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Abstract: The gravitational waves emitted from a binary neutron star merger, as predicted from general
relativistic magneto-hydrodynamics calculations, are sensitive to the appearance of quark matter and the
stiffness of the equation of state of QCD matter present in the inner cores of the stars. These astrophysic-
ally created extremes of thermodynamics do match, to within 20%, the values of densities and temperat-
ures which are found in relativistic heavy ion collisions, if though at quite different rapidity windows, im-
pact parameters and bombarding energies of the heavy nuclear systems. In this article we combine the res-
ults obtained in general relativistic simulations of binary neutron star systems with ones from heavy ion
collisions in the lab to pin down the EOS and the phase structure of dense matter. We discuss that the
postmerger gravitational wave emission of the neutron star merger remnant might give, in the near future,

insides about the properties of the hadron quark transition.
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1 Introduction: QCD matter in neut-
ron stars and heavy ion collisions

On August 17th 2017the first gravitational wave
(GW) signal from binary neutron star (BNS) merger
was recorded by LIGO and VIRGO detectors!!l. This
event was the first one long sought gravitational wave
signal coming from, at that time, only theorized neut-
ron star collision. Such type of events was long
awaited since it allows to study both gravitational as-
pects of such a phenomenon as well as dynamical
properties of matter contained in neutron star interi-
ors. Neutron stars are assumed to be the densest
stable objects in the universe with central core densit-
ies reaching several times nuclear saturation densities.
An additional gravitational and dynamical compres-
sion created by the merger creates an even more ex-
treme environment where temperatures may reach up
to T ~ 100 MeV. At such conditions the matter prop-
erties are described by the theory of strong interac-
tions — Quantum Chromodynamics (QCD).

The QCD theory itself is well established, but
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direct calculations are rather problematic — the the-
ory suffers calculation problems: the large coupling
constant disfavors perturbative methods and the nu-
merical sign problem prevents lattice (LQCD) calcula-
tions at finite densities. Usage of phenomenological
models for description of QCD matter is well accep-
ted, but effective theories always rely on experiment-
al observations and first-principle calculations. QCD
phenomenology suggests a rather rich phase diagram
of QCD matterpfﬁ], however no consensus on the
structure of the phase diagram is reached yet. A big
scientific interest is attracted to the hypothesis of a
phase transition, attributed to the quark deconfine-
ment. Even though the transition is much discussed in
the QCD community, no indications of a first-order
phase transition are yet found either experimentally or
proved theoretically. Various indications of the trans-
ition were suggested: high-density nuclear Mach shock
phenomenam, studies of angular distributions of emit-
ted particles[g_m], and signals in particle number fluc-
tuations!*). Recently it was proposed to measure such

a transition by gravitational wave detections! 2.
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However, no convincing signal was detected yet.

The measurements of gravitational waves emit-
ted from a binary neutron star merger allow to study
regions of QCD phase diagram which were not experi-
mentally accessible earlier. The QCD phase diagram is
rigorously studied in laboratories by relativistic heavy
ion collisions (HIC). In the experiments the large en-
ergy is deposited in a small space-time volume by two
colliding nuclei, this creates an extremely compressed
and heated strongly-interacting system — an expand-
ing fireball. The fireball consists of many hadronic
species at densities so large that a description in terms
of a continuous fluid is appropriate. The particles in
this fluid are so energetic that the system reaches
temperatures T° > 100 MeV. Such a system is success-
fully modeled by means of ideal relativistic hydro-
(3] which do not contain any QCD physics
and require an additional input which encodes proper-
ties of the described matter — an equation of state
(EOS).

