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We study the importance of the thermal behavior of the hadron-quark phase transition in neutron star
(NS) mergers. To this end, we devise a new scheme approximating thermal effects to supplement cold,
barotropic equation of state (EOS) models, which is particularly designed for hybrid EOSs, i.e. two-phase
EOS constructions with a hadronic regime and a phase of deconfined quark matter. As in a previous,
commonly adopted, approximate thermal treatment, we employ an ideal-gas component to model thermal
pressure but, additionally, we include an improved description for the coexistence phase of hybrid EOSs. In
contrast to the older scheme, our method considers the temperature dependence of the phase boundaries.
This turns out to be critical for a quantitative description of quark matter effects in NS mergers, since the
coexistence phase can introduce a strong softening of the EOS at finite temperature, which is even more
significant than the change of the EOS by the phase transition at T ¼ 0. We validate our approach by
comparing to existing fully temperature-dependent EOS models and find a very good quantitative
agreement of postmerger gravitational-wave (GW) features as a figure of merit sensitively tracking the
dynamics and thus the impact of quark matter in merger remnants. Simulations with the original thermal
ideal-gas approach exhibit sizable differences compared to full hybrid models implying that its use in NS
merger simulations with quark matter is problematic. Importantly, our new scheme provides the means to
isolate thermal effects of quark matter from the properties of the cold hybrid EOS and thus allows an
assessment of the thermal behavior alone. Generally, we find that the thermal properties in hybrid models
are more important compared to the thermal behavior of purely baryonic matter. We show that different
shapes of the phase boundaries at finite temperature can have a large impact on the postmerger dynamics
and GW signal for the same cold hybrid model. This finding demonstrates that postmerger GW emission
contains important complementary information compared to properties extracted from cold stars in
isolation or during a binary inspiral. We also show by concrete examples that it is even possible for quark
matter to only occur and thus be detectable in finite-temperature systems like merger remnants but not in
cold NSs. All these findings also illustrate that heavy-ion collision experiments as a probe of the phase
diagram at finite temperature bear relevant information for the astrophysics of NS mergers and core-
collapse supernovae. Furthermore, our new thermal treatment features the flexibility to be combined with
any cold, barotropic hybrid model including effective models of phase transitions, where a large number of
models is available. This allows to conduct large parameter studies to comprehensively understand the
effects of quark matter in NS mergers.

DOI: 10.1103/PhysRevD.108.063032

I. INTRODUCTION

An open question in neutron star (NS) physics is whether
or not deconfined quark matter is present in the cores of
NSs or in NS merger remnants, and a large number of
studies have addressed this question in the past decades,
e.g. [1–68]. At high baryon densities a phase transition
from purely hadronic to deconfined quark matter is
expected to occur eventually but it is not clear if this
hadron-quark phase transition takes place at typical

densities of NSs. Similar to the high-density equation of
state (EOS) of nuclear matter, the regime of nonperturba-
tive quantum chromodynamics (QCD) is challenging to
describe theoretically. This is why even basic properties of
the hadron-quark phase transition such as the onset density,
the latent heat or the type of the phase transition, i.e. its
order, are not known [27,32,36,38,69–74].
For old, isolated NSs or NSs during the inspiral phase of

a binary system, temperature effects of the EOS can be
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neglected because they are too weak to affect the stellar
structure. There exist a number of microphysical EOS
models which include a phase transition but are limited to
zero temperature (e.g. [5–8,10–12,14,75–91]). EOSs with a
hadron-quark phase transition are called hybrid EOSs since
they join a model for a nuclear phase and a description
for quark matter typically by employing a scheme to
determine the phase transition such as the Maxwell con-
struction [1,92–95]. Also, several effective models have
been put forward to incorporate a phase transition and a
phase of quark matter in existing cold nuclear EOSs, i.e. at
zero temperature. These approaches are based for in-
stance on piecewise polytropes [25,46,58,66,96–101] or
constant sound speed parametrizations of the quark phase
[25,28,31,33,42,47,49,50,52,63,64,102–106].
In core-collapse supernovae and NS mergers, temper-

ature effects become relevant (see e.g. [107–114]). Finite
temperatures of several 10 MeV provide a sizable thermal
pressure component and should thus be considered in
numerical simulations and in the employed EOS. This
also holds true for hybrid models implying that it is
important to consider thermal effects when studying the
impact of quark matter in such dynamical astrophysical
systems.
On the one hand, the inclusion of thermal effects

introduces additional complexity for hybrid EOS models
as they require to explicitly account for thermal effects in
both phases of matter and to construct the phase transition
for a whole range of temperatures assuming thermal,
chemical and mechanical equilibrium. Usually this results
in phase boundaries that vary with temperature and
electrical charge fraction. Only a limited number of fully
temperature-dependent hybrid EOS models exist to date
(e.g. [17,22,26,53,115–124]), and correspondingly few
studies of NS mergers [29,40,41,53,61,125–130] or core
core-collapse supernovae [17,26,54,116,131,132] with
such EOS tables have been conducted.
On the other hand, the temperature dependence of the

EOS and of the phase boundaries is an inherent and
characteristic property of the QCD phase diagram and
therefore motivates a detailed investigation of these aspects
[133–137]. For instance, the temperature dependence of
the phase boundaries is critical to coherently connect
the physics of NSs at zero or small temperatures and the
insights from heavy-ion experiments, which probe the
phase diagram at finite temperature of many 10 MeV
and may reach further towards a critical end point
[136,138–140].
Another instructive example is that most (if not all)

existing temperature-dependent hybrid models for merger
simulations show that at finite temperature the onset density
of the hadron-quark phase transition occurs at lower
densities compared to the onset density at T ¼ 0. This
implies that in a NS merger reaching finite temperatures the
sudden change of the EOS by the occurrence of quark

matter would take place “earlier,” i.e. at lower densities,
which may have a significant qualitative impact. These
aspects exemplify the importance to understand not only
the properties of the phase transition at T ¼ 0 but in
particular the thermal behavior of the phase boundaries.
In this paper we assess the impact the temperature

dependence of the hadron-quark phase boundaries can
have on NS mergers. Importantly, we find that the detailed
behavior can yield qualitatively different results with
respect to the properties of the gravitational wave (GW)
spectrum in the postmerger phase. This highlights the
importance the behavior of the phase transition at finite
temperature has and it demonstrates the value added by
including (future) information from heavy-ion collision
(such as [141–145]), which can constrain the phase
boundaries in this regime [146,147].
Our exploration is largely based on an effective scheme

describing thermal effects in hybrid EOSs, which we devise
in this paper. This scheme, which adopts a commonly used
thermal ideal-gas component [148], allows to flexibly
change the behavior of phase boundaries at finite temper-
ature. Moreover, in the future it enables a straightforward
incorporation of constraints on the phase boundaries from
heavy-ion experiments.
As said, to date only a limited number of calculations exist

for hybrid EOSs which provide the full temperature depend-
ence, whereas numerous barotropic EOS models at T ¼ 0
are available. A number of hydrodynamical studies of NS
mergers with hybrid EOSs thus employ an approximate
treatment of the thermal pressure by adding the aforemen-
tioned ideal-gas component [44,57,97–101,106,149]. For
purely hadronic EOSs this ideal-gas component has been
shown to yield quantitatively good results compared to a
fully consistent treatment of temperature effects, e.g., [110].
However, this approximation by construction cannot capture
the temperature dependence of the phase boundaries, i.e. of
the occurrence of quark matter at finite temperature. In fact,
we show that the common approximate thermal treatment
does not qualitatively reproduce results of fully temperature-
dependent hybrid EOSs.
Our extension of the existing ideal-gas scheme to

describe thermal effects in hybrid EOSs allows to model
the temperature dependence of the phase boundaries such
that we can quantitatively reproduce the results of existing
temperature-dependent hybrid EOS models. In this work
we only consider hybrid models which use a Maxwell
construction of the phase transition.
We note that a major motivation to develop this new

scheme is in fact to facilitate large-scale parameter studies
with hybrid EOSs. Since thermal effects in hybrid models
can be well captured by the new approximate thermal
treatment, the large, currently already available variety of
barotropic T ¼ 0 hybrid EOS models can be employed for
numerical merger simulations. This includes also effective
parametrizations of the phase transition and the quark
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matter EOS, which offers the advantage of a better cover-
age of the parameter space and to tune parameters and the
properties of the resulting EOS in a controlled way. This
may hardly be possible with full temperature-dependent
hybrid EOS tables, which are more complex to build and
more difficult to tune towards a desired behavior of the
EOS using microscopic parameters of the model.
This paper is organized as follows: In Sec. II we briefly

discuss the commonly used thermal ideal-gas approach,
demonstrate its shortcomings for hybrid EOSs and present
an effective scheme to better capture the impact of temper-
ature-dependent phase boundaries. We then use our new
scheme to reconstruct a set of fully temperature-dependent
hybrid EOS models in Sec. III and discuss parameter
choices. In Sec. IV we validate our approach in merger
simulations and compare the results to models employing
fully temperature-dependent EOSs and the traditional
thermal ideal-gas approach. In Sec. V we present a
discussion on how much the thermal behavior of hybrid
EOSs influences the GW signal. For this we perform
simulations with different phase boundaries at finite tem-
perature together with the same cold EOS model. We
summarize and conclude in Sec. VI.

II. THERMAL EFFECTS IN HYBRID EOS

As the basis of our treatment and discussion of thermal
effects in hybrid EOSs, we briefly summarize the com-
monly employed ideal-gas approach to approximately
describe a thermal pressure component [148]. This scheme
can be applied in combination with cold, barotropic EOSs
and is thus often used in NS merger simulations since it
allows to consider a much larger class of EOS models.
The ideal-gas treatment decomposes the pressure and the

specific internal energy into a cold and a thermal part:

P ¼ PcoldðρÞ þ Pth ð1Þ

ϵ ¼ ϵcoldðρÞ þ ϵth: ð2Þ

Pcold and ϵcold are functions of the density ρ only and are
determined by the barotropic model. ρ and ϵ are evolved by
solving the hydrodynamic equations. The thermal specific
energy is then defined by ϵth ¼ ϵ − ϵcoldðρÞ.
From this the thermal part of the pressure Pth is obtained

at a density ρ adopting an ideal-gas-like behavior,

Pth ¼ ðΓth − 1Þρϵth; ð3Þ

where Γth is a chosen thermal ideal-gas index. In merger
simulations, this value is usually assumed to be con-
stant at all densities, even though microphysical EOS
models show some variations [150]. For many models
choosing Γth ≈ 1.75 is a good compromise [110] and
it is often chosen in merger simulations (see e.g.
[40,44,97,99,100,126,128,129,151–155].

Employing the ideal-gas scheme for thermal effects
neglects the evolution of the electron fraction Ye and
assumes that the composition effects are effectively cap-
tured. This has the practical advantage that any barotropic
EOSmodel can be used, which does not need to provide the
full dependence on the composition. A more elaborated
scheme to approximate thermal effects which includes
composition effects has been presented in [156].
We will show in the following that the usage of the

thermal ideal-gas approach together with hybrid EOSs is
problematic and can lead to qualitatively different results
compared to fully temperature-dependent models.

A. Phase boundaries of hybrid EOS

Even though the onset density and nature of the hadron-
quark phase transition are currently unknown, it is plausible
that the phase boundaries of this transition can vary
significantly with temperature. As an example we show
the phase diagram of the hybrid DD2F-SF-1 EOS [40,122]
as a function of temperature T and rest-mass density ρ in
Fig. 1. This T- and Ye-dependent model features a first-
order phase transition from purely hadronic to deconfined
quark matter including a region with coexisting hadron-
quark phases. See Sec. III A for more information on
this EOS.
We highlight the purely hadronic and the coexistence

phase region in gray and yellow, respectively. Additionally,
we split the region of pure quark matter into a part where
pure quarks are present at all densities (colored in blue) and
a part where quarks only occur at finite temperatures (red
area). The dashed line marks the onset of the coexisting
hadron-quark phases and the solid line marks the transition
to pure deconfined quark matter.

FIG. 1. Phase diagram of the DD2F-SF-1 EOS [122] in the
density-temperature plane. Different phases are highlighted with
different colors. Black lines indicate the boundaries between
these phases. The red colored region illustrates how much the
pure quark phase is enlarged by the boundaries at finite temper-
atures. For this plot we pick the Ye values of the barotropic EOS,
i.e. those that correspond to cold, neutrinoless beta-equilibrium.
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In this example the phase boundaries and thus the
properties of the EOS significantly change with temper-
ature, which is generally expected to be a feature of the
QCD phase diagram.
Such a change in the EOS at finite temperature cannot be

described within the simple ideal-gas approach, which
approximates thermal effects in the same way at all
densities and thermal energies. Therefore this treatment
cannot properly capture finite-temperature effects in hybrid
EOS models and is hence no longer a good approximation
for the thermal pressure.
We explicitly emphasize these issues in Fig. 2. Here,

the blue line shows the cold DD2F-SF-1 EOS in beta-
equilibrium, i.e. with an electron fraction such that μn ¼
μp þ μe at T ¼ 0,1 where μn, μp, μe are the neutron, proton
and electron chemical potential, respectively. The coexist-
ing phases of hadronic and deconfined quark matter can be
clearly seen as a flat region of almost constant pressure. At
lower densities purely hadronic and at larger densities pure
quark matter are present. This model employs a Maxwell
construction to determine the transition between the two
phases.
The red curve shows this EOS model at a temperature of

30 MeV and the same Ye profile across all densities. It is
apparent that the transitions to the coexisting phases and the
pure quark phase occur at lower densities compared to the
T ¼ 0 case. The flat region of the red curve is clearly
shifted towards lower density values compared to the cold
model. This shift is stronger for the onset of the coexisting

phases than for the appearance of pure quark matter. Hence,
the density range of the coexisting phases increases (see
also Fig. 1). In particular, the pressure in the coexisting
phases is significantly lowered at finite temperature by
nearly a factor of 2 implying a softening of the EOS.
The green, dashed curve shows the pressure one would

obtain by using the ideal-gas approach with Γth ¼ 1.75.
Since the changes of the phase boundaries are not accounted
for, the pressure Pth added by this treatment is always
positive. Therefore, the total pressure is largely overesti-
mated in the density range ≈2.57 × ρnuc–4.00 × ρnuc.
We emphasize that the transition densities and their shifts

at finite temperature are very uncertain and model depen-
dent. The DD2F-SF-1 model we present here only serves as
an example to highlight potential problems with the tradi-
tional ideal-gas approach when dealing with hybrid EOSs.
We also note that in quark matter Γth is typically close to

4=3 and thus a constant Γth may not provide an adequate
description of all regimes in a hybrid model (see Sec. III B).
Because of these problems we introduce a modified scheme
to estimate the pressure at finite temperature better suited
for these kinds of EOS models. We refer to this scheme as
effective phase transition (effPT) scheme.
The main modification concerns the temperature-

dependent phase boundaries and the resulting reduction
of the pressure in the coexisting phases as well as a more
realistic value of Γth ¼ 4=3 in the quark phase.

