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Abstract
The long-awaited detection of a gravitational wave from the merger of a binary
neutron star in August 2017 (GW170817) marked the beginning of the new field
of multi-messenger gravitational wave astronomy. By exploiting the extracted
tidal deformations of the two neutron stars from the late inspiral phase of
GW170817, it was possible to constrain several global properties of the equation
of state of neutron star matter. By means of fully general-relativistic hydro-
dynamic simulations, it is possible to get an insight into the hydrodynamic
evolution of matter and into the structure of the space–time deformation caused
by the remnant of binary neutron star merger. Neutron star mergers represent
an optimal astrophysical laboratory to investigate the phase transition from con-
fined hadronic matter to deconfined quark matter. With future gravitational
wave detectors, it will most likely be possible in the near future to investigate
the hadron-quark phase transition by analyzing the spectrum of the post-merger
gravitational wave of the differentially rotating hypermassive hybrid star. In con-
trast to hypermassive neutron stars, these highly differentially rotating objects
contain deconfined strange quark matter in their slowly rotating inner region.
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1 THE NEW WAY OF LOOKING
AT OUR UNIVERSE

For a long time, the study of astrophysical processes
was limited to events visible with the eyes, and optical
telescopes did not develop until the 16th century. The
perception of the universe in the other frequency bands of
the electromagnetic radiation was made possible by radio,
infrared, and X-ray telescopes, which were only built in
the 20th century. The entire perceived image that we had
of our universe was therefore limited to astrophysical
phenomena that generate electromagnetic radiation. This

circumstance changed in the 21st century with the detec-
tion of gravitational waves. It is as if humanity has new
miraculous glasses, like a new sensory organ, with which
it can detect previously unobservable processes in our
universe.

On September 14, 2015, almost exactly a hundred
years after Albert Einstein developed the field equations
of general relativity (Einstein 1915a, 1915b) and predicted
the existence of gravitational waves (Einstein 1918) these
curious spacetime-ripples have been observed from a
pair of merging black holes by the LIGO detectors
(GW150914, The LIGO Scientific Collaboration & the
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Virgo Collaboration 2016). In the following years, three
scientific observable runs were carried out, with the
results of the first two fully evaluated and published
The LIGO Scientific Collaboration and the Virgo Col-
laboration (2019a). By means of the gravitational-wave
detectors LIGO and Virgo, 11 gravitational waves have be
detected within the first two observing runs, whereby one
of these gravitational waves (GW170817) was caused by
the collision of two neutron stars (Abbott, Abbott, Abbott,
Acernese et al. 2017, Abbott, Abbott, Abbott et al. 2017)
about 130 million years ago. Electromagnetic radiation in
all frequency ranges was also detected during this event
(Abbott, Abbott, Abbott, Acernese et al. 2017, Abbott,
Abbott, Abbott et al. 2017; Troja et al. 2017) and an emit-
ted gamma-ray burst (GRB 170817A, LIGO Scientific
Collaboration, Virgo Collaboration, Gamma-Ray Burst
Monitor, & INTEGRAL 2017) hit the gamma-ray satellite
telescopes with a delay of 1.7 s. Space-based gamma-ray
telescopes (e.g., the Fermi’s gamma-ray burst monitor or
the Swift gamma-ray burst mission) detect on average
approximately one gamma-ray burst per day—however,
the gamma-ray burst (LIGO Scientific Collaboration
et al. 2017) that had been associated with GW170817 is an
outstanding event and, in addition, with the observations
of the electromagnetic counterparts of the associated kilo-
nova, provides a conclusive picture of the whole merger
event. This coincidence of the direct detection of a grav-
itational wave from a neutron star collision with the
emitted short gamma-ray burst was the first observational
proof that binary neutron star mergers generate short
gamma-ray bursts.