Even though the HIC simulations strongly de-
pend on the equation of state, the extraction of the
EOS from experimental data is rather a nontrivial
procedure. Recently a usage of deep learning tech-

dynamics

niques was proposed to tackle the extraction task. It
was proved that supervised learning with a deep con-
volutional neural network is able to identify the EOS
used in simulations of heavy ion collisions by analysis
of particle spectra[M]. In a more detailed study[15] a
hadronic phase, which is EOS independent, was im-
posed on the simulations after the hydrodynamic
stage of HIC. The study proved that deep convolu-
tional neural network can identify on the event-by-
event basis the EOS even if the system goes through
multiple rescatterings in the hadronic phase. Spinodal
clumping, an enhanced signal of a phase transition in
[16], was proved to be de-
tectable by machine learning methods!!”). The dens-
ity clumping in coordinate space is detectable by the
method in nearly every event, however in momentum
distributions clumping is not observable.

Neutron star mergers are modeled theoretically
by means of general relativistic hydrodynamic calcula-

high energy nuclear collisions

tions. There the dynamics of matter govern hydro-
dynamic evolution, but contrary to heavy ion colli-
sions, in the presence of a non-flat space-time metric
which is generated by the binary neutron star system.
Such a theoretical description is at the same time dif-
ferent and similar to heavy ion collisions. The QCD
matter present in these systems is the same, but ex-
ists in rather different conditions. The hydrodynamic
description is appropriate for both systems, but mer-
ging neutron stars require gravity to be taken into ac-

count. The other distinct difference comes from the
size-scales: ~10 fm=10""" m in heavy ion collisions,
and ~10 km=10* m in neutron stars, yielding in 18
orders of magnitude difference.

On Fig. 1 the trajectories of hydrodynamic evolu-
tion over the phase diagram are presented in p—T
plane. The plot illustrates that the hot matter cre-
ated in low energy heavy ion collisions and in neut-
ron star mergers probes the same type of QCD mat-
ter, namely temperatures of T'=50~ 60 MeV and
densities of p=1 ~ 2py. This hot hadronic corona is
the region which is probed in the early stage of both
HIC and BNS mergers and is created by the initial
compression of the matter. Then this hot matter is
cooled down due to the hydrodynamic evolution.
However, there is another region of the phase dia-
gram which is probed by BNS mergers but prohibited
in HIC — the cold and dense matter. This one repres-
ents a rather slow compression of the NS core during
the merger, where the already dense cores of neutron
stars are slowly compressed during the merger with
increase of density but the temperature increases only
moderately. This region of cold dense core matter
probes the part of QCD diagram where the hypothet-
ical transition to deconfined matter occurs.
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Fig. 1 (color online) The maximum value of the tem-

perature (triangles) and rest-mass density (dia-
monds) during the evolution of the hypermassive
hybrid star using the simulation results of the
LS220-M135run (for details, see Refs. [18-19]).
The color coding of triangles/diamonds indicate
the time of the simulation after the merger in mil-
liseconds (see the colorbar at the right border of
the figure). The gray and black curves show the
trajectories of hydrodynamic simulation of heavy-
ion collision at energies FEp=1.23 AGeV and
Eip, =0.65 AGeV within the CMF model. The col-
orbar right next to the picture displays the quark
fraction Yy of the corresponding hot and dense
matter within the CMF model. Contour lines in-
dicate constant values of quark fraction at
Y;=[0.0001,0.001,0.01] (green dotted lines) and
Yy=1[0.1,0.2,0.3] (green solid lines). Adapted from
Ref. [20].
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In the present paper we will discuss how two the-
oretical concepts, hydrodynamic evolution and QCD
matter EOS, allow to model HIC and BNS mergers,
and which experimental signals of QCD matter can be
found in such systems.

