


fmax 
Chirp 

fpeak 
Post-merger 



Is this unique? 

consistency with the results presented in Ref. [25] and with
our single-polytrope sequence GAM2-q10, we have
assumed Γth ¼ 2 as the standard thermal contribution in
all of our simulations.

V. RESULTS

A. Global overview

As discussed above and as listed in Table II, we have
computed a total of 32 binaries having six different EOSs
and five different masses. Before making a detailed dis-
cussion on the correlations between the spectral features,
i.e., f1 and f2, and the physical properties of the merging
stars, it is useful to have a global overview of the results so
that it is easier to capture the general behaviors of the
HMNS and the most obvious features of the gravitational-
wave signal.
Figure 6 collects all of the waveforms for the equal-mass

models with nuclear-physics EOSs as evolved at the

reference medium resolution. The waveforms are organized
in a tabular form in which each row refers to a given EOS,
while each column concentrates on a given initial mass.
The different EOSs are distinguished by different colors
and we will adopt this color coding also for all the
subsequent plots.
When scrolling through the different panels, some

common features become quite evident. First, the pre-merger
signal and the post-merger one are in frequency ranges that
are considerably different. This is not surprising given the
significant difference in compactness in the system before
and after the merger, but points to the fact that the
phenomenology of the signal will necessarily have to be
split into two parts. Second, a transient period of 1–3 ms
separates these two signals and represents the time needed
by systems to readjust itself from the quasiperiodic inspiral
over to the quasiperiodic rotation of the HMNS. As we will
comment later on, despite being very short, this transient
contains very important information and is where the power

FIG. 6 (color online). Gravitational waveforms for all the binaries with equal masses and nuclear-physics EOSs as evolved at the
reference medium resolution. Each row refers to a given EOS, while each column concentrates on a given initial mass. The different
EOSs are distinguished by different colors, and we will adopt this color coding also for all the subsequent plots; more details on the
various binaries are shown in Table II.
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Can one Distinguish Quark Matter? 

in the f1 peak is built. Third, the transient is followed by a
period of ∼10 ms during which oscillations at different
frequencies are present and which anticipates the stage in
which the HMNS has reached a “stationary” state and is
rotating at a frequency that increases only slowly with time
as a result of GW losses. Fourth, the amplitude of the signal
in the post-merger phase increases with mass. This is rather
easy to understand as larger masses will also lead to larger
changes in the quadrupole moment; the only exception to
this behavior is represented by the APR4 EOS, which is
particularly soft at high densities and hence yields an HMNS
which rapidly becomes almost axisymmetric. Finally, the
amplitude in the post-merger decays and the rate at which
this happens depends inversely on the mass and on the
stiffness, so that soft EOSs show a large damping in
amplitude (e.g., binary APR4-q10-M1325), while stiff ones
show a much smaller damping (e.g., binary GNH3-q10-
M1300). This too is easy to understand and reflects the fact
that HMNSs with larger masses (and not ultrasoft) will tend
to maintain the bar deformation for longer times.

Next, we can explore an equivalent global view of the
GW signal, but when measured in the frequency domain.
More specifically, we show in Fig. 7 the PSDs 2~hðfÞf1=2
for the same binaries considered in Fig. 6 and organized in
the same manner when the binaries are at a distance of
50 Mpc. Note that the colored dashed lines refer to the full
time series (i.e., including the inspiral), while the solid lines
refer to the high-passed filtered data as discussed in
Sec. III B. In each panel we indicate with a filled circle
the “contact frequency” fcont ≡ C3=2=ð2πM̄Þ [64], where
C≡ M̄=R̄ is the average compactness, R̄≡ ðR1 þ R2Þ=2,
and R1;2 are the radii of the nonrotating stars associated
with each binary [30]. Finally, reported with solid lines are
the sensitivity curves of Advanced LIGO and ET (green
and light-blue lines, respectively).
Also in the frequency domain, a rapid scan of the panels

allows one to discern the most important features. First, and
as discussed by several authors [8,23–27,66,70], all PSDs
show a clear and strong peak, i.e., the f2 peak, which, at
these distances, can be 1 order of magnitude or more above

FIG. 7 (color online). PSDs 2~hðfÞf1=2 for the equal-mass binaries with nuclear-physics EOS shown in Fig. 6. Solid lines of different
colors refer to the high-passed waveforms, while the dashed lines refer to the full waveforms. Indicated with colored circles are the
various contact frequencies fcont, while the curves of Advanced LIGO and ET are shown as green and light-blue lines, respectively.
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FIG. 5. Shown above is the h

