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We investigate the quark deconfinement phase transition in the context of binary neutron star (BNS)
mergers. We treat hadronic matter using a Brueckner-Hartree-Fock quantum many-body approach and
modern two-body and three-body nuclear interactions derived within chiral effective field theory. Quark
matter is modeled using an extended version of the bag model. We combine these approaches to construct a
new finite-temperature composition-dependent equation of state (EOS) with a first-order phase transition
between hadrons and deconfined quarks. We perform numerical relativity simulations of BNS mergers with
this new EOS and compare results obtained with or without the deconfinment phase transition. We find that
deconfined quark production in a neutron star merger results from matter crossing the phase boundary over
a wide range of temperatures and densities. The softening of the EOS due to the phase transition causes the
merger remnants to be more compact and to collapse to a black hole at earlier times. The phase transition is
imprinted on the postmerger gravitational wave (GW) signal duration, amplitude, and peak frequency.
However, this imprint is only detectable for binaries with sufficiently long-lived remnants. Moreover, the
phase transition does not result in significant deviations from quasiuniversal relations for the postmerger
GW peak frequency. Consequently, the postmerger GW peak frequency alone is not sufficient to
conclusively exclude or confirm the presence of a phase transition in a BNS merger. We also study the
impact of the phase transition on dynamical ejecta, remnant accretion disk masses, r-process nucleosyn-
thetic yields and associated electromagnetic counterparts. While there are differences in the electromag-
netic counterparts and nucleosynthesis yields between the purely hadronic models and the models with
phase transitions, these can be primarily ascribed to the difference in remnant collapse time between the
two, so they are degenerate with other effects. An exception is the nonthermal afterglow caused by the
interaction of the fastest component of the dynamical ejecta and the interstellar medium, which is
systematically boosted in the binaries with phase transition as a consequence of the more violent merger
they experience.
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I. INTRODUCTION

Strong interacting matter, described by quantum
chromodynamics (QCD), possesses a rich phase structure
[1-3]. At low enough temperatures and densities the QCD
phase diagram is populated by hadronic matter, i.e. a phase
where quarks and gluons are confined within baryons and
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mesons. High precision QCD calculations on a space-time
lattice at zero baryon chemical potential (i.e. zero baryon
density) have clearly shown that at high temperature and for
physical values of the quark masses, quarks, and gluons
become the most relevant degrees of freedom. The tran-
sition to this quark gluon plasma phase is a crossover [4,5]
rather than a real phase transition with a pseudocritical
temperature of about 155 MeV. The phase with deconfined
quarks and gluons has been observed in heavy-ion collision

© 2021 American Physical Society
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experiments at very high beam energies probing the high
temperature and low density region of the QCD phase
diagram (see e.g. [6] and the references therein).

A transition to a phase with deconfined quarks and gluons
is also expected in the region with low or moderate temper-
atures (T = 0-100 MeV) and large densities (several times
the nuclear saturation density p,,. ~2.7 x 10'* gcm™).
This is the region of the QCD phase diagram that is mapped
by neutron star (NS) interiors, the hot and dense matter
formed during core-collapse supernovae and binary neutron
star (BNS) mergers. In fact, since a long time it has been
proposed that quark matter composed of the three lightest
quark flavors, namely up (u), down (d), and strange (s)
quarks, can exist inside the core of NSs (the so-called hybrid
stars) or form a new type of self-bound compact stars
(strange stars) which are completely made of strange quark
matter (see e.g. [7]). Whether in this region of the QCD
phase diagram the quark deconfinement phase transition is
of the first order with a critical end point, or whether it
proceeds smoothly through a crossover is still an open
question. The latter cannot be answered by lattice QCD
calculations due to the so-called sign problem, which makes
all known lattice QCD methods at finite baryon chemical
potential inapplicable. New dedicated experiments under
construction at future facilities as the Compressed Baryonic
Matter experiment [8] at the Facility for Antiproton and Ion
Research will clarify this and others fundamental questions
on dense QCD matter in the upcoming years.

The discovery of gravitational waves (GWs) from the
BNS merger GW170817 by Advanced LIGO and Advanced
VIRGO [9], complemented by the subsequent observations
of electromagnetic (EM) counterparts by a host of earth and
space-based telescopes [10], has ushered in the new field of
multimessenger astronomy with GWs. It is now possible to
indirectly probe the nature of the dense and hot matter
created in BNS mergers through multimessenger observa-
tions. Numerical simulations with sophisticated multiphysics
are required to model the highly dynamical post-merger
evolution of BNS systems and bridge the gap between the
fundamental physics of mergers and observational data.

The works by Most et al. [11,12], Bauswein et al.
[13,14], Weigh et al. [15], Liebling et al. [16], and Blacker
et al. [17] extensively studied QCD phase transitions in
BNS mergers by contrasting simulation results obtained
with equation of state (EOS) models in which the QCD
phase transition was included or excluded. Most et al.
[11,12] employed a chiral mean field model with a first-
order phase transition from hadrons to quarks, which also
included hyperons. They found that, for their particular
choice of EOS, a first-order QCD phase transition induced
similar qualitative differences in the postmerger dynamics
and the associated GW signal as the appearance of hyper-
ons [18,19]. In particular, the appearance of quarks was
rapidly followed by black hole (BH) formation in their
studies. They also identified a small dephasing in the

postmerger GW signal, which was claimed to be a unique
signature of the formation of quarks. However, it is not
clear that such a dephasing is significant given the
numerical uncertainties in their simulations.

The studies of Bauswein er al. [13,14] differed from the
previous ones in several aspects. They employed an EOS that
contained an extended mixed phase of quarks and hadrons
[20], while the EOS adopted by Most et al. [11,12] had arapid
transition to pure quark matter. Bauswein et al. [13,14] also
used a smoothed particle hydrodanamics code instead of a
grid based code and employed the conformally flat approxi-
mation to general relativity (GR). The simulations of
Bauswein et al. [13,14] resulted in the formation of quad-
rupolarly deformed hybrid remnants with hadronic envelopes
and deconfined quarks in their cores that did not immediately
collapse to BHs. These remnants were found to emit GWs ata
substantially higher frequency than their hadronic counter-
parts. In particular, the GW signal from hybrid remnants
violated empirical relations between certain properties of the
binaries that can be measured from the inspiral signal and their
postmerger peak frequencies [21-25]. Since these relations
are known to hold for all hadronic EOSs [26], the detection of
a signal violating them would be a smoking gun evidence for
the presence of a first order phase transition.

The apparent discrepancies between the results of Most
et al. [11,12] and Bauswein ef al. [13,14] have been
addressed by Weih et al. [15]. This study considered a
purely phenomenological description of the EOS using a
piecewise polytropic ansatz. Weih et al. [15] found that,
depending on the characteristic of the EOS and of the phase
transition, there were different possibilities. A shift in the
postmerger peak GW frequency was found to occur only for
models in which the phase transition is not immediately
followed by BH formation. Moreover, in the cases in which
the phase transition was delayed from the onset of the merger
it was possible for the postmerger GW spectrum to display
two peaks: one associated with the hadronic remnant prior to
the phase transition, and one associated with the hybrid
remnant after the phase transition. More recently, Liebling
et al. [16] used the same phenomenological ansatz as Weih
et al. [15]. They confirmed the previous findings and also
studied the impact of phase transitions on the topology of the
magnetic field of the stars.

A recent work by Blacker ef al. [17] attempted to derive a
methodology to constrain the onset density of a deconfinement
phase transition in BNS mergers. They investigated the effects
of quark deconfinement over a substantial range of NS masses.
They used EOS framework as Refs. [13,14] but varied some of
the model parameters. They claimed that with several mea-
surements of the postmerger peak frequency for different
binary masses it would be possible to constrain the density
threshold for quark deconfinement at zero temperature.

The related scenario of the merger of self bound compact
stars or strange stars was considered by Bauswein et al.
[27,28] and Zhu et al. [29], while the merger between
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hadronic NSs and strange quark stars was considered in De
Pietri et al. [30]. These studies highlighted some potential
GW and EM signatures for strange quark stars. Such
scenarios could be independently constrained from upper
bounds on the flux of strangelets generated in such
mergers [27,31].

A concordant picture has started to emerge on the
possible role of QCD phase transition in mergers.
However, there are still many open questions. What are
the prospects for constraining a phase transition given a
realistic BNS population? How generic are the signatures
identified by Bauswein er al. [27,28] and Blacker et al.
[17]7 Can EM counterparts and nucleosynthesis yield
provide an independent constraint? In this work, we begin
to address these questions using BNS merger simulations in
full general relativity. We use a state of the art micro-
physical nuclear EOS for the hadronic phase and a
phenomenological bag model EOS for the quark phase,
coupled to a model for neutrino transport. We focus on a
wider range of total binary mass and mass ratios than what
has been considered in the past and study, for the first time,
the possible signature of phase transitions in kilonovae, r-
process nucleosynthesis yield, and afterglows of BNS
mergers. We confirm that QCD phase transitions could
leave a detectable imprint on the postmerger GW signal.
However, such signature might not be easily identifiable.
Indeed, the differences between our hadronic and mixed
quark binaries are of the same order as differences between
different hadronic models already presented in the liter-
ature. Bauswein et al. [32] also investigated the mass
ejection rates from BNS mergers in the context of EOSs
with deconfined quarks and reported on the absence of
characteristic signatures resulting from the quark decon-
finement. Likewise, we do not find any smoking gun
signature of a phase transition in the kilonova or nucleo-
synthesis yields, but we find that the onset of a QCD phase
transition can lead to more energetic bounces of the
remnant. These, in turn, result in the ejection of a small
amount of material to transrelativistic velocities which
could power particularly bright nonthermal afterglows.
However, this effect cannot be presently used to constrain
phase transition in mergers owing to the large uncertainties
in the physics of the shock launched by the ejecta in the
interstellar medium (ISM).