2  Phenomenology of QCD equation of
state, the cmf model

Here we present a phenomenological approach for
the QCD equation of state, the Chiral SU(3)-flavor
parity-doublet Polyakov-loop Mean Field (CMF)
model 724, The CMF model can be used to calcu-
late an EOS which describes nuclear matter proper-
ties at low temperatures and agrees with LQCD data
at high temperatures and vanishing baryon density[23].
The CMF model is based on the main aspects of QCD
phenomenology and includes the following concepts:

e Interactions among baryons of the groundstate
octet (nucleons, A, ¥, and = baryons) are carried
via mesonic mean fields according to the SU(3)¢ chir-
al lagrangian Lz (251,

Ls =) (Bi@B:)+ Y  (BmB;)+

> (Bvu(guw + goip" + 95:0")B) , (1)

where the various coupling constants gfj )

1

are determ-
ined by nuclear matter properties, here baryon effect-
ive masses read as:

m:i :\/|:(gc(r?0' + 98)02 + (mO + nsms)Q:I +
e (2)

The repulsion among the baryons is mediated by
the vector meson fields: w meson field provides repul-
sion at finite baryon densities, the p meson field
provides repulsion at finite isospin densities, and the
¢ vector meson field generates repulsion when a fi-
nite strangeness density is generated.

e Parity doubling among groundstate octet bary-
ons which assumes that baryons with same quantum
numbers but opposite parity are degenerate in mass at
chirally restored phase, while at chirally broken phase
(which is at lower energy densities) the mass gap
between them is generated by non-strange and strange
chiral mean fields ¢ and (, respectively[26_29]. The
baryon parity determines 'plus' or 'minus' sign in Eq.
(2);

e The CMF model explicitly includes quark de-
grees of freedom similar to the Polyakov-loop-exten-
ded Nambu Jona-Lasinio (PNJL) model®, where the

quark thermal contribution is controlled by the
Polyakov Loop order parameter & and the quark
masses are dynamically generated by ¢ and (
fields23);

P=TY"
i€Q

3 2(PTmr)/T g ema(Fim)/TY. (3)

d; 1 :
(27;)3 dekN In (1 +3be (P )/ Ty

The sums run over all light quark flavors (u, d,
and s), d; =2 x 3 being the quark degeneracy factor,
Er = \/m;*+p? is the quark energy. The effective
masses m; of the light quarks are generated by the o
field, the mass of the strange quark is generated by
the ( field. The small explicit mass terms are dmy, =5
MeV, and dm, = 150 MeV for the strange quark, and
Moq = 253 MeV which corresponds to an explicit mass
term which does not originate from chiral symmetry
breaking:

M) = —Gqo0 + My + Mg,

—gscC + Img + moq. (4)

*
q
*
s

m

The Polyakov-loop order parameter & effectively
describes the gluon contribution to the thermodynam-
ic potential and is controlled by the temperature de-

pendent potentialm]:

_ 1 _
Ura(®,®,T) = = 5a(T)®% + b(T) log [1—
60F + 4(0° +B) — 3(@6)2],

a(T) :a0T4 + a1T0T3 + a2T02T27
b(T) =bs T2 (5)

e The CMF model includes full PDG list of had-
ronsBY to provide a description of the QCD thermo-
dynamics at intermediate temperatures 7' < 160 MeV
where meson and hadron resonances contribute signi-
ficantly to the thermodynamics in the form of hadron
resonance gas (HRG)[32_33]. The hadrons in the CMF
model are attributed a finite size within excluded-
volume (EV) model which mimics hard-core repulsion
among hadrons[3473%)
lows to suppress the hadronic degrees of freedom at

. This interaction mechanism al-

higher energy densities where quarks are expected to
be dominant. Within the EV approach all particle
densities, including quarks, read as:

oL+ Y v (T —vip)
j€eHRG

the v, are the eigenvolume parameters for the hadron
species. p is total system pressure, p* is the chemical
potential of the hadron. In the standard CMF para-
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meterization the v is assumed to be vg=1 fm> for
(anti-) baryons, vy=1/8 fm® for mesons, and is set to
zero vq=0 for quarks.

In the CMF model quarks appear smoothly so
there is no deconfinement phase transition, the trans-
ition to quark matter is of crossover type. Note, there
are also earlier implementations of the CMF model
where quarks appear abruptly due to a phase trans-
ition*0737 in the following we dub this model as
CMF,. In the CMF, model hadrons are treated as
point-like particles and parity-doubling is not
sidered, the high density QCD transition is caused by

con-

coupling of Polyakov loop order parameter & to the
baryon and quark effective masses.

