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Motivation & Outline of this talk
Dense quark matter in neutron stars (NSs)? 
Detectability in the future postmerger GWs?


1) QCD-based equation of state (EoS) with a crossover- 
     type hadron-to-quark phase transition (PT) 
  ○ Prerequisite for the QCD-based EoS 

  ○ Parametrization & possible scenarios for PTs


2) Detecting quark matter by GWs 
  ○ GW signals and detectability 

  ○ Useful check: electromagnetic counterpart
2



Quark liberation at high densities

3

Quark deconfinement transition: 1st-order or crossover?
Colins,Perry (1974); Baym,Chin (1975); McLerran,Pisarski (2008)…
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Fukushima,Hatsuda (2010)



Underlying physics of crossover

4
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Fukushima,Hatsuda (2010)

Schafer,Wilczek (1998); Hatsuda,Tachibana,Yamamoto,Baym (2006); 
see, however, Cherman,Jacobson,Sen,Yaffe (2020)

superfluid 
hadronic matter

color super-conducting 
quark matter

Quark-hadron continuity

Global symmetry breaking patterns are identical: 
G = SU(3)L × SU(3)R × U(1)B → SU(3)L+R



Underlying physics of crossover

5
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Fukushima,Hatsuda (2010)

Alternative possibility: Quarkyonic matter
McLerran,Pisarski (2008); McLerran,Reddy (2018)



Motivation & Outline of this talk
Dense quark matter in neutron stars (NSs)? 
Detectability in the future postmerger GWs?


1) QCD-based equation of state (EoS) with a crossover- 
     type hadron-to-quark phase transition (PT) 
  ○ Prerequisite for the QCD-based EoS 

  ○ Parametrization & possible scenarios for PTs


2) Detecting quark matter by GWs 
  ○ GW signals and detectability 

  ○ Useful check: electromagnetic counterpart
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QCD-based view on the EoS

7

max(cs
2) ≤

1.0

0.8

0.6

0.4

1/3

Figure 1 Range of allowed neutron-star-matter equations of state. The bands

have been generated by superimposing large numbers of individual EoSs generated with

the speed-of-sound interpolation method introduced in this paper. The color coding

refers to the maximal value that the speed of sound squared c2s reaches at any density.

For comparison, the black lines stand for the different hadronic EoSs we have obtained

from refs. 9,20,21. Finally, the light blue regions correspond to the CET and pQCD EoSs of

12,14, and the rough location of the deconfinement transition in hot quark-gluon plasma,

εQGP, is indicated for illustrative purposes.

25

Annala,Gorda,Kurkela,Nättilä,Vuorinen (2019)

ab initio QCD calculations: Chiral EFT & perturbative QCD

Rapid stiffening

above saturation density

Sudden slope change & softening 
→ quark matter formation?

e.g., Drischler,Han,Lattimer,Prakash,Reddy,Zhao(2020)



Prerequisite for the QCD-based EoS
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χEFT: 
Drischler,Han,Lattimer,Prakash,Reddy,Zhao (2021)

pQCD: Freedman,McLerran (1976); Baluni (1977); 
Kurkela,Romatschke,Vuorinen,Fraga,… (2009-); 
Fujimoto,Fukushima (2020)

Nuclear matter (χEFT)

Quark matter 
(perturbative QCD)

valid at ρ ≲ 2ρ0

typically c2
s ≃ 1

3



10-1 100

Energy Density [GeV/fm3]

10-3

10-2

10-1

100
Pr

es
su

re
 [G

eV
/fm

3 ]
Prerequisite for the QCD-based EoS
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Quark matter 
(perturbative QCD)

typically c2
s ≃ 1

3

Nuclear matter (χEFT)
valid at ρ ≲ 2ρ0

UNKNOWN



Parametrizing the intermediate region
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Quark matter 
(perturbative QCD)

Nuclear matter (χEFT)

stiffening 
density ρstiff

Adiabatic index ΓP ∼ ρΓ

Crossover parametrization for piecewise polytropes:



Allowed region of parameters
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In later calculations, we take (ρstiff, Γ) = (1.6ρ0, 3.5)



Parametrizing the intermediate region

12

1st-order PT can be treated likewise:



Three possibilities: (1) Crossover

13

EoS without crossover



(2) Weak 1st-order PT

14
1st-order PT effect is small; similar to the crossover case



(3) 1st-order PT at very high densities
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Quark matter undetectable! 
1st-order PT is at too high densities, so no contribution from 

quark matter within the realistic neutron-star densities



(3) 1st-order PT at very high densities

16

10-1 100

Energy Density [GeV/fm3]

10-3

10-2

10-1

100

Pr
es

su
re

 [G
eV

/fm
3 ]

Quark matter undetectable! 
1st-order PT is at too high densities, so no contribution from 

quark matter within the realistic neutron-star densities



Categories of realistic PT pattern

17

(1) Crossover (2) Weak 1st-order

(3) Strong 1st-order @ high ρ
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Categories of realistic PT pattern
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(1) Crossover (2) Weak 1st-order

