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Abstract. As neutron stars merge they can approach very high nuclear density.
Here, we summarized recent results for the evolution and gravitational wave
emission from binary-neutron star mergers using a a variety of nuclear equations
of state with and without a crossover transition to quark matter. We discuss how
the late time gravitational wave emission from binary neutron star mergers may
possibly reveal the existence of a crossover transition to quark matter.

1 Introduction

In recent work [1] we have explored the effects of a crossover transition to quark matter on the
emergent gravitational waves from binary neutron star mergers. In this paper we summarize
that work and other efforts toward unraveling the effects of the formation of quark-matter dur-
ing neutron-star mergers. Neutron stars (NSs) and NS binaries can probe the equation of state
(EOS) at supra-nuclear densities (for recent reviews see Refs. [2, 3]). Indeed, the detection
of gravitational waves (GWs) from the GW170817 event by the LIGO-Virgo Collaboration
[4, 5] provided new insights into the properties of neutron-star matter [6]. Beyond that, deter-
minations of NS masses and radii by the NICER mission also constrain the EOS of nuclear
matter [7-9]. Tidal effects can be inferred from the signal in ground-based GW observatories
[10-12]. In the LIGO-Virgo events tidal deformability (A) of a NS of mass M = 1.4 M, have
also been inferred A 4 < 800 at (90% C.L.) for a low-spin prior [4] and the radius constraint
fora M = 1.4 Mg NS was deduced to be Ry 4 < 13.6 km. Subsequently, this has been fur-
ther constrained to be R4 = 11.9+ 1.4 km [5]. Also, newer constraints on the maximum
NS mass and a lower limit of the tidal deformability were also inferred [13, 14]. Adding
the requirement that the equation of state asymptotically approach the regime of perturbative
QCD [14-19], leads to constraints on the radius of a maximum-mass NS of Ry.x < 13.6 km
and Aj4 > 120 [14]. It has also been shown that an EOS with a phase transition can imply
8.53km < Rj4 < 13.74 km and A 4 > 35.5 at the 3 o level [13].

There is currently much interest in the fact that a phase transition in the EOS can produce
a variety of dynamical collapse patterns (cf. [20]). As explained below, such changes in the
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EOS can produce a shift of the maximum peak frequency (fpeq (sometimes denoted as f>)
in the detected power spectral density (PSD) [21-23]. Such a shift can violate the universal
relation between f,. and tidal deformability that has been noted for pure hadronic EOSs
[24]. However, an EOS with a phase transition may not conform to the same empirical
universal relations [25-29]. Hence, an observed shift might indicate the formation of quark
matter. This conclusion, however, is model dependent (e.g. [30, 31]) and also depends upon
the duration of merger remnant [20, 32, 33].

A number of recent works have discussed EOS effects on the GW signal. Some of them
have also considered the formation of quark matter [20-22, 31-35]. Most of these studies,
however, have considered a first-order phase transition. In this case a mixed quark-hadron
phase forms which can remove pressure support leading to a prompt collapse. However,
since the strength of the order parameter for the QCD phase transition is not known, a simple
crossover or a weakly first-order transition is possible [36—40]. The pressure in the regime
of the crossover could be large compared to a hadronic or a first-order transition. This could
extend the postmerger phase. Hence, an observation of a long-duration post-merger GW
event, could possibly indicate both the order of the transition and the coupling strength of
quark-matter in the crossover regime [1].

In Ref. [1] we examined the crossover to the formation of quark-gluon plasma during
the postmerger and demonstrated that the GW signal from the postmerger phase is indeed
sensitive to the quark-matter EOS. It was shown that that the properties of quark matter in the
non-perturbative crossover regime of QCD increases the pressure of the postmerger remnant.
This leads to a longer duration of the late time gravitational radiation such that the GW
emission might become a means to probe the non-perturbative regime of quark matter.

In particular, in Ref. [1] various parameterizations of the quark-hadron crossover
(QHC19) EOS of [41] were investigated. A complementary study has also been made in
Ref. [42] based upon the newer (QHC21) version with similar conclusions. As the density
increases, a critical point is thought to appear. Above that density a weak first-order chiral
transition may occur [43]. In the QHC19 EOS the transition from hadronic to quark matter
is treated as a continuous crossover parameterized with a 5th order polynomial. The ob-
servational constraints on the NS mass (> 2 M) [44-46] and the radius bounds from the
LIGO-Virgo analysis are satisfied in all versions of this EOS.

Within this context the tidal deformability, maximum chirp frequency f,,y, and power
spectral density frequency peak f,cqx were analyzed in [1] as a means to identify observa-
tional signatures of the crossover to quark matter during binary NS mergers. The crucial
postmerger GW emission occurs in a high frequency range (1-4 kHz). Although this fre-
quency is outside the current LIGO/aVirgo/KAGRA window, it is anticipated that next gen-
eration of GW observatories such as the Einstein Telescope [47] and the Cosmic Explorer
[48] will be sensitive in this frequency range. We argue that observations of such higher fre-
quency gravitational wave emission in the next generation detectors may have the possibility
to characterize both the order of the transition and the physics of the crossover regime of
quark matter.