The paper is organized as follows. In the subsequent
Secs. IT and III, we describe, respectively, the details of the
EOSs and the numerical infrastructure for the calculations
presented in the rest of the paper. In Sec. IV, we describe the
dynamics of the merger. In particular, in Sec. IVA, we
comment upon the qualitative features of the evolution of a
BNS merger with a QCD phase transition and in Sec. IV B,
we probe the thermodynamic properties of the matter
produced in mergers using Lagrangian tracer particles.
Section V is devoted to the study of the GW signatures of
such a transition. A discussion about the properties of the

outflow from such mergers and accretion disks surrounding
the remnant follows in Sec. VI. Section VII is dedicated to
the discussion of possible EM signatures coming from
mergers exhibiting a QCD phase transition. In particular,
we compute the kilonova light curves at early times
after the merger and the late-time afterglow in Secs. VII A
and VII B, respectively. We finally culminate the paper with
conclusions in Sec. VIIL

II. EQUATIONS OF STATE

A. Hadronic matter

In the first case (hadronic matter) we assume that the
dense and hot matter formed during BNS mergers can be
modeled, up to the relevant temperatures and densities, as
a uniform electric-charge-neutral fluid of neutrons, pro-
tons, electrons, positrons, and photons. Recently a new
microscopic EOS for this system has been obtained in
Bombaci et al. [33] (hereafter the BL EOS) for the zero
temperature case, using the Brueckner-Hartree-Fock
(BHF) quantum many-body approach (see [33] and
references therein) starting from modern two-body and
three-body nuclear interactions derived within chiral
effective field theory (ChEFT) (e.g. [34,35]). These chiral
nuclear interactions reproduce with high accuracy the
nucleon-nucleon scattering data and the experimental
binding energies of light (A = 3, 4) atomic nuclei. The
BL EOS reproduces the empirical properties (energy per
nucleon, symmetry energy and its slope parameter L,
incompressibility) of nuclear matter at saturation density
(ng = 0.16 fm~3; see Logoteta et al. [36]), it does not
violate causality (i.e. v, < ¢, with v, being the speed of
sound in the nuclear medium), and it is consistent (see
Fig. 2 in [33]) with the measured elliptic flow of matter in
heavy-ion collisions experiments [37].

When computing static neutron star configurations, the
BL EOS (for the p-stable case) gives the following: (i) a
maximum mass M, = 2.08 My and a corresponding
radius R(M,,,,) = 10.22 km, (ii) a quadrupolar tidal polar-
izability coefficient A4 = 385 (for the 1.4 My neutron
star [38]) compatible with the constraints derived from
GW170817 [9], and (iii) a threshold mass for the prompt
collapse of a ¢ =1 BNS system to BH as My, eshold =
2.925 Mg, (Sec. IVA) indicating that GW170817 is com-
patible with being a NS-NS system if NSs are described by
this EOS. With the addition of a thermal contribution, using
the so-called I" law, the BL EOS has been used in BNS
merger simulations by Endrizzi et al. [39].

Very recently, the BL EOS has been extended to finite
temperature and to arbitrary proton fractions [40]. In the
following we will refer to this finite-temperature EOS
model as the BLh EOS. The BLh EOS has been applied
in Bernuzzi et al [41,42] to asymmetric neutron star
mergers (g # 1) with chirp mass 1.188 Mg, corresponding
to the measured one in the case of GW170817.
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B. Deconfined quark matter

The second EOS model (hereafter the BLQ EOS) used in
our work describes the thermodynamical properties of
hadronic-quark hybrid matter. We assume that at high
enough temperatures and densities reached during a BNS
merger, stellar matter undergoes a transition to a phase with
deconfined quarks (quark matter) and in addition we
assume this phase transition to be of the first order.
Quark matter could also be present in the NS cores prior
to merger in the case of sufficiently massive NSs (see
Fig. 1) and for particular choices of the quark matter EOS
parameters. To describe the hadronic phase (i.e. quarks
confined in neutrons and protons in our case) of hybrid
matter we make use of the BLh EOS described above.

To model the quark phase we use an extended version of
the phenomenological bag model EOS which includes the
effects of gluon mediated QCD interactions between quarks
up to the second order in the QCD coupling a; [43-45].
The grand canonical potential per unit volume can be
written as (we use units where 2 =c = 1)

3
Q= Z Q?+W(l_a4)/"4+3eff» (1)
i=u,d,s,e
where Q! is the grand canonical potential density for u, d, s
quarks and electrons (and their antiparticles), described as
ideal relativistic Fermi gases. The second term on the right
hand side of Eq. (1) accounts for the perturbative QCD
corrections to O(a?) [43-45], and its value represents the
degree of deviations from an ideal gas EOS, with a; =1
corresponding to the ideal case. The chemical potential y in
Eq. (1) can be written in terms of the u, d, and s quark
chemical potentials as y = (p,, + pg + p,)/3. The term B
is an effective bag constant which takes into accounts in a
phenomenological way nonperturbative aspects of QCD.
At finite temperature, the ideal gas contributions to Q
provided by fermions and antifermions can be calculated by
computing the corresponding Fermi integrals for a given
temperature 7 and chemical potential y; (see e.g. [46]):

1 g [
=9 akk
327:2% v

X [f (k. pi) + f (k. —pi)]. 2)

where v = k/E; is the particle velocity [with E;(k) =
(K +m?)'/?], and f(k,+u;) are the Fermi distribution
functions with chemical potentials for particles (+;) and
antiparticles (—g;):

Q?(T’ /’ll) =

1

Sk, £p;) = CERFI)IT | 1

(3)

the degeneracy factor is g; = 2 for electrons and g; = 6 for
each quark flavor. We neglect the temperature dependence
of the last two terms in Eq. (1).

p (103 dynes cm~2)

£/ Pauc

9
=,
=
7IIIIIIIIIIIIIIIIIIIIIIIIIIII7
0’010 11 12 13 14 15
R [km]
FIG. 1. The pressure-density variation at 7 = 0 and the mass-

radius relationship for isolated, cold (T = 0), f-equilibrated, and
spherically symmetric neutron stars constructed with the two
equations of state used in this work. The circle and square
markers represent the individual masses of the neutron stars
simulated for BL and BLQ EOS, respectively. The BLQ mass-
radius sequence departs from the BL sequence for neutron stars
having a mass M 2 1.7 My. These stars possess in fact a core
made of hadron-quark mixed matter.

The total entropy density

S:'Z 8; (4)

can be calculated using the ideal Fermi gas approximation
for each fermionic particle species [47]:

083029-4



SIGNATURES OF DECONFINED QUARK PHASES IN BINARY ...

PHYS. REV. D 104, 083029 (2021)

il = =2 [~ Rkl ) f k)

+ (1= f(k. i) In(1 = f (k. ;)
+ f(k, —pi) In f (k, —p;)
+ (1= Sk, =pi)) In(1 = f(k, —p))].~ (5)

Using standard thermodynamical relations, the energy
density can be written as

e=Q+ Z un; +Ts, (6)

i=u.d,s.e

where n; is the number density for each particle species
which can be calculated as

S <gfj> v 7

and the total baryon number density is

ng :%(nu + ng + ny). (8)
We next assume a first-order hadron-quark phase tran-
sition and, following Glendenning [48], we require global
electric charge neutrality of bulk stellar matter. An important
consequence of imposing global charge neutrality is that the
hadronic and the quark phases can coexist for a finite range
of pressures. This treatment of the phase transition is known
in the literature as the Gibbs construction for the hadron-
quark mixed phase. In this case the Gibbs conditions for
phase equilibrium can be written as [48]

Hbo.H = Hb,0 = Hps (9)
HeH = Hq.0 = Hgs (10)
Py(pp, g T) = Polpp, g T), (12)

where the subscripts H and Q refer to physical quantities in
the hadronic and in the quark phase, respectively, while the
baryon chemical potential, y,, and the electric chemical
potential, u,, are two independent chemical potentials
corresponding, respectively, to the global conservation of
the baryon number and the electric charge. In the pure
hadronic phase y;, = u,,, the neutron chemical potential, and
Hg = M., the electron chemical potential. In the quark phase
the quark chemical potentials can be written as

1 2 1
= — —_ 2 — —_— 1
Hu 3 (Mh Mq) 3,“/1 3.un’ ( 3)
1 21
Ha =5y + Hg) = Z 10 = Hp- (14)

Weak reactions of the type
d+u<u+s (15)
ute < s+, (16)

will change the strangeness content of the just deconfined
quark matter [49] to minimize the energy per baryon of the
system. Since the typical timescale for weak interaction
processes t,, < (1078-10719) s is significantly shorter than
the hydrodynamics timescales inside the remnant, we
neglect detailed reaction rates involving quarks and neu-
trinos, and we consider f-stable strange quark matter with
the strange quark chemical potential y, = p.

In the present work we take m, =m,;=0, m; =100 MeV,

B;{f = 180 MeV, and a4 = 0.4. With these values of the
EOS parameters for the quark phase, and with the BL EOS
for the hadronic phase, we obtain the NS mass-radius
curves shown in Fig. 1. In particular, we find identical radii
and NS structure for BL and BLQ when considering stars
with masses up to M ~ 1.7 Mg. That is, up to the onset
of the phase transition. After the onset of the phase
transition, the BLQ EOS becomes less stiff than BL and
predicts more compact NSs and a lower maximum
mass of M., = 1.99M,. The corresponding radius is
R(M,,4x) = 10.46 km. The threshold for prompt BH for-
mation for a ¢ = 1 BNS merger with BLQ EOS is found to
be 2.825 Mg (see Sec. IVA).

III. NUMERICAL SETUP

We evolve our systems in full general relativity along
with high order convergence schemes for general relativ-
istic hydrodynamics using the WHISKYTHC code [50-54].
The spacetime metric is evolved using the Z4c formulation
[55,56] of the Einstein’s equations implemented in the
CTGAMMA thorn [57,58] of EINSTEIN TOOLKIT [59]. Our
simulations make use of the CARPET adaptive mesh refine-
ment (AMR) framework [60,61], which implements the
Berger-Oliger scheme with refluxing [62,63]. For the
relativistic hydrodynamics, WHISKYTHC evolves proton
number and neutron number densities separately to ensure
detailed conservation given by

vﬂ(”p,n MM) = Rp.,nv (17)
where n,, are the number densities of (free or bound)
protons and neutrons, respectively, u# is the fluid four-
velocity and R, ,, are the net lepton number deposition rates
due to the emission and absorption of electron neutrinos
and antineutrinos. Due to charge neutrality, the relative
amount of neutrons and protons is expressed in terms of Y,
ie. the electron fraction given by n,/(n, +n,). The
evolution of the energy-momentum tensor takes the follow-
ing form:
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TABLE 1. A summary of the properties of nonspinning isolated
NSs used for constructing the initial data with the BL EOS. M,
represents the primary (heavier) mass in the binary and M, is the
secondary mass. M represents the total mass whereas q and v
represent the mass ratio and the symmetric mass ratio of the
binary. A;s (i € {1,2}) are the respective quadrupolar tidal
polarizability coefficients of the individual stars and A is a
parameter defined in Eq. (5) of [66]. £ is a tidal parameter
constructed in [26] from A;s.