The CMF model has two critical points. The first
one is due to the established nuclear liquid-vapor
[38}, the critical endpoint of this trans-
ition is located at low temperature T ~ 17 MeV and

phase transition

chemical potential close to the mass of the nucleon
s =~ 900 MeV. The second transition is attributed to
the sudden vanishing of the chiral field. The endpoint
of this transition is also located at low temperature
T =~ 17 MeV but at higher values of the chemical po-
tential pp ~ 1400 MeV. The second critical point
comes from the baryon parity pairing, this was also
found in a similar model with only hadronic degrees of
freedom®]. None of these critical points are attrib-
uted to the quark deconfinement.

The phase structure of QCD matter can be stud-
ied experimentally in HIC by measuring hadronic fluc-
tuations™) which are assumed to be sensitive to the
proximity of the QCD critical point[40}. Usually fluctu-
ations of i-th conserved charge are measured by
means of n-th order charge susceptibilities x? which

250

'% x?/x?4
@% v
200 | )
ks 2
_ 150
s
= 1
S 100
0
o o
@ ¢ 1
a
1 l\l 1 1 1 1 -
0 500 1000 1500 2000 2500
y/MeV
Fig. 2

are theoretically calculated as derivatives of pressure
with respect to the corresponding chemical potential:

Y = anp/T4
n Ay /T)"

third and fourth order baryon number fluctuations

. Significant interest is attributed to the

measures, namely skewness So = x5 /x2 and kurtosis
ko? = x3/x5- The recent measurements by the STAR
collaboration*!) at RHIC collider and by the HADES

collaboration (42

at SIS18accelerator present findings
of rather large proton numbter fluctuations at low en-
ergy heavy ion collisions. These findings may be at-
tributed to a critical behavior due to QCD interac-
tions, however dynamical effects, e.g. centrality selec-
tion, finite particle acceptance, etc., are not yet ruled
out.

In the vicinity of the freeze out region the CMF
model suggests that fluctuations are dominated by the
remnants of the nuclear liquid-vapor phase transition.
The chiral transition takes place at much higher
chemical potentials and is located in the region which
is reachable by BNS mergers.

The kurtosis values at Fig. 2 (a) suggests that the
CMF model has 3 critical regions, with two of them
having a critical endpoint at T = 17 MeV, so at
T 2 17 MeV all transitions are smooth crossovers. Fig.
1 (b) indicates that quarks appear in the CMF model
smoothly without a phase transition attributed to the
deconfinement.

We illustrate which regions of the phase diagram
are probed in heavy ion collisions at low and moder-
ate energies by using the one dimensional Taub
adiabat model* 4], This model describes the expan-
sion by lines of constant entropy per baryon S/A =
const (isentropes). These lines describe the isentropic
matter evolution of ideal fluid dynamics at different

250 1
2 N/
310
200
08
150
2 0.6
=
~

50 - 4
(b) ©

1
0 500

1 1
1000 1500
1y/MeV

2000

2500

(color online) (a): Ratios of the CMF baryon number susceptibilities x%/x5 kurtosis in the baryon chemical po-

tential - pp and temperature - T plane. Note the 3 distinct critical regions, with their remnants reaching from
T=0 up to T > 200 MeV. (b): The quark fraction ing/ng of the CMF model in baryon chemical potential pp and

3

temperature T plane. Note that the deconfinement smoothly appears only at higher energy densities/chemical po-

tentials.
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collision energies. The input to the hydro simulations
is the initial stage produced in a rapid and violent
nuclear collision. In the initial state the entropy is
produced by a violent shock compression[46]. While
the system cools down during the expansion, the en-
tropy increases only moderately due to a rather small
Viscosity[47748]
is a reasonable approximation

The isentropic expansion of the equilibrated mat-
ter continues until the system becomes so dilute that

, thus an isentropic expansion scenario
49]

the chemical freezeout occurs and the chemical com-
position is fixed.