B. Effective thermal treatment for hybrid EOSs

As for the traditional approach [Eq. (3)], we use the
specific thermal energy ϵth instead of the temperature to
determine the thermal pressure since this quantity is given
by solving the hydrodynamic equations.
Accurate approximation of the pressure requires knowl-

edge about how the phase boundaries depend on ϵth. The
main idea is to estimate the pressure at the boundaries for
finite ϵth and interpolate between these values.
Working with ϵth rather than T, in Fig. 3(a) we display

the same DD2F-SF-1 EOS model as in Fig. 2 but consider
slices of constant ϵth. The blue line shows ϵth ¼ 0, which
corresponds to T ¼ 0. This is the barotrope assumed to be
available as a tabulated EOS within the hybrid approach.
The red curve indicates the pressure of this microphysical
model at a constant ϵth ¼ 0.03.
We label the boundaries of the coexisting phases for

ϵth ¼ 0.03 with ρon and ρfin and for ϵth ¼ 0 with ρon;0 and
ρfin;0 and highlight them with red and blue crosses,
respectively. We emphasize that ρon and ρfin are functions
of ϵth. The dashed purple line connects the phase bounda-
ries at ρon and ρfin. The pressure in the coexisting phases at
ϵth ¼ 0.03 can be approximated by a linear relation. For our
effPT scheme we will assume that the phase transition
shows the typical features of a Maxwell construction, i.e.
two phases connected by a region of constant pressure at a
given T (see Fig. 2).

FIG. 2. Pressure as a function of density for the DD2F-SF-1
EOS [122] at T ¼ 0 (blue line) and T ¼ 30 MeV (red line). The
dashed green line indicates the pressure one would obtain by
calculating the thermal pressure with the commonly used thermal
ideal-gas approach of Eq. (3) with Γth ¼ 1.75.

1We remark that the lowest tabulated temperature for the
temperature-dependent EOS models we present here is
T ¼ 0.1 MeV. For simplicity and clarity we adopt a slightly
incorrect nomenclature and refer to this temperature as “T ¼ 0”
or “cold” throughout this work.
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For comparisons we also display the pressure estimate
from the traditional ideal-gas approach employing a con-
stant Γth ¼ 1.75 with a thin, dashed green line.
Once ρon and ρfin are known, we identify four different

density regimes that each require a different treatment to
estimate the pressure of hot matter from the cold, baro-
tropic EOS.
The first regime corresponds to the densities below ρon at

which both cold and hot matter with ϵth ¼ 0.03 are purely
hadronic. The second regime covers the density range
between ρon and ρfin in which hot matter has coexisting
phases for the given ϵth. In the third regime between ρfin and
ρfin;0 hot material with ϵth ¼ 0.03 is in the pure quark phase
while cold matter (ϵth ¼ 0) at the same density has
coexisting phases. The fourth regime covers the density
range above ρfin;0 where pure deconfined quark matter is
present at all temperatures. We highlight these four regimes
in Fig. 3 in gray, yellow, red and blue, respectively, and
label them with roman numerals I–IV. The boundaries of
the regimes are displayed by thin, vertical, dashed, black
lines in Fig. 3(a).
The borders between regime I and II and between II and

III will change depending on the value of ϵth. The border
between III and IV is fixed since ρfin;0 is defined by the
cold EOS.
To further illustrate these four regimes and how

they change with ϵth we plot the phase diagram of the
DD2F-SF-1 EOS as a function of ϵth and ρ in Fig. 3(b). We
have highlighted the four regimes and the onset densities at
ϵth ¼ 0 and ϵth ¼ 0.03 in the same way as in Fig. 3(a), i.e.
with blue and red crosses. In Fig. 3(b) the dashed, black line
marks the onset of the coexisting phases whereas the solid,

black line displays the beginning of the pure quark matter
regime. As indicated by the arrows different values of ϵth
will shift ρon and ρfin along the two phase boundaries.
Figure 3(b) visualizes the critical new input to our

procedure to estimate thermal effects of hybrid EOSs:
For given values of ρ and ϵth, we determine in which of the
four regimes I to IV matter with these thermodynamical
properties is located. To this end we compare ρ and ϵth to
the functions ϵth;onðρÞ and ϵth;finðρÞ. These represent the
temperature-dependent phase boundaries between the
purely hadronic and the region with coexisting phases
and between the coexistence region and the pure quark
matter state, respectively. Hence, in this approach we
explicitly assume that ϵth;onðρÞ and ϵth;finðρÞ are known
functions. In practice, this can either mean assuming an
explicit analytic function or providing tabulated values and
using interpolation at nontabulated densities.
Note that for consistency the functions ϵth;onðρÞ and

ϵth;finðρÞ should reproduce the phase boundaries of the cold
barotropic EOS, i.e. ρon;0 and ρfin;0.
We now describe the specific treatments in the four

different regimes and assume that in a first step ρonðϵthÞ and
ρfinðϵthÞ have been determined for a given ϵth.
In the following subsubsections we will provide the

derivation of the pressure at finite ϵth.

1. Regime I

For ϵth < ϵth;onðρÞ matter is in the purely hadronic
regime. We therefore expect Eq. (3) to be a good approxi-
mation. From Fig. 3(a), one can see that this is indeed the
case since the dashed, green and the red curve almost

FIG. 3. (a) Pressure as a function of density for the DD2F-SF-1 EOS [122] at ϵth ¼ 0 (blue line) and at ϵth ¼ 0.03 (red line). The green,
dashed line displays the pressure one would obtain using the ideal-gas approach of Eq. (3) for ϵth ¼ 0.03. The purple, dashed line
illustrates a linear interpolation between the phase boundaries at ϵth ¼ 0.03. (b) Phase diagram of the DD2F-SF-1 EOS in the density-ϵth
plane. In both panels we highlight the different regimes as in Fig. 1, which require a different treatment by our effective procedure to
include thermal effects. Blue and red crosses refer to the phase boundaries at ϵth ¼ 0 and ϵth ¼ 0.03, respectively. Arrows indicate how
these boundaries change with ϵth.
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coincide at densities below ρon. We hence use the ideal-gas
approach with Γth ¼ 1.75 in this regime.

2. Regime II

For ϵth;onðρÞ ≤ ϵth < ϵth;finðρÞmatter is in the coexistence
region of Fig. 3(b), i.e. between ρon and ρfin. At a given
density the pressure at finite temperature may be below that
of the cold barotropic EOS, and our treatment thus requires
special care.
We outline the procedure in Fig. 4. This figure shows a

sketch of a hybrid EOS at ϵth ¼ 0 and at a constant, nonzero
value of ϵth with blue and red curves, respectively, similar
to Fig. 3(a). Note that the lines in this figure are only meant
to explain our procedure and do not show an actual
EOS model.
The main idea is to determine the points Pon at ρon and

Pfin at ρfin highlighted by red crosses in Fig. 4. For this we
calculate the densities ρon and ρfin by inverting the given
phase boundaries. We then estimate Pon and Pfin at these
densities, i.e. at the edges of the coexisting phases.
For determining Pon we first read off the cold pressure

Pcold at this density from the tabulated, cold EOS as
indicated by the leftmost blue arrow in Fig. 4. We then
estimate the additional thermal pressure Pth using Eq. (3)
with Γth ¼ 1.75.
This approach at the boundary to purely hadronic matter

is consistent with the treatment of purely hadronic matter in
regime I and thus smoothly joins the two prescriptions in
regimes I and II.

To obtain the pressure Pfin at the end of the coexistence
phase, we cannot use this approach since ρfin is smaller than
the transition density ρfin;0 of cold matter. Instead we
extrapolate the EOS PðρÞ at constant finite ϵth from the
density regime where pure quark matter occurs at T ¼ 0,
i.e. at densities just above ρfin;0 down to the density ρfin.
We do this by determining the pressure P ¼ Pcold þ Pth

at two densities slightly above ρfin;0, picking two points
from the tabulated cold EOS. These points are illustrated
with two red dots in Fig. 4. Pcold at these densities is
directly given by the cold EOS as highlighted by the two
rightmost blue arrows. For Pth we again use the ideal-gas
approach. As discussed below, thermal effects in pure
quark matter are well described by Γth ¼ 4=3 as opposed
to the higher value of Γth ≈ 1.75 approximating purely
hadronic matter. We therefore adopt Γth ¼ 4=3 to quantify
the thermal pressure Pth in this phase and to obtain the total
pressure at the red dots.
We then employ the estimated pressure at the two points

slightly above ρfin;0, i.e. the red dots, and extrapolate the
pressure to the lower density at ρfin.
In Fig. 4 this is indicated by the black arrow with the

slope dP
dρ and provides Pfin.

Now that we have estimated the pressure Pon and Pfin at
the boundaries of the coexisting phases, we use linear
interpolation between the two points to obtain the pressure
at any density ρ in the coexisting phases for the given ϵth.
We expect a linear interpolation to be sufficiently precise
for estimating the pressure in the coexisting phases at
constant ϵth. We find that this is the case in Fig. 3(a) as the
dashed, purple line approximates the red line well in the
coexisting phases.
In rare cases we found that the extrapolated value

of Pfin is smaller than Pon. To avoid an unphysical behavior
of decreasing pressure with density, we use the slope
of the cold EOS m in the coexisting phases, i.e. m ¼
ðPcoldðρfin;0Þ − Pcoldðρon;0ÞÞ=ðρfin;0 − ρon;0Þ, to extrapolate
linearly from Pon to the density ρ in these cases.

3. Regime III

For ϵth;fin ≤ ϵth and ρ < ρfin;0 matter is in the pure quark
phase but for T ¼ 0 matter at this density would be in the
coexisting phases. It is evident from Figs. 3 and 4 that for
some densities in this regime the pressure of hot matter can
still be lower than the pressure of cold matter.
In the sketch in Fig. 4, regime III basically spans from

the red cross ρfin to the red dot at ρfin;0 and we employ a
procedure similar to the determination of Pfin. We estimate
the two red dots as in the previous case (regime II). We then
extrapolate linearly from these two points to the lower
density ρ. For consistency we perform an additional
check. As before we determine the pressures at ρon and
the slope of the cold EOSs in the coexisting phases
m ¼ ðPcoldðρfin;0Þ − Pcoldðρon;0ÞÞ=ðρfin;0 − ρon;0Þ. We then
use Pon and m to extrapolate linearly to ρ obtaining a

FIG. 4. Sketch of our effective procedure to estimate the
pressure for ϵth > 0. The blue line depicts a barotropic, hybrid
EOS which we assume to be given. The red line represents this
EOS at constant ϵth > 0. For a given ϵth ρon and ρfin are
determined by the phase boundaries, which have to be provided.
For the pressure Pon we estimate Pth from Eq. (3) with
Γth ¼ 1.75. For Pfin we consider two points above ρfin;0 and
infer Pth at these points with Eq. (3) using Γth ¼ 4=3. From these
two points we obtain the slope dP

dρ and use it to extrapolate Pfin at
ρfin. For densities between ρon and ρfin we estimate P through
linear interpolation between ρon and ρfin.
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pressure P�. To avoid unreasonably small pressure we pick
the maximum of P� and P as our approximated pressure in
this regime.

4. Regime IV

For ρ > ρfin;0, matter is in the pure quark phase and cold
matter at the same density, too. We treat this regime using
the ideal-gas approach as in regime I and we do not need to
consider any additional issues. Since we are in the pure
quark regime we adopt a value of Γth ¼ 4=3 (see also
Fig. 6).
Note that within our effPT scheme we have implicitly

assumed that the phase boundaries at finite ϵth are shifted
towards lower densities, which may not necessarily be the
case. The treatment outlined here may however be easily
modified to describe such cases as well.
We emphasize that the description of the phase bounda-

ries ρonðϵthÞ and ρfinðϵthÞ is an integral part of this effPT
scheme and has to be provided as input in addition to the
cold barotropic EOS. We also remark that we neglect any
impact of the electron fraction Ye on the transition region
from hadrons to deconfined quark matter.

III. DESCRIPTION OF PHASE BOUNDARIES
AND EOS EXAMPLES

A. Example hybrid EOS models

We now compare the results we obtain with our effPT
scheme with actual fully temperature- and composition-
dependent microphysical hybrid models. For this we use
the set of seven different hybrid EOSs of Refs. [40,126].
These are based on the DD2F-SF model of [26,122,157].
We follow the notation of Ref. [40] and label the individual
EOSs with DD2F-SF-n with n∈ f1; 2; 3; 4; 5; 6; 7g. All of

these EOSs feature a strong first-order phase transition to
deconfined quark matter with a region of coexisting
hadron-quark phases.
The phase transition is constructed by fulfilling the

Gibbs conditions for both electric and baryonic charges
on the phase boundaries and imposing global charge
neutrality in the coexisting hadron-quark phases [122].
Each of these hybrid EOSs has different onset densities

ρon;0 and ρfin;0 and features different stiffening of the quark
phase. The hadronic phase is identical for all EOSs.
All DD2F-SF models include isospin and temperature

dependence. In particular, this means that the phase
boundaries between hadronic, coexistence and pure quark
phase vary with both temperature and composition. Plots of
phase diagrams for the different DD2F-SF-n EOSs in the
density-temperature plane can be found in Ref. [122].
In Fig. 5 we provide the phase boundaries of the hybrid

DD2F-SF-n EOSs in the ρ-ϵth plane. Different colors refer
to different models. The dashed lines display the onset of
the coexisting phases whereas the solid lines mark the
beginning of the pure quark matter regimes. For each model
we pick the same Ye profile at finite ϵth across all densities
as for the cold, beta-equilibrium case.
We see that the models differ in the onset densities,

however, the overall behavior of the phase boundaries is
quite similar for all EOSs. Generally all phase boundaries
are shifted towards lower densities with increasing ϵth. This
shift is larger for ρon than for ρfin meaning that the size of
the coexistence phase region increases with larger ϵth.
We also find that EOSs with smaller ρon;0 and ρfin;0 also

tend to have lower ρon and ρfin at finite ϵth although crossing
boundaries are possible.
In the following we refer to full temperature- and

composition-dependent EOS tables as 3D tables and to
the cold barotropic EOS in beta-equilibrium as 1D tables.