22
+ of the strain, the power-spectral density of the effective strain, and the spectrogram of the h

22
+ of the Soft,

Inter, and the Stiff EOSs considered in this work for q = 1 , 0.7 and Mchirp = 1.188. Also included are the related spectra for
Soft-NPT which does not include a phase transition to quark matter. In the right two panels the dashed blue and orange lines correspond to
the f

2,2 and f

2,1 peaks respectively, the dashed yellow lines corresponds to the f3 peak as measured in the spectrogram, and the star denotes
the peak merger frequency, fmer. In the right figure, the white line traces the maximum in the spectrogram. Finally, the sensitivity curves in
the middle plot are related the current sensitivity of advanced LIGO and the Einstein Telescope respectively [76, 77].
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A first order transition can lead to a jump away from the 
universal correlations between fpeak and Λ or density  

 

is a direct consequence of the density jump across the phase
transition and the stiffening only at higher densities.
GW spectrum.—The different evolution of the mergers

with and without phase transition to quark matter is
reflected in the GW signal. Figure 2 shows the GW spectra
of the cross polarization at a distance of 20 Mpc along the
polar axis comparing the DD2F-SF-1 EOS (green line) and
the DD2F EOS (black line). During the premerger phase
the GW signals reach a maximum frequency of about
1.7 kHz, and the GW spectra are similar below this
frequency. The high-frequency content of the spectra is
shaped by the postmerger stage and significant differences
between the two simulations are apparent. In particular, the
frequency fpeak of the dominant oscillation of the post-
merger phase is clearly different. This peak is a robust and
generic feature that occurs in all simulations which do not
directly form a black hole after merging [32,99–103].

The frequency of the main peak depends sensitively on
the EOS [99–101,104]. It has been found [31,32] that fpeak
scales tightly with radii R of nonrotating cold NSs for
different fixed binary masses (cf. Figs. 9–12 and 22–24 in
Ref. [32]). In turn, these relations fpeakðRÞ offer the
possibility to determine NS radii from a measurement of
the dominant postmerger GW frequency [44–48].
Moreover, during the inspiral phase of NS mergers finite-

size effects are measurable and encoded in the tidal
deformability Λ ¼ 2

3 k2ðR=MÞ5 with the tidal Love number
k2 [21,23]. Considering the strong dependence of Λ on NS
radii, it is clear that fpeak also correlates with the tidal
deformability of NSs (see Fig. 3 and Refs. [105,106] for
plots with the tidal coupling constant including different
total binary masses). It is conceivable that Λ will be
measured with significantly better precision in future
observations compared to GW170817, which resulted in
a measurement uncertainty on Λ of a 1.4 M⊙ NS of about
510 at the 90% level [6,40,41]. For instance, an event
similar to GW170817 would reduce this error by a factor of
about 3 once the detectors reach their design sensitivity
[22,24–30]. Similarly, it is expected that the dominant
postmerger frequency will be measured to within a few
10 Hz in future nearby events with the projected improve-
ments for the current generation of detectors [44–49].
Observational signature of phase transitions.—In Fig. 3,

we show the dominant postmerger frequency fpeak as a
function of the tidal deformability Λ1.35 ¼ Λð1.35 M⊙Þ for
the 1.35 M⊙ − 1.35 M⊙ mergers for all EOSs of this
study. As anticipated, fpeak scales tightly with the tidal

FIG. 1. Evolution of the maximum rest-mass density compar-
ing DD2F-SF-1 (green line) and DD2F (black line) for
1.35 M⊙ − 1.35 M⊙ mergers (solid curves). Horizontal dotted
green lines mark the onset density ρonset of the phase transition for
DD2F-SF-1 at T ¼ 0 and at 20 MeV.

FIG. 2. GW spectrum of the cross polarization at a distance of
20 Mpc along the polar axis comparing the DD2F-SF-1 EOS
(green curve) and the DD2F EOS (black curve).

