTs). In this case, it is usually believed that pressure
support (and thus the radius of the material object resulting
from the merger) decreases abruptly after the phase
transition. Such a change in compactness would appear,

© 2022 American Physical Society
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FIG. 1. Schematic plots for the (main figure) mass-radius

relations and (inset) pressure P vs energy density e for some
EOS satisfying constraints from terrestrial experiments and the
observational fact that a NS of mass ~2 M, exists; H refers to a
purely hadronic model, 1PT to a hybrid model with a first-order
quark-hadron phase transition, and QHC to models with a quark-
hadron crossover. QHC models show stiffening at densities lower
than in the other two cases, typically leading to larger radii and
smaller central densities for NSs with masses 1.4-2 M. The
gray, green, and yellow shaded areas in both the main figure and
inset correspond to the number density ranges of n ~ 1-2n,
~2-4n,, and Z4n,, respectively.

in turn, as a (possibly measurable) shift to higher values of
the frequency of gravitational waves (GWs) emitted from
the merged object [5—11]. A too large reduction of the
stellar radius, however, is disfavored by the recent the
neutron star interior composition explorer mission
(NICER) observations and analyses, reporting similar radii
for NSs with masses of 1.4 My and 2.1 M, [12-15].
An alternative to a IPT is a continuous crossover
from hadronic matter to quark matter. Some of the present
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FIG. 2. Square of sound speed normalized to the speed of
light, ¢Z/c? = dP/de, for our QHC EOS with soft and stiff
sets of quark model parameters and for representative hadronic
EOS: Togashi EOS [22], SFHo [23], and DD2 [24]. The
yellow band is the allowed region in the model-agnostic
approach of Legred er al. [25] (see also [26]). The conformal
limit, ¢2 = ¢?/3, which should be reached in the high-density
limit, is also shown as a guide.

EOS [16-19], generally finding a peak in the sound speed,

¢,/c = \/dP/de, exceeding the conformal limit ¢/v/3,
with ¢ being the speed of light; see Fig. 2. Microscopic
considerations on the structure of such a peak [20,21]
emphasize the importance of quark substructure in baryons
and of quark Pauli blocking effects. Peaks in sound speed
are absent in EOS involving 1PTs or in purely hadronic
models. In the latter, stiffening results from nuclear many-
body repulsions, which keep growing with density, leading
to monotonic growth in sound speed. The existence of a
peak in sound speed in QHC EOS is unique and can be
taken as the signature for the onset of quark-matter
formation.

In this Letter, for the first time, results of numerical
simulations of BNS mergers with EOS based on QHC are
reported. We adopt the QHC19 EOS [18], which is based
on the Togashi nucleonic EOS [22] for n < 2n, and a pure
quark EOS for n Z 5n(, with the crossover region calcu-
lated through interpolation [18]. We compare results with
simulations adopting the Togashi EOS over the whole
density range. The QHC19 and Togashi EOS differ sub-
stantially only for n 2 3n,, and, since the maximum values
of n in our inspiraling NSs are around 3n, (cf. Fig. 3), the
properties (like tidal deformability [27,28]) of stars built
with the above different EOS and their dynamics (like the
evolution of the central number density or of the GW
frequency) during the inspiral differ by less than 1% (see
Table 1 in the Supplemental Material [29]). More remark-
able differences are expected only during and after the
merger.

Numerical setup.—As a first step to explore the role of a
QHC in BNS mergers, we focus on equal-mass configu-
rations, and, with the goal of studying postmerger dynam-
ics, we chose four relatively low-mass models, in which the
gravitational masses of each NS at infinite separation are
M/Mq = 1.250, 1.300, 1.350, and 1.375. We refer to these
as M1.25, M1.30, M1.35, M1.375, respectively. The last
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FIG. 3. Evolution of the maximum number density for simu-

lations employing the QHC19 and Togashi EOS with different
initial masses. fyerger 18 the merger time defined as the time of the
maximum amplitude of || = (h% + h2)'/2.
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5-7 orbits are simulated for the different models, all starting
from the same orbital separation.

We performed fully general-relativistic simulations
adopting two QHC models, QHC19B (named here
QHC19-stiff), QHC19D (named QHC19-stiff) [18], and
the purely hadronic Togashi EOS [22]. Additional descrip-
tion of the EOS, the codes, the NS properties, and some of
the numerical parameters used in our simulations is
presented in the Supplemental Material [29]. Here, we
briefly comment only on how we mimic thermal effects in
matter, even when adopting an EOS, like QHC19, that does
not contemplate them. Ours is a standard treatment in
numerical relativity, but we discuss it nevertheless because
it may be of interest to a wider audience. Approximate
thermal effects are included by adding to the pressure given
by the cold EOS a component calculated by assuming an
ideal-gas behavior with a constant ideal-gas index [Ty,
chosen in the range 1.5-2.0 to reproduce realistic values
(see, e.g., [30-38]). Note that the lifetime before collapse to
black hole of the material object formed in the merger
depends also on thermal support and thus on the ad hoc
value of I'y,, but postmerger oscillation frequencies (see
below) are relatively insensitive to it [39]. The lifetime
before collapse is a quantity that anyway cannot currently
be estimated accurately in numerical simulations, because it
depends sensitively on many factors, including nonphysical
ones like grid setup and resolution. We focus, instead, on
postmerger oscillation frequencies and, in order to have
higher power in the oscillation modes, we chose the highest
reasonable value, I'y, = 2, which gives the longest lifetime
before collapse. See Sec. IV of the Supplemental Material
for details [29].