2 Equations of state

At high baryon density and chemical potential the QCD strong coupling ¢; approaches unity.
A non-perturbative approach to QCD is then necessary to describe the generation of con-
stituent quark masses, chiral symmetry breaking [49], quark pairing, and color superconduc-
tivity [50], etc. For our studies we utilized various parameterizations of the QHC19 EOS
[41]. In that work, the low-density hadronic regime (i.e. less that twice the nuclear satura-
tion density, < 2 ng) utilized the Togashi EOS [51, 52]. This is an extended version of the
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relatively soft APR EoS [53]. Our study [1] instead utilized the SLy [54] and the GNH3 [55]
EoSs as bracketing the physics of a soft and stiff EoS, respectively.

The QHC19 EOS accounts for the non-perturbative QCD effects n the context of the
Nambu-Jona-Lasinio model (see Refs. [56-58]). The Lagrangian contains four coupling
constants. These are: 1) the scalar coupling (G); 2) the coefficient of the Kobayashi-
Maskawa-’t Hooft vertex (K); 3) the vector coupling for universal quark repulsion (g,); and
4) the diquark strength (H). In the QHC19 EoS, only two coupling constants (g, and H,
scaled to G) are varied to construct versions of the model. The matter pressure increases as
these couplings increase [40, 41]. In [1] we utilized three parameter sets from [41], iden-
tified as QHC19B [(gy,H) = (0.8,1.49)], QHCI9C [(gv,H) = (1.0,1.55)], and QHC19D
[(gv,H) = (1.2,1.61)]. The pressure in the crossover regime (2 no < n < 5 ng) is given an-
alytically with fifth-order polynomials in terms of the baryonic chemical potential. The tidal
deformability (A < 800 for My = 1.4 M) [4], the maximum mass [44-46], and radius of
neutron stars are all satisfied with these parameterizations of the QHC19 EOS. For numerical
speed we implemented the QHC19 EOSs using piecewise-polytropic fits as described by Ref.
[59] and modified as discussed in [1].

3 Simulations

In [1] binary merger simulations were evolved using the numerical relativity software plat-
form, the Einstein Toolkit (ET) [60]. This platform incorporates full general relativity
in three spatial dimensions based upon the BSSN-NOK formalism [61-65]. The hydrody-
namics was evolved with the use of the GRHydro code [66—68] based on the Valencia formula-
tion [69, 70]. The initial conditions were generated using LORENE[71, 72]. The thorn Carpet
[73, 74] was used for adaptive mesh refinement based upon six mesh refinement levels and
a minimum grid of 0.3125 in Cactus units (= 461 m). The thermal pressure component was
implemented in GRHydro using a constant adiabatic index I'y, = 1.8 as in Ref. [75].

The GWs emitted during the binary merger were extracted using the Newman-Penrose
formalism which is based upon a multipole expansion of the spin-weighted spherical harmon-
ics of the Weyl scalar ‘ngl’m)(ﬂ, 0,1) = i.z(l’m)(e, @,1)+ ih&”’")(e, ¢,1). The two polarizations
of the strain /. (60,¢,7) and hy (0, ¢,t) were calculated by summing over the (/,m) modes
and integrated twice. The isolated NS models involved baryonic masses of Mp = 1.45, 1.50,
1.55 M, with similar gravitational masses ~ 1.35 — 1.4. These were placed on the grid with
an initial coordinate separation between centers of 45 km.

Figure 1 (from Ref. [1]) illustrates the evolution of the maximum density during the sim-
ulations. This figure shows that the densities in the NSs even before the merger are well
into the crossover range (2-5 ngp). The NS core densities remain in the crossover domain at
a densities of about n ~ 2.95 — 3.15 ng during the approach to merger. Subsequently, the
maximum density rises until the maximum density exceeds ~ 5 — 6 ng. At this point the core
of the system collapses to the central black hole as evidenced by a density spike in this figure.

Figure 2 illustrates the evolution of the strain for various equations of state as labelled, but
for nearly identical initial conditions. The striking feature is that the GW signal endures for
a much longer time for the cases with a QHC EOS. Moreover, the larger the quark coupling,
i.e. going from QHCB to QHCC, the longer the duration of the postmerger GW emission.
This suggests that one might learn the strength of the non-perturbative quark-matter couplings
from the observation of an extended post merger phase.