The gravitational waves observed by LIGO and Virgo
between April 2019 and October 2019, within the third
observing run, are still only partly analyzed and during the
first half of this observational period 39 candidates of grav-
itational wave events were found and four of these have
already been analyzed and were published (The LIGO Sci-
entific Collaboration & the Virgo Collaboration 2020d).
GW190425 (The LIGO Scientific Collaboration & the Virgo
Collaboration 2020a) the second gravitational wave event
of a binary neutron star merger, had a significantly larger
total mass mtot ≈ 3.4M⊙ than GW170817 (mtot ≈ 3.4M⊙)
and far exceeds the masses of Galactic double neutron
stars known through radio astronomy. GW190814 (The
LIGO Scientific Collaboration & the Virgo Collabora-
tion 2020c) is an extremely asymmetrical system having
a 23 black hole merging with a ≈ 2.6M⊙ object, which
either is the lightest black hole or heaviest neutron star
known to be in a double compact object system. GW190521
(The LIGO Scientific Collaboration & the Virgo Collab-
oration 2020b, 2020e) is merger of two black holes with
masses of 85+21

−14M⊙ and 66+17
−18M⊙ (mtot ≈ 150M⊙), where

the primary black hole mass lies within the gap produced

by pair-instability supernova processes and the mass of the
produced remnant black hole (142+28

−16M⊙) can be consid-
ered an intermediate mass black hole.

Additionally, the detections imply that gravitational
waves travel at the speed of light, with deviations smaller
than a few 10−15 and the detected gravitational wave forms
in combination with the information from the observed
electromagnetic counterpart of GW170817 constrain the
equation of state, alternative theories of gravity, possible
effects due to large extra dimensions, and dark energy
models (Copeland et al. 2019; Creminelli & Vernizzi 2017;
The LIGO Scientific Collaboration & the Virgo Collabo-
ration 2019b). Furthermore, constraints on cosmic strings
(The LIGO Scientific Collaboration, the Virgo Collabo-
ration, & the KAGRA Collaboration 2021a) and upper
limits on continuous gravitational-wave signals from
the young pulsar PSR J0537-6910 (The LIGO Scientific
Collaboration, the Virgo Collaboration, & the KAGRA Col-
laboration 2020) and on the isotropic gravitational-wave
background (The LIGO Scientific Collaboration, the Virgo
Collaboration, & the KAGRA Collaboration 2021b) could
be specified.

2 EINSTEIN’S THEORY OF
SPACE–TIME CURVATURE

Albert Einstein presented his revolutionary Theory of
General Relativity to the scientific public in the year 1915
(Einstein 1915a, 1915b). He derived his field equations
by means of a general principle of covariance, and in the
(Einstein 1915a) research paper he wrote about his the-
ory: “Hardly anyone who has really grasped the theory
will be able to escape the magic of it; … ”1 As early as
1914 he wrote: “In particular, I succeeded in obtaining
the equations of the gravitational field in a purely covari-
ant theoretical way.” (Einstein 1914). The beauty of the
Einstein equation, along with its underlying principle
of covariance, lies in the simplicity of its fundamental
statement. According to Einstein, every accumulation
of energy bends the structure of space–time and this
curved space–time is the causal reason of gravity. Accord-
ing to Einstein, the apple falls from the tree to the
ground, because the earth’s great energy content bends
the space–time structure so much that the apple has to
move to the ground in this curved spacetime according to
geodetic laws.

Einstein’s theory of general relativity in connection
with the conservation laws for energy-momentum and
rest mass are the groundings of neutron star collisions

1“Dem Zauber der Theorie wird sich kaum jemand entziehen können,
der sie wirklich erfasst hat;… ”
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and gravitational waves. The Einstein equation and the
conservation laws are summarized in the following set of
highly non-linear differential equations:

R𝜇𝜈 −
1
2

g𝜇𝜈R = 8𝜋T𝜇𝜈, ∇𝜇T𝜇𝜈 = 0, ∇𝜇(𝜌u𝜇) = 0, (1)

where T𝜇𝜈 is the energy-momentum tensor, R𝜇𝜈 is the Ricci
tensor, which contains first and second derivatives of the
space–time metric g𝜇𝜈 , ∇𝜇 is the covariant derivative, and
u𝜇 is the four velocity of the underlying matter. The Ein-
stein equation (first equation in Equation 1) describes in
which way the space–time structure needs to bend (left
hand side of the equation) if energy-momentum is present
(right hand side of the equation).