B. Choices of Γth

We motivate the values of Γth which we have chosen in
the different regimes of our effPT scheme. For this we
determine the true pressure P at ϵth ¼ 0.03 as a function of
density from the 3D table of each DD2F-SF EOS. We then
calculate the thermal pressure Pth using Eq. (1) where we
infer Pcold from the 1D EOS table. With this we can invert
Eq. (3) to obtain Γth at different densities.
In Fig. 6 we show the inferred values of Γth at ϵth ¼ 0.03

as a function of density for the DD2F-SF-1 EOS.
Note that for this model ϵeth ¼ 0.03 corresponds to

temperatures of about 40 to 30 MeV for densities between
2 × ρnuc and 4 × ρnuc.
We find that at densities below≈2 × ρnuc, where matter is

in the hadronic phase, Γth is in the range of Γth ≈ 1.6–1.85.
Thus, for regime I a value of Γth ¼ 1.75 is a sensible choice.
The following sharp drop of Γth is caused by the onset of

the coexisting phases. Because of the “earlier” onset of the
phase transition the pressure at finite ϵth can be lower than

FIG. 5. Phase boundaries of the DD2F-SF-n EOSs [122] in the
density-ϵth plane. Different colors refer to different EOS models.
The dashed lines display the onset of the coexisting phases where
the solid lines mark the beginning of the pure quark matter regime
for each hybrid model.
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Pcold. Therefore, in this density range Pth as defined by
Eq. (1) can formally be negative leading to Γth < 1 in this
regime.
In the pure quark phase Γth has a value of around 1.4 at

the onset of the pure quark phase (at ρ ¼ 4 × ρnuc for the
DD2F-SF-1 in Fig. 6). With rising density it approaches
4=3, which is expected for an ultrarelativistic Fermi gas.
We mark this value with a thin, dashed line in Fig. 6.
Note that for simplicity in our effPT scheme we have

chosen Γth ¼ 4=3 at all densities in the pure quark phase
including ρfin;0 from which we extrapolate to lower
densities. For this model we hence expect to slightly
underestimate the pressure with our procedure in regime
III and at the low density part of regime IV. Also we expect
to infer a slightly too low value of Pfin for the construction
of the pressure in regime II. These errors are however not
larger than those caused by choosing a constant Γth in the
hadronic phase.
We find similar results for the other DD2F-SF model and

other values of ϵth covering a wide range of temperatures. In
particular, we find Γth ≈ 1.4 around ρfin;0 followed by a
decay to Γth ¼ 4=3 at larger densities.
We stress that the onset of quark deconfinement and the

EOS of pure quark matter are very uncertain. It is hence not
clear, whether this trend of Γth is a general behavior of
hybrid EOS. Since all of the seven hybrid EOSs considered
here use the same underlying SF model, it could also be a
feature of these specific microphysical models.

C. Direct comparison of EOS models

Before discussing simulations we demonstrate the val-
idity of our scheme by reconstructing the DD2F-SF EOSs
for a range of temperatures.
For this we consider the relative residuals of the pressure

determined by our effPT scheme and by the commonly
used ideal-gas approach with respect to the true pressure of

the respective EOS. We define the relative residual as
jPtrue − Papproxj=Ptrue, where Ptrue is the pressure inferred
from the 3D EOS table and Papprox is the pressure
approximated by either of the two schemes.
To at least somewhat account for the appearance of

deconfined quarks in the traditional approach we now use
different values of Γth at different densities. We pick
Γth ¼ 1.75 below ρon;0, Γth ¼ 1.4 between ρon;0 and ρfin;0
and Γth ¼ 4=3 above ρfin;0. Note that this choice of Γth leads
to a drop in pressure at the densities ρon;0 and ρfin;0 for
fixed ϵth.
To study the performance of both methods we average

the relative residuals over several temperatures tabulated in
the 3D EOS file of the DD2F-SF-1 model. We consider the
range between T ¼ 5 and T ¼ 80 MeV which is relevant
for many astrophysical scenarios such as NS mergers or
core collapse supernovae. In order to not over-represent low
temperatures we keep a separation of at least 5 MeV
between two considered temperatures.
In Fig. 7 we plot the averaged residuals from our effPT

scheme and from the traditional approach with a purple and
a dashed green line, respectively. Note the logarithmic scale
on the y axis in this figure.
We find that in the considered temperature range our

effPT scheme is able to reproduce the true pressure of the
DD2F-SF-1 model with much higher accuracy compared to
the traditional approach at densities between 1 × ρnuc and
4 × ρnuc. Especially in the density range between roughly
2 × ρnuc and 3.5 × ρnuc the average relative residuals of the
effPT scheme are about an order of magnitude smaller
compared to the traditional approach. This occurs even
though we adjusted Γth as described above.
Note that in Fig. 7 there appears to be a small region

around 4 × ρnuc where the traditional scheme seems to

FIG. 6. Thermal ideal-gas index as a function of density at
ϵth ¼ 0.03 for the DD2F-SF-1 EOS [122]. The dashed line marks
Γth ¼ 4=3, which is expected for an ultrarelativistic Fermi gas.

FIG. 7. Mean relative residuals of the total pressure from
the thermal ideal-gas approach and our effective treatment
of thermal effects in hybrid models compared to the actual
DD2F-SF-1 EOS at different densities. At each density we
average over the residuals in the temperature range between
T ¼ 5 and T ¼ 80 MeV.
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significantly outperform the effPT scheme. This behavior is
caused by a single tabulated density point sitting right at the
boundary between coexistence and pure quark phase. Here
the true thermal pressure is very well approximated by
Γth ¼ 1.4 (compare Fig. 6) whereas our effPT scheme uses
Γth ¼ 4=3 to extrapolate down from the pure quark phase.
We find similar results for the other DD2F-SF models. In

order to further quantify our findings we average the
relative temperature-averaged residuals over all tabulated
densities of our EOS tables in the range between 0.5 × ρnuc
and 5 × ρnuc. We provide the values for all DD2F-SF EOSs
in Table I for both considered schemes.
As in Fig. 7 we find that our effective procedure

performs very well overall and produces rather small
average residuals of around 10%–15%. The only exception
is the DD2F-SF-7 EOS where we find a somewhat larger
average residual of about 28%.
In the chosen density and temperature ranges, the average

residuals of the total pressure are generally roughly an order
of magnitude smaller compared to the traditional ideal-gas
approach for the considered sample of hybrid EOSs.
We conclude that at finite temperature it is extremely

important to properly account for the shifting phase boun-
daries as they can potentially result in large pressure
differences compared tomodelswith fixedphase boundaries.

IV. SIMULATIONS AND VALIDATION

A. Setup

We further validate our effPT scheme by performing
several NS merger simulations using the seven different
hybrid DD2F-SF EOSs. For each model we simulate a
merger with the 3D EOS table and a merger using only
the 1D EOS table together with our effPT scheme.
Additionally, we also perform a set of simulations using
the 1D EOS tables together with the ideal-gas approach. To
mimic the appearance of deconfined quarks in this
approach we pick the same values of Γth as described
earlier when discussing Fig. 7.

To classify results from these different schemes, we refer
to simulations using the ideal-gas approach as Γth frame-
work, simulations using the full 3D EOS table as 3D
framework and simulations employing our effective phase
transition scheme as effPT framework. We perform the
simulations with a general relativistic, smoothed particle
hydrodynamics (SPH) code [109,158] which solves the
field equations using the conformal flatness condition
[159,160]. A simulation starts from irrotational stars in
cold, neutrinoless beta-equilibrium on a circular quasie-
quilibrium orbit with an initial separation of about 35 km
(center to center). This configuration is relaxed for a short
time with an artificial damping force to ensure an equilib-
rium SPH configuration at the beginning of the simulation.
The stars then merge within a few orbits.
For the simulations within the 3D framework we assign

the Ye value of beta-equilibrium to each SPH particle
during the setup. Throughout the evolution of the system
these values are then advected with the particles. For the
other two frameworks the electron fraction of each SPH
particle is always set to the value in beta-equilibrium
according to its density as these frameworks neglect any
potential impacts of Ye.
For the models using the effPT framework, we determine

the phase boundaries, i.e. ρon and ρfin of every DD2F-SF
EOS as a function of the specific thermal energy ϵth directly
from the respective 3D table. At every density we inter-
polate to the Ye corresponding to cold, beta-equilibrium.
We then provide these boundaries in tabulated form to our
code at the start of the simulation.

B. Simulation results

In Fig. 8 we show the evolution of the maximum
density during the merger of two 1.35M⊙ stars with the
DD2F-SF-1 EOS. We smoothed the simulation output of

TABLE I. Mean relative residuals of the total pressure calcu-
lated by the traditional ideal-gas approach and our effPT scheme
compared to the actual EOS for all DD2F-SF models [122]
(compare Fig. 7). We average the residuals over all points
tabulated in the respective EOS file in the temperature range
of 5 to 80 MeV and the density range of 0.5 × ρnuc to 5 × ρnuc.

EOS Traditional approach Effective scheme

DD2F-SF-1 1.179 0.146
DD2F-SF-2 1.429 0.149
DD2F-SF-3 1.209 0.117
DD2F-SF-4 1.111 0.089
DD2F-SF-5 1.294 0.094
DD2F-SF-6 1.139 0.090
DD2F-SF-7 1.294 0.278

FIG. 8. Maximum rest-mass density as a function of time for
the merger of two 1.35M⊙ NSs using the DD2F-SF-1 EOS [122]
and the different frameworks outlined in the text to model the
finite-temperature regime of the EOS. The horizontal dashed
lines show the phase boundaries of the EOS at zero temperature.
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the maximum density throughout this paper since the SPH
method features some small level of noise if quantities are
directly evaluated on the particles. Additionally, we display
the phase boundaries of this EOS model at zero temperature
with dashed, horizontal lines.
Prior to the merger, the maximum densities are virtually

identical in all three models because the stars are cold and
the densities are below ρon;0 ¼ 3.30 × ρnuc.
After the merger we find that matter at the maximum

densities in the Γth framework bounces in and out of the
quark phase as the merger remnant oscillates. Only at later
times ≈6 ms after the merger some material remains in the
pure quark phase.
The densities in the 3D framework do not show such a

behavior. Here, matter at the center of the merger remnant
enters the pure quark phase on the first contraction and
remains in this state throughout the simulation. This is
apparent from the overall larger densities and the smaller
density oscillations compared to the Γth simulation.
The stronger density oscillations in the Γth framework

are an artifact of the ideal-gas approach failing to properly
account for the shifted phase boundaries with increasing
temperature. From Fig. 3(a) we can infer that in addition to
overestimating the pressure at certain densities this also
leads to an incorrect EOS shape at finite ϵth. The changing
phase boundaries smear out the transition region leading to
a smoother pressure evolution with density, whereas the
ideal-gas approximation features a steeper increase of the
pressure with density followed by a plateau of almost
constant pressure.
Our effPT approach correctly considers the phase boun-

daries and hence is able to reproduce the maximum density
evolution of the 3D framework simulation much more
accurately. However, after the merger this scheme consis-
tently slightly overestimates the densities in the merger
remnant. This is in agreement with our previous findings
(see Sec. III B) that the effPT scheme slightly under-
estimates the thermal pressure in the regimes II and III
leading to a more compact merger remnant.
Another possible source of error is that the effPT scheme

does not capture isospin effects as matter is assumed to be
in cold, beta-equilibrium composition at all times.
In three of our simulations (using the DD2F-SF-4,6,7

EOSs) employing the ideal-gas approach we observe a
delayed transition occurring in the remnant. In these
systems no quark matter is present after the initial density
increase. With further evolution the remnant contracts and
the transition sets in leading to a sudden increase of the
maximum density several milliseconds after the merger.
We find that when using the 3D EOS tables or our

effective approach this feature no longer occurs at the NS
masses we consider here. Deconfined quark matter is
always present right after the merger for all DD2F-SF
EOSs. Hence, the delayed occurrence of deconfined quark
matter in our simulated systems with the Γth framework is

likely an artifact of neglecting temperature-dependent
phase boundaries. This suggests that the delayed occur-
rence of quark matter in the early postmerger phase may be
a less generic and common feature. We will further discuss
this issue in Sec. V B.
We now discuss the different GW signals produced by

our simulated systems. Figure 9 shows the spectra of the
cross polarization at a distance of 20 Mpc along the polar
axis for the same simulations as Fig. 8. We use the same
color scheme as in Fig. 8.
The low frequency part of these spectra (roughly below

1.7 kHz) is formed during the inspiral of the two stars. The
kHz range is produced by oscillations of the postmerger
remnant (see [161] for an identification of distinct fre-
quency peaks in the prompt emission of short gamma-ray
bursts which match the frequencies found in simulated
postmerger GW spectra). The dominant postmerger GW
frequency fpeak characterizes the signal and scales with the
remnant size [162].
All three spectra agree well at low frequencies as the

inspirals are mostly identical in our three models.
Using the Γth framework we infer an fpeak of 3.12 kHz

whereas the value from the 3D framework is about 500 Hz
larger with 3.61 kHz. As shown in Fig. 3(a) the Γth
framework leads to a stiffer EOS and hence lower densities
and a less compact remnant with smaller amounts of
deconfined quark matter (see Fig. 8).
The spectrum of the effPT framework in Fig. 9 agrees

much better with the results from the 3D framework. We
deduce an fpeak value of 3.57 kHz for the effPT framework,
which is about 40 kHz smaller than the value of the 3D
framework. This is in slight tension with our earlier
observation that the effPT framework tends to marginally
overestimate the densities in the remnant.