We calculate initial entropy per baryon (S/A)
assuming a 1-dimensional stationary scenario of cent-
ral HIC — two colliding slabs of cold nuclear matterl4%:
46, 5054 " The relativistic Rankine-Hugoniot equation
which results in Taub adiabat (RRHT)MS’ 5] provides
conservation of the baryon number, energy and mo-
mentum across the shock front. The initial state ther-
modynamics (density, temperature and entropy) of
the hot, dense participant matter is obtained from
RRHT as a function of the collision energy. The
known initial entropy yields the lines of constant en-
tropy which leads to the trajectories of the heavy ion
collisions in the phase diagram.

The predicted isentropic expansion trajectories
are shown in the pg — 7T phase diagram in Fig. 3.

The RRHT-adiabat
strong compression and heating already at an interme-
diate lab (fixed target) bombarding energies. The hot
and dense system passes the chiral transition pre-
dicted by the present CMF model already at E, ~ 2
AGeV, i.e. at energies available at GSI's SIS18accel-

scenario predicts a very

250 B/, B
Velpe
Vs = 7.7 GeV o4
200 | Vs = 6.2 GeV 3
150 \ 2
% D
2 1
S
100 |
Vs = 2.4 GeV 0
50 | VSNN = 2.2 GeV )
1 L 1 1 1 | -
0 500 1000 1500 2000 2500
y/MeV
Fig. 3 (color online)Evolution of heavy-ion collisions

in the high baryon density region of the T — up
phase diagram for different collision energies.
Black line - Taub adiabat which describes the ini-
tial state of heavy ion collisions as an implicit
function of ,/sxn. Colored lines - isentropic lines
of constant entropy per baryon S/A at different
bombarding energies /snn respectively.

erator facility. Here the total entropy is predicted to
reach S/A = 3, in accord with previous RMF-calcula-
tions/®! which also used the 1-D RRHT-scenario. The
pug — T values, T =~ 70 MeV, pup~1.2GeV, with net
baryon densities ng/ng ~ 3, reached here in HIC, co-
incide with the pg —7T wvalues reached in binary NS
collisions, as recent general relativistic fully 3+1-di-
mensional megneto-hydrodynamical calculations have
confirmed!'2 5 for the gravitational wave event
GWI170817. At these temperatures and densities,
T ~ 70 MeV and ng/ny ~ 3, the RRHT model pre-
dicts that there are about 20% of the dense matter is
already transformed to quarks.

Heavy ion fixed target experiments of SIS at
FAiR and SPS at CERN as well as STAR BES pro-
gram at RHIC probe temperatures from 50 < T < 280
MeV and chemical potentials from 500 < pg < 1700
MeV for the collision energy range /sy < 10 GeV
considered here. In this region the CMF model shows
not an additional phase transition, but the remnants
of the nuclear liquid-vapor transition at T =~ 20 MeV.
The chiral transition at larger chemical potentials
may influence the dynamical evolution as well. The
present suggest that heavy-ion collisions
mostly probe regions where the nuclear matter liquid-
vapor critical point dominates, there the observed ba-
ryon fluctuations are mostly due to remnants of the
nuclear liquid-vapor phase transition. This had been
suggested also in previous works[22: 56601 The CP as-
sociated with the chiral symmetry restoration in the
CMF model lies at pg ~ 1.4 GeV and T =~ 17 MeV
and is strongly affected by baryon parity doubling.
This high density region is, to the best of our know-
ledge, reachable in the interiors of NS and in binary
general relativistic NS mergers[ 12, 20, 61-64],