It did not take long to find the first stationary
solution to the Einstein equations. Just a few months
after Einstein’s article was published, Karl Schwarzschild
worked out two possible analytical solutions to the new
theory of space–time curvature (Schwarzschild 1916a,
1916b). In the first of these works (“On the gravi-
tational field of a mass point according to Einstein’s
theory”), Mr Schwarzschild considered the Einstein
equation for free space (T𝜇𝜈 ≡ 0), with the restriction on a
time-independent and spherically symmetric metric. The
solution of the resulting field equations is now known
as the “Schwarzschild solution” and is: g𝜇𝜈 = diag(−(1 −
2M∕r), (1 − 2M∕r)−1, r2, r2 sin2(𝜃)), where x𝜇 = (t, r, 𝜃, 𝜙)
and M is the gravitational mass of the mass point. This
solution is of particular importance for astrophysical con-
siderations because it describes on the one hand the metric
of a non-rotating black hole and on the other hand, based
on the Birkhoff theorem (Birkhoff 1923; Jebsen 1921), the
metric outside of a single isolated, non-rotating star.2 In
order to calculate the space–time structure within a spher-
ically symmetrical body, one has to consider the entire
Einstein equation (T𝜇𝜈 ≠ 0) and the solution depends on
the equation of state of matter within the object. Assum-
ing that the body consists of an static ideal fluid (T𝜇𝜈 =
(e + p)u𝜇u𝜈 + p g𝜇𝜈 , where e is the energy density and p
the pressure), Tolman, Oppenheimer, and Volkoff were
able to show in 1939 how the inner solution can be calcu-
lated and connected to the outer Schwarzschild solution
(Oppenheimer & Volkoff 1939; Tolman 1939).

In the last paragraph, some of the fundamental static
solutions of the Einstein equation are listed. However, to
simulate the evolution of a binary neutron star system,
including the neutron star collision and gravitational wave
emission process, we need to reformulate the equation in
Equation (1) in order to solve the time-dependent problem

2The stationary and axially symmetric vacuum solution of Einstein’s
field equations, which describes the space–time structure of rotating
black holes was found in the year 1963 by Roy Kerr (1963).

numerically. This reformulation, the so called (3 + 1)-split,
starts by slicing the four-dimensional manifold  into
three-dimensional space-like hypersurfaces Σt. The
space–time metric g𝜇𝜈 is then also divided into a purely
spatial metric 𝛾ij, a lapse function 𝛼 and a shift vector 𝛽i:

g𝜇𝜈 =

(
− 𝛼2 + 𝛽i𝛽

i 𝛽i

𝛽i 𝛾ij

)
, 𝜇 = t, x, y, z; i = x, y, z (2)

The lapse function 𝛼 describes the difference between
the coordinate time t and the proper time of a fluid
particle 𝜏 (d𝜏 = 𝛼 dt). The shift vector 𝛽i measures how
the coordinates are shifted on the spatial slice if the
fluid particle moves an infinitesimal time step further.
By inserting the metric (Equation 2) into the Einstein
equation, one can reformulate the equations into a sys-
tem of first-order differential equations, the so called ADM
equations (Arnowitt et al. 1959) (named for its authors
Richard Arnowitt, Stanley Deser and Charles W. Misner).
As the ADM equations are not “well posed” and contain
weakly hyperbolic parts, the equations need to be further
transformed, by using conformal traceless metric trans-
formation (for details see Rezzolla & Zanotti 2013). These
formulation of general relativity (e.g. BSSNOK, CCZ4)
together with the relativistic hydrodynamic equations
(within the “Valencia” formulation, Martí et al. 1991) are
finally used as the grounding equations in many contem-
porary computer programs.

The simulations, which will be presented in the fol-
lowing, are performed within the Einstein Toolkit
Löffler et al. (2012) together with the WhiskyTHC (Radice
et al. 2014a, 2014b) code using the conformal and covari-
ant CCZ4 formulation (for details see Weih et al. 2020).
On the initial space-like hypersurfaces ΣIn an irrotational
binary neutron star configuration in a circular orbit was
placed using an initial separation of 45 km. Due to the
emission of gravitational waves, the distance between the
two neutron stars decreases with time and Figure 1 depicts
the main hydrodynamical and space–time properties of
the system a few orbital circles later.

In the upper plane, the rest mass density 𝜌 in the equa-
torial plane is shown. In order to adequately illustrate the
different density zones, two color scales have been used: a
linear density scale in units of the normal nuclear matter
density (𝜌0 = 2.705 ∗ 1014 g/cm3) which represents the
high-density region 𝜌 ∈ [0.1, 5.2]𝜌0 and a logarithmic den-
sity scale which illustrates the outer crust and low-density
region. At this time in the inspiral phase (t = −5.4 ms, rel-
ative to the time of the merger), the two neutron stars are
still largely not deformed and only deviate slightly from
the TOV solutions of two separated neutron stars.