FIG. 9. Gravitational-wave spectrum of the cross polarization at
a distance of 20 Mpc along the polar axis from the merger of two
1.35M⊙ NSs using the DD2F-SF-1 EOS [122]. Different colors
represent results from the different frameworks to model the
finite-temperature regime of the EOS.
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A closer look at the spectrum of the effPT framework
reveals that indeed the overall high frequency part does
appear to be shifted a bit towards larger frequencies
compared to the 3D framework. Only the maximum
postmerger frequency fpeak is slightly smaller. However,
there is a second peak in the spectrum of the effPT
framework at higher frequencies (about 3.78 kHz). Such
a split of the main peak is indicative of a drift in frequency.
The frequency of the dominant mode changes with time as
the structure of the merger remnant evolves. Hence, the
shape of the peak at fpeak is influenced by the dynamics of
the merger remnant.
Generally, our effPT scheme is able to reproduce the

overall shape of the GW spectrum and the value of fpeak
with much higher accuracy than the ideal-gas approach. It
also captures a secondary peak at about 2.5 kHz rela-
tively well.
We provide the inferred fpeak values from the other

DD2F-SF models in Table II. Generally we find good
agreement between the 3D framework and the effPT
framework with a maximum difference in fpeak of
110 Hz. On the other hand, we find larger deviations in
fpeak when using the Γth framework with differences being
as large as about 500 Hz. Interestingly, the frequencies we
obtain within the Γth framework are relatively similar for all
DD2F-SF models and also close to the fpeak value of
3.10 kHz (see [40,126]) from the purely hadronic DD2F
model [163,164]. Within the ideal-gas approach the phase
transition only has a minor impact on the overall structure
of the merger remnant and hence the GW signal. It is
understandable that the impact of deconfined quark matter
is more significant for the 3D or the effPT scheme since the
temperature dependence of the phase boundaries leads to
the presence of deconfined quark matter already at lower
densities, which consequently has a more significant
influence on the overall remnant structure compared to
the Γth simulations.
Especially we find that the occurrence of a delayed

transition in the remnant some time after the merger does
not leave a visible imprint in the GW spectrum. This is

because the transition sets in at a time when the merger
remnant has settled down and the GW emission is
very weak.
For the DD2F-SF-5 EOS we find that the spectra from

the 3D and the effPT framework both exhibit two distinct
dominant peaks at larger frequencies. The values from both
frameworks agree within 60 Hz. Within the Γth framework
this EOS also produces two distinct peaks in the high
frequency part of the GW spectrum. However, the frequen-
cies of these peaks disagree with peaks from the two other
frameworks by about 300 to 400 Hz. We provide the two
values for each framework in Table II.
We conclude from these findings that it is mainly the

shifting of the phase boundaries at nonzero temperatures
that alters the GW signal enough to reveal the phase
transition in the DD2F-SF models. Since such a shift
cannot be described within the ideal-gas approach, this
method is incapable of capturing the effects of the transition
to deconfined quark matter correctly. Therefore, it poten-
tially greatly underestimates the postmerger GW frequen-
cies. Our effPT scheme, on the other hand, does account for
the changing phase boundaries at nonzero temperatures. It
is hence able to reproduce results from the full 3D EOS
table much more accurately. Especially we find that for the
models we have tested the crude approximation of assum-
ing that matter always has a composition as in cold,
neutrinoless beta-equilibrium seems to be acceptable since
the changes of the phase boundaries with Ye are small. The
fact that the GW frequencies of the effPT scheme coincide
well with the ones from the fully consistent simulations
implies that it will similarly reproduce features that indicate
the presence of quark matter in NS mergers such as the
characteristic postmerger frequency shift relative to the
tidal deformability as discussed in [40,126]. In contrast,
simulations with Γth lead to generally smaller frequencies
compared to the fully temperature-dependent model and
may thus not be able to reliably describe such features.

C. Dependence of fpeak on the total binary mass

A general result from our previous work [40,126,128]
was that fpeak is shifted to larger frequencies for the DD2F-
SF models compared to the purely hadronic DD2F EOS. In
[126] we also discussed fpeak as a function of the total
binary mass for the DD2F-SF models. We found that at low
binary masses fpeak is practically identical for EOS models
with and without a phase transition. In these systems
the densities and temperatures are too low to trigger the
deconfinement of enough matter to sufficiently alter the
remnants structure necessary to substantially shift fpeak.
With increasing mass the size of the quark core in the

merger remnant grows and fpeak begins to deviate more and
more from the purely hadronic value.
To provide a more stringent test we demonstrate that this

behavior of fpeak, i.e. the quantitative deviance of fpeak in
the purely hadronic and the hybrid models, is also correctly

TABLE II. Dominant postmerger GW frequency fpeak in kHz
for our sample of DD2F-SF EOS models [122] inferred from
simulations. The different columns correspond to the different
frameworks modeling the finite-temperature regimes as outlined
in the text.

EOS Γth 3D effPT

DD2F-SF-1 3.12 3.61 3.57
DD2F-SF-2 3.25 3.58 3.62
DD2F-SF-3 3.12 3.50 3.52
DD2F-SF-4 3.16 3.33 3.44
DD2F-SF-5 3.22, 3.42 3.54, 3.81 3.60, 3.85
DD2F-SF-6 3.14 3.64 3.67
DD2F-SF-7 3.13 3.37 3.41
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captured by our effPT scheme. For this we perform addi-
tional simulations using the DD2F-SF-6 and the DD2F
EOSs. We simulate symmetric binaries with masses of
2.4M⊙, 2.5M⊙, 2.611M⊙, 2.65M⊙, 2.7M⊙ and 2.78M⊙,
which are the masses we used in Ref. [126]. For the DD2F-
SF-6 EOS we perform simulations for every mass using the
3D and the effPT framework.
We plot the inferred values of fpeak as a function of the

total binary mass Mtot in Fig. 10.
We find that our effPT scheme correctly captures the

behavior of fpeak as a function of Mtot and reproduces the
frequencies of the 3D framework very well across the entire
mass range. Especially the range in which the frequencies
of the hybrid model start to deviate from the ones of the
purely hadronic model agrees well.
As discussed before, we find that our effective procedure

consistently slightly overestimates fpeak compared to sim-
ulations using the full temperature- and composition-
dependent EOS tables. However, the differences we
observe are small.

V. IMPACT OF TEMPERATURE-DEPENDENT
PHASE BOUNDARIES

In this section we apply the effPT scheme to explore
the impact that different phase boundaries at finite ϵth can
have inmerger simulationswith a fixed cold EOSmodel. For
this we consider four barotropic hybrid EOSs and per-
form simulations applying our effPT scheme with different
assumedphase boundaries at finite ϵth for the same coldEOS.

A. Example 1: DD2F-SF based models

To explicitly probe finite-temperature effects we assume
different phase boundaries at T > 0 within our effPT

framework together with the cold, beta-equlibrium com-
position slice of the DD2F-SF-7 model. We then compare
the results to simulations using the actual boundaries.
We remark that the phase boundaries of the DD2F-SF

EOSs are constructed fulfilling the Gibbs condition for
the pressure P at constant temperature T P1ðμb; μq; TÞ ¼
P2ðμb; μq; TÞ, where μb and μq are the baryon and charge
chemical potentials, respectively. It is obvious that this
condition is only fulfilled at the true phase boundaries.
However, we point out that our procedure describes the

phase boundaries in terms of the specific thermal energy ϵth.
The phase transition of the EOS, on the other hand, is
constructed at constant temperature. Within different had-
ronic models there is considerable variation in ϵth at a given
density and temperature. See [165] for a review on different
EOS models including finite temperatures.
Additionally, we stress that the knowledge of the EOS at

zero temperature does not completely fix the EOS at finite
temperature as different models can in principle lead to very
similar cold EOSs but have considerable variation in the
thermal part. In the case of hybrid EOS this can result in
similar onset densities at T ¼ 0, and different phase
boundaries at T > 0.
In Appendix Awe provide a simple, parametric approach

to extend a barotropic EOS to finite temperature that obeys
basic thermodynamic relations. For a given two-phase EOS
at T ¼ 0 this allows to model the change of transition
densities at finite temperature. We use this scheme to
determine two alternative sets of phase boundaries for the
DD2F-SF-7 EOS that coincide at T ¼ 0 but show different
behaviors at T > 0 while ensuring thermodynamic con-
sistency. We plot these new boundaries in Fig. 11 in the

FIG. 10. Dominant postmergerGW frequencyfpeak as a function
of the total binary mass for the purely hadronic DD2F [163,164]
model (black) and the hybrid DD2F-SF-6 EOS [122] (colored
crosses). Crosses show simulation data, between these points
linear interpolation is used. The two different colors refer to
different approaches modeling the finite-temperature regime of
the DD2F-SF-6 EOS as outlined in the text.

FIG. 11. Newly constructed phase boundaries in the n-ϵth plane
with our simple thermal EOS model (see Appendix B) for the
DD2F-SF-7 EOS [122]. Different colors refer to different phase
boundaries. Dashed lines mark the beginning of the coexisting
phases and solid lines display the onset of pure deconfined quark
matter. The nomenclature corresponds to the merger results
shown in Fig. 12. Model true refers to the original phase
boundaries of the DD2F-SF-7.
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ϵth − n plane with blue and red lines, respectively, where n
is the baryon number density. For a comparison we also
plot the true boundaries of the DD2F-SF-7 EOS with black
lines. Dashed (solid) lines mark the onset (end) of the
coexisting phases. In the following discussion we refer to
the true phase boundaries as model true. From Fig. 11 we
see one of our chosen parametrizations shifts the phase
boundaries towards lower ϵth compared to model true; we
will refer to this model as model low. This mimics an earlier
onset of the phase transition at finite temperature compared
to the reference model. The second parametrizations, which
we will refer to as model high, on the other hand produce
boundaries where the onset of quark deconfinement is
moved to larger ϵth corresponding to a “later” onset at finite
temperature. The end of the coexistence phase is almost
identical compared to the reference boundaries. As an
example, at ϵ ¼ 0.04 we find ρon ¼ 0.50 × ρnuc and ρfin ¼
2.92 × ρnuc for model low, ρon ¼ 2.31 × ρnuc and ρfin ¼
3.25 × ρnuc for model high and ρon ¼ 1.64 × ρnuc and
ρfin ¼ 3.25 × ρnuc for model true.
To explore the impact of these changes of the EOS at finite

temperature, we perform two additional simulations using
the two newly constructed phase boundaries in our effPT
scheme together with the cold DD2F-SF-7 EOS.We choose
symmetric binaries with total system masses of 2.7M⊙.
In Fig. 12 we compare the results from model true,

model low and model high using black, blue and red lines,
respectively.
Figure 12(a) shows the evolution of the maximum

densities throughout the simulations. During the inspiral
the densities are identical. After the merger they begin to
deviate from each other.
As expected we find that an earlier onset of the phase

transition leads to larger postmerger densities with model

low yielding the highest and model high resulting in the
lowest density values.
Figure 12(b) shows the corresponding GW spectra of all

three simulations. The postmerger signal is significantly
affected by the shifted phase boundaries. Namely, the value
of fpeak is elevated by about 650 Hz for model low with
respect to model true. In model high, on the other hand,
we find that fpeak is about 220 Hz smaller compared to
model true and comparable to results using the ideal-gas
approach. These shifts are consistent with the behavior of
the phase boundaries that lead to an earlier/later onset of the
softening of the EOS by the appearance of deconfined
quark matter.
This demonstrates that the behavior of the phase boun-

daries at finite temperature is of crucial importance for the
diagnostics of the postmerger phase and the associated
observables like fpeak. The shape of the phase boundaries at
finite temperature should thus be regarded as an important
degree of freedom. We also refer to Appendix A, which
shows based on a simple model that the phase boundaries at
nonzero temperatures are not fully determined by the cold
EOS, exemplifying the crucial role of the postmerger phase
to access this part of the QCD phase diagram.
We remark that the finite-temperature effects, i.e. the

frequency shifts of the postmerger GW signal, are signifi-
cantly more pronounced than those reported in other works
for purely hadronic models, e.g. [110,166,167].

B. Example 2: Piecewise polytropic models
with low onset densities

As our effPT framework provides the flexibility to adopt
chosen phase boundaries at finite temperature, we are in
the position to apply this scheme to other EOS models

FIG. 12. (a) Evolution of the maximum rest-mass density for the merger of two 1.35M⊙ NSs using the DD2F-SF-7 EOS [122].
Different colors represent the different assumed shapes of the phase boundaries at finite temperature as shown in Fig. 11. The EOS at
zero temperature is identical for all three cases. (b) Gravitational-wave spectrum of the cross polarization at a distance of 20 Mpc along
the polar axis from the same simulations as in (a).
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employed in the literature. Hence, we can equip thosemodels
with a potentially more realistic behavior of the phase
transition at finite temperature, i.e. a phase boundary chang-
ing with temperature and bending more towards a critical
point at lower densities and chemical potentials instead of a
constant onset density and latent heat at all temperatures.
In Ref. [97] the authors used a piecewise polytrope

model to represent an EOS with a soft coexistence phase
starting at 2.085 ρnuc and a stiff pure quark phase at densities
above 4.072 ρnuc. They describe the hadronic phase below
2.085 ρnuc with a piecewise polytropic representation of the
relativistic mean field model FSU2H [168,169].
To capture thermal effects the authors employed the ideal-

gas approach with Γth ¼ 1.75. In a small mass range they
observed a delayed onset of the phase transition shortly after
the merger with a sudden increase in density. The authors
observed that this was accompanied by a noticeable shift in
the dominant postmerger GW frequency leading to two
distinct peaks in the spectrum. Such a shift could hence serve
as a clear indication of a first-order phase transition occurring
in the remnant similar to Refs. [40,126].
Since we observe a comparable delayed transition in

some of our DD2F-SF models when using the Γth frame-
work, we perform three simulations with the EOSs model
of Ref. [97]. We again choose symmetric binaries with total
system masses of 2.7M⊙.
One simulation is conducted using the ideal-gas approach

where we use the same values of Γth for the hadronic, the
coexistence and the pure quark phase as in Sec. III C. As
before, we refer to this simulation as Γth simulation.
We perform two additional simulations using our effPT

approach. Since this EOS only exists as a barotropic model,
no finite-temperature phase boundaries are available.
Furthermore, owing to the piecewise-polytropic paramet-
rization the phase transition is not constructed in a con-
sistent way, i.e. matching pressure and chemical potentials
at the transition densities. We find a difference of around
80 MeV in the chemical potentials at the borders of the
coexistence phase. Because of the inconsistent chemical
potentials, we cannot employ our model of Appendix A to
extend the phase boundaries to finite ϵth.
Instead we pick a functional form that somewhat

resembles the phase boundaries of the DD2F-SF models.
For the onset boundary we use a hyperbola

ϵonðρÞ ¼
1

aonρþ bon
þ con ∀ ρ < ρon; ð4Þ

where ρ refers to the rest-mass density in geometric
units with G ¼ c ¼ 1. We choose two sets of parameters
with this phase boundary. For the first set we pick
aon ¼ 10065.12, bon ¼ 3.420353 and con ¼ −0.083468;
we refer to this simulation as effPTlow simulation. For
the second set we chose aon ¼ 4065.12, bon ¼ 1.420353
and con ¼ −0.205015. This leads to a weaker shift of the

phase boundaries towards lower densities as our first set;
we refer to this simulation as effPThigh simulation. This
choice of parameters reproduces the correct onset density
of the cold EOS ρon;0 ¼ 2.085 × ρnuc in both cases. For the
end of the coexistence phase we have ρfin;0 ¼ 4.072 × ρnuc
at zero temperature.
We recall that our effPT scheme uses a linear interpo-

lation to estimate the pressure in the coexisting phases at
finite ϵth (see Sec. II B 2). We now construct the phase
boundary of the pure deconfined quark matter phase by
requiring at every ϵth that slope of this linear interpolation is
equal to the slope of the EOS in the coexisting phases at
T ¼ 0, i.e.