FIG. 3. Dominant postmerger GW frequency fpeak as a function
of tidal deformability Λ for 1.35 M⊙ − 1.35 M⊙ mergers. The
DD2F-SF models with a phase transition to deconfined quark
matter (green symbols) appear as clear outliers (big symbol for
DD2F-SF-1). Solid curve shows the least-squares fit Eq. (1) for
all purely hadronic EOSs (including three models with hyperons
marked by asterisks). ALF2 and ALF4 are marked by black plus
signs. EOSs incompatible with GW170817 are not shown.
Arrows mark DD2F-SF models 3, 6, and 7, which feature
differently strong density jumps Δn (in fm−3) with roughly
the same onset density and stiffness of quark matter.
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determines up to which rest-mass density no strong first-
order phase transition of similar type as the ones in DD2F-
SF occurred forMtot ¼ 2.7 M⊙ (see extended discussion in
Supplemental Material [55]).
Relation to other works.—It is instructive to compare our

finding with the merger simulations of absolutely stable
strange stars [109–112], which do not feature a phase
transition at supernuclear densities but a large density jump
at the surface. The calculation for the model EOS MIT40
in Ref. [31] yields fpeak ¼ 2.62 kHz, while the tidal
deformability Λð1.35 M⊙Þ ¼ 1161.7 for this EOS. This
model shows a somewhat weaker but similar trend as
DD2F-SF in Fig. 3. In principle, a deviation from the fit
Eq. (1) may thus also be characteristic for absolutely stable
strange quark matter [109,110]. However, this particular
model of absolutely stable strange quark matter is incom-
patible with existing constraints on Λ, and it is likely that a
merger of absolutely stable strange stars [37,113] would
lead to an electromagnetic counterpart different from that of
GW170817 [114]. We thus suspect that such a scenario
would be distinguishable from the collision of two hybrid
stars as described in this study.
Recently, Ref. [9] used the chiral mean field (CMF)

model EOS of Ref. [115] for hadronic and quark matter in
merger simulations. Compared to our DD2F-SF, the phase
transition of CMF has a very different impact on the stellar
structure and consequently on merger simulations (accord-
ing to Fig. 5 in Ref. [115], this EOS does not yield
gravitationally stable hybrid stars with extended quark
matter cores). We find a massive gravitationally stable
quark matter core with a strong imprint on the postmerger
GW frequency for DD2F-SF. In comparison, the CMF EOS
leads to a small quark matter fraction during most of the

postmerger evolution. Only at late times the quark matter
fraction increases and immediately induces the gravita-
tional collapse of the remnant. Hence, the influence on the
GW frequency is significantly weaker compared to our
model. In comparison to its purely hadronic reference
model, the CMF EOS results in an earlier collapse of the
remnant and a dephasing of about 3 rad within 30 cycles.
The postmerger frequency is thus shifted only slightly.
Such signatures cannot be easily interpreted as being
an unambiguous feature for the occurrence of quark matter.
A similar phase and frequency shift and a shorter remnant
lifetime can as well be expected from a purely hadronic
EOS, being somewhat softer at higher densities compared
to the CMF hadronic reference model.
In the Supplemental Material [55] we discuss our

findings in the context of empirical relations between
fpeak and radii of nonrotating NSs [31–33].
Summary and conclusions.—In this work, we describe a

way to detect a strong first-order phase transition in NSs,
complementary to efforts at the future experimental facili-
ties FAIR at GSI and NICA in Dubna dedicated to the study
of compressed matter in heavy-ion collisions [116,117].
Our scenario involves quantities which have been shown to
be measurable in future GW detections. We provide
evidence that the described signature can only be related
to a strong first-order phase transition by showing that a
representative set of hadronic EOS models behaves differ-
ently. These results highlight the complementarity of the
information which can be obtained from the inspiral and the
postmerger phase of NS mergers. It stresses the importance
of kilohertz GW astronomy both with current second-
generation [118–121] and proposed third-generation detec-
tors like those in Refs. [122–124]. Future work should
consider a larger class of EOS models with a hadron-quark
phase transition to determine under which conditions a
clearly distinguishable imprint on the GW signal can be
identified. We will also investigate other observables like
electromagnetic counterparts and secondary features of the
GW spectrum.
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FIG. 4. Maximum rest-mass density ρmax
max during the first

milliseconds of the postmerger phase as a function of the
dominant postmerger GW frequency fpeak for 1.35 M⊙−
1.35 M⊙ mergers. Green symbols show results for DD2F-SF
(big symbol for DD2F-SF-1). Asterisks indicate models with
hyperons. Black plus signs indicate ALF2 and ALF4. Solid curve
is a second-order polynomial least-squares fit to the data
excluding hybrid EOSs.
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The aforementioned dual nature of the QHC19 EOSs can
also be found in analyses of the GW frequencies and the
PSD of the strain. First of all, consider the instantaneous
GW frequency of the maximum chirp strain amplitude, fmax =
1

2p
df
dt |max, where f is the phase of the strain (See. e.g. [74]).