The plane in the middle shows the main contribution
of space–time bending to the gtt-component of the metric,



HANAUSKE and WEIH 791

F I G U R E 1 Hydrodynamic properties of matter and
space–time during the inspiral phase of a neutron star merger

namely, the lapse function 𝛼. Due to the large neutron
star masses (equal-mass binary with M = 1.32M⊙ for each
star) and central densities (𝜌max = 1.95𝜌0) the space–time
structure is deformed within the interior of the stars
(𝛼min = 0.66) and this inner metric is steadily flowing into
the outer metric.3

In the lower plane, the frame dragging of space–time is
visualized by showing the 𝜙-component of the shift vector
𝛽𝜙 in kHz

𝛽𝜙 =
x𝛽y − y𝛽x

x2 + y2 + z2 . (3)

The two neutron stars rotate with a large speed counter
clockwise around each other and as a consequence the
space–time structure follows the movement of the large
accumulation of energy.

3 ASTROPHYSICAL
CONSTRAINTS OF THE EQUATION
OF STATE OF ELEMENTARY
MATTER

Neutron star mergers are in general a complicated
interplay between all known forces, however, two elemen-
tary forces dominate the system, namely, the strongest

3Strictly speaking, the concept of an external space–time metric does
not exist in numerical relativity, since the entire space is filled with a
low density atmospheric fluid.

(quantum chromo dynamics, QCD) and the weakest
forces (gravity described by general relativity). Unfortu-
nately, QCD is not solvable in the nonperturbative regime
and, up to now, numerical solutions of QCD on a finite
space–time lattice are still unable to describe neutron star
matter or even finite nuclei or infinite nuclear matter.
As a consequence, several effective theoretical models of
the hadronic interaction have been constructed, however,
within the ultra-high density/temperature region, it is
believed that hadronic matter undergoes a phase transi-
tion to a deconfined state consisting of quarks and gluons,
the so-called quark-gluon plasma. High-energy heavy-ion
collision data are compatible with a hadron to quark
phase transition (HQPT) and during the last decades sev-
eral experiments have presented results, indicating that
such a transition indeed occurs in high-energy nuclear
collisions (Aamodt 2010a, 2010b, 2011; Adams 2005;
Adcox 2005; Arsene 2005; Gazdzicki 2004; Gazdzicki &
Gorenstein 1999). Several astrophysical signatures of the
HQPT in the interior of a compact star have been proposed
within the last decades and different mass and radius
properties (Hanauske 2003; Hanauske & Greiner 2001;
Mishustin et al. 2003) and rotational behaviors (Banik
et al. 2005; Banik et al. 2004; Bhattacharyya et al. 2005;
Glendenning et al. 1997) have been theoretically predicted.
The effects of a strong HQPT have been investigated in
the context of static (Hanauske & Greiner 2001; Mishustin
et al. 2003; Shovkovy et al. 2003) and uniformly rotating
hybrid stars (Banik et al. 2004; Bhattacharyya et al. 2005;
Glendenning et al. 1997) and the results show that tremen-
dous changes in the star properties might occur including
the existence of a third family of compact stars—the
so-called “twin stars” (Alford & Sedrakian 2017; Glenden-
ning & Kettner 2000; Hanauske & Greiner 2001; Mishustin
et al. 2003).

In addition to high-energy experiments, the equation
of state of matter can also be constrained by means of
astrophysical observations. By means of radio observa-
tions of binary pulsar systems, the mass of some very
massive neutron stars could be determined relatively
precisely (Antoniadis et al. 2013; Cromartie et al. 2020;
Demorest et al. 2010) (e.g. M= 2.140.10

−0.09 M⊙ for the mil-
lisecond pulsar PSR J0740+6620 Cromartie et al. 2020)
and, due to this, models of the equation of state that
predict a lower maximum mass could be excluded. By
analyzing the soft X-ray pulse waveforms of pulsars
observed using the Neutron Star Interior Composi-
tion Explorer (NICER) the neutron radius, and as a
result the EOS, could be severely constrained (Bilous
et al. 2019; Miller et al. 2020; Miller et al. 2019; Raaijmak-
ers et al. 2019; Riley et al. 2019 (e.g. R = 13.021.24