M, M, M q v A A A £
Mg [Mo]  [Mg]

1.3 1.3 2.6 1.0 025 69 696 696 130
1.3325 1.3325 2.67 1.0 025 595 595 595 111
1.365 1365 273 1.0 025 510 510 510 95
14 1.4 2.8 1.0 025 432 432 432 81
1.45 1.45 29 1.0 025 341 341 341 63
1475 1475 295 1.0 025 303 303 303 56
1.5 1.5 3.0 1.0 025 269 269 269 50
1.6 1.6 32 1.0 025 168 168 168 31
1.4 1.2 26 117 025 432 1137 711 133

1482 1259 274 1.8 025 293 849 510 95
1856 1.02 288 1.82 023 46 2896 505 92
VT = Qu*, (18)

where Q is the net energy deposition rate due to the
emission and absorption of neutrinos and antineutrinos of
all flavors. We consider the relativistic fluid of the neutron
star to be a perfect fluid with no shears, viscosity, or heat
conduction, that is

™" = (e + p)utu’ + pg. (19)

Here e is the total energy density, p the isotropic pressure,
and ¢" the spacetime metric. For additional details on the
numerical schemes used to discretize the above equations
and the specifics of the neutrino leakage scheme, we refer
to Radice er al. [54] and the references therein.

In order to record the thermodynamic history of the
relativistic flow in and around the remnant’s core, we
inject Lagrange tracer particles in the fluid frame. These
are fiducial particles that are advected with the flow
according to

1

% =av' —f. (20)
Here « is the lapse function, ' is the three-velocity of the
fluid, and ' is the shift vector.

The initial data for all our simulations is constituted of
irrotational binaries in quasicircular orbit at an initial
separation of 45 km. These are constructed using the
LORENE code by Gourgoulhon et al. [64], which provides
classes to solve for a wide variety of partial differential
equations using multidomain spectral methods. We use the

BL EOS to construct the initial data for all our systems,
including those simulated with the BLQ EOS. We simulate
11 BNS configurations varying both in their total mass and
mass ratios (Table I). These include binaries with total
gravitational masses ranging from 2.6 to 3.2 My and
covering a mass ratio range of 1 to 1.82. Among our
simulations there are three systems that are targeted to
GW170817, namely 1.365-1.365 Mg, 1.482-1.259 M,
and 1.856-1.020 Mg. Each of these binaries have a chirp
mass of 1.18 M, that is compatible with the observations
for GW170817 [9]. Additionally, we also simulate a binary
1.4-1.2 M, that is consistent with the observations of the
relativistic binary pulsar PSR J1829 + 2456 [65].

We employ an adaptive mesh refinement structure
composed of seven refinement levels. Of these, the three
outer levels are fixed, while the inner four levels are
comoving with the stars during their inspiral. The finest
refinement levels covers entirely the stars during the
inspiral and the centrally condensed part of the remnant
after the merger. We simulate the binaries at two spatial
resolutions (see Table II): with grid resolutions of 184.6 m
(standard resolution; SR) or 246.1 m (low resolution; LR)
in the finest refinement level. The 1.4-1.2 Mg, binary is
only simulated at SR. The time step is determined by the
Courant-Friedrichs-Lewy coefficient, which is taken to be
0.125. This small Courant-Friedrichs-Lewy, in combina-
tion with the positivity preserving limiter of WHISKYTHC,
guarantees the positivity of the density [52].

IV. MERGER DYNAMICS

A. Qualitative dynamics

We start with a discussion of the qualitative dynamics
of a BNS merger with a phase transition. To this aim, we
show in Fig. 2 the postmerger evolution for the
1.3325-1.3325 Mg, binary, which is representative of our
set of simulations. The figure shows the thermodynamic
properties of matter in the equatorial plane. All of the
binaries we have considered, with the exception of
1.856-1.020 Mg, have no deconfined quark matter during
the inspiral up until merger. This is expected since, as
discussed in Sec. II, phase transition at zero temperature
occurs only for stars more massive than about 1.7 My,

The inspiral evolutions of the BLQ and BLh binaries are
identical, with the exception of 1.856-1.020 Mg, which is
discussed later. As the orbit of the binary shrinks the stars
become increasingly deformed. In high mass ratio systems
the deformations lead to mass transfer and the disruption of
the secondary star [41]. In the case of comparable mass
binaries there is no mass transfer between the stars up to
contact.

As the stars merge, their collisional interface is heated to
temperatures of up to 40 MeV [11,68-71]. This hot
interface is the first site of quark matter production.
Over the next few milliseconds, a massive remnant begins
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TABLEIL. A summary of the postmerger GW properties from all our simulations at two spatial resolutions. 7y, is the time of merger,

tgy 1S the time after merger when the system collapses to a black hole,

t.on 18 the time when the gravitational radiation from the 2,2 mode

shuts down and 7,4 is the final time of the simulation. f, represents the dominant postmerger peak frequency of the 2,2 mode, Af,
represents the difference between the postmerger peak frequencies from the 2 EOSs and AFT represents the numerical uncertainty in the
Fourier transform. The binary labeled with BLh* is with general-relativistic large-eddy simulation and simulated using the calibrated

turbulence model in [67].

EOS M, M, M q Resolution gy — fmerg  feoll = fmerz  Tend — merg fa Af, AFT  Prompt
Mo] Mel Mgl [ms] [ms] [ms] [kHz] [kHz] [kHz] Collapse
BLh 1.3 1.3 2.6 1.0 SR > 18.69 > 18.69 18.69 2.8 X
BLQ 1.3 1.3 2.6 1.0 SR 15.95 16.6 19.21 292 0.12  0.06 X
BLh 13325 13325 267 1.0 SR > 36.23 > 36.23 36.23 291 X
BLQ 1.3325 13325 267 1.0 SR 7.44 8.17 10.55 3.11 0.19  0.12 X
BLh 1.365 1.365 273 1.0 SR > 101.2 > 101.2 101.2 3.06 X
BLh*  1.365 1.365 273 1.0 SR > 12.34 > 12.34 12.34 3.05 X
BLQ 1.365 1.365 273 1.0 SR 4.1 4.82 12.15 318 0.12 0.21 X
BLh 1.4 1.4 2.8 1.0 SR > 38.57 > 38.57 38.57 32 X
BLQ 1.4 1.4 2.8 1.0 SR 1.92 2.85 11.6 X X X X
BLh 1.45 1.45 2.9 1.0 SR > 14.4 > 14.4 14.4 X X
BLQ 1.45 1.45 2.9 1.0 SR 0.67 1.68 4.39 X X X v
BLh 1.475 1.475 295 1.0 SR 0.69 1.93 11.76 X v
BLQ 1.475 1475 295 1.0 SR 0.57 1.61 5.66 X X X v
BLh 1.5 1.5 3.0 1.0 SR 0.56 1.69 4.76 X v
BLQ 1.5 L5 3.0 1.0 SR 0.51 1.54 3.63 X X X v
BLh 1.6 1.6 32 1.0 SR 0.39 1.32 3.66 X v
BLQ 1.6 1.6 3.2 1.0 SR 0.39 1.29 3.64 X X X v
BLh 1.4 1.2 26 1.17 SR > 105.0 > 105.0 105.0 2.75 X
BLQ 1.4 1.2 26  1.17 SR 17.2 17.63 23.95 296  0.21 0.06 X
BLh 1.482 1.259  2.74 1.18 SR > 21.59 > 21.59 21.59 2.97 X
BLQ 1.482 1.259 274 1.18 SR 3.54 4.42 9.03 32 023 023 X
BLh 1.856 1.02 2.88 1.82 SR 1.02 1.61 8.31 X v
BLQ 1.856 1.02 2.88 1.82 SR 0.65 1.74 8.74 X X X v
BLh 1.3 1.3 2.6 1.0 LR > 31.9 > 31.9 31.9 2.82 X
BLQ 1.3 1.3 2.6 1.0 LR 12.28 12.81 19.66 294  0.13  0.08 X
BLh 1.3325 13325 2,67 1.0 LR > 26.35 > 26.35 26.35 2.88 X
BLQ 13325 13325 267 1.0 LR 13.19 13.82 18.65 3.06 0.19 0.07 X
BLh 1.365 1.365 273 1.0 LR > 21.39 > 21.39 21.39 3.03 X
BLQ 1.365 1.365 273 1.0 LR 4.84 5.44 8.59 3.06 004 0.18 X
BLh 1.4 14 2.8 1.0 LR > 23.63 > 23.63 23.63 3.15 X
BLQ 1.4 1.4 2.8 1.0 LR 1.91 2.74 8.02 X X X X
BLh 1.45 1.45 2.9 1.0 LR 1.85 293 133 X X
BLQ 1.45 1.45 2.9 1.0 LR 0.67 1.53 9.44 X X X v
BLh 1.475 1475 295 1.0 LR 0.66 1.73 4.98 X v
BLQ 1.475 1475 295 1.0 LR 0.55 1.47 4.46 X X X v
BLh 1.5 1.5 3.0 1.0 LR 0.56 1.54 5.06 X v
BLQ 1.5 1.5 3.0 1.0 LR 0.52 1.43 4.65 X X X v
BLh 1.6 1.6 32 1.0 LR 0.4 1.28 5.11 X v
BLQ 1.6 1.6 32 1.0 LR 0.4 1.26 4.76 X X X v
BLh 1.482 1.259 274 1.18 LR > 20.71 > 20.71 20.71 2.98 X
BLQ 1.482 1.259 274 1.18 LR 3.63 4.35 11.66 3.14 0.16 0.23 X
BLh 1.856 1.02 2.88 1.82 LR 0.99 1.59 9.88 X v
BLQ 1.856 1.02 2.88 1.82 LR 0.62 1.7 9.96 X X X v

to form with increasing densities and temperatures in and
around the core. At this stage, the spatial distribution of the
quark phase is largely determined by regions of high
temperature and this feature is found to be a robust
characteristic of all our simulations. These temperature

hot spots evolve further into a ringlike structure over the
next several milliseconds, which is also a feature observed
in [11,69,70]. The hot spots continue to dictate the spatial
distribution of the quark phase, but now the extreme density
in the core of the remnant, reaching up to five times nuclear
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FIG. 2. Evolution of the remnant’s density, temperature, electron fraction and quark fraction across the xy plane for a merger of the
1.3325-1.3325 M, binary. Deconfined quarks appear as matter is compressed and heated up during the merger. The quark distribution
strongly correlates with the temperature distribution in the middle panel, indicating that quarks are formed due to heating during the
merger. At later times, the quark distribution is centrally condensed and most strongly correlated with the density.

saturation density, also starts to play a role in producing
quark matter and determining their distribution in space.
Noteworthy is the fact that both temperature and density
can trigger a production of deconfined quark phase. For
example, according to our EOS, for typical electron
fractions Y. ~ 0.01 and density of 3p,,., quark deconfine-
ment can occur at temperatures as low as ~20 MeV. On the
other hand, at densities of the order of the nuclear saturation
density, quark deconfinement requires temperatures above
~70 MeV. We explore this interplay between density and
temperature for the production of quarks in more detail in
Sec. IV B.