It has been suggested that there is a tight universal correla-
tion with the tidal deformability [22, 74–79]. The top panel of
Fig. 3 shows the relation between fmax and the dimensionless
tidal deformability (L) for our models along with the univer-
sality relations found in Refs. [74, 75]. A validation of these
universality relations is beyond the scope of this work. How-
ever, it should be noted that the fmax of the GNH3 cases are
closer to the universality curve of Ref. [74], while that for SLy
and QHCs are closer to the universality relation of Ref. [75].
Moreover, the fmax values for the QHCs are closely aligned
with those of the SLy, showing the characteristics of a soft
EOS.

Further, a universal relations between fpeak and L have
been found in [17, 75, 79–81] and are well satisfied for pure
hadronic EOSs [19]. The connection between fpeak values
and other properties, such as compactness and radius for a
fixed fiducial mass can be also found in [20, 29, 82–88]. In
the bottom panel of Fig. 3 we show fpeak as a function of the
pseudoaverage rest-mass density (2M0/R3

max) (as was done in
in Ref. [74]). Although the pseudoaverage density is not a
direct observable, it has been shown in [20] that it can be in-
ferred from fpeak and observation of mass of the binary. Since
the compactness, in general, reflects the stiffness of the EOSs,
the stiff GNH3 models are located in the lower compactness
region while SLy models are in the higher compactness re-
gion. The QHC models are notably clustered in the middle
between them. It can be said that the QHCs are mild EOSs, in
between soft and stiff EOSs in terms of the compactness. The
fpeak values of the QHCs are also distinctively clustered in
the middle and they are smaller than those of the SLy models.
This further verifies the dual nature of the QHC EOSs. The
QHC EOSs at lower densities are behaving as soft EOS, as
noted from the top panel of Fig. 3 and then at higher densities
transition to being stiffer as noted from the bottom panel.

A recent work has also found a diminished fpeak value from
their stiffened EOS models [89]. Since the L1.35 values from
the QHC EOS are similar to that of the SLy, the small fpeak of
the QHCs will violate the universal relation in terms of L and
show a shift below the universality relation. This is contrary
to the shift that appeared above for models involving a phase
transition (See, Fig. 3 of [17]). However, the fpeak values
of our SLy models are significantly larger than the previously
known values, even violating the universal relation. We have
found that this issue comes from the observation that GW fre-
quencies depend a little on the initial separation of the bina-
ries. As we increase the initial separation from our current
value of 45 km, we could get the fpeak approaching the uni-
versal values. The fpeak values of the GNH3 and QHC vary
within the error bound described in the next paragraph as the
separation changes. We shall address this in further detail in a
separate paper.

Recently another study on the neutron star merger evolution
for QHC EOSs has been conducted in Ref. [90]. The EOSs

FIG. 3: Top panel shows fmax vs. the tidal deformability
(L1/5) along with the universality relations suggested in pre-
vious work [74, 75] as labeled. Lower panel shows fpeak vs.
pseudoaverage rest-mass density (2M0/R3

max)
1/2. For each

EOS, increasing sizes of the symbols indicates increase in M0
as listed in Table II.

used there are QHC19D and QHC19B, while the hadronic
EOS is the Togashi EOS. The study performs mergers for rel-
atively lower mass cases so the maximum densities achieved
are lower than those shown in Fig. 2. Their results corrob-
orate ours that a lower fpeak is observed for QHC19D when
compared with a hadronic EOS. However they notice a higher
fpeak for most QHC19B. This discrepancy is due to the higher
stiffness of Togashi EOS in comparison to QHC19B at the up-
per crossover densities (⇠ 3.5 n0), whereas in our case QHC
remains stiff all across these densities. Thus the hadronic
EOSs included in this work, the soft SLy EOS and stiff GNH3
EOS, are significantly different from the medium-stiffness To-

A crossover obeys the universality of fmax vs tidal polarizibility 
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Crossover shows a different relation between fpeak and density 



Conclusions 

 
•  What can we learn from the next generation of GW 

observatories? 

•  The order of the phase transition might be determined 
from detailed analysis of the PSDs from NS mergers 

•  The observation of a 3 kHz  fpeak  extended  post-merger 
GWs could  indicate the presence of a stiff crossover 
quark matter EoS. 