−1.06 km
for the millisecond pulsar PSR J0030+0451 Miller et al.
2019).
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Since the new era of gravitational wave physics, it
is now also possible to constrain the EOS by means of
the detected gravitational wave of a neutron star colli-
sion. With the use of the observed tidal deformations of
the two neutron stars from the late inspiral phase and
other properties of GW170817, the EOS of dense matter
could be severely constrained (Abbott et al. 2019; Chris-
tian et al. 2019; Kiuchi et al. 2019; Paschalidis et al. 2018;
Radice et al. 2018; The LIGO Scientific Collaboration &
the Virgo Collaboration 2018). New constraints on neutron
star radii have been found (Annala et al. 2018; Bauswein
et al. 2017; Burgio et al. 2018; De et al. 2018; Malik
et al. 2018; Most et al. 2018; Raithel et al. 2018; Tews
et al. 2018; The LIGO Scientific Collaboration & the Virgo
Collaboration 2018) that are in accordance with the obser-
vations from NICER. An upper bound for the maximum
mass of neutron stars was estimated (Margalit & Met-
zger 2017; Rezzolla et al. 2018; Ruiz et al. 2018; Shibata
et al. 2019) and the global properties of the HQPT using
hybrid star EOSs could be constrained (Annala et al. 2020;
Blaschke et al. 2020; Christian & Schaffner-Bielich 2020;
Li et al. 2020; Montaña et al. 2019).

All of these articles were only made possible by the
measured tidal deformations of the two neutron stars
imprinted in the gravitational wave GW170817 emitted
during the late inspiral phase. Figure 2 depicts the simula-
tion results during the late inspiral phase at t = −0.61 ms,
relative to the time of the collision. Although the density
profiles, the structure of the lapse function and the frame
dragging shift vector still show two separated objects, the
tidal density deformations of the two neutron stars can be
clearly seen in the upper panel.

The tidal deformability 𝜆 quantifies the induced
quadrupole moment of a star in response to the quadrupo-
lar tidal gravitational field of the companion in a binary
system (Hinderer 2008, 2010), and it can be obtained from
the dimensionless l = 2 tidal Love number k2 as

k2 = 3
2
𝜆R−5, (4)

where R is the radius of the star. The tidal Love number
k2 can be calculated numerically by solving a differen-
tial equation together with the TOV equations (see e.g.
Postnikov et al. 2010 for details). The dimensionless tidal
deformability Λ can then be determined by the equation

Λ = 2k2

35 , (5)

where C is the compactness of the star ( = M∕R). Since
for mass ranges of typical neutron stars it can be shown
that k2 ∝ −1 Hinderer et al. 2010; Zhao & Lattimer 2018),
the following relation applies in summary Λ ∝ −6. The

F I G U R E 2 Hydrodynamic properties of matter and
space–time during the late inspiral phase (t = −0.61 ms, see blue
circle symbol in Figure 3)

observation of the small value of the tidal deformability in
GW170817 therefore corresponds to a large value of the
compactness . This fact, together with the high observed
mass values and radius restrictions using the NICER data,
ruled out many of the common purely hadronic EOSs,
and hybrid EOSs with a strong HQPT became more likely
because the phase transition inside these stars enables
a higher compactness (Blaschke et al. 2020; Christian &
Schaffner-Bielich 2020; Li et al. 2020; Montaña et al. 2019).
In future gravitational wave detections of binary neutron
star mergers, it might be possible to detect the HQPT, if
the phase transition is strong enough. If, for example, the
EOS shows a twin star configuration in the mass-radius
relation, scenarios can arise in the late inspiral phase
in which a purely hadronic star collides with its corre-
sponding hybrid twin and the measured tidal deforma-
bility would provide information about the structure of
the phase transition (Montaña et al. 2019). Further astro-
physical indications of an HQPT, that can occur in the
post-merger phase after the collision of the stars, will be
discussed in the following.