As another representative example of the dynamics of
the BLQ binaries, we show the evolution of the 1.4-1.2 Mg
binary in Fig. 3. This merger proceeds in a similar way as
that of the previously discussed 1.3325-1.3325 M, binary.

However, a qualitative difference between the dynamics of
an equal and an unequal mass merger is that the quark
distribution is asymmetric in the latter case. This follows
from the fact that the hot spots in unequal mass mergers are
no longer spatially symmetric with respect to the remnant’s
center, as also pointed out in [11].

A generic feature of all of our simulations is that the
remnants of the BLQ binaries are more compact and
collapse earlier to a BH than the BLh binaries, for which
the QCD phase transition is absent. This is because the
appearance of quarks tends to soften the EOS making the
NSs more compact and hence more susceptible to BH
formation. Measuring the lifetimes of NS merger rem-
nants could provide important constraints on the NS EOS.
Indeed hierarchical inference studies done on collapsing
neutron star models using the x-ray afterglow studies of
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FIG. 3.
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Evolution of a BNS merger of masses 1.4 and 1.2 M, evolved with the BLQ EOS. The mass configuration corresponds to the

pulsar PSR J1829 + 2456 [65]. The blue and gray color scales represent isodensity surfaces corresponding to densities 10'* and
10" gem™3, respectively. The deconfined quark phase that appears near the core of the remnant after merger is represented in red.

short gamma ray bursts show evidences of a quark
EOS [72].

Binaries with mass above a critical threshold undergo
prompt collapse to a BH, which we define as the absence of
any bounce of the merger remnant prior to BH formation.
When prompt BH formation occurs it is difficult to
differentiate between systems with or without a QCD
phase transition solely on the basis of postmerger GW
signal, since it is effectively absent. However, the
differences between the BLh and BLQ EOS manifest as
a lowering of the mass threshold for the prompt BH
collapse from M =2.925 My for BLh EOS to M =
2.825 Mg, in the case of BLQ EOS (see Table II and
[73]). This is in agreement with the claim that phase
transitions can lower the threshold towards prompt BH
collapse by Bauswein et al. [14].

B. Dynamics of the phase transition

We follow a methodology along the lines of
[11,12,71,74] to identify the thermodynamic conditions
reached in BNS mergers and whether or not these con-
ditions are conducive towards the production of deconfined
quark matter. In particular, as discussed in Sec. III, we track
the thermodynamic properties of the NS material in and
around the core using Lagrangian tracer particles. This
allows us to record the thermodynamical evolution of
individual “fluid elements.” We primarily discuss the case
of the 1.3325-1.3325 Mg, binary, which is representative of
most of our simulations.

The BLQ EOS provides the quark fraction Y, as a
function of the matter temperature T, density p, and electron

fraction Y, i.e. Yq = Yq(p. T, Y,). As the dynamics of the
phase transition takes place in and around the core of the
remnant, where Y, does not exceed 0.15 (see Fig. 2), it is
reasonable to approximate the full phase diagram of the
EOS with a two-dimensional analog obtained by averaging
Y. over the range Y, € [0.0,0.15]. We remark that this is
done for illustrative purposes only and that no such
approximation is made in the simulations. There are no
qualitative differences between the Y.-averaged (Y,) and
Y, in the range of Y.s considered here.

The result of this procedure constitutes the background
color map used in Fig. 4. The figure also shows the
thermodynamic trajectory of a Lagrangian tracer particle
from our fiducial binary. This particle is representative of
the evolution of the tracer particles that are located in the
inner 7.3 km of the remnant. Before the merger, corre-
sponding to negative times and coordinate distances larger
than ~7 km, the particle is in the hadronic phase. As the
stars merge, matter undergoes repeated cycles of compres-
sion and expansion, during which it crosses the phase
boundary repeatedly. After a few oscillations, the remnant
becomes unstable and starts to collapse. Matter is com-
pressed to large densities and BH formation takes place. As
the tracer evolves, the radial distance oscillates between 4
and 6 km from the remnant’s center, signifying that as the
tracer is moving in and out of the quark phase, it is also
moving in and around the remnant’s core. Finally, just
before the final collapse, the tracer particle is found in the
hadron-quark mixed phase of the EOS. The occurrence of
mixed quark phases is a consequence of modeling the
phase transition by imposing global charge neutrality or the
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FIG. 4. Thermodynamic trajectory of a representative tracer particle from the binary system 1.3325-1.3325 Mg,. The trajectory is
superposed on a Y, weighted equilibrium slice of the BLQ EOS. The trajectories themselves are color coded according to the relative
time from merger and the radial distance of a tracer from the center of the remnant. Matter in the NS cores crosses the phase boundary
several times starting from the moment of merger and until the time of collapse and BH formation.

Gibb’s construction. Gibb’s construction was also
utilized in the work by Blacker et al. [17] which resulted
in mixed quark phases with different onset densities
(at T=0) in their quark EOSs. This is an important
difference with respect to the models used in some of
the earlier works [11,12], in which the transition to pure
quark matter occurred within a narrow range of densities
and temperatures.

The presence of matter repeatedly crossing the phase
boundary is generic across our set of simulations. Such a
behavior was expected to take place on the basis of the
analysis of thermodynamic trajectories from simulations
that employed purely hadronic EOSs [74]. It is now
confirmed for the first time in our work. This process is
also illustrated in Fig. 5, where we show the evolution in
time for the quark fraction and density for two tracer
particles: one from the 1.3325-1.3325 M, binary and one
from the 1.482-1.259 M, binary. We find that the oscil-
lations in Y, correlate with the density oscillations. This
suggests that the phase boundary traversal is triggered by
the oscillations of the remnant after its formation. Indeed,
we find that the density oscillations in the tracer particles
closely track those of the maximum density. These density
oscillations either culminate in BH formation or are
damped over a timescale of ~10-20 ms [68].

Figure 6 shows a complementary analysis of the phase
diagram for the 1.3325-1.3325 M, binary. Instead of
showing the thermodynamic trajectories of a specific fluid
element, we provide a snapshot of the entire star at a fixed
time, 2.3 ms after the merger. In particular, we show a
histogram of the data from all the tracers in the simulation.
The color represents the sum of all the masses of tracer

particles in a particular temperature and density range. We
also plot contours of the quark fraction on and above
the threshold for the deconfinement phase transition. The
red streak at low temperature ~10 MeV in the range of
densities between 2p,,. — 3P represents the thermody-
namic state of the bulk of the remnant’s core matter. This
extends to sufficiently high densities to cross the phase
boundary according to our adopted EOS. However, quarks
are also formed at lower densities in the high temperature

0.3 T T T
—— 107 X p/ppuc — 0.3

—— 1.3325 — 1.3325 Mg

0.1~ —— 1.482 —1.259 Mg .
| | | |
-2 0 2 4 6
t — tmerg (8]
FIG. 5. Time evolution of quark fraction and density of fluid

elements traced by Lagrangian tracers for two binary neutron star
systems 1.482-1.259 Mg, and 1.3325-1.3325 M. Noticeable is
the fact that the period of oscillations of density matches the
period of oscillations of quark fraction.
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FIG. 6. A two-dimensional histogram of the thermodynamic
variables p and T and weighted by bins of tracer mass. Also
shown are contours of quark fraction. Both the bulk of the
remnant’s core and the periphery of the core can exhibit
deconfined quark matter depending upon p and T.
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regions (T ~ 50 MeV) that have been heated during the
merger phase. These hot layers are located at the periphery
of the quark core [68]. Our data show that, if indeed the
phase transition to deconfined quarks is of the first order,
then, depending on the particular location of the critical
point in the QCD phase diagram, matter could simulta-
neously undergo both a first order and a crossover phase
transition in different parts of the remnant. We remark here
that these hot and cold regions of deconfined quark matter
in and around the remnant’s core were also observed by
Blacker et al. [17] in their rest mass distributions over a
density-temperature plane of DD2F-SF EOSs.

We define certain characteristic times in our simulations
as follows. 7., is the time of merger, taken to be the time
when the amplitude of the / = 2, m = 2 mode of the GW
strain attains a maximum. This point approximately coin-
cides with a minima in the maximum density of the stars, as
the NSs are plunging towards each other [75]. This
expansion phase is followed by a very rapid and strong
compression as the stars collide (see Fig. 7). tpy is the time
of formation of a black hole in the simulation marked by the
formation of an apparent horizon, which we approximately
take to be the time when the lapse function drops below 0.2.
We denote by 7., the time when the [ = 2, m = 2 mode of

—4 =2 0 2 4 6 8 10
t — tmerg (8]

FIG. 7. Evolution of the instantaneous GW frequency fgw, the“+” polarization strain amplitude for the (I = 2, m = 2) mode of the
GW signal, the central density p, and the binding energy E, of the 1.3325-1.3325 M, binary. The inspiral (¢ < fers) evolution
predicted by both the BLh and BLQ EOSs is identical. The appearance of quarks is imprinted on the postmerger dynamics and GW

signal.
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FIG. 8. Amplitude of the (I = 2, m = 2) mode of the GW strain /2, and binding energies for the 1.4-1.2 Mg, 1.482-1.259 M, and

1.856-1.020 Mg, binaries. As the binaries become more massive or more asymmetric, the length of the postmerger signal decreases. The
postmerger is further shortened by an onset of deconfinement phase transition.

the radiation effectively shuts off, which we take to be the
time when the amplitude drops below 0.5% of its maximum
value. t.,q is the terminal point of our simulations where we
cease to evolve the system. These timesscales are reported
in milliseconds from merger in Table II.