Results and discussion.—As seen in Fig. 2, both
QHC19-soft and QHC19-stiff are stiffer (have higher sound
speed) than the Togashi EOS at densities slightly above
2ng. The Togashi EOS is stiffer than QHC19-soft for n =
3.5ny and stiffer than QHC19-stiff for n = 4.0n,. Within
the density range reached in our BNS simulations
(cf. Fig. 3), QHC19-stiff is thus always stiffer than the
Togashi EOS for all models with different masses consid-
ered here, while QHC19-soft is softer, in some regions, for
high-mass BNSs.

In QHC19-stiff, the sound speed (and thus pressure
support) around 3.5n, increases the most; it is then
expected that inspiraling stars and merged objects in
BNSs with QHC19-stiff are less compact than those with
the Togashi or QHC19-soft EOS, as can be ascertained in
Fig. 3: the maximum number density 7., (¢) is smaller
than for the other EOS, in the inspiral, after the merger, and
(on average) during the merger. Even in our most massive
case, Ny, for QHC19-stiff reaches up only to ~3.8n,. At
such densities, indeed, stiffening due to the crossover is still
important.

In QHC19-soft, in contrast, the evolution of n,, is
different for binaries of different masses. Since for densities

<3.5ny QHC19-soft is stiffer than the Togashi EOS, in our
lowest-mass case, M1.25, in which densities higher than
3.5n are reached only toward the end of our simulations,
we see that n,,, is always smaller than that for the Togashi
EOS. For M1.30, where the maximum density after the
merger reaches 3.5-4n,, the differences between the
QHC19-soft and Togashi EOS appear to average out (their
sound-speed curves cross around 3.5n; cf. Fig. 2), leading
to similar evolution. For even larger masses, M1.35 and
M1.375, during and after the merger, densities greater than
~3.5n, are reached in a wide region, and hence QHC19-
soft leads to a considerably more compact merged object.

The oscillations of the merged object produce intense
GW emission, characterized by distinct peaks in the power
spectrum, whose frequencies are found to correlate with
stellar properties like compactness, average density, or tidal
deformability [39—44]. At least three peaks (f1, f>, and f3,
sometimes referred to with different names in the literature)
may be identified in most cases, but basically only one, f»,
is not transient and remains even after a few milliseconds
[2,45-50]. The f, frequency slightly changes in time,
as the density profile changes because of GW emission
and angular-momentum transfer from inner parts to outer
parts [51].

Figure 4 displays the fundamental and dominant har-
monic mode (Z = m = 2) of the plus polarization of the
GW strain h%* for the M1.35 configurations (top panels)
and the corresponding time-frequency evolution and
instantaneous frequency (bottom panels). Some similarities
and differences between our purely hadronic and QHC
models are apparent. The damping times for postmerger
GWs (signaled by the extinguishing of the red color over
the whole frequency band in the spectrogram) are seen to be
dependent on the EOS, and the time interval in which a
wide range of frequencies has a lot of power (the time
interval in which the spectrogram has a bright band) is
shorter for QHC19-stiff. This means that the transient
period between the merger and the time when gravitational
radiation settles to a well-identified main frequency, f5, is
shorter for QHC19-stiff.

We also note that, in all our simulations (with and
without a QHC), the instantaneous frequency in the late
postmerger phase after the transient period approximately
approaches a constant, though a different one for different
models. This is in contrast with hybrid EOS models with
1PTs that predict an abrupt decrease in pressure support,
causing the object to shrink rapidly and thus an increase of
the instantaneous GW frequency [5-11].

To estimate quantitatively the peak frequencies together
with their uncertainties, we employ a Markov Chain
Monte Carlo fitting method [52] based on Bayesian
inference [53]. We fit the f| peak with a Gaussian model
and the f, peak with a model that considers skewness. The
latter has been chosen to describe the decay of the mode
and the frequency shift during the transient phase [39,45]
(see also Sec. III of the Supplemental Material [29]).
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FIG. 4. Top: fundamental and dominant harmonic mode (£ = m = 2) of the plus polarization of the GW strain with amplitude
envelope for the M1.35 models. Bottom: spectrogram (brighter colors indicate higher power in the spectrum) and instantaneous

frequency of the same models.

As is well known, the relations between the values of f,
in different configurations are similar to the respective
relations between the values of n,, (on average) since
postmerger frequencies are related to compactness or
average density [39-44], but comparing the values of f,
for different EOS and BNS masses gives important clues on
how to discriminate observationally different types of quark
dynamics in the high-density end of EOS. Figure 5 shows
the fitting results of f, for different EOS and binary masses,
with their 68% fitting uncertainty range, which is compa-
rable to the numerical accuracy of our simulations (see
Sec. II of the Supplemental Material [29]).