4 NEUTRON STAR COLLISIONS

The consequences of an appearance of the HQPT in the
interior region of the neutron star merger product and its
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impact on the spectral properties of the emitted GWs has
been recently discussed in (Bauswein et al. 2019; Blacker
et al. 2020; Most et al. 2019; Weih et al. 2020). While in the
prompt phase transition scenario (Bauswein et al. 2019;
Blacker et al. 2020) a strong first-order phase transition
leads, immediately after merger, to the formation of a
more compact hybrid star configuration, in the case of a
phase-transition-triggered collapse (PTTC) scenario, the
phase transition takes place in the post-merger evolution
and leads, immediately after its occurrence, to a rapid col-
lapse of the hypermassive hybrid star to a Kerr black hole.
In the following, we will discuss in more detail the third
possibility of a delayed phase transition (DPT) scenario
that was recently presented in Weih et al. (2020).

In the following, we have used for the purely hadronic
part of the EOS the relativistic mean-field model FSU2H
(Tolos et al. 2017a, 2017b) and added a first-order HQPT
including a mixed phase and pure-quark matter region.
The soft mixed phase region of this EOS (FSU2H-PT) takes
place in the rest-mass density range 𝜌∕𝜌0 ∈ [2.085, 4.072]
and for densities above 4.072𝜌0 a stiff pure-quark matter
part was added (for details see Montaña et al. 2019; Weih
et al. 2020).

Figure 3 shows the time evolution of the maxi-
mum rest-mass density value 𝜌 in units of 𝜌0 for the
FSU2H-PT (blue and transparent red line) and purely
hadronic FSU2H (black line) simulations. In contrast to
Weih et al. (2020) (transparent red line, Δx ≈ 237 m) we
will discuss here the simulation results of a run performed
on a somewhat finer grid resolution (blue red line, Δx ≈
189 m). Like in the PTTC case, the phase transition within
this DPT scenario takes place at late post-merger times,
however, the collapse of the hypermassive neutron star
is halted by the formation of a metastable hypermassive
hybrid star and the corresponding gravitational wave sig-
natures of a HQPT are more distinct than in the PTTC
case.

In Figure 2, the density and space–time structure dur-
ing the late inspiral phase at 0.61 ms before the merger
were already shown (see blue circle in Figure 3). Shortly
after the merger, the maximum rest-mass density of the
remnant increases, reaching a maximum at t ≈ 0.5ms, that
is high enough so that a mixed phase including quark
matter is created in the core for both of the FSU2H-PT
simulations. The simulation with the higher resolution
(blue curve curve) achieves a slightly larger value for the
maximum density in comparison to the medium resolu-
tion (transparent red curve), since the finer grid is able
to better resolve the strong compression of the matter.
Next, the density quickly drops and for t ∈ [0.5, 2] ms
the density everywhere in the remnant is again below
the onset of the HQPT and no mixed phase matter is
present.

F I G U R E 3 Evolution of the maximum rest-mass density for
the FSU2H-PT (blue and transparent red line) and FSU2H (black
line) simulation with an initial total mass of M = 2.64M⊙. Symbols
mark important times during the evolution that will be discussed in
detail in the following

Figure 4 shows the main properties of the hypermas-
sive neutron star at t = 1.33 ms. Although the figure shows
the simulation results of the FSU2H-PT run, the proper-
ties shown also correspond to the results of theFSU2H run,
since the short-term hybrid phase within the FSU2H-PT
run did not have any major effect on the global dynam-
ics of the star. At this early post-merger phase, the den-
sity profile of the remnant (upper panel in Figure 4)
shows a pronounced density double-core structure and the
frame-dragging rotation of space–time (𝛽𝜙, lower panel in
Figure 4) follows the spatial movement of the high-density
regions and also shows a strongly pronounced double-core
structure. The structure of the lapse function (𝛼, middle
panel in Figure 4), however, no longer shows a double-core
structure and a spatial separation of the original individual
star components is no longer possible.

Then for t > 2ms the evolution of the FSU2H-PT sim-
ulations (blue and transparent red line in Figure 3) starts
to differ significantly from the simulation without phase
transition (NPT; black line in Figure 3). Figure 3 shows
that the impact of the resolution for the two FSU2H-PT
simulations does not change the qualitative behavior of the
entire evolution of the produced hypermassive hybrid star
and the both evolutions of the DPT scenario differs qualita-
tively from the NPT case. In the high-resolution run (blue
line in Figure 3), the collapse of the hypermassive neu-
tron star to the more compact hypermassive hybrid star
occurs already at t ≈ 2ms with only one intermediate oscil-
lation in the mixed phase, whereas the medium-resolution
run shows a somewhat delayed collapse and has two inter-
mediate oscillations in the mixed phase. The DPT occurs
in the transient post-merger phase and as a result, the
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F I G U R E 4 Hydrodynamic properties of matter and
space–time within the hybrid FSU2H-PT EOS during the
post-merger phase at t = 1.33 ms (see blue square symbol in
Figure 3)