PfinðϵthÞ − PonðϵthÞ
ρfinðϵthÞ − ρonðϵthÞ

¼ Pfin;0 − Pon;0

ρfin;0 − ρon;0
∀ ϵth: ð5Þ

We chose this approach to ensure that for a fixed ϵth the
pressures inferred by the effPT scheme never decrease with
density.
As an example with these parameters at ϵth ¼ 0.03

we infer ρon ¼ 1.24 × ρnuc and ρfin ¼ 3.51 × ρnuc for the
effPTlow boundaries and ρon ¼ 1.62 × ρnuc and ρfin ¼
3.63 × ρnuc for the effPThigh boundaries.
We compare the results from the Γth simulation, the

effPTlow simulation and the effPThigh simulation in
Fig. 13 with green, purple and orange lines, respectively.
In the lower panel of Fig. 13(a) we plot the evolution

of the maximum rest-mass density ρmax. Using the Γth
framework we observe a similar trend of ρmax as the authors
of Ref. [97]. About three milliseconds after the initial
bounce a delayed phase transition takes place in the merger
remnant indicated by the strong increase in ρmax.
When using the effPThigh boundaries we see a similar

behavior, however here the transition into the quark matter
phase occurs on a shorter timescale and the maximum
densities after the phase transition have increased.
If we employ our effPT procedure with the effPTlow

phase boundaries we observe a different behavior. Now
matter enters the pure quark phase directly on the second
bounce after the merger. The maximum densities are also
larger than in the two aforementioned frameworks. This is
somewhat similar to our observations in Fig. 8.
The differences in the postmerger remnant are also

reflected in the GW spectra shown in Fig. 13(b). The
Γth simulation produces a pronounced peak at 2.65 kHz and
additional peaks at larger frequencies up to 3.68 kHz.
For the effPTlow simulation, we find that the postmerger

spectrum above about 1 kHz is greatly shifted towards
larger frequencies compared to the results from the Γth
simulation. Most notably the dominant postmerger fre-
quency has a split peak at 4.24 and 4.03 kHz. fpeak is about
1.6 kHz larger than the dominant frequency of the Γth
simulation. This shift is much larger than the differences we
observe between the Γth framework and the effPT
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framework when using the DD2F-SF EOSs and could be
related to our specific choice of phase boundaries.
The effPThigh simulation yields two distinct peaks at

2.72 and 4.08 kHz. The lower frequency peak is compa-
rable to fpeak of the Γth simulation whereas the higher
frequency peak is close to the split peak structure of the
effPTlow simulation. This behavior with two distinct well
separated peaks in the GW spectrum was also reported in
Ref. [97]. References [170,171] noticed that the oscillations
in ρmax correlate with the instantaneous GW frequency. We
calculate fGW ¼ 1

2π
dðϕðtÞÞ

dt with ϕðtÞ ¼ arctanðh×ðtÞ=hþðtÞÞ,
where h× and hþ are the cross and the plus polarized
components of the GW signal. We plot the results for all
three employed simulations in the upper panel of Fig. 13(a).
While we do find that some peaks of fGW coincide with
those of ρmax and observe some similarities of the general
trends, we generally do not see a too strongly correlated
behavior of fGW and ρmax especially for the model with
strongly temperature-dependent phase boundaries. We also
note that Ref. [171] showed that the exact behavior of ρmax
sensitively depends on numerical details.
Our examples demonstrate that important features in NS

mergers with hybrid EOSs such as a delayed onset of a
phase transition and the postmerger GW signal crucially
depend on the behavior of the phase boundaries at finite ϵth.
Simulations using hybrid EOS models that do not include
finite-temperature effects are hence potentially neglecting
important physics that the simple ideal-gas approach
cannot account for.

C. Example 3: Models with unstable hybrid branch

The finite-temperature behavior of the phase boundaries
can even lead to a qualitatively different outcome of the
merger. We consider an EOS model of Ref. [100], which is

based on a piecewise polytropic EOS with a density jump
modeling a first-order phase transition. In this model the
occurrence of quark matter yields a softening of the EOS
such that no stable hybrid stars exist (see Fig. 14).
The onset density of quark deconfinement at T ¼ 0 is

relatively high (ρon;0 ¼ 5.36 × ρnuc) corresponding to the
central density of a 2.29M⊙ NS. In contrast to purely
hadronic models and many hybrid EOS models, the mass-
radius relation of stable nonrotating stars terminates at this
point before reaching the typical high-mass regime of
mass-radius relations where dM

dR continuously approaches

FIG. 13. (a) Top: instantaneous gravitational wave frequency for the merger of two 1.35M⊙ NSs using the piecewise polytropic EOS
model of [97]. Different colors represent the different frameworks outlined in the text to model the finite-temperature EOS regime.
Bottom: evolution of the maximum rest-mass density. (b) Gravitational-wave spectrum of the cross polarization at a distance of 20 Mpc
along the polar axis from the same simulations as in (a).

FIG. 14. Mass-radius relations for the cold EOSs used in
Secs. V C and V D. Unstable stars are shown with thin dashed
lines. Example 3 is the piecewise polytropic model of Ref. [100]
mimicking a strong first-order phase transition to deconfined
quark matter that ends the mass-radius curve. Example 4 is a
slightly modified EOS where the phase transition sets in just after
the maximum mass is reached.
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zero (see Fig. 14). In such a scenario no stable isolated
nonrotating NSs with quark core can exist. Hence, inferring
the presence of quark matter would require to precisely
measure the properties of the mass-radius relation in this
regime, which seems challenging.
To explore this scenario we perform two 1.4–1.4M⊙

simulations based on this cold EOS model. We set up one
simulation with the Γth approach as in the original
simulations in [100] but with the same values for Γth as
in Sec. III C for the different phases. In this calculation the
phase boundaries are thus assumed not to depend on
temperature (as in the simulations of [100]). In another
simulation we include temperature-dependent phase boun-
daries with our effPT scheme. To construct these bounda-
ries we use the same approach as for Example 2 with the
parameters aon ¼ 10065.12, bon ¼ 3.420353 and con ¼
−0.037540 for Eq. (4). We then calculate the phase
boundary of the pure deconfined quark matter phase using
the same approach as outlined in Sec. V B correctly
reproducing ρon;0 ¼ 5.36 × ρnuc and ρfin;0 ¼ 8.91 × ρnuc.
This choice of parameters leads to a strong shift of the
phase boundaries at finite ϵth. At ϵth ¼ 0.03 we obtain
ρon ¼ 2.63 × ρnuc and ρfin ¼ 3.57 × ρnuc.
These differences at finite temperature qualitatively

affect the postmerger dynamics. In the Γth simulation,
the system does not reach conditions for the formation of
deconfined quark matter and the dominant GW postmerger
frequency is fpeak ¼ 3.019 kHz. Considering a temper-
ature-dependent phase boundary in the effPT simulation,
quark matter does occur after merging and the calculation
yields fpeak ¼ 3.321 kHz, which is higher than in the Γth

model since compared to the purely hadronic case the EOS
softens due to the phase transition.
It is interesting that quark matter can apparently be

present in temporarily stable merger remnants but not in
cold nonrotating NSs. We can trace back this behavior to
the lower onset density at finite temperature noting that one
can construct stable static NS solutions with quark core at
finite temperature for the chosen treatment of phase
boundaries within the effPT approach. We also perform
simulations with higher total binary masses and do not find
quark matter in metastable remnants within the Γth treat-
ment. Investigating simulations with higher total binary
mass for the Γth approach and the effPT scheme, we
determine the threshold mass for prompt black-hole for-
mation for both cases [129]. We find Mthres ¼ 3.07M⊙ for
the Γth case and Mthres ¼ 2.97M⊙ within the effPT frame-
work showing that the temperature dependence of the phase
boundaries has an important effect on the outcome of NS
mergers.

D. Example 4: Models with high onset densities

Another interesting example is models where the onset
density of the hadron-quark phase transition at T ¼ 0 is
larger than the maximum density of NSs (see Fig. 14).

Hence, in such a situation observations of cold NSs could in
principle not detect any signs of the quark deconfinement.
However, if the onset density is considerably lowered at
finite temperature, deconfined quark matter could occur in
NS merger remnants and affect their evolution.
To explore this scenario we again adopt the model of

Ref. [100]. We slightly modify this EOS by shifting the
onset density to ρon;0 ¼ 6.22 × ρnuc, which is higher than
the central density of the most massive nonrotating NS (see
Fig. 14). For the end of the coexistence phase we
obtain ρfin;0 ¼ 11.99 × ρnuc.
We perform two additional merger simulations based on

this model. In the first simulation we use the traditional
ideal-gas approach employing the same values of Γth as in
Sec. III C for the different phases. For this setup the phase
boundaries do not depend on the temperature. In the second
simulation we use our effPT scheme. We choose symmetric
binaries with total masses of 2.8M⊙.
We again construct the phase boundary for the effPT

calculation as in Sec. V B, where we pick aon ¼ 10065.12,
bon ¼ 3.420353 and con ¼ −0.032931 for Eq. (4). With
these parameters we obtain ρon ¼ 2.88 × ρnuc and ρfin ¼
4.91 × ρnuc at ϵth ¼ 0.03.
From the Γth simulation we infer a dominant postmerger

GW frequency of 3.019 Hz whereas the effPT simulation
yields fpeak ¼ 3.192 Hz. Note that the result from the Γth

simulation is identical to Example 3 as no deconfined quark
matter is present in these models and the hadronic EOS parts
are identical. As for Example 3, in the effPT simulation the
shift of the phase boundaries leads to an earlier appearance
of deconfined quark matter, which significantly affects the
dynamics of the postmerger remnant and its GW signal.
An even stronger impact is found in simulations with
slightly higher total binary masses of 2.86M⊙, where
we find a difference in the main postmerger frequency of
358 Hz (fpeak ¼ 3.059 kHz for the Γth simulation; fpeak ¼
3.417 kHz for the effPT simulation). This shows that even if
the hadron-quark phase transition takes place at densities not
reached in cold NSs, it could still be accessible in NS
mergers. This result again demonstrates the relevance of
temperature effects of the QCD phase diagram and the
importance of postmerger GW emission.
Additionally, we determine the threshold mass for

prompt black-hole formation for these EOSs and obtain
Mthres ¼ 3.07M⊙ for the Γth case and Mthres ¼ 3.01M⊙
within the effPT treatment, which is very similar to
Example 3. We compare the inferred threshold masses
for Examples 3 and 4 employing both thermal treatments
with the bilinear fits of Ref. [129]. These fits relateMthres to
different quantities of nonrotating stars such as the maxi-
mum mass Mmax and NS radii or their tidal deformability
(see [129] for details). We consider fits obtained from a set
of purely hadronic EOSs (set “b” in [129]) to check for
potential deviations that could indicate the onset of quark
deconfinement.
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In Fig. 15 we plot the differences we find betweenMthres
and the value predicted by the fits, Mthres;fit, for the four
different bilinear relations provided by Ref. [129]. The
gray-shaded bands depict the maximum residuals of the fits
provided by [129], which thus quantify the range in which a
purely hadronic model is expected to lie. The simulations
with temperature-dependent phase boundaries (plus signs)
lead to significantly lower Mthres compared to what one
may expect for purely hadronic EOSs. Hence, the deter-
mination of the threshold mass may reveal the occurrence
of quark matter even in such rather extreme cases like
Examples 3 and 4, where signatures of quark matter are
impossible or very difficult to detect in cold nonrotating
NSs (see Fig. 14). The calculations with Γth (crosses in
Fig. 15) mostly do not yield significant deviations form the
purely hadronic relations describingMthres, which is under-
standable since these systems do not reach conditions for
quark deconfinement (assuming phase boundaries which
do not depend on the temperature).
In general, considering postmerger features like the

threshold mass or postmerger GW emission enlarges the
parameter range where quark matter is astrophysically
detectable. In this regard, we comment that one may expect
very similar effects in a slightly less extreme scenario
compared to those discussed in Examples 3 and 4. For
instance, the onset of quark deconfinement may still be
hard to detect in cold NSs even for cases with stable hybrid
star branch if the onset density is generally high but below
the maximum density of cold nonrotating NSs. In this case

only the most massive NSs will contain a quark matter core.
These stars are expected not to occur very frequently in
addition to the challenges to detect signatures of quark
matter in such systems. As in Examples 3 and 4, one can
anticipate that the temperature dependence of the phase
boundaries will have a very similar impact in NS merger
remnants and similarly affect the postmerger GWemission.

VI. SUMMARY AND CONCLUSIONS

In this study we consider thermal effects of quark matter
in NS mergers. The transition from hadronic matter to
deconfined quark matter at finite temperature and chemical
potential is generally assumed to be temperature dependent.
In comparison to purely baryonic EOSs this implies a
higher complexity because not only a thermal pressure
component has to be modeled but also the temperature
dependence of the phase boundaries has to be described. In
particular, the latter can have a strong impact leading to
qualitatively different results. This is because hybrid
models typically exhibit a sudden change of the EOS at
the phase boundary and hence the temperature dependence
of the phase transition can have a very significant influence.
A thorough investigation of these aspects is currently not

straightforward because only a limited number of hybrid
EOS models is available which consistently include tem-
perature effects. There exists an approximate treatment of
thermal effects in NS merger simulations, which includes
an ideal-gas component to describe thermal pressure. This
scheme is employed to supplement barotropic EOSs at
T ¼ 0, where a large variety of models exist. However,
while this treatment is successfully used for baryonic EOS
models, its applicability to hybrid EOSs is questionable
because it does not model the temperature dependence of
the phase boundaries and thus cannot capture the major
effects of the thermal properties of hybrid models. In fact,
we show that this scheme does not qualitatively reproduce
the behavior of temperature-dependent hybrid EOSs
because it cannot correctly describe the significant soften-
ing of the EOS at finite temperature. Specifically, hybrid
models typically feature an earlier onset of quark decon-
finement at finite temperature, i.e. at a smaller density as
compared to T ¼ 0, which effectively leads to a substantial
reduction of the pressure.
In order to explore thermal effects in NS merger

simulations with hybrid EOS models, we describe here
an extension of the approximate treatment of the thermal
behavior which is applicable to barotropic T ¼ 0 hybrid
EOS models. Our new effective phase transition scheme
relies on a quantitative description of the phase boundaries
at finite temperature, which has to be provided independ-
ently. By this it is possible to correctly describe the
behavior of the coexisting phases at nonzero temperature,
i.e. the transition region between purely hadronic and pure
quark matter. The procedure also allows to adopt a different
effective thermal ideal gas index in the quark phase, which

FIG. 15. Deviations of Mthres from different bilinear fits
Mthres;fitðX; YÞ with X being Mmax and Y being either R1.6,
Rmax, Λ1.4 or Λthres. Fits are taken from [129] with the gray
band indicating the respective maximum residual of the fit for
purely hadronic EOS models (see [129] for details). The
respective pair of independent variables ðX; YÞ is given on the
x axis. Black symbols display the differences for the EOS
described in Sec. V C (Example 3); red symbols refer to the
EOS discussed in Sec. V D (Example 4). Crosses indicate the
calculations with the Γth approach. Results with the effPT
scheme, i.e. with temperature-dependent phase boundaries, are
displayed by plus signs.