V. GRAVITATIONAL WAVES

Figure 7 shows the strain amplitude and instantaneous
frequency of the dominant (I = 2, m = 2) mode of the GW
strain for the 1.3325-1.3325 M, binary, as well as the
maximum density, and the binary binding energy. The latter
is computed by subtracting the energy radiated in GWs
from the initial binding energy of the binary Mapy —
(M; +M,) following [68,76]. We find that the inspiral
dynamics for the BLQ binary is identical to that of the BLh
binary. This is expected, because for this binary, as well as
for most of the binaries considered in this study, the two
EOSs are identical over the range of densities and temper-
atures reached in the inspiral. Nevertheless, this is an
important consistency check, given that we simulate both
the BLh and BLQ binaries starting from the same initial
data. That is, we do not start the BLQ simulations from
premerger snapshots of the BLh simulations.

The only exception is the 1.856-1.020 My binary
(Fig. 8), in which quarks are already present during the
inspiral according to the BLQ EOS. For this binary we find
the premerger maximum quark fraction to be Y, ~0.06.
The maximum density in the BLQ binary is ~7% larger
than that of the BLh binary. Despite these differences, the
orbital evolution for the 1.856-1.020 My BLh and BLQ
binaries are essentially indistinguishable. In particular, the
dephasing between the two associated waveforms is

smaller than our numerical precision. This is also not
surprising given that the phase transition only impacts the
primary component of this binary, whose tidal parameter
A is in any case very small ~45.

The postmerger evolution of the BLh and BLQ binaries
are instead very different. This is shown in Fig. 7 for the
1.3325-1.3325 M, binaries. The phase transition to decon-
fined quarks in the BLQ binaries is accompanied by a loss
of pressure support. This in turn causes the BLQ remnants
to undergo violent cycles of gravitational contraction and
centrifugal bounces, while at the same time becoming
progressively more compact. This ultimately leads to the
collapse to BH. The progressive contraction of the remnant
is accompanied by a drift in the instantaneous peak
frequency of the (I =2,m = 2) mode of the GW signal
and by an increase in the overall GW luminosity, as
evidenced by the evolution of E, in Fig. 7.

Figure 8 shows the general trends of the (I =2,m = 2)
component of the GW strain and of the binary binding
energies across our set of simulations. We do not find any
significant difference in the inspiral GW signal between the
BLh and BLQ binaries. This also includes the
1.856-1.020 Mg, binary for which quarks are also present
in the inspiral, as discussed above. Significant differences
are present in the postmerger for all the binaries, with the
exception of the 1.856-1.020 My, binary, which results in
prompt BH formation. For the latter, the postmerger signal
is consistent with the ring down of the formed BH. The
phase transition is imprinted in the duration of the post-
merger signal and as a change in the peak frequency and
overall amplitude of the signal. All BLQ binaries form BHs
during our simulation time (see also Table II). The change
in the amplitude of the GW signal is similar to that reported
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FIG.9. Power spectrum of the (I = 2, m = 2) mode of the GW strain for the 1.4-1.2 Mg, 1.3325-1.3325 Mg, 1.482-1.259 M, and
1.856-1.020 M, binaries. An exponential filter was applied to the data to remove the inspiral signal. The difference in the peak
frequency between the BLQ and the BLh binaries in the top panels is sufficiently large to be measured. On the other hand, because of the
short length of the BLQ postmerger signals, the differences in the peak frequency for the binaries in the bottom panels is smaller than the
nominal uncertainty of the Fourier transform, so they cannot be measured.

by Radice et al. [19], who studied the impact of the
appearance of hyperons in mergers. However, in the case of
a first order transition, the change in the amplitude is
accompanied by a change in the peak frequency of the
postmerger signal [13].

More specifically, the works by Sekuguchi ez al. [18] and
Radice et al. [19] found that the appearance of hyperons
leads to a softening of the EOS which is qualitatively
similar to that induced by a first-order quark deconfinement
phase transition and documented here. Indeed, like the
quark deconfinement phase transition, the creation of
hyperons lead to more compact remnants that are more
prone to collapse. However, because the thermodynamical
potentials of matter remain smooth, the appearance of
hyperons does not impact the peak frequency of the
postmerger signal of the remnants, if not for the fact that
binaries simulated with hyperons typically results in earlier
BH formation.

The GW power spectra for a representative set of binaries
are shown in Fig. 9. A characteristic feature in the
postmerger spectra of NS mergers is the existence of a
postmerger peak frequency f, [21,22,77-85] in the range
of 2-4 kHz that is related with the rotational frequency of

the remnant. As is evident from Fig. 9, there is a character-
istic shift in this postmerger peak frequency due to the
appearance of quarks in binaries evolved with the BLQ
EOS. This is in qualitative agreement with the findings of
Bauswein et al. [13], who found that such shift is a
distinctive signature of a phase transition. However, the
maximum shift in f, among our simulations is only
0.21 kHz (Table II). This is to be contrasted with the range
of shifts (0.2-0.6 kHz) in f, observed by Bauswein et al.
[13]. These difference could arise due to the differences in
the EOS models used in this study and in Bauswein et al.
[13], or they could be due to differences in the method-
ologies of our simulations. We cannot verify this since the
EOS models used by Bauswein et al. [13] are not available
to us.

We remark that these shifts in the postmerger peak
frequencies can only be observed for binaries with a
sufficiently long postmerger, where the Fourier uncertainty
principle would imply a finite localization of power spectral
density (PSD) peaks in the frequency domain. For a short-
lived remnant, the uncertainty principle dictates that there
would be a spread of PSD over a wide range of frequencies
and hence the peaks would be too broad to observe any
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TABLE III. A summary of the analysis of ejecta properties and disk masses for all our binaries at two spatial resolutions. Mg?s‘}( is the

disk mass at the end of the simulation, M, is the total mass of the ejecta, (v,),; is the ejecta’s mass averaged asymptotic velocity, (Y.)
its mass averaged electron fraction, (s),; the mass averaged specific entropy and (6)

¢

¢ 18 the rms angle with the orbital plane.

EOS M, M, M q Resolution Mg M, (Voo)ej Eyin Ein(WH>1) (Ye)ej (5)ej (O)g

Mol  [Mp]l [Me] [1073 Mg] [1073 Mg] [el  [10®erg]  [10*® erg] [kp] [rad]
BLh 1.3 1.3 2.6 1.0 SR 110.29 1.22 0.14 34.48 0.22 0.25 21.51 0.65
BLQ 1.3 1.3 2.6 1.0 SR 58.89 1.73 0.15 50.55 0.23 0.25 21.67 0.61
BLh 1.3325 1.3325 267 1.0 SR 83.44 0.88 0.18 37.98 1.31 0.22 20.13 0.61
BLQ 1.3325 1.3325 267 1.0 SR 16.79 1.18 0.21 69.4 4.62 0.21 18.61 0.57
BLh 1.365 1365 273 1.0 SR 49.44 1.4 0.16 453 0.16 0.26 21.14 0.65
BLh* 1.365 1365 273 1.0 SR 53.35 1.51 0.2 75.47 3.33 0.25 22.16 0.64
BLQ 1.365 1.365 273 1.0 SR 6.95 2.05 0.2 97.53 0.76 024 1856 0.6
BLh 1.4 1.4 2.8 1.0 SR 80.67 1.85 0.17 65.82 0.92 025 21.1 0.62
BLQ 1.4 1.4 2.8 1.0 SR 2.99 0.49 0.23 31.3 1.79 0.21 20.52 047
BLh 1.45 1.45 2.9 1.0 SR 76.05 6.84 0.19 309.73 7.7 0.25 17.03 0.57
BLQ 1.45 1.45 29 1.0 SR 0.13 0.12 0.26 8.36 0.0 0.25 2865 04
BLh 1.475 1475 295 1.0 SR 0.04 0.33 0.29 31.56 0.87 0.22 2268 041
BLQ 1475 1475 295 1.0 SR 0.13 0.04 0.25 2.69 0.0 0.26 43.51 0.36
BLh 1.5 1.5 3.0 1.0 SR 0.1 0.2 0.29 19.21 0.3 0.24 23.58 0.32
BLQ 1.5 1.5 3.0 1.0 SR 0.04 0.01 0.15 0.19 0.0 0.19 6538 0.34
BLh 1.6 1.6 3.2 1.0 SR 0.01 0.0 0.16 0.1 0.0 0.22 91.26 0.35
BLQ 1.6 1.6 32 1.0 SR 0.01 0.0 0.17 0.13 0.0 0.22 87.72 0.36
BLh 1.4 1.2 26 1.17 SR 107.27 1.98 0.19 92.57 2.39 0.18 14.06 0.55
BLQ 1.4 1.2 26 1.17 SR 67.01 1.82 0.2 96.53 4.09 0.17 14.09 0.5
BLh 1482 1259 274 1.18 SR 92.76 4.96 0.17 178.19 1.5 0.17 1233 0.5
BLQ 1.482 1.259 274 1.18 SR 13.44 2.53 0.22 154.29 2.73 0.14 11.53 0.45
BLh 1.856 1.02 2.88 1.82 SR 60.99 7.51 0.11 102.35 0.15 0.04 3.8 0.11
BLQ 1.856 1.02  2.88 1.82 SR 59.46 7.42 0.11 101.71 0.08 0.04 404 0.12
BLh 1.3 1.3 2.6 1.0 LR 87.61 0.95 0.15 27.89 0.0 024 224 0.62
BLQ 1.3 1.3 2.6 1.0 LR 28.71 0.93 0.19 42.01 0.28 0.23 2141 0.63
BLh 1.3325 1.3325 267 1.0 LR 95.56 1.28 0.18 50.3 0.07 0.26 2291 0.64
BLQ 1.3325 1.3325 267 1.0 LR 43.02 1.16 0.17 40.1 0.0 0.27 23.53 0.64
BLh 1.365 1365 273 1.0 LR 65.21 1.11 0.16 36.01 0.29 0.27 2536 0.67
BLQ 1.365 1.365 273 1.0 LR 6.35 2.29 0.17 84.07 0.01 0.26 2048 0.59
BLh 1.4 1.4 2.8 1.0 LR 72.59 1.68 0.19 77.06 0.41 0.26 20.11 0.67
BLQ 1.4 1.4 2.8 1.0 LR 9.07 0.51 0.25 37.22 0.43 0.23 22.66 0.53
BLh 1.45 1.45 2.9 1.0 LR 2.42 1.5 0.23 95.62 0.91 0.26 2046 0.52
BLQ 1.45 1.45 2.9 1.0 LR 0.06 0.09 0.26 6.96 0.0 0.26 3335 0.39
BLh 1.475 1475 295 1.0 LR 0.14 0.58 0.33 69.26 4.32 0.22 2047 044
BLQ 1475 1475 295 1.0 LR 0.13 0.04 0.27 2.98 0.0 0.29 52.87 0.41
BLh 1.5 1.5 3.0 1.0 LR 0.14 0.13 0.31 13.05 0.08 0.26 28.1 0.31
BLQ 1.5 1.5 3.0 1.0 LR 0.12 0.01 0.15 0.14 0.0 0.2 78.16 0.38
BLh 1.6 1.6 3.2 1.0 LR 0.01 0.01 0.18 0.21 0.0 0.21 60.81 0.29
BLQ 1.6 1.6 3.2 1.0 LR 0.0 0.0 0.17 0.14 0.0 0.22 82.65 0.34
BLh 1.482 1259 2.74 1.18 LR 81.52 2.86 0.19 128.08 0.21 0.17 13.85 0.58
BLQ 1482 1.259 274 1.18 LR 17.79 3.25 0.22 184.61 1.07 0.13 11.14 043
BLh 1.856 1.02 2.88 1.82 LR 60.78 7.46 0.11 109.1 0.0 0.05 437 0.13
BLQ 1.856 1.02 2.88 1.82 LR 60.78 7.46 0.11 102.74 0.05 0.05 427 0.13