density profile shows a pronounced double-core structure
(see Figure 4). At the beginning of the collapse t ≳ 2ms, the
hypermassive hybrid star still mostly consists of hadronic
matter and during the collapse to a smaller and more com-
pact configuration the amount of quark matter in the core
significantly increases and the hypermassive hybrid star
accelerates its rotation.

Before we analyze the properties and dynamics of the
hypermassive hybrid star generated from the DPT col-
lapse, the results of the NPT simulation will be briefly
discussed. Figure 5 shows the main properties of the purely
hadronic hypermassive neutron star (FSU2H EOS) for t =
5.64 ms. The properties of an hypermassive neutron star at
such a post-merger time are largely determined by its den-
sity profile and its certain differential rotation. The rotating
strongly deformed high-density areas of the star (upper
panel in Figure 5) tag along with the space–time struc-
ture and thereby cause the frame-dragging component 𝛽𝜙
shown in the lower panel. Due to the underlying purely
hadronic EOS, the star consists mainly of neutrons with
small admixtures of hyperons (mainly Λ0 with some Ξ−,
see Montaña et al. 2019 for details). The maximum central
value of the density is 𝜌max = 2.60𝜌0 and the lapse function
𝛼 has its minimum value in the center (𝛼min = 0.53).

Figure 6, on the contrary, shows the hypermassive
hybrid star in the second density maximum after its col-
lapse (t = 5.59 ms). The collapse, which was caused by the
strong softening of the mixed phase, could be stopped by
the emergence of the pure, stiff quark phase. The density in
the center of the star (𝜌max = 5.16𝜌0) far exceeds the den-
sity limit for pure quark matter (4.072𝜌0) of theFSU2H-PT

F I G U R E 5 Hydrodynamic properties of matter and
space–time during the post-merger phase within the purely hadronic
FSU2H EOS for t = 5.64 ms (see black diamond symbol in Figure 3)

EOS and a large part of the star center consists of decon-
fined quark matter (upper panel in Figure 6). The small
asymmetry in the density profile had been amplified by
the collapse, resulting in a large one-sided asymmetry (an
m = 1 asymmetry in a spherical-harmonics decomposition
Baiotti et al. 2007), which triggers a sizeable h21

+ gravi-
tational wave strain (see supplemental material of Weih
et al. 2020 for details). Due to this density asymmetry, the
frame-dragging component 𝛽𝜙 (lower panel in Figure 6)
shows also a strong one-sided asymmetry. Since the hyper-
massive hybrid star rotates much faster after the collapse
and has a more compact center, it drags space–time with
it much more than the purely hadronic hypermassive neu-
tron star. This can be clearly seen from the different colors
of the lower panels in Figures 5 and 6. Another major dif-
ference is the larger amount of space–time bending of the
gtt component of the metric, which is illustrated in the
middle panel in Figure 6 by the lapse function and has a
minimum value of 𝛼min = 0.38.

The following evolution of the hypermassive hybrid
star is characterized by large density oscillations (see blue
and transparent red line in Figure 3 for t > 5 ms), dur-
ing which the density maxima and lapse function minima
reached in the center of the are highly correlated. These
oscillations are accompanied by a change of the differen-
tial rotation profile of the hypermassive hybrid star. At the
moment when the rest-mass density reaches its maximum
during each oscillation, the hypermassive hybrid star is
more compact and spins faster and, as a result, the emitted
instantaneous gravitational-wave frequency also reaches a
maximum.