EXPLORING THERMAL EFFECTS OF THE HADRON-QUARK … PHYS. REV. D 108, 063032 (2023)

063032-17



is usually lower than that of purely hadronic matter and
closer to 4=3. This yields yet another improvement of the
description of thermal effects in hybrid models compared to
the traditional approach. We explicitly assume that the
phase transition between the EOS of purely hadronic matter
and pure deconfined quark matter is of first order and
described by a Maxwell construction, i.e. by matching
pressure and chemical potential at a fixed temperature of
both phases at the phase boundaries. This is a common
choice in many hybrid EOS models and leads to a region of
constant pressure in the transition region. We remark that
there are alternative constructions of the phase transition
that only require global charge conservation [1,94] and
result in charged, coexisting phases. We leave the extension
of the ideal-gas approach to these constructions for
future work.
We assess the new effPT scheme by directly comparing

to a set of temperature-dependent hybrid EOS models. For
this comparison we adopt a slice of the EOS at zero
temperature and neutrinoless beta-equilibrium and provide
the temperature dependence of the phase boundaries of the
respective hybrid model by hand. We find an improvement
of about an order of magnitude in the relative errors of the
estimated pressure compared to the traditional ideal-gas
approach.
We have further validated our effPT scheme by perform-

ing several NS merger simulations. We compare the results
to simulations employing the full temperature- and com-
position-dependent EOS tables and to calculations with the
traditional ideal-gas approach. The evolution of the merger
remnant is significantly affected by the temperature
dependence of the phase boundaries. Especially for the
dominant postmerger GW frequency fpeak we find that
the traditional approach potentially underestimates the
frequencies by up to several hundred Hz. Generally,
neglecting the temperature dependence of the phase boun-
daries (as in the traditional thermal ideal-gas ansatz) cannot
predict the onset of quark deconfinement correctly. For
instance, in some of the simulations with the simple ideal-
gas treatment we observe a delayed onset of quark
deconfinement after the merger and a corresponding shift
in GW frequencies that are not present in simulations
with the same cold EOS and an inclusion of thermal effects
by either the full 3D table or our new effective thermal
treatment. This cautions that employing barotropic T ¼ 0
hybrid EOSs in combination with the traditional thermal
ideal-gas approach may not necessarily yield reliable
results in NS merger simulations.
We find that our effective scheme performs well at

capturing the effects of temperature-dependent phase
boundaries, i.e. an earlier onset of deconfinement at non-
zero temperatures. Regarding the general dynamics of the
merger remnant and the GW signal we see very good
agreement between merger simulations using the full EOS
table and simulations employing our effective scheme. As a

more stringent test, we benchmark our procedure by
simulating mergers with different masses and thus cover
a range of regimes with no or hardly any quark deconfine-
ment to systems with significant amounts of quark matter.
Quantitatively reproducing the simulation results from the
full 3D hybrid table for this whole range demonstrates that
our effPT scheme correctly captures the onset of quark
deconfinement, the behavior of a phase transition and quark
matter at finite temperature.
These tests show that the extended scheme is suitable to

evaluate thermal effects of hybrid EOSs. In particular, we
investigate the impact of varying phase boundaries at finite
temperature in NS mergers for a fixed barotropic EOS.
Since within our effPT scheme the shape of the phase
boundaries has to be provided either by analytic functions
or tabulated values, we devise a simple model to describe
the phase transition at finite temperature. For this we
develop a parametric model for the thermal pressure,
energy and chemical potential in both phases (see
Appendix A). Employing aMaxwell construction a specific
choice of parameters then fixes the transition region at all
finite temperatures. This allows us to construct phase
boundaries depending on the chosen parameters and
explicitly shows that the shape of the phase boundaries
at finite temperature is not fixed by the knowledge of the
cold hybrid EOS alone. Hence, with this model we are able
to construct very different phase boundaries at finite
temperature for the same cold barotropic hybrid EOS,
i.e. with the same properties of the phase transition at zero
temperature.
We demonstrate for the DD2F-SF-7 model [40,122]

(restricted to T ¼ 0) that varying the phase boundaries at
finite temperature can have a substantial impact on the
postmerger remnant significantly affecting the overall
remnant structure and the GW signal. We find differences
up to about 650 Hz in fpeak between simulations employing
different finite-temperature phase boundaries but the same
properties at T ¼ 0.
Adopting another example EOS from the literature based

on a piecewise-polytropic model from Ref. [97], we show
that even assuming a moderate change of the phase
boundaries with temperature has the potential to drastically
change the merger dynamics. Specifically, we find a
difference of about 1600 Hz in fpeak when comparing
our simulation with temperature-dependent phase bounda-
ries to a simulation employing the traditional ideal-gas
approach, which neglects a temperature dependence of the
phase boundary. For this model we also find that depending
on the shape of the phase boundaries the occurrence of a
delayed onset of quark deconfinement can happen on
shorter timescales or be removed entirely as certain shapes
lead to the formation of a quark core directly after the
merger.
Finally, we explicitly show that even if the hadron-quark

phase transition takes place at very high densities not
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occurring in isolated NSs or only in the most massive stars
at T ¼ 0, deconfined quark matter could still be present in
temporarily stable NS merger remnants. This can even
occur for EOS models for which no stable hybrid branch of
nonrotating NSs exists. Such an outcome is possible if the
boundaries of the deconfined quark matter phase shift
towards lower densities at finite temperatures, which are
reached in NS mergers shortly after the collision. Hence, it
might be that deconfined quark matter is only accessible in
finite-temperature systems such as merger remnants and
proto-NSs but not in cold NSs in isolation or in binaries.
Specifically, we find that in this scenario the threshold mass
for prompt black-hole formation may be characteristically
reduced, which would be indicative of the presence of
quark matter in merger remnants. Similarly, we observe an
increase of postmerger GW frequencies compared to purely
hadronic systems.
All these findings demonstrate that thermal effects are

more significant in hybrid than in purely hadronic EOS
models as phase boundaries varying with temperature
qualitatively change the behavior of the EOS. This impor-
tant observation illustrates the significance of temperature
effects of the QCD phase diagram in NS mergers. It
exemplifies the value of observables from the postmerger
phase like fpeak to access the finite-temperature regime of
the phase diagram as a messenger providing information
complementary to what can be inferred from observing
cold NSs e.g. during the late binary inspiral phase. At the
same time these findings highlight that heavy-ion experi-
ments such as HADES [141] and future facilities like FAIR
[142,143] and NICA [144,145] at finite temperature are
highly desirable to better understand the impact of quark
matter in NS mergers. For instance, the exclusion of
deconfinement in a certain regime can be incorporated in
models such as ours and thus provide important constraints.
Our effPT scheme provides the flexibility to combine

any barotropic, zero-temperature EOS with different phase
boundaries at finite temperature. This can be done much
easier than constructing two separate full 3D tables for
hadronic and quark matter and joining them with a phase
construction. Especially, in the latter case it might not be
easily possible to tune model parameters in a controllable
way to obtain certain features such as a specific shape of the
phase boundary. Therefore, our thermal treatment may
prove to be useful for systematic explorations of quark
matter in NS mergers employing cold, barotropic hybrid
models, where a larger set of models is available in the
literature or can be readily constructed by effective models.
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APPENDIX A: THERMAL TOY MODEL

We provide a simple example to demonstrate that the
cold, barotropic EOS does not completely fix the EOS at
T > 0. With this we show that different treatments of finite-
temperature effects can result in different phase boundaries
of a two-phase EOS with a first-order phase transition while
still being thermodynamically consistent.

1. Simple thermal EOS model

We consider a system in thermodynamic equilibrium
with properties determined by a temperature T, a particle
number N and a volume V. The relevant thermodynamic
potential is the free energy F,

F ¼ −PV þ μN; ðA1Þ
with the pressure P and the chemical potential μ defined as

P ¼ −
∂F
∂V

����
T;N

μ ¼ ∂F
∂N

����
T;V

: ðA2Þ

With the entropy S

S ¼ −
∂F
∂T

����
V;N

ðA3Þ

the internal energy E of the system is given by

E ¼ F þ TS: ðA4Þ

It is useful to remove V and N as explicit variables and
consider densities

n ¼ N
V
; f ¼ F

V
; e ¼ E

V
; s ¼ S

V
ðA5Þ

Then we have

f ¼ −Pþ μn; P ¼ n2
∂ðf=nÞ
∂n

����
T
; μ ¼ ∂f

∂n

����
T

ðA6Þ

s ¼ −
∂f
∂T

����
n
; e ¼ f þ Ts ¼ Ts − Pþ μn: ðA7Þ

If we split the energy into a cold part ec and a thermal part
eth we get

f ¼ ec þ eth − Ts ¼ fc þ fth ðA8Þ

with
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fc ¼ ec; fth ¼ eth − Ts: ðA9Þ

With this we can write eth and the thermal pressure Pth as

Pth ¼ n
∂fth
∂n

����
T
− fth; eth ¼ fth − T

∂fth
∂T

����
n
: ðA10Þ

If we assume that the relation Pth ¼ ðΓth − 1Þeth holds for
the thermal contribution to an EOS we obtain

Γth ¼
Pth

eth
þ 1 ¼ n ∂fth

∂n jT − fth
fth − T ∂fth

∂n jn
þ 1 ðA11Þ

¼ n ∂fth
∂n jT − T ∂fth

∂T jn
fth − T ∂fth

∂n jn
: ðA12Þ

This expression can be written as a partial differential
equation for the thermal part of the free energy density fth:

Γthfth ¼ n
∂fth
∂n

����
T
− ð1 − ΓthÞT

∂fth
∂T

����
n
: ðA13Þ

A solution to this equation is given by

fth ¼ Tn

�
a ln

n
n0

− b ln
T
T0

þ c

�
ðA14Þ

with three dimensionless free parameters a > 0, b > 0, and
c and two scaling variables n0 and T0 to guarantee proper
units in the arguments of the logarithmic functions.
This solution is similar to the free energy density of a

classical ideal gas (without the rest-mass contribution)

fidðT; nÞ ¼ Tn½lnðnλ3Þ − 1� ðA15Þ

with the thermal wavelength

λ ¼
ffiffiffiffiffiffiffiffiffiffi
2πℏ2

mT

r
ðA16Þ

depending on the mass of the particles and the temperature.
From Eq. (A14) we get

μth ¼ T

�
a ln

n
n0

− b ln
T
T0

þ aþ c

�
ðA17Þ

Pth ¼ aTn; eth ¼ bTn; Γth ¼ 1þ a
b
: ðA18Þ

A specific choice of the parameters a > 0, b > 0 and c
hence fixes the thermal contribution of the EOS. For a
classical ideal gas we have a ¼ 1, b ¼ 3=2, Γ ¼ 5=3 and

c ¼ ln

 
n0

ffiffiffiffiffiffiffiffiffi
2π

mT0

s
3
!
− 1: ðA19Þ

In order to recover this ideal gas limit we can set

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
ðΓth − 1Þ

r
; b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2ðΓth − 1Þ

s
: ðA20Þ

2. Phase transition

We now consider a system featuring a phase transition
with a region of coexisting phases between particle den-
sities nhðTÞ and nqðTÞ at a given T within our simple model.
We assume nhðTÞ < nqðTÞ. For this we use a standard
Maxwell construction where the pressure is constant for
nhðTÞ ≤ n ≤ nqðTÞ. From the Maxwell relation

∂P
∂n

����
T
¼ n

∂μ

∂n

����
T

ðA21Þ

we get

μhðTÞ − μqðTÞ ¼
Z

nqðTÞ

nhðTÞ

1

n
∂P
∂n

����
T
dn: ðA22Þ

Because P ¼ PptðTÞ is constant with the particle density in
the coexistence region the chemical potentials μhðTÞ and
μqðTÞ at the borders of this region are identical μptðTÞ ¼
μhðTÞ ¼ μqðTÞ with μhðTÞ ¼ μðT; nqðTÞÞ and μqðTÞ ¼
μðT; nqðTÞÞ.
If we write the free energy densities of both phases

each as the sum of a T ¼ 0 component and a thermal
contribution

fh ¼ ehc þ fhth; fq ¼ eqc þ fqth ðA23Þ

and parametrize the thermal contributions according
Eq. (A14), we get

PptðTÞ ¼ PcðnhðTÞÞ þ ahTnhðTÞ
¼ PcðnqðTÞÞ þ aqTnqðTÞ ðA24Þ

μthðTÞ ¼ μcðnhðTÞÞ þ Tðah lnðnh=n0Þ
− bh lnðT=T0Þ þ ah þ chÞ

¼ μcðnqðTÞÞ þ Tðaq lnðnq=n0Þ
− bq lnðT=T0Þ þ aq þ cqÞ: ðA25Þ

These two equations fix the phase boundaries nhðTÞ and
nqðTÞ at a given temperature.
The energy densities at the borders of the coexistence

region are given by
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eðT; nhðTÞÞ ¼ ec;hðnhðTÞÞ þ bhTnhðTÞ ðA26Þ

eðT; nqðTÞÞ ¼ ec;qðnqðTÞÞ þ bqTnqðTÞ; ðA27Þ

where ec;h and ec;q are the energy densities of both phases
at T ¼ 0.
The choice of the parameters ah, bh, ch, aq, bq, and cq

together with both phases at T ¼ 0 therefore completely
determines the borders of the phase transition region.
Note that Γth;h and Γth;q are fixed by the relation

Γth ¼ 1þ a=b.