Indeed, the postmerger duration, i.e., the lifetime of the hyper-massive neutron star
(HMNS), strongly depends on the EOS stiffness at the crossover densities. When densi-
ties in excess of the nuclear saturation density are achieved in the core for the hadronic EOSs



EPJ Web of Conferences 274, 01013 (2022) https://doi.org/10.1051/epjconf/202227401013
XV'" Quark Confinement and the Hadron Spectrum

15 r
QHC19B 1.352 QHC19C 1.399
10 r
S—AW L
p— Crossover region
< 2 i
0
x 15 [
g SLy 1.347 QHC19D 1.399
QU
10
5 L
2
00 10 20 30 40 0 10 20 30 40 50
t [ms]

Figure 1: Evolution of maximum rest-mass density vs time for several equations of state from
[1]. Numbers next to the EOS label indicate the gravitational mass of an isolated neutron star
for each case. The blue band indicates QHC-crossover densities. In all cases, the NSs start
in the crossover density range (2-5 ng) followed by a rise in density, leading to a collapse to
a black hole (in all except the bottom-right panel). The bottom-right case (QHC19D 1.399)
does not form a black hole within the simulation time.

it is impossible to stop the merger remnant from collapsing into a black hole. The postmerger
remnants from binaries based upon the QHC19 EOS, however, have sufficient pressure to
delay gravitational collapse. As the EOS stiffness within the QHC models increases, longer
lifetimes of their HMNS remnants are apparent. Even the QHC19B EOS produces a much
longer postmerger duration than the hadronic EOSs. For the case of QHC19D, even the
highest-mass case fails to collapse.

Of course, what is actually detected in GW observatories is not the strain, but its fourier
transform. In particular, an effective fourier amplitude can be deduced

o) = [hele ™ ar (1)

This is usually plotted as a normalized power spectral density (PSD) given by 271( nNr 1/2 176].
Figure 3 shows some PSD spectra deduced from the simulations in Ref. [1]. The upper green
curve shows the LIGO sensitivity while the lower blue and orange curves show the expected
sensitivity of the future Einstein Telescope and Cosmic Explorer, respectively. The first peak
at around 1 kHz for all of the simulations corresponds to the initial contact of the merging
neutron stars, while the second peak near 2 kHz corresponds to the maximum chirp strain,
fmax = ﬁ%\max, where ¢ is the phase of the strain (see [76]). Of particular interest for
probing quark matter, however, is the third peak, fj.q, at around 3 kHz corresponding to the
long postmerger phase. What can be noted in this figure is that the amplitude of f,.q directly
correlates with the duration of the postmerger system, and therefore, relates to the strength of
the coupling constants in the QHC19 EOS parameterizations.

In spite of the promising feature that f,..x PSD becomes large for a crossover to quark
matter, it is possible that other equations of state can lead to such a peak [76]. What is
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Figure 2: Evolution of the GW strain A » vs time for several representative simulations
with nearly identical starting conditions, but for different equations of state as labelled. The
numbers indicate the isolated neutron star mass for each EOS as indicative of the similarity
of initial conditions. The upper two curves are for parameterizations of the QHC19 EOS,
while the bottom two curves are for a soft and stiff pure hadronic EOS. Note the the signal
continues for a much longer duration in the cases with a crossover to quark matter.

needed, therefore, is another unique signature to specifically identify quark matter. In [1]
it was suggested that the softness of the QHC equations of state at lower densities, ~ 3ny,
is apparent in their pre-merger f,. frequency, whereas the stiffness at higher densities is
indicated in the postmerger f,.q.x frequency.

This dual nature of the QHC equations of state (having both softness and stiffness) might
be revealed by observations of both f,4c and fpeqx in a single GW event. This is illustrated in
figure 4 from Ref. [1]. The upper panel shows that f,,,, values for the QHC equations of state
in our simulations obey the scaling relations with tidal deformability as noted in [77]. This
also shows that the QHC simulations all cluster with a soft EOS like the SLy in the initial
chirp. However, the lower panel shows the relation between f,cqx and the pseudo-averaged
rest-mass density. Such a correlation was suggested in Refs. [25, 76]. This figure shows that
in the later 3 kHz post-merger phase, the f,cqx frequencies cluster somewhere between a soft
and stiff EOS. Hence, observing such a transition in the PSD between soft to stiffness, as
evidenced in the different behaviors of fuc and fpeq, may indicate the formation of quark
matter. Once the existence of quark matter is confirmed the amplitude of the PSD at f,qqx
might be suggestive the strength of the quark couplings.
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Figure 3: Power spectral density (2h(f)f 1/2) as a function of frequency for various simula-
tions as labelled and shown on Figure 2. The upper green curve shows the LIGO sensitivity
while the lower blue and orange curves show anticipated sensitivity of the Einstein Telescope
and Cosmic Explorer, respectively. The first peak at around 1 kHz for all of the simulations
corresponds to the initial contact of the merging binaries. The second peak near 2 kHz corre-
sponds to the maximum chirp strain, f;,.x, while the third peak, at around 3 kHz corresponds
to the long postmerger phase, fpeuk-
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