The resulting CMF EOS at T'=0 is used as in-
put for the Tolman-Oppenheimer-Volkoff (TOV)
equation, so a relation between the mass and the radi-
us can be obtained for any static, spherical, gravita-
tionally bound object[65766], here a static NS. The out-
er NS layers presumably consist of mostly neutron
rich nuclei and clusters in chemical and (-equilibri-
um. Those nuclei are not yet a part of the CMF mod-
el. Therefore, we use a classical crust-EOSI%7 matched
additionally to the CMF-EOS at ng =~ 0.05 fm ™. The
NS mass-radius relation obtained using the TOV
equation with the CMF EOS is presented in Fig. 4.
The discussion of the quark and hadron content of the

results

stars is presented in Refs. [23, 68]. Note that an un-
stable branch in the mass radius diagram is created
by stars with the quark contribution to the baryon
density 30% and more. The central densities of the
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(color online) Neutron star mass-radius diagram (a) and tidal deformability A as function of NS radii (b) as cal-

culated in the CMF model. In figure (b) blue bands corresg)ond to A constraints of NS with M =1.4 ~ Mgy, and
red bands- constraints on radius of NS with M =1.4 ~ Msun[ 9

stable stars can not exceed ng = 6 ny, where the max-
imum mass indicates the "last stable star". The con-
tinuous monotonous transition from NS matter to a
deconfined quark phase provides a smooth appear-
ance of quarks in the star structure and prevents a
"second family" of stable solutions. Therefore there is
no strict separation between a quark core and the
hadronic interior of the star. This is a CMF result due
to the Polyakov loop implementation of the deconfine-
ment mechanism and no vector repulsion among
quarks[m]. Though LQCD data disfavors repulsive
forces for quarks, there are currently active discus-
sions concerning vector repulsion in dense baryonic
matter in NS interiors” 72, We present the resulting
dimensionless tidal deformability coefficient A in
Fig. 4, see Ref. [23] for discussion.

hyper-

3 Gravitational waves and

massive hybrid stars

In the previous section the properties of MAGIC-
matter at high densities and temperatures have been
analyzed by using the results of relativistic collisions
of heavy ions. In high-energy heavy-ion collision ex-
periments the phase structure of the isospin-symmet-
ric QCD equation of state is determined and it was
shown that there is a large impact of the EOS on the
properties of neutron stars. In this section we will take
a deeper look at the signatures of the hadron-quark
phase transition (HQPT) in a BNS merger scenario.

Before we will present the results obtained with-
in two different EOSs which contains a HQPT, we
will briefly focus on a conventional BNS merger simu-
lation, e.g. using the temperature dependent, Lat-
timer Swesty LS220 EOS[™! with an initial mass of
M =1.35 M, (see Fig. 1 and Refs. [18, 74-75]). After
the violent, transient post merger phase of the hyper-

massive neutron star (HMNS), two high temperature
hot spots emerge. The high temperature values
(T > 40 MeV) are reached in regions where the dens-
ity is in a range of 1~ 2.5p,, while the maximum
density values are always located in the center at
moderate temperatures 7" < 20 MeV. The dynamics of
the underlying fluid can be visualized using tracer
particle (for details see Ref. [76]). Some of the tracer
particles circulate around the high temperature hot
spots, others populate the low temperature high dense
inner region and some are moving in the outer sur-
face of the HMNS within the low density regime. At
later post merger times the HMNS reaches a quasi
stable configuration and the temperature hot spots
will smear out to become a ring like structure, the
'peanut' shape of the density distribution will dissolve
and the area populated in the (7 -p) plane will popu-
late only a small quasi stable region. The specific
shape of the populated area in the (7-p) plane de-
pends on the total mass of the system and on the un-
derlying EOS, however, if one assumes an EOS
without a HQPT, the qualitative behavior of the
HMNS in the post-merger phase is EOS-
independentp(ﬂ. The unusual temperature hot spots
and, at later times, the temperature ring-like struc-
ture are closely related with the rotation profile Q of
the differentially rotating HMNS (Q=av® — 3?,
where v¢ and B¢ describes the ¢-component of the
three-velocity and shift vector (see Ref. [18] for de-
tails).