3. Example phase boundaries

From this discussion above we see that picking different
parameters for fth will change the behavior of the phase
boundaries at T > 0 for the same cold EOS. Therefore the
EOS at T ¼ 0 alone does not fix the transition region
at T > 0.
As an example we consider the following simple two-

phase model. We assume a cold polytropic EOS represent-
ing the hadronic regime at lower densities and another cold
polytropic EOS describing deconfined quark matter at
higher densities. Both EOSs can hence be described by

pc ¼ KnΓ ðA28Þ

μc ¼
KΓ
Γ − 1

nΓ−1 þ E0: ðA29Þ

We pick Γ ¼ 1.8 for the low density phase and Γ ¼ 2.5 for
the high density phase. We also require that the coexistence
phase lies between non ¼ 0.3 and nfin ¼ 0.5 fm−3, has a
pressure of ppt ¼ 21 MeV=fm3 and a chemical potential of
μpt ¼ 1005 MeV. This choice of ppt and μpt at non and nfin
fixes the parameters K and E0 in both cold phases.
We construct the finite-temperature part with our simple

approach using Eqs. (A17) and (A18). For the low density
phase we set Γth ¼ 1.75 and for the high density phase
Γth ¼ 4=3. We then determine ah and bh of the low density
phase using Eq. (A20). For the high density phase we pick
different values of aq and determine bq from the relation
Γth ¼ 1þ a=b. In both phases we calculate the parameter c
using Eq. (A19) with m ¼ 931.49 MeV and set the scaling
variables to n0 ¼ 1 fm−3 and T0 ¼ 1 MeV.
We then construct the phase boundary for each set of

parameters using the conditions from Eqs. (A24) and
(A25). For the tabulated DD2F-SF EOSs we find that
the parameter a lies in the range of 0.1–0.85 for densities
between 3.5 × ρnuc and 7 × ρnuc and temperatures between
10 and 50MeV. Therefore, we pick the four different values
of aq from this range.
In Fig. 16 we show the phase boundaries we obtain with

this model for the different values of aq in the n − T
diagram with different colors. We plot the onset densities of

the phase transition with dashed lines and the beginning of
the high density phase with solid lines.
We find that within this simple model we can generate a

large variety of phase boundaries with qualitatively differ-
ent behaviors at finite temperature. For example, for aq ¼
0.707 we see that the boundaries of the coexistence phase
strongly shift towards lower densities for finite temperature.
On the other hand, picking aq ¼ 0.389 moves the phase
boundaries to larger densities with increasing T. Note that
at T ¼ 0 all examples have the same ρon and ρfin as the cold
EOS is identical in every case.
This finding demonstrates that the EOS at T ¼ 0 does

not uniquely determine the behavior of the phase bounda-
ries at T > 0. Different assumptions on finite-temperature
effects can lead to qualitatively different behaviors of the
transition region.
We also stress again that all examples have Γth ¼ 1.75 in

the low density phase and Γth ¼ 4=3 in the high density
phase. Hence, a specific choice of Γth in both phases does
also not fix the phase boundaries at finite temperature.

APPENDIX B: SHIFTED PHASE BOUNDARIES
FOR THE DD2F-SF-7 EOS

Here we provide the construction of the different phase
boundaries for the DD2F-SF-7 EOS at finite temperature
we used in Sec. VA. At T ¼ 0 this model has coexisting
phases between ρon;0 ¼ 3.5 × ρnuc and ρfin;0 ¼ 3.7 × ρnuc.
We use our approach of Appendix A to model the

thermal part of the EOS where we pick different parameters
for the hadronic and the quark phase. Additionally, we need
to describe the cold EOS of both phases at all densities to
balance the total pressure and chemical potential for a given
temperature.

FIG. 16. Phase boundaries in the n-T-plane determined with
our simple phase transition model for different choices of Γth in
the high density phase for a single cold EOS. Different colors
refer to different phase boundaries. Dashed lines mark the
beginning of the coexisting phases and solid lines display the
onset of pure deconfined quark matter.
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We find that in the density range relevant for construct-
ing the phase transition between 0.1 × ρnuc and 3.5 × ρnuc
the DD2F EOS can be approximated well by a piecewise
polytropic EOS with two segments. In such a model the
pressure, chemical potential and energy density of each
segment are given by

P ¼ KinΓi ðB1Þ

μ ¼ KiΓi

Γi − 1
nΓi−1 þ E0;i ðB2Þ

e ¼ Ki

Γi − 1
nΓi þ E0;in ðB3Þ

with i ¼ 1, 2. We perform a least squares fit to the tabulated
pressure of the DD2F EOS with Eq. (B1) in the afore-
mentioned density range. During this fit we pick the
parameters K2 and E0;2 to recover P and μ of the DD2F
EOS at n ¼ 3.5 × ρnuc. This ensures that we recreate the
true onset density of the DD2F-SF-7 EOS at T ¼ 0. The
parameters K1 and E0;1 are fixed by requiring continuous P
and e. Hence, we are left with fitting the parameters Γ1;2

and the density n1 where we switch from one segment to
the other.
For the cold quark phase a piecewise polytropic model is

not well suited because the pressure is expected to become
negative at low densities due to quark confinement. Such a
behavior cannot be achieved in a polytropic approach.
Instead we describe the quark phase using the bag model of
[14]. In this model the grandcanonical potential density Ω
is given by

Ω ¼ −
�

3

4π2
a4μ4q þ

3

4π2
a2μ2q þ Beff

�
1

ðℏcÞ3 : ðB4Þ

From this we obtain

Pq ¼
�

3

4π2
a4μ4q −

3

4π2
a2μ2q − Beff

�
1

ðℏcÞ3 ðB5Þ

nq ¼
�
3

π2
a4μ3q −

3

2π2
a2μq

�
1

ðℏcÞ3 ðB6Þ

eq ¼
�

9

4π2
a4μ4q −

3

4π2
a2μ2q þ Beff

�
1

ðℏcÞ3 : ðB7Þ

Note that here μq and nq refer to the quark chemical
potential and number density, respectively. We assume
3μq ¼ μ and nq ¼ 3n.
We obtain the parameter a4 with a least squares fit using

Eq. (B5) and the tabulated pressures of the DD2F-SF-7
EOS in the density range between ρon;0 ¼ 3.7 × ρnuc and
ρfin;0 ¼ 15.0 × ρnuc. In order to recover the correct phase
boundary at T ¼ 0, i.e. to exactly match P and μ of the
DD2F-SF-7 EOS at this density we determine the param-
eters a2 and Beff during the fitting from the tabulated values
of P and μ at n ¼ 3.7 × nnuc and the current value of a4. We
provide the parameters for the cold hadronic phase in
Table III and the parameters we use for the cold quark phase
in Table IV.
To find the phase boundaries at finite temperature we

pick Γth ¼ 1.75 for the hadronic phase and Γth ¼ 4=3 for
the quark phase. Using Γth ¼ 1þ a=b this fixes the
parameter b for a choice of a.
To construct the phase boundaries of model low in

Sec. VA we pick ah ¼ 1.060 and ch ¼ 8.456 for the
hadronic phase and aq ¼ 0.707 and cq ¼ 6.256 for the
quark phase. For model high we choose ah ¼ 1.167,
ch ¼ 7.356, aq ¼ 0.658 and cq ¼ 7.356.
As a comparison, we determine the effective values of the

parameters a and c from the tabulated pressure and chemical
potential of the hadronic DD2F and the hybrid DD2F-SF
EOS in the temperature interval 10 to 50 MeV. For the
DD2F-SFEOSswe find that the parametera lies in the range
of 0.1–0.85 for densities between 3.5 × ρnuc and 7 × ρnuc.
The parameter c canvary between around 0.9 and 11. For the
hadronic DD2F EOS we observe values of a from 0.1 to 1.5
and values of c from 0.4 to 20 in the density range from
0.1 × ρnuc to 3.5 × ρnuc. The parameters we have chosen to
construct the shifted phase boundaries are hence within the
range of values we observe for the tabulated EOS.
With these descriptions of the cold and the thermal parts of

our two phases we construct the phase boundaries using
Eqs. (A24) and (A25). Because we need the phase bounda-
ries in the ϵth-n plane we calculate the energy densities at the
phase boundaries using Eqs. (A26) and (A27).

TABLE III. Parameters we use to describe the hadronic phase with a two segment piecewise polytropic EOS [see
Eqs. (B1)–(B3)].

K1 [MeV] K2 [MeV] Γ2 Γ2 E0;1 [MeV] E0;2 [MeV] n1 ½fm−3�
30.88 561.9 1.727 2.832 940.0 943.8 0.072

TABLE IV. Parameters we use to describe the quark phase with
a bag model EOS [see Eqs. (B5)–(B7)].

a4 a2 ½MeV2� Beff ½MeV4�
0.117 −ð419.0Þ2 203.84
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We plot the phase boundaries of both model low and
model high in Fig. 11 in the ϵth − n plane with blue and red
lines, respectively. For a comparison we also plot the true
boundaries of the DD2F-SF-7 EOS, i.e. model true, with
black lines. Dashed (solid) lines mark the onset (end) of the
coexistence phase.

We find that for model low our choice of parameters
shifts the coexistence phase to lower densities compared to
model true. On the other hand, we see that in model high
the onset of quark deconfinement moves to larger densities
while the end of the coexistence phase is almost identical
compared to model true.
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[82] O. Ivanytskyi, M. Á. Pérez-García, V. Sagun, and C.
Albertus, Second look to the Polyakov loop Nambu–Jona-
Lasinio model at finite baryonic density, Phys. Rev. D 100,
103020 (2019).

[83] D. E. Alvarez-Castillo, D. B. Blaschke, A. G. Grunfeld,
and V. P. Pagura, Third family of compact stars within a
nonlocal chiral quark model equation of state, Phys. Rev. D
99, 063010 (2019).

[84] D. Blaschke, H. Grigorian, and G. Röpke, Chirally
improved quark Pauli blocking in nuclear matter and
applications to quark deconfinement in neutron stars,
Particles 3, 477 (2020).

[85] K. Otto, M. Oertel, and B.-J. Schaefer, Nonperturbative
quark matter equations of state with vector interactions,
Eur. Phys. J. Special Topics 229, 3629 (2020).

[86] N. Jokela, M. Järvinen, G. Nijs, and J. Remes, Unified
weak and strong coupling framework for nuclear matter
and neutron stars, Phys. Rev. D 103, 086004 (2021).

[87] C. Xia, Z. Zhu, X. Zhou, and A. Li, Sound velocity in
dense stellar matter with strangeness and compact stars,
Chin. Phys. C 45, 055104 (2021).

[88] T. Kojo, G. Baym, and T. Hatsuda, Implications of NICER
for neutron star matter: The QHC21 equation of state,
Astrophys. J. 934, 46 (2022).

[89] A. Clevinger, J. Corkish, K. Aryal, and V. Dexheimer,
Hybrid equations of state for neutron stars with hyperons
and deltas, Eur. Phys. J. A 58, 96 (2022).

[90] E. S. Fraga, R. da Mata, S. Pitsinigkos, and A. Schmitt,
Strange quark matter from a baryonic approach, Phys. Rev.
D 106, 074018 (2022).

[91] D. Blaschke, O. Ivanytskyi, and M. Shahrbaf, Quark
deconfinement in compact stars through sexaquark con-
densation, arXiv:2202.05061.

[92] N. K. Glendenning, Phase transitions and crystalline
structures in neutron star cores, Phys. Rep. 342, 393
(2001).

[93] M. Hempel, G. Pagliara, and J. Schaffner-Bielich, Con-
ditions for phase equilibrium in supernovae, protoneutron,
and neutron stars, Phys. Rev. D 80, 125014 (2009).

[94] M. Hempel, V. Dexheimer, S. Schramm, and I. Iosilevskiy,
Noncongruence of the nuclear liquid-gas and deconfine-
ment phase transitions, Phys. Rev. C 88, 014906 (2013).

[95] C. Constantinou, T. Zhao, S. Han, and M. Prakash,
Framework for phase transitions between the Maxwell
and Gibbs constructions, Phys. Rev. D 107, 074013
(2023).

[96] D. E. Alvarez-Castillo and D. B. Blaschke, High-mass twin
stars with a multipolytrope equation of state, Phys. Rev. C
96, 045809 (2017).

EXPLORING THERMAL EFFECTS OF THE HADRON-QUARK … PHYS. REV. D 108, 063032 (2023)

063032-25

https://doi.org/10.21468/SciPostPhys.13.5.109
https://doi.org/10.21468/SciPostPhys.13.5.109
https://doi.org/10.3847/1538-4357/acac31
https://doi.org/10.3847/1538-4357/acac31
https://doi.org/10.3847/1538-4357/acd759
https://doi.org/10.3847/1538-4357/acd759
https://doi.org/10.1103/PhysRevD.107.083023
https://doi.org/10.1103/PhysRevC.106.065802
https://doi.org/10.1103/PhysRevC.106.065802
https://arXiv.org/abs/2212.10576
https://doi.org/10.1103/PhysRevD.108.043002
https://doi.org/10.1103/PhysRevD.108.043002
https://arXiv.org/abs/2303.11356
https://doi.org/10.1103/RevModPhys.81.1031
https://doi.org/10.1103/RevModPhys.81.1031
https://doi.org/10.1088/0034-4885/74/1/014001
https://doi.org/10.1016/j.ppnp.2019.103715
https://doi.org/10.1103/PhysRev.122.345
https://doi.org/10.1103/PhysRevD.30.2379
https://doi.org/10.1103/PhysRevD.30.2379
https://doi.org/10.1103/PhysRevD.91.045003
https://doi.org/10.1051/0004-6361/201425318
https://doi.org/10.1051/0004-6361/201425318
https://doi.org/10.1103/PhysRevD.96.056024
https://doi.org/10.1103/PhysRevLett.119.161104
https://doi.org/10.1103/PhysRevLett.119.161104
https://doi.org/10.3847/1538-4357/ab441e
https://doi.org/10.1103/PhysRevD.100.103020
https://doi.org/10.1103/PhysRevD.100.103020
https://doi.org/10.1103/PhysRevD.99.063010
https://doi.org/10.1103/PhysRevD.99.063010
https://doi.org/10.3390/particles3020033
https://doi.org/10.1140/epjst/e2020-000155-y
https://doi.org/10.1103/PhysRevD.103.086004
https://doi.org/10.1088/1674-1137/abea0d
https://doi.org/10.3847/1538-4357/ac7876
https://doi.org/10.1140/epja/s10050-022-00745-3
https://doi.org/10.1103/PhysRevD.106.074018
https://doi.org/10.1103/PhysRevD.106.074018
https://arXiv.org/abs/2202.05061
https://doi.org/10.1016/S0370-1573(00)00080-6
https://doi.org/10.1016/S0370-1573(00)00080-6
https://doi.org/10.1103/PhysRevD.80.125014
https://doi.org/10.1103/PhysRevC.88.014906
https://doi.org/10.1103/PhysRevD.107.074013
https://doi.org/10.1103/PhysRevD.107.074013
https://doi.org/10.1103/PhysRevC.96.045809
https://doi.org/10.1103/PhysRevC.96.045809


[97] L. R. Weih, M. Hanauske, and L. Rezzolla, Postmerger
Gravitational-Wave Signatures of Phase Transitions in
Binary Mergers, Phys. Rev. Lett. 124, 171103 (2020).