The emitted gravitational wave was extracted using the
Weyl scalar 𝜓4, which is directly related to the metric
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F I G U R E 6 Hydrodynamic properties of matter and
space–time during the post-merger phase within the hybrid
FSU2H-PT EOS for t = 5.59 ms (see blue diamond symbol in
Figure 3)

perturbation h+ and h× as follows (for details see Bishop &
Rezzolla 2016)

𝜓4 = 𝜕2

𝜕t2 (h+ − ih×). (6)

Figure 7 (Figure 8) shows the density 𝜌, the angu-
lar velocity Ω = u𝜙

ut = 𝛼v𝜙 − 𝛽𝜙 (Hanauske, Steinheimer,
et al. 2017, Hanauske, Takami, et al. 2017), the shift vector
𝛽𝜙 and the real part of the Weyl scalar 𝜓4 at a post-merger
time of t ≈ 7.7 ms for the FSU2H simulation (FSU2H-PT
high-resolution simulation). In order to exemplify the
properties of the emitted gravitational wave (see lower
panels) a much larger spatial dimension was chosen than
in the three upper panels, that illustrate the internal prop-
erties of the remnant. A comparison of the upper panels
clearly shows the much more compact density structure
of the hypermassive hybrid star (Figure 8). In addition,
the panel below shows that it rotates much faster than the
hypermassive neutron star (Figure 7, left colored scale in
the figures). The qualitative structure of the angular veloc-
ity is similar in both remnants and the figures show that
the high-density center of the star rotates much slower
than the inner middle area. The maxima of the angular
velocity are reached at density of 𝜌 ≈ 𝜌0 and the spatial
locations of them are closely connected with tempera-
ture hot-spots (see Alford et al. 2018; Hanauske, Bovard,
et al. 2019; Hanauske, Steinheimer, et al. 2019 for details).
A comparison of the third panels from the top show that
the frame-dragging component 𝛽𝜙 of the hypermassive
hybrid star shows a much stronger one-sided asymmetry

F I G U R E 7 Hydrodynamic properties of matter and
space–time during the post-merger phase within the purely hadronic
FSU2H EOS for t = 7.7 ms (see black triangle symbol in Figure 3)

F I G U R E 8 Hydrodynamic properties of matter and
space–time during the post-merger phase within the hybrid
FSU2H-PT EOS for t = 7.77 ms (see blue triangle symbol in
Figure 3)

and in general the frame-dragging is much more pro-
nounced

All these numerically obtained simulation results,
although interesting, are not directly observable and can
only be detected indirectly by means of a detection of a
gravitational wave emitted during the post-merger phase
of a neutron star collision, which might be possible in
the future. In Hanauske et al. (Hanauske, Steinheimer,
et al. 2017, Hanauske, Takami, et al. 2017) it was shown
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that the maximum value of the angular velocity profile
correlates with the main gravitational-wave frequency f2
emitted by the remnant within the post-merger phase.
This result can be seen by comparing the lower panels
of Figures 7 and 8, where the large frequency difference
of the emitted gravitational waves can be seen here with
the naked eye. The gravitational wave emitted by the
hypermassive neutron star (Figure 7) has a much longer
wavelength than the space–time wave emitted by the
hypermassive hybrid star (Figure 8). A strong increase of
the gravitational wave frequency during the collapse in
the post-merger phase can be regarded as an astrophys-
ical indication of an HQPT and would confirm the DPT
scenario.

5 SUMMARY

It was shown that hybrid star merger simulations repre-
sent an optimal astrophysical laboratory to investigate the
phase structure of QCD and in addition with the obser-
vations from heavy-ion collisions will possibly provide a
conclusive picture on the QCD phase structure at high
density and temperature in the near future (Hanauske,
Steinheimer, et al. 2017, Hanauske, Takami, et al. 2017).
Astrophysical observables of the HQPT were discussed in
the context of the inspiral and post-merger phase, with a
main focus on the DPT scenario.

In a similar way to the DPT scenario, the collapse in the
PDT scenario is stopped by the formation of a quasi-stable
hypermassive hybrid star immediately after merger. In
contrast, in the PTTC scenario, the hypermassive hybrid
star collapses to a Kerr black hole when the phase tran-
sition begins to form and the color degrees of freedom of
the pure quark core gets macroscopically confined by the
formation of the event horizon, producing a gravitational
wave ringdown signal which is different from a purely
hadronic one Most et al. 2019. Such a gravitational col-
lapse and the formation of an outermost trapped surface
inside the star was already discussed by R. Penrose in 1965
in spherical symmetry (Penrose 1965). The density and
temperature structure inside the collapsing hypermassive
hybrid star, just before the apparent horizon is formed, is
remarkably similar to the image of a swan (see Figure 2 in
Most et al. 2020).
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