In the following the results of a hypermassive hy-
brid star (HMHS) will be discussed by focusing on a
BNS merger simulation performed using the CMF,
EOS. In contrast to chiral SU(3)-flavor parity-doublet
polyakov-loop quark-hadron mean-field model de-
scribed in Sec. 2, the CMF, model has implemented a
strong HQPT (for details see Ref. [12]). In the follow-
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ing we will discuss the BNS merger simulation of an
initial mass of M =1.40M,. For late post-merger
times (¢ > 12 ms), the central value of the density
within the HMHS reaches the phase transition bound-
ary and a large amount of deconfined quarks appear.
As a result of this transition, the EOS gets softer and
the star dynamically reacts in increasing its temperat-
ure and density in the quark-hadron coexisting phase.
A complicated dynamical oscillation starts as the dif-
ferentially rotating HMHS decreases its radius and
spins up. Within the used CMF, EOS stable hybrid
stars are not possible and the matter rapidly collapses.
Fig. 5 shows the last simulation snapshot (t=15.26
ms) before the apparent horizon finder of the simula-
tion program has detected the formation of a Kerr

15 5
t=15.26 ms
10 4
5
3
g -
<
£ 0 g
2
-5
-10 !
log,, Y.

t=1526 ms

0.2 0.5 1.0

black hole. During the collapse of the HMHS to a
Kerr black hole the color degrees of freedom of the
pure quark core get macroscopically confined by the
formation of the event horizon. The shape of the pop-
ulated area in the (7-p) plane (see Fig. 5 bottom)
looks similar to a shape of a strange bird?. The hot
head of the strange bird contains a high amount of de-
confined strange quark matter, its thin neck is com-
posed of mixed phase matter and follows the phase
transition boundary, while its hot wings (local temper-
ature maxima) contain mostly hadronic matter at
much lower densities. The maximum temperature and
density points correspond to the head of the strange
bird where strangeness is present. Due to the stiffen-
ing of the EOS in the pure quark phase region, the
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Fig. 5

(color online) Upper panel: Spatial distribution of the rest-mass density p (left) and temperature 7 (right) of

the HMHS using the CMFy EOS with an initial masses of M =1.40 My at ¢t=15.26 ms after merger. The white
circles/diamonds mark the maximum values of temperature/density. Lower panel: Density-temperature profiles in-
side the inner region of the HMHS in the style of a 7-p QCD phase diagram. The color-coding displayed on the
right side indicates the radial position r of the corresponding fluid element inside the HMHS, while the colorbar on

the top displays the logarithm of the quark fraction Yg

(D By using the baryon chemical potential instead of the density
Ref. [77]).

which is displayed in the background of the figure.

in Fig. 5, the shape of the bird can be seen even better (see Fig. 2 in
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temperature stops rising and the high pressure in the
central region pushes against the large gravitational
force.

Can we detect the HQPT? In future GW detec-
tions of BNS merger systems it might be possible to
detect the high density QCD phase transition by ana-
lyzing the spectrum of the emitted GW during the
merger and post-merger phase. The post-merger grav-
itational-wave signatures of phase transitions in bin-
ary mergers of compact stars have been recently sys-
tematically analyzedm]. While the prompt phase
transition (PPT) scenario was already presented in
Ref. [63], the recent workl™ focuses on the delayed
phase transition (DPT) scenario. The scenario dis-
cussed so far is the so called phase-transition triggered
collapse (PTTC) scenario, as the onset of the phase
transition in the interior of the HMHS triggered a col-
lapse.

The PPT scenario was presented in Ref. [63]
where a temperature-dependent, hadron-quark hybrid
(DD2F-SF) model™ had been used in a BNS merger
simulation. In contrast to the EOS of the CMF, mod-
el, stable hybrid stars, containing both hadrons and
quarks are realizable within the DD2F-SF EOS. In
Ref. [63] it was shown that the dominant post-merger
GW frequency f,. exhibit a significant deviation
from the empirical relation between f and the tid-
al deformability A, if a strong first-order phase trans-
ition leads to the formation of a gravitationally stable
extended quark matter core in the post-merger rem-
nant. Such a shift of the dominant post-merger GW
frequency might be revealed by future GW observa-
tions using second- and third-generation GW detect-
ors.