[98] R. De Pietri, A. Drago, A. Feo, G. Pagliara, M. Pasquali, S.
Traversi, and G. Wiktorowicz, Merger of compact stars in
the two-families scenario, Astrophys. J. 881, 122 (2019).

[99] S. L. Liebling, C. Palenzuela, and L. Lehner, Effects of
high density phase transitions on neutron star dynamics,
Classical Quantum Gravity 38, 115007 (2021).

[100] Y. Fujimoto, K. Fukushima, K. Hotokezaka, and K.
Kyutoku, Gravitational Wave Signal for Quark Matter
with Realistic Phase Transition, Phys. Rev. Lett. 130,
091404 (2023).

[101] A. Kedia, H. I. Kim, I.-S. Suh, and G. J. Mathews, Binary
neutron star mergers as a probe of quark-hadron crossover
equations of state, Phys. Rev. D 106, 103027 (2022).

[102] M. G. Alford, S. Han, and M. Prakash, Generic conditions
for stable hybrid stars, Phys. Rev. D 88, 083013 (2013).

[103] J.-E. Christian, A. Zacchi, and J. Schaffner-Bielich,
Classifications of twin star solutions for a constant speed
of sound parameterized equation of state, Eur. Phys. J. A
54, 28 (2018).

[104] M. Shahrbaf, S. Antić, A. Ayriyan, D. Blaschke, and A. G.
Grunfeld, Constraining free parameters of a color super-
conducting nonlocal Nambu–Jona-Lasinio model using
Bayesian analysis of neutron stars mass and radius
measurements, Phys. Rev. D 107, 054011 (2023).

[105] P. B. Rau and A. Sedrakian, Two first-order phase tran-
sitions in hybrid compact stars: Higher-order multiplet
stars, reaction modes, and intermediate conversion speeds,
Phys. Rev. D 107, 103042 (2023).

[106] L.-J. Guo, W.-C. Yang, Y.-L. Ma, and Y.-L. Wu, Probing
hadron-quark transition through binary neutron star
merger, arXiv:2308.01770.

[107] M. Ruffert, H. T. Janka, K. Takahashi, and G. Schaefer,
Coalescing neutron stars—a step towards physical models.
II. Neutrino emission, neutron tori, and gamma-ray bursts.,
Astron. Astrophys. 319, 122 (1997).

[108] S. Rosswog, M. Liebendörfer, F. K. Thielemann, M. B.
Davies, W. Benz, and T. Piran, Mass ejection in neutron
star mergers, Astron. Astrophys. 341, 499 (1999).

[109] R. Oechslin, H.-T. Janka, and A. Marek, Relativistic
neutron star merger simulations with non-zero temperature
equations of state. i. variation of binary parameters and
equation of state, Astron. Astrophys. 467, 395 (2007).

[110] A. Bauswein, H.-T. Janka, and R. Oechslin, Testing
approximations of thermal effects in neutron star merger
simulations, Phys. Rev. D 82, 084043 (2010).

[111] Y. Sekiguchi, K. Kiuchi, K. Kyutoku, and M. Shibata,
Effects of Hyperons in Binary Neutron Star Mergers, Phys.
Rev. Lett. 107, 211101 (2011).

[112] T. Fischer, S. C. Whitehouse, A. Mezzacappa, F. K.
Thielemann, and M. Liebendörfer, Protoneutron star evo-
lution and the neutrino-driven wind in general relativistic
neutrino radiation hydrodynamics simulations, Astron.
Astrophys. 517, A80 (2010).

[113] L. Hüdepohl, B. Müller, H. T. Janka, A. Marek, and G. G.
Raffelt, Neutrino Signal of Electron-Capture Supernovae
from Core Collapse to Cooling, Phys. Rev. Lett. 104,
251101 (2010).

[114] L. F. Roberts, G. Shen, V. Cirigliano, J. A. Pons, S. Reddy,
and S. E. Woosley, Protoneutron Star Cooling with Con-
vection: The Effect of the Symmetry Energy, Phys. Rev.
Lett. 108, 061103 (2012).

[115] V. A. Dexheimer and S. Schramm, Novel approach to
modeling hybrid stars, Phys. Rev. C 81, 045201 (2010).

[116] J. Pocahontas Olson, M. Warren, M. Meixner, G. J.
Mathews, N. Q. Lan, and H. E. Dalhed, Generalized
density functional equation of state for astrophysical
simulations with 3-body forces and quark gluon plasma,
arXiv:1612.08992.

[117] J. Roark and V. Dexheimer, Deconfinement phase tran-
sition in proto-neutron-star matter, Phys. Rev. C 98,
055805 (2018).

[118] P. M. Chesler, N. Jokela, A. Loeb, and A. Vuorinen, Finite-
temperature equations of state for neutron star mergers,
Phys. Rev. D 100, 066027 (2019).

[119] M. Cierniak, T. Fischer, N.-U. Bastian, T. Klähn, and M.
Salinas, Impact of the nuclear equation of state on the
stability of hybrid neutron stars, Universe 5, 186 (2019).

[120] G. Malfatti, M. G. Orsaria, G. A. Contrera, F. Weber, and
I. F. Ranea-Sandoval, Hot quark matter and (proto-)neutron
stars, Phys. Rev. C 100, 015803 (2019).

[121] A. Motornenko, J. Steinheimer, V. Vovchenko, S.
Schramm, and H. Stoecker, Equation of state for hot
QCD and compact stars from a mean-field approach,
Phys. Rev. C 101, 034904 (2020).

[122] N.-U. F. Bastian, Phenomenological quark-hadron equa-
tions of state with first-order phase transitions for astro-
physical applications, Phys. Rev. D 103, 023001 (2021).

[123] T. Demircik, C. Ecker, and M. Järvinen, Dense and Hot
QCD at Strong Coupling, Phys. Rev. X 12, 041012 (2022).

[124] O. Ivanytskyi and D. Blaschke, A new class of hybrid EoS
with multiple critical endpoints for simulations of super-
novae, neutron stars and their mergers, Eur. Phys. J. A 58,
152 (2022).

[125] E. R. Most, L. Jens Papenfort, V. Dexheimer, M.
Hanauske, H. Stoecker, and L. Rezzolla, On the deconfine-
ment phase transition in neutron-star mergers, Eur. Phys.
J. A 56, 59 (2020).

[126] S. Blacker, N.-U. F. Bastian, A. Bauswein, D. B. Blaschke,
T. Fischer, M. Oertel, T. Soultanis, and S. Typel, Con-
straining the onset density of the hadron-quark phase
transition with gravitational-wave observations, Phys.
Rev. D 102, 123023 (2020).

[127] A. Bauswein, S. Blacker, V. Vijayan, N. Stergioulas, K.
Chatziioannou, J. A. Clark, N.-U. F. Bastian, D. B.
Blaschke, M. Cierniak, and T. Fischer, Equation of State
Constraints from the Threshold Binary Mass for Prompt
Collapse of Neutron Star Mergers, Phys. Rev. Lett. 125,
141103 (2020).

[128] A. Bauswein and S. Blacker, Impact of quark deconfine-
ment in neutron star mergers and hybrid star mergers, Eur.
Phys. J. Special Topics 229, 3595 (2020).

[129] A. Bauswein, S. Blacker, G. Lioutas, T. Soultanis, V.
Vijayan, and N. Stergioulas, Systematics of prompt black-
hole formation in neutron star mergers, Phys. Rev. D 103,
123004 (2021).

[130] P. L. Espino, A. Prakash, D. Radice, and D. Logoteta,
Revealing phase transition in densematterwith gravitational

BLACKER, BAUSWEIN, and TYPEL PHYS. REV. D 108, 063032 (2023)

063032-26

https://doi.org/10.1103/PhysRevLett.124.171103
https://doi.org/10.3847/1538-4357/ab2fd0
https://doi.org/10.1088/1361-6382/abf898
https://doi.org/10.1103/PhysRevLett.130.091404
https://doi.org/10.1103/PhysRevLett.130.091404
https://doi.org/10.1103/PhysRevD.106.103027
https://doi.org/10.1103/PhysRevD.88.083013
https://doi.org/10.1140/epja/i2018-12472-y
https://doi.org/10.1140/epja/i2018-12472-y
https://doi.org/10.1103/PhysRevD.107.054011
https://doi.org/10.1103/PhysRevD.107.103042
https://arXiv.org/abs/2308.01770
https://doi.org/10.1051/0004-6361:20066682
https://doi.org/10.1103/PhysRevD.82.084043
https://doi.org/10.1103/PhysRevLett.107.211101
https://doi.org/10.1103/PhysRevLett.107.211101
https://doi.org/10.1051/0004-6361/200913106
https://doi.org/10.1051/0004-6361/200913106
https://doi.org/10.1103/PhysRevLett.104.251101
https://doi.org/10.1103/PhysRevLett.104.251101
https://doi.org/10.1103/PhysRevLett.108.061103
https://doi.org/10.1103/PhysRevLett.108.061103
https://doi.org/10.1103/PhysRevC.81.045201
https://arXiv.org/abs/1612.08992
https://doi.org/10.1103/PhysRevC.98.055805
https://doi.org/10.1103/PhysRevC.98.055805
https://doi.org/10.1103/PhysRevD.100.066027
https://doi.org/10.3390/universe5080186
https://doi.org/10.1103/PhysRevC.100.015803
https://doi.org/10.1103/PhysRevC.101.034904
https://doi.org/10.1103/PhysRevD.103.023001
https://doi.org/10.1103/PhysRevX.12.041012
https://doi.org/10.1140/epja/s10050-022-00808-5
https://doi.org/10.1140/epja/s10050-022-00808-5
https://doi.org/10.1140/epja/s10050-020-00073-4
https://doi.org/10.1140/epja/s10050-020-00073-4
https://doi.org/10.1103/PhysRevD.102.123023
https://doi.org/10.1103/PhysRevD.102.123023
https://doi.org/10.1103/PhysRevLett.125.141103
https://doi.org/10.1103/PhysRevLett.125.141103
https://doi.org/10.1140/epjst/e2020-000138-7
https://doi.org/10.1140/epjst/e2020-000138-7
https://doi.org/10.1103/PhysRevD.103.123004
https://doi.org/10.1103/PhysRevD.103.123004


wave spectroscopy of binary neutron star mergers, arXiv:
2301.03619.

[131] T. Fischer, QCD phase transition drives supernova
explosion of a very massive star, Eur. Phys. J. A 57,
270 (2021).

[132] S. Zha, E. P. O’Connor, and A. da Silva Schneider,
Progenitor dependence of hadron-quark phase transition
in failing core-collapse supernovae, Astrophys. J. 911, 74
(2021).

[133] C. S. Fischer, J. Luecker, and C. A. Welzbacher, Phase
structure of three and four flavor QCD, Phys. Rev. D 90,
034022 (2014).

[134] O. Philipsen, Constraining the phase diagram of QCD at
finite temperature and density, Proc. Sci. LATTICE2019
(2019) 273.

[135] F. Gao and J. M. Pawlowski, QCD phase structure from
functional methods, Phys. Rev. D 102, 034027 (2020).

[136] P. Braun-Munzinger, A. Rustamov, and J. Stachel, QCD
under extreme conditions, arXiv:2211.08819.

[137] R. Kumar et al., Theoretical and experimental constraints
for the equation of state of dense and hot matter, arXiv:
2303.17021.

[138] A. Masayuki and Y. Koichi, Chiral restoration at finite
density and temperature, Nucl. Phys. A504, 668 (1989).

[139] A. Andronic, P. Braun-Munzinger, and J. Stachel, Hadron
production in central nucleus nucleus collisions at chemi-
cal freeze-out, Nucl. Phys. A772, 167 (2006).

[140] P. de Forcrand and O. Philipsen, The chiral critical point of
Nf ¼ 3 QCD at finite density to the order ðμ=TÞ4, J. High
Energy Phys. 11 (2008) 012.

[141] J. Adamczewski-Musch et al. (HADES Collaboration),
Probing dense baryon-rich matter with virtual photons,
Nat. Phys. 15, 1040 (2019).

[142] Lecture Notes in Physics, Berlin Springer Verlag, edited
by B. Friman, C. Höhne, J. Knoll, S. Leupold, J. Randrup,
R. Rapp, and P. Senger, Lecture Notes in Physics
(Springer-Verlag, Berlin, 2011), Vol. 814.

[143] P. Senger, Probing dense nuclear matter in the laboratory:
Experiments at FAIR and NICA, Universe 7, 171 (2021).

[144] D. Blaschke, J. Aichelin, E. Bratkovskaya, V. Friese, M.
Gazdzicki, J. Randrup, O. Rogachevsky, O. Teryaev, and
V. Toneev, Topical issue on exploring strongly interacting
matter at high densities—NICA white paper, Eur. Phys.
J. A 52, 267 (2016).

[145] V. Abgaryan et al. (MPD Collaboration), Status and initial
physics performance studies of the MPD experiment at
NICA, Eur. Phys. J. A 58, 140 (2022).

[146] A. Andronic, P. Braun-Munzinger, K. Redlich, and J.
Stachel, Hadron yields, the chemical freeze-out and the
QCD phase diagram, J. Phys. Conf. Ser. 779, 012012
(2017).

[147] V. Dexheimer, J. Noronha, J. Noronha-Hostler, N. Yunes,
and C. Ratti, Future physics perspectives on the equation of
state from heavy ion collisions to neutron stars, J. Phys. G
Nucl. Phys. 48, 073001 (2021).

[148] H. T. Janka, T. Zwerger, and R. Moenchmeyer, Does
artificial viscosity destroy prompt type-II supernova ex-
plosions?, Astron. Astrophys. 268, 360 (1993).

[149] M. Ujevic, H. Gieg, F. Schianchi, S. V. Chaurasia, I. Tews,
and T. Dietrich, Reverse phase transitions in binary

neutron-star systems with exotic-matter cores, Phys.
Rev. D 107, 024025 (2023).

[150] C. Constantinou, B. Muccioli, M. Prakash, and J. M.
Lattimer, Thermal properties of hot and dense matter with
finite range interactions, Phys. Rev. C 92, 025801 (2015).

[151] K. Hotokezaka, K. Kiuchi, K. Kyutoku, T. Muranushi, Y.-i.
Sekiguchi, M. Shibata, and K. Taniguchi, Remnant mas-
sive neutron stars of binary neutron star mergers: Evolution
process and gravitational waveform, Phys. Rev. D 88,
044026 (2013).

[152] S. Bernuzzi, T. Dietrich, and A. Nagar, Modeling the
Complete Gravitational Wave Spectrum of Neutron Star
Mergers, Phys. Rev. Lett. 115, 091101 (2015).

[153] F. Foucart, M. Duez, A. Gudinas, F. Hébert, L. Kidder, H.
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