For all masses, f, for QHC19-stiff is lower than that for
the Togashi EOS, and this is related to the lower compact-
ness of the merged object, which is, in turn, related to the
pronounced peak in sound speed for QHCI19-stiff. For
QHC19-soft, except for our lowest-mass case, f is higher
than that for the Togashi EOS. In models M1.25, f, for
both QHC19-soft and QHC19-stiff is lower than that for the
Togashi EOS. This is because quark-matter densities
(~5ny), where the QHC EOS are softer than the Togashi

3100 T

QHC19-soft
QHC19-stiff
----- Togashi EOS

3000

E 2900 1
o M1.25
2800 ]
2700 1
2.50 2.55 2.60 2.65 2.70 2.75
Mass (M/M@)
FIG. 5. Relation between f, and the total mass of the binary.

EOS, are not reached, and thus the remnant is less compact.
This is a unique feature of the peak in sound speed present
in QHC models and is independent of the height of such
peak (namely, of the parameters of the specific QHC EOS).
Note, however, that, since the stiffening in the crossover
domain is strongly affected by the quark-matter EOS it is
attached to, even in lower-mass models one may still, in
principle, gain from observations useful information on
how quarks are liberated in high-density hadronic matter.

In order to study further whether it may be possible to
discriminate observationally between EOS with a QHC or
with a 1PT, we define Af, as the difference between
the f, resulting from an EOS with a 1PT or crossover
and the f, resulting from its baseline EOS: Af,=

ghase transition or crossover __ fgaseline.

For the QHC EOS employed here, Af5, is in the range
+(50-100) Hz and, more importantly, is negative for all
QHC19-stiff models and for the lower-mass model of
QHC19-soft. This is in contrast to the case of EOS with
a 1PT, in which Af, is always found to be positive in the
literature (see also Sec. V of the Supplemental Material
[29]). This is a qualitative feature that makes it relatively
simple to discriminate observationally between these differ-
ent types of EOS. In particular, an observation of a low-
mass BNS system, such as our M1.25 model, would allow
one to distinguish between QHC EOS and EOS with a 1PT,
according to the sign of the measured Af,.

For higher masses and for (weak) 1PTs that result in a
Af, comparable to that of QHC EOS, it may be difficult to
discriminate from observations, unless the 1PT occurs some
time after the merger. In this case, the value of f, would
change abruptly [8] and, if this change can be measured, it
would be a clear difference with respect to QHC EOS
(cf. Fig. 4).

Conclusions.—In this Letter, we performed the first (and
fully general-relativistic) simulations of BNS mergers with
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EOS based on QHC (QHC19) and discussed how they
could be distinguished from purely hadronic EOS or hybrid
quark-hadron EOS with 1PTs.

We found that a QHC EOS with a pronounced peak in
sound speed, like QHC19-stiff, leaves a clear and unique
signature in the postmerger main frequency: for any binary
mass, f, is lower than that of the baseline hadronic EOS,
and thus also lower than that expected for EOS with a 1PT.
In higher-mass mergers with the QHC19-soft EOS, instead,
it may be difficult to discriminate from a weak 1PT, unless
the value of f, is observed to change rapidly in time, a
signature of a 1PT occurring after the merger [8].

Results of this Letter will become relevant to observa-
tions when GWs in the kilohertz band are surveyed with
higher sensitivity by an upgraded Advanced Laser Inter-
ferometer Gravitational Wave Observatory (LIGO) (A+
[54]) and third-generation observatories (e.g., the Einstein
Telescope [55] and Cosmic Explorer [56]), also with a
specifically optimized design (e.g., Neutrino Ettore
Majorana Observatory (NEMO) [57]).

In fact, sensitivities on the order of 50 Hz in this band,
sufficient to distinguish a QHC EOS from a purely
hadronic one, are estimated to be reached in these detectors.
For example, Ref. [58] estimated that f, can be measured to
within about 36 (27){45} Hz at the 90% credible level for
a stiff (moderate) {soft} EOS at a postmerger signal-to-
noise ratio of 5. Other works make similar predictions, for
signal-to-noise ratio 210 [59]. A signal-to-noise ratio
=5-10 is predicted to be attainable easily for sources at
200 Mpc or even more by Cosmic Explorer [60] and
Einstein Telescope [55], leading to reasonably frequent
measurements.

This work is a first attempt to study in BNS mergers the
unique features of QHC EOS. We plan to extend the
analysis in several directions, first by adopting the QHC21
[19] EOS, which improves further over QHC19 under the
microscopical point of view and which was made public
after we finished our simulations. We will explore the
relationship between some EOS parameters and observable
quantities, as well as finite-temperature effects, expected to
be important for the onset of quark saturation [21]. We also
plan to perform simulations of unequal-mass binaries and
study the influence of QHC EOS on mass ejecta.
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National Natural Science Foundation of China
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