Finally in Ref. [78] the DPT scenario had been
realized by constructing a hybrid EOS, where the re-
lativistic mean-field model FSU2HBYSU had been
used for the cold hadronic part of the EOS and the
HQPT was implemented with the use of two addition-
al pieces of the EOS, following a polytropic depend-
ence (FSU2H-PT model). During the collapse of the
merger remnant the density in the interior region of
this HMHS increases rapidly and the star spins up
and, as a result, the emitted instantaneous GW fre-
quency increases. In contrast to the results obtained
within the CMFq, EOS, the collapse of the HMHS
within the FSU2H-PT model will end in a quasistable
differentially rotating hybrid star configuration. Due
to the large stiffness of the pure quark phase for
p 2 4p, the collapse is hindered and for later post-
merger times (t > 4 ms) large macroscopic oscilla-
tions of the HMHS are present. During these oscilla-

tions, the density maxima reached in the center of the
HMHS (pmex) and the minima of the lapse function
amin are in phase and the oscillations are accompan-
ied by a change of the differential rotation profile of
the HMHS. The maxima of py,, additionally coincide
with the maxima of the instantaneous GW frequency.
At the moments when the density of the HMHS reach
their maximal values, the HMHS is more compact and
spins faster and as a result, the emitted GW fre-

quency reaches its maximal®?],

4 Summary and outlook

In this article we have discussed an approach for
hot and dense matter by focusing on chiral SU(3)-fla-
vor parity-doublet polyakov-loop quark-hadron mean-
field model, CMF. The similarity of dynamics of
heavy ion collisions and neutron star mergers was dis-
cussed. We summarized these similarities in the title:
Matter in Astrophysics, Gravitational waves, and Ion
Collisions. The similarities between these macroscopic-
ally different systems come from the applicability of
hydrodynamic description. We presented that HIC
and BNS mergers probe the same regions of QCD
phase diagram and, moreover, BNS mergers probe a
region of cold and dense QCD matter which is not ac-
cessible by HIC. This region probed by cold dense
core is suitable for reaching the state of deconfined
matter where quarks may become free. In future grav-
itational wave detections of BNS mergers it might be
possible to detect the QCD transition to deconfined
state by analyzing the spectrum of the post-merger
GW of the differentially rotating HMHS.

Firstly, by using the results of fully general-re-
lativistic hydrodynamic simulations and employing
the CMF, EOS (PPTC scenario), we have demon-
strated that during the collapse of the HMHS to a
Kerr black hole the color degrees of freedom of the
pure quark core gets macroscopically confined by the
formation of the event horizon. During this collapse,
the phase transition leads to a very hot and dense
quark core that, when it collapses to the black hole,
produces a ringdown signal different from the hadron-
ic one.

Secondly, in the DPT scenario (FSU2H-PT EOS)
we have shown that the collapse of the HMHS to the
black hole can be hindered by a formation of a differ-
entially rotating HMHS. As the collapse from the
HMNS to the HMHS takes place at late post-merger
times and the FSU2H-PT model allows stable solu-
tion of hybrid stars, the observational signature of a
HQPT, in the DPT scenario, are more distinct than in
all other scenarios. It was demonstrated that the in-
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stantaneous GW frequency emitted during the col-
lapse increases, and after the formation of the HMHS,
large oscillations occur which are due to the overall
macroscopic dynamics of the HMHS. The amplitude
and frequency of these oscillations are mainly determ-
ined by the properties of the mixed phase and pure
quark matter phase of the underlying EOS (e.g. ex-
tent of the mixed phase region and sound speed of the
pure quark phase). Future second- and third-genera-
tion GW detectors might therefore be able to identify
specific properties of deconfined strange quark matter.
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