shifts (see Fig. 9). The uncertainty in the Fourier transform
is the reciprocal of the length of the postmerger signal, i.e.
AFT = 1/(tcon = tmerg)- For long-lived remnants, i.e.
1.30-1.30 Mg, 1.3325-1.3325 Mg, and 1.4-1.2 Mg, the
shift in peak frequency between BLh and BLQ EOS
satisfies Af, > AFT and hence f, shift can be a robust
signature of a phase transition. For shorter lived remnants,
like 1.482-1.259 My and 1.365-1.365 My, Af, < AFT

and so the frequency shifts are not good indicators of phase
transitions here. Finally, for systems with very little to no
postmerger, like the equal mass binaries from 1.4—-1.4 Mg
to 1.6-1.6 My, and 1.856-1.020 Mg, fcon = fmerg> SO the
frequency distribution of the postmerger signal is too broad
to compute any robust signature. We find that this criterion
for comparing the shifts in f, with uncertainties in
the Fourier transform of the time domain signal holds
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FIG. 10. Correlations between the total mass-scaled postmerger
peak frequency M f, and the tidal parameter . Also shown is the
fit from the quasiuniversal relation presented in [26] along with
its 90% confidence interval. The gray points correspond to
simulations cataloged in the CORE database [88]. It can be seen
that deviations in f, (red circles) by virtue of phase transitions are
not large enough to violate the quasiuniversal relation.

across the two spatial resolutions we have investigated (see
Table II).

To eliminate additional sources of these f, shifts, we
perform a simulation of the 1.365-1.365 M binary
(Table II) using the subgrid-scale turbulence model of
Radice [67], which was calibrated using the GRMHD
simulations of Kiuchi et al. [86]. We find that the
introduction of viscosity can result in the appearance of
secondary peaks in the postmerger spectrum that are
formed in the first few milliseconds after the postmerger.
However, the f, peak frequency is not affected, in agree-
ment with our previous findings [87]. In this paper, we
denote the results from this run with an asterisk to the EOS
name as BLh* (see Tables II, III, and Figs. 10, 13).

The f, peak frequency has been shown to be tightly
correlated with the NS radius and tidal properties of a
binary [21-25,78,89,90]. These empirical, quasiuniversal
relations are interesting because they correlate the tidal
properties of a binary, which are characteristic of the
inspiral, to the postmerger peak frequency f, of the
remnant. A significant departure from these relations
caused by shifts in f, can provide conclusive evidence
for deconfinement phase transitions [13—15,17]. We test the
quasiuniversal relation proposed in Breschi er al. [26]
against our f, frequencies and present the results in
Fig. 10. In line with the terminology presented in [26],
we plot our postmerger peak frequencies from BLh and
BLQ binaries against the tidal parameter £ defined by

E=xl + (1 —4), (21)

where ¢ is a fitting parameter, v = M, M,/(M)? is the
symmetric mass ratio, and &} is the tidal polarizability
parameter defined by

Kb =3(AX1X, + AX5X). (22)

Here X; = M;/M. The functional form of the quasiuni-
versal relation is given as

14+ n&+ n&?

_— 23
"1+ di& + dr& 3)

Mf, =F

where F,, ny, n,, d;, d,, and ¢ are fitting parameters
specified in [26]. As mentioned previously, the shifts in f,
(when observed i.e. when Af, > AFT) have been very
modest as compared to Bauswein et al. [13,14] and Blacker
et al. [17] and are found to be described very well by
Eq. (23). We do not find any evidence of strong deviations
from the fit as a consequence of deconfinement phase
transitions. Our results show that the absence of deviations
in the f, from the expected universal relations cannot be
used to rule out the presence of phase transitions, or to
constrain their density threshold, as instead claimed by
Blacker et al. [17]. Additionally, we would like to remark
that the quasiuniversal relation presented in Fig. 10
describes a larger dataset of BNS mergers than any of
the previous studies by including simulations from 14
EOSs (including hyperonic and quark EOSs) and a large
sampling of mass ratios ranging from 1 to 2.06 to describe
asymmetric binaries which are consistently taken into
account by the parameter &. Finally, we caution the reader
that, even though shifts in f, have not been reported in the
literature for purely hadronic EOSs, we cannot exclude the
possibility that such shifts might occur for hadronic EOSs
exhibiting a sudden change in their stiffness at several times
the saturation density.

VI. DYNAMICAL EJECTA AND DISKS

A. Ejecta and nucleosynthesis

We now describe the properties of the outflow from a
merger with a deconfinement phase transition which will
eventually help calculate possible EM counterpatts of such
mergers. To this aim, we calculate the asymptotic velocity,
the specific entropy, the angle with the orbital plane, and
the electron fraction of the matter ejected on a dynamical
timescale in our simulations. In particular, we record the
properties of matter that is crossing a coordinate sphere of
radius 200 GMg/c? (~295.34 km) and that is unbound
according to the geodesic criterion, i.e. with u, < —1. We
refer to [91-93] for a discussion of other possible choices.

We summarize the results of this analysis in Table III. We
report the mean ejecta properties from our simulations.
When comparing the BLh and the BLQ binaries, we do not
find systematic differences in the total ejecta mass, or in the
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average entropy, composition, or angular distribution. The
only robust trend appears in the velocity distribution of the
ejecta. For this purpose, we define the fast moving ejecta as
the baryonic matter which follows the condition Wg > 1
where W is the Lorentz factor and f = v/c. The bulk ejecta
from both the BLh and the BLQ binaries are subrelativistic,
with asymptotic velocities in the range 0.1 —0.3¢, in
agreement with previous findings [41,42,53,54,94,95].
However, we also observe that a small fraction of the
ejecta (up to 10™* M) achieves asymptotic velocities as
large as 0.8 ¢ [54,96-99]. It is in this latter component of
the ejecta that we find a systematic difference between the
BLh and the BLQ binaries. In particular, the BLQ binaries
that do not undergo prompt collapse produce larger
amounts of ejecta with velocity W > 1 than the corre-
sponding BLh binaries. The total kinetic energy of this
component of the ejecta is also larger for the BLQ EOS.
This fast-moving tail of the ejecta is launched when the
remnant bounces back after the merger [54,99], so we
speculate that the differences between the BLh and BLQ
binaries in this component of the outflow is due to the
stronger oscillations experienced by the BLQ remnants
after merger. We remark that a similar effect was reported
by [54]. In that case it was the appearance of hyperons to
cause the merger remnant to bounce more strongly, while
here the stronger bounce of the BLQ binaries is caused by
the QCD phase transition.

Figure 11 shows histograms of the properties of the
outflows for three representative binaries. The 1.3-1.3 Mg
binary is representative of a low-mass merger for which the
appearance of deconfined quarks does not lead to quali-
tative changes in the dynamics during the first milliseconds
from the merger. This is due to the relatively low densities
achieved by this binary (p.x < 4pnue) 10 the first ~5 ms of
the merger. As the stars merge, the quark fraction Yy, in
phase with central density, attains a maximum of 0.3.
Further oscillations in density are constrained between
2.8Pnuc — 4Pnuc @and are not conducive for the formation of a
large amount of deconfined quarks whose fraction oscil-
lates between 0-0.15 for 7 — #;r, < 5 ms. It is important to
emphasize that the presence of a phase transition still leads
to a qualitative change in the outcome of the 1.3-1.3 Mg
merger. Indeed, the BLQ binary collapses to BH after
~15 ms of the merger, while the BLh binary forms a long-
lived remnant (see Table II). However, these differences
manifest themselves on somewhat longer timescales than
those relevant for the production of the dynamical ejecta,
which is launched within ~1-5 ms of the merger [54].

The 1.4-1.4 M, binary is representative of a binary for
which the impact of quark deconfinement leads to dramatic
qualitative differences in the dynamics of the merger. The
BLh binary forms a long-lived remnant that does not
collapse within our simulation time, while the BLQ binary
experiences a catastrophic loss of pressure support as
hadrons are converted to quarks and forms a BH within

~2 ms of the merger. Neither is a case of prompt BH
formation: the 1.4-1.4 M, BLQ binary still experiences
one violent bounce before collapsing. The more violent
merger of the BLQ binary is reflected in a significantly
larger amount of fast moving ejecta (Fig. 11 and Table III).
This interpretation is confirmed by the presence of a
significant excess of high-entropy, shock-heated, material
in the BLQ ejecta. The ejecta distribution is also more
concentrated close to the orbital plane, as expected for the
fast tail of the shock driven ejecta [54,99]. Interestingly, the
electron fraction in the ejecta of the 1.4-1.4 My BLQ
binary is smaller than that of the corresponding BLh binary.
This is because the BLh ejecta are irradiated by neutrinos
from the massive NS remnant, which is absent in the BLQ
binary (due to the early BH formation).

The 1.856-1.020 M, binary is an example of a merger
resulting in prompt BH formation with both the BLh and
BLQ EOSs. The dynamical ejecta is entirely driven by tidal
torques on the secondary NS, so we do not expect any effect
due to the phase transition. Indeed, the differences between
the 1.856-1.020 My BLh and BLQ binaries shown in
Fig. 11 are not robust with resolution. However, our
simulation reveal another interesting effect. The ejecta
has two components: a low electron fraction, low entropy
component with most of the ejecta mass and a high electron
fraction Y, > 0.3 and high entropy s 2 25kz component.
The presence of a second component in the ejecta in
highly asymmetric binaries was already reported in
Refs. [41,85,100], where it has been attributed to the
presence of a residual shock driven component of the
outflows. However, a careful analysis of the evolution of
the ejecta in the orbital plane as a function of time suggests
that, at least for the binaries considered here, this second
component is due to the presence of internal shocks in the
tidal debris.

The outflow from BNS mergers realizes the conditions
for the production of heavy elements via the rapid neutron
capture process [101]. We use the methodology described
in detail in Refs. [53,54] to compute the relative abundan-
ces of heavy nuclei produced in the dynamical ejecta from
our simulations. Our results are shown in Fig. 12. We find
that the presence of deconfined quarks in the BLQ binaries
does not leave a significant imprint on their nucleosynthesis
yields. Even in the case of the 1.4-1.4 Mg, binaries, for
which the phase transition has a strong impact on the
merger dynamics, we find that the differences in the yields
are only modest. The variation in the relative elemental
abundances in the ejecta, as the mass ratio of the binary is
varied, is significantly larger. Indeed, we find that while the
dynamical ejecta from binaries with mass ratio g ~1
robustly produce elements with relative abundances close
to solar r-process residual, the higher mass ratio mergers
tend to overproduce second and third r-process peak
elements. This is because asymmetric binaries produce a
larger amount of neutron rich, cold, tidal ejecta [54,99].
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FIG. 11. Histograms of the asymptotic velocity v, specific entropy s, angle with the orbital plane 8, and electron fraction Y, of the
ejecta for three representative binary configurations evolved with the BLh and BLQ EOSs. The most significant differences are seen in
the 1.4-1.4 Mg, binary, for which the BLQ EOS predicts rapid BH formation, while the BLh EOS predicts a long-lived remnant. We
note that M here represents the mass of the ejecta in the corresponding bins normalized to M; i.e. the total ejecta mass as reported in
Table III.

B. Remnant disks p < 10" gem™3. We remark that this density threshold

Following the conventions in [102], we define the corresponds to the approximate location where the angular
accretion disk as all baryonic matter with rest mass density ~ velocity of the remnant becomes Keplerian [69]. In the case
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FIG. 12. Nucleosynthesis yields of the dynamical ejecta from selected binaries. The final relative abundances in the ejecta are
insensitive to the appearance of quarks, but are instead sensitive to the binary mass ratio. Comparable-mass binaries produce r-process
elements with relative abundances close to solar r-process residual, while high-mass ratio binaries show ratios of heavy to light r-process
abundances that are significantly larger than the solar r-process residual. We normalize the yields at a given A with respect to the yields
in the third r-process peak i.e. A € [180,200] to report the relative abundance Y.

of BH remnants, all of the matter outside of the BH has
p < 10"% gem™. Furthermore, we exclude all matter
enclosed by the BH apparent horizon; i.e. we only include
regions where a > 0.3. In other words,

Mg = / VYWpdxdydz, (24)

where y represents the determinant of the spatial metric and
W is the Lorentz factor. The integration is carried out over
all matter in the region defined above.

As discussed in detail in Radice et al. [54], the remnant
accretion disk is formed of material that is squeezed out of
the collisional interface between the NSs during and shortly
after the merger. So the disk mass initially increases with

time, as shown in Fig. 13. For those binaries that do not
form BHs, the disk mass peaks within 10-20 ms of the
merger. Over longer timescales the angular momentum
transport due to spiral density waves drives accretion and a
secular outflow from the disk [42,93]. Angular momentum
transport due to MHD turbulence is also expected to
contribute to this process, however our simulations did
not include magnetic fields, so they cannot describe this
phenomenon. At the same time, we remark that in our
previous study we found that in the first ~100 ms of the
merger the spiral waves are expected to be the dominant
mechanism for angular momentum transport [93].

The dynamics is very different for binaries that form
BHs. When the central part of the remnant collapses a
significant fraction of the disk is accreted within a few
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FIG. 13. Evolution of disk mass for a subset of our simulations. Binaries with the BLh EOS (solid lines) form stable, long-lived

remnants with disks evolving on long timescales. The binaries with deconfined quarks (dotted lines) result in the formation of BHs. The
gravitational collapse is accompanied by the accretion of a significant fraction of the disk over a timescale of few milliseconds. Binaries

where remnants from both EOSs undergo prompt collapse do not show significant differences in their disk mass evolution.

milliseconds (Fig. 13), as also reported in Ref. [42]. Since
the BLQ EOS predicts early BH formation for all binaries
considered in this study, while most of the BLh binaries
form a long-lived remnant, this process leads to significant
differences between the remnant disks for the BLh and
BLQ binaries. Exceptions to these are the massive equal-
mass binaries that collapse promptly for both the BLh and
BLQ EOS resulting in a rapid disk accretion postmerger
and the 1.856-1.020 My system, for which the disk is
formed from the tidal disruption of the secondary NS in the
late inspiral, prior to the production of a significant amount
of deconfined quarks.

VII. EM SIGNATURES

A. Kilonova light curves

For the purpose of computing kilonova light curves, we
compute the ejecta properties using the Bernoulli criterion,
which allows us to include both the dynamical ejecta
discussed above and the wind ejecta emerging at later
times in our simulations [91-93]. We also assume that 20%
of the disk mass at the end of the simulation is unbound by
winds [103-105]. For the wind component of the ejecta, we
assume mass-averaged electron fraction and velocity to be
0.2 and 0.1c, respectively [106]. We calculate bolometric
luminosities using a single component kilonova light curve
model, whose basic equations are given in Refs. [107-109].
In addition to the total ejecta mass, we also extract from the

simulations, the mass-averaged velocity and electron frac-
tion of the outflow. The latter is used to calculate the matter
opacities using an analytic fit to the results of Ref. [110].
The input heating rate and thermal efficiency of the ejecta
used here are taken from Refs. [111,112], respectively.
We show bolometric lightcurves for models with q = 1
in Fig. 14. Generically, we find that the BLh binaries lead to
more luminous and slowly evolving kilonovae than their

counterparts with the BLQ EOS. However, these
, — g 3.0
1041 —— BLh |
---- BLQ §
N 2.9
—~ 10% E
o L\ \ N P 2.8 ~,
o3 BN\ - TTTIs~l_ TTmee-lTS =
= 10 S =
2 S
— T===Too
37 Tee Tl
10 0 5 10 15 20 25 2.6
time [days]

FIG. 14. Kilonova light curves for a subset of our simulations
with ¢ = 1. The color code represents the total mass of the binary
with the dashed (solid) curves indicating models with (without) a
QCD phase transition. In general, BLh binaries are more
luminous and the brightness decreases with increasing mass.
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differences are entirely attributable to the differences in life
time between the BLh and BLQ remnants. Indeed, we also
observe that the kilonova becomes dimmer for more
massive binaries. Equal mass binaries undergoing prompt
BH formation have very small ejecta and disk masses,
owing to which their kilonovae are very dim. Kilonova
observations are powerful probes to determine the life time
of BNS merger remnants [113]. However, the time to
collapse for a merger remnant might depend on factors
other than a phase transition such as particular features in
the hadronic EOS or magnetic and neutrino effects [114].
We observe that the kilonova corresponding to the binary
merger of 1.45-1.45 M, with the BLh EOS is the brightest
among all our models as shown in Fig. 14. This may be
attributed to the fact that the ejecta from this model is the
most energetic (see Table IIl) of all our systems. It is
important to note that the binary is very close to the prompt
collapse threshold for the BLh EOS and hence is subjected
to large uncertainties arising from spatial resolution which
also levies large uncertainties in the calculation of disk
masses. Indeed, we observe that at SR the binary is long
lived with a lifetime of >14 ms (Table II). However, with
the LR grid setup, it collapses to a BH on a much shorter
timescale of ~3 ms. Another aspect to note here is that this
is the only binary where the BLQ remnant collapses
promptly to a BH but the BLh remnant does not.

B. Kilonova afterglow

The fast-moving tail of the ejecta is expected to drive
shocks in the ISM which might produce synchrotron
radiation over a wide range of the EM spectrum over a
timescale of months to years from the merger. This is the
so-called kilonova afterglow [97,99,115-117]. This sce-
nario has been invoked to explain the recent deviation of
the x-ray afterglow in GWI170817 from the theoretical
expectations for a relativistic jet [99,118], although other
interpretations of this data are not excluded [118,119]. The
properties of the kilonova afterglow depend sensibly on the
ejecta mass and velocity distributions. It is therefore
conceivable that late time observations of BNS mergers
could probe the presence of phase transitions in the EOS of
dense matter.

We calculate the light curves of the synchrotron
radiation arising from the interaction between the dynami-
cal ejecta and the ISM with the semianalytic code
PYBLASTAFTERGLOW [99,118]. The code computes the
synchrotron radiation that arises from electrons accelerated
in the amplified magnetic field in the forward shock, i.e. in
the shock between the expanding blast wave and ISM. The
total flux density is computed by integrating the flux from
each element of the solid angle over equal-time arrival
surfaces. The ISM is assumed to be cold and uniform with
density ngy. The equipartition microphisical parameters,
describing the energy conversion efficiency between the
shock and the magnetic fields and electrons, €, and ep,

M [M,]
3.0

— BLh

2.9

2.8

v [1Jy]

T

2.7

time [days]

FIG. 15. Kilonova afterglow light curves at 1 keV for a set of
equal mass models. The models’ total mass is color coded.
Dashed (solid) curves indicate models with (without) phase
transition. The plot shows that the afterglow of models with
phase transition in general is brighter and more extended in time.

respectively, are assumed to be constant. The initial
conditions for the code are given by the kinetic energy
and angular distribution of the ejecta from the merger
simulations. Its evolution is computed assuming only
adiabatic energy losses and no lateral spreading.

We set the free parameters as follows. The observational
angle, namely the angle between the line of sight and the
polar axis of the BNS system, is 0,,, = 30 deg, which is
consistent with the observational geometry for GW170817
[9]. We consider a source at 40 Mpc with the redshift
7 =0.0099. The ISM density and microphysical parame-
ters are set as nigy €(1073,1072)ecm™3, p = 2.15,¢, = 0.2,
and ez =5 x 1073, These values are chosen from the
respective credibility intervals inferred for GRB170817A
[120]. Note however, that the kilonova afterglow might
have different microphysical parameters as compared to the
gamma ray burst afterglow. Indeed, recent observations
suggest the onset of the spectral evolution of the synchro-
tron emission from GW170817 [118].

Figure 15 shows the kilonova afterglow light curves
from a set of representative equal mass models with total
mass ranging from 2.6 to 3.0 M. Notably, the kilonova
afterglow properties of low mass models with BLh EOS are
rather independent of M, peaking at <10* days and reach-
ing flux density ~10uJy. The inclusion of a phase
transition in these models, generally, leads to broader
and slightly brighter kilonova afterglow light curves, as
the fast tail of the ejecta of these models becomes more
energetic (as discussed previously and as shown in the left
panel of Fig. 16). This is especially apparent for the model
with M = 2.67 M, where the inclusion of the phase
transition leads to a considerably more energetic fast ejecta
tail (see Table III and upper left panel of Fig. 16), which in
turn leads to a significantly broader light curve.

The general properties of the kilonova afterglow
light curves, i.e. the peak flux Fp. and the peak time
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FIG. 16. The ejecta kinetic energy (left two panels) and kilonova afterglow properties (right two panels) for the simulations with and
without phase transition (BLQ and BLh, respectively). The kinetic energy is shown separately for the entire ejecta (lower subpanel) and
for the fast component only (upper panel). The kilonova afterglow properties are the light curves’ peak time (upper panel) and flux
(lower panel). Circle (square) markers indicate models with (without) phase transition, i.e. models with BLQ (BLh) EOS. The plot
shows a correlation between the peak flux and the total kinetic energy. The effect of the phase transition is very prominent at high mass
binaries, where the softening of EOS leads to prompt collapse, reducing the ejecta kinetic energy and peak flux.

time 7, are shown in Fig. 16 (right panel) for all models.
Notably, Fpe is well correlated with Egjyi,, @ trend that is
much less clear in simulations with large mass ratio [99].
The plot shows that indeed, among the low mass
models, the inclusion of the phase transition raises Fpey.
However, a difference of < 10 pJy is smaller than the
systematic uncertainties introduced by ill-constrained
microphysical parameters. When more massive models,
Me(2.9,3.1)Mg, are considered, the difference in Fpeax
becomes larger than the systematic uncertainties, as models
with BLQ EOS undergo prompt collapse, producing less
energetic ejecta.

The effect of the phase transition on the peak time is,
however, unclear. The largest difference is observed for
the model with 1.4-1.4 My, where the light curve 7,c, of
the model without phase transition is ~9 times larger.
For the other models the difference is within the systematic
uncertainties due to ill-constrained ngy. As was the case
for early time kilonova, here too we observe the
1.45-1.45 M, binary with the BLh EOS to have the
brightest overall afterglow. For this binary, the large kinetic
energy of the ejecta is responsible for the early rise and
subsequently large values of the synchrotron flux.

VIII. CONCLUSIONS

In this work we presented fully general relativistic
neutrino-radiation hydrodynamics simulations of BNS
mergers with a first order phase transition to deconfined
quark matter. We considered and systematically analyzed a
wide range of BNS configurations. We studied their
evolution using two EOSs with identical hadronic physics
but that, respectively, included or excluded a QCD phase
transition to deconfined quarks: the BLQ EOS and BLh
EOS. The BLQ EOS is presented here for the first time. By
comparing the results obtained with both the EOSs, we
computed the observable signatures: GW, EM counterparts,
and nucleosynthesis yields resulting from the phase
transition.

The BLh EOS, which describes the hadronic phase of
dense stellar matter, has been calculated making use of a
finite temperature BHF approach [121-123] starting from
modern two-body and three-body nuclear interactions
derived within ChEFT. To model the quark phase we used
a phenomenological bag model EOS which includes the
effects of gluon mediated QCD interactions between quarks
up to the second order in the QCD coupling a,. We
assumed a first-order transitions between the two phases

083029-21



AVIRAL PRAKASH et al.

PHYS. REV. D 104, 083029 (2021)

and using the Gibbs construction [48] we derived the EOS
for hadronic-quark mixed phase. When considering non-
spinning isolated NSs, the differences in properties of
matter modeled by the zero temperature version of the
two EOSs, BLh, and BLQ, begin to manifest for stars
heavier than ~1.7 M.

We find that the hot interface region created when the
two NSs of a binary system start to merge is the first site
where deconfined quark matter can be produced. In this
region matter crosses the phase boundary at intermediate
densities (p ~ 2p,,.) and temperatures (T ~ 30 MeV). As
the merger proceeds and the cores of the two stars fuse, the
inner core of the remnant is nearly adiabatically com-
pressed to high densities (p 2 3p,..) and crosses the phase
boundary at low temperatures (T ~5 MeV). The phase
transition results in a loss of pressure support in the merger
remnants. In particular, the BLQ remnants become more
compact and collapse to BH significantly earlier than the
corresponding BLh remnants, which do not model the
QCD phase transition. These results are in good qualitative
agreement with the findings of Most er al [11,12].
Additionally, we find that the threshold mass above which
prompt BH formation takes place is lowered by the
inclusion of the phase transition in the BLQ EOS.

We employ Lagrangian tracer particles to record the
thermodynamic evolution of the binaries by tracking the
properties of individual fluid elements. We find that fluid
elements repeatedly cross the phase boundary between the
hadronic phase and the mixed quark phase as the remnants
oscillate. Such dynamics was anticipated by Hanauske
et al. [74], but it is shown here for the first time in the
context of self-consistent simulation with a first-order
phase transition. Our analysis shows that BNS mergers
probe a large region of the QCD phase diagram, with matter
potentially crossing the phase boundary over a large range
of temperatures and densities.

The QCD phase transition is most strongly imprinted in
the postmerger GW signal. Owing to the rapid softening of
the EOS caused by the phase transition, remnants evolved
with the BLQ EOS are more compact than the correspond-
ing BLh remnants. This influences the GW signal in two
ways. First, because BLQ remnants have a larger gravita-
tional binding energy in absolute value, they radiate a
comparably larger amount of GW energy compared to the
BLh binaries up to BH formation, at which point the GW
emission terminates. Second, the change in the moment of
inertia of the remnants due to the phase transition manifests
itself as a shift in the postmerger frequency as observed in
the GW spectra. While the presence of these shifts appears
to be a robust feature of the phase transition [13,14,17], we
find that for the EOS models we are considering their
potential for GW astronomy is limited. On one hand, the
magnitude of these shifts is found to be small. On the other
hand, because of the early BH formation present in all
binaries with phase transitions, the nominal uncertainty

with which frequencies can be determined using Fourier
analysis can be larger than the magnitude of the frequency
shifts themselves. This means that a clean detection of the
frequency shift for several of the binaries considered here
would be impossible even in the limit of infinite SNRs. This
issue is particularly severe for high mass binaries, for which
BH formation occurs early. Lower mass binaries show
measurable frequency shifts with Af, < 200 Hz. However,
these deviations are not large compared to those normally
present between different hadronic models. Indeed, we find
that the postmerger peak frequencies of the binaries with
first-order phase transitions are consistent with the qua-
siuniversal relations that hold for hadronic EOSs [26].

We find the bulk properties of the dynamical ejecta, total
mass, average composition and entropy, and geometry are
insensitive to the presence of a phase transition. Indeed,
significant differences between the dynamical ejecta of the
BLh and BLQ binaries are only present for those binaries that
undergo prompt collapse according to the BLQ EOS, but not
according to the BLh EOS. However, such differences are
also expected when comparing purely hadronic EOSs with
different prompt collapse mass thresholds [54], so thisis not a
genuine signature of phase transition. On the other hand, we
find that the BLQ binaries generically produce a larger
amount of ejecta with asymptotic velocities exceeding 0.6¢.
This is due to the stronger bounce experienced by such
binaries as a result of the phase transition.

We estimated the final abundances of different nuclear
species in the dynamical ejecta arising from r-process
nucleosynthesis. We find no significant difference between
the BLh and the BLQ ejecta. This is not surprising given
that the properties of the dynamical ejecta between the two
set of simulations are very similar. Instead, we find that the
nuclear abundances are sensitive to the mass ratio of the
binaries. The elemental abundances from comparable mass
ratio binaries are instead close to the solar r-process
residual. Higher mass ratio binary generate more tidally
driven, neutron rich outflows, which preferentially produce
heavy r-process elements (A 2 130) [41,42,54].

The remnant accretion disks for the BLQ and BLh
binaries have significantly different masses at the end of our
simulations. This is due to the fact that all the BLQ
remnants form BHs within a short time of the merger
(<20 ms). On the one hand, this terminates the process that
leads to the formation of the disk in comparable mass ratio
binaries: the shedding of hot material from the newly
formed massive NS. On the other hand, BH formation is
immediately followed by the rapid accretion of a significant
portion of the disk. In contrast, many of the BLh binaries
we have considered result in the formation of long-lived
remnants. Thus, the variations in the remnant disk mass are
entirely explained by the different life times of the BLh and
the BLQ BNS merger remnants. Indeed, different hadronic
models can also show large variations in the collapse times
and the disk masses for BNS merger remnants [102].
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Similarly, although substantial differences are found
between the BLh and BLQ bolometric kilonova light curves,
it will be challenging to use UVOIR observations of kilonova
events to constrain phase transitions. This is because the
variations in kilonova properties observed in our simulations
can be produced by effects others than phase transitions: for
example, the appearance of hyperons, or the presence of
strong magnetic fields [54]. More work is needed to under-
stand whether these effects can be disentangled.

The fast-moving tail of the dynamical ejecta is expected
to interact with the ISM and produce synchrotron radiation,
the so-called kilonova afterglow. We find that, owing to the
larger amount of fast ejecta, the BLQ binaries typically
produce brighter synchrotron remnants than the BLh
binaries. However, if prompt BH formation occurs, then
the fast-moving tail of the ejecta is significantly reduced in
mass and the synchrotron emission is suppressed. For this
reason, the trend is reversed for binaries that undergo
prompt BH formation according to the BLQ EOS, but not
according to the BLh EOS. Overall, we conclude that
kilonova afterglows are a promising avenue to probe a
phase transition. Unfortunately, given the large uncertain-
ties in the microphysics of the interaction between the
ejecta and the ISM and the accuracy limitations of current
simulations, our results cannot be used to quantitatively
constrain the presence of phase transition with past or
future observations. More work is needed to address these
shortcomings.

Our study considered only one hadronic EOS and a
specific model for the treatment of the quark phase and of
the phase transition. Follow up studies should extend this
work to include more hadronic models and different
approaches to construct QCD phase transitions. For exam-
ple, to compare the Gibbs and the Maxwell constructions.
This will be the object of our future work.
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