(3) Strong 1st-order @ high ρ
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Simulating this case is enough for the current purpose



Related preceding works
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Most,Papenfort,Dexheimer,Hanauske,Schramm,Stoecker,Rezzolla (2018); 
Bauswein,Bastian,Blaschke,Chatziioannou,Clark,Fischer,Oertel (2018)

Huang,Baiotti,Kojo,Takami,Sotani,Togashi,Hatsuda,Nagataki,Fan (2022); 
Kedia,Kim,Suh,Mathews (2022)
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Figure 4. Left: QCD Phase diagram resulting from the CMF model. The lines represent first-order
transitions. The circles mark the critical end-points. Isospin-symmetric matter refers to zero isospin
and strangeness constraints, while neutron-star matter stands for charged neutral matter in chemical
equilibrium. The shaded regions exemplify some of the different regimes that can be described within
the model. Right: EoS for star matter at T = 0 under different charge neutrality conditions calculated
with the CMF model.

The neutron-star-merger simulations [20] discussed next are performed using the
Frankfurt/IllinoisGRMHD code (FIL) [21–24] including weak-interactions via the neutrino-leakage
scheme [25–27]. The binaries are initially placed at a distance of 45 km in quasi-circular orbit and
perform around five orbits before the merger. These simulations include two setups with equal-mass
neutron stars with a combined total mass of M = 2.8 and 2.9 M�. For each of these systems, two
identical scenarios were simulated either employing the standard CMF EOS, where quarks and a strong
first-order PT are included, or a purely hadronic variant, in which the quarks are artificially suppressed.

The left panel of Figure 5 shows the meridional plane for the 2.9 M� binary 7.7 ms after the
merger, when the first-order phase transition has already occurred and formed a hot and dense
core inside the hypermassive neutron star. Different subpanels compare simulations performed
with the CMF model allowing for quarks (top subpanels) or artificially suppressing quarks (bottom
subpanels). The top subpanels show that a large quark fraction is only present in the center and outside
ring, where the temperature is high. Please note that in the bottom subpanels, due to the lack of a
first-order PT having taken place, there is no hot central region. This feature is a consequence of the
sudden compactification generated by the very steep first-order phase transition and would have been
significantly less pronounced if a mixture of phases had been included in the EOS.

The right panel of Figure 5 shows which parts of the EOS and the QCD phase diagram are actually
probed between 5 ms and 15 ms after the merger for the low-mass binary remnant. The diamonds
show the evolution of the maximum baryon density, which basically probes the center of the merged
object. The circles show the evolution of the maximum temperature, which probes different regions
of the remnant but, eventually, coincides with the center (when circles and diamonds meet). The
continued emission of GWs and, hence, the induced loss of angular momentum through GWs leads
to a continuous rise of the central density, which ultimately reaches and crosses the boundary of the
first-order PT (gray-shaded area).

1st-order PT model EoSs,

Most et al.: soft quark matter 
Bauswein et al.: stiffer quark matter

Crossover-type NJL model EoSs (QHC19), 
not based on ab-initio QCD calculation,

and predicts stiff EoS at high densities 
→ can be categorized into  
     “without crossover" EoS of case (1)
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GW signals from quark matter
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Crossover to quark matter (softening) 
drives the collapse to black holes

Fujimoto,Fukushima,Hotokezaka,Kyutoku (2022)
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Comparing the results with related works
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Most,Papenfort,Dexheimer,Hanauske,Schramm,Stoecker,Rezzolla (2018)
Universe 2019, 5, 0 6 of 9

0 500 1000 1500
µB (MeV)

0

50

100

150

200

T 
(M

eV
)

isospin-symmetric matter
neutron-star matter

lattice 
QCD and

relativistic
heavy-ion
collisions

ρB

early
uni-

verse

high-density
heavy-ion
collisions

nucl.
exp.

neutron-star
mergers

proto-
neutron stars

neutron stars
0 500 1000 1500 2000 2500

ε (MeV/fm3)

0

50

100

150

200

250

300

P 
(M

eV
/fm

3 )

0 500 1000 1500 2000 25000

neutron-star matter with local charge neutrality
neutron-star matter with global charge neutrality

Figure 4. Left: QCD Phase diagram resulting from the CMF model. The lines represent first-order
transitions. The circles mark the critical end-points. Isospin-symmetric matter refers to zero isospin
and strangeness constraints, while neutron-star matter stands for charged neutral matter in chemical
equilibrium. The shaded regions exemplify some of the different regimes that can be described within
the model. Right: EoS for star matter at T = 0 under different charge neutrality conditions calculated
with the CMF model.

The neutron-star-merger simulations [20] discussed next are performed using the
Frankfurt/IllinoisGRMHD code (FIL) [21–24] including weak-interactions via the neutrino-leakage
scheme [25–27]. The binaries are initially placed at a distance of 45 km in quasi-circular orbit and
perform around five orbits before the merger. These simulations include two setups with equal-mass
neutron stars with a combined total mass of M = 2.8 and 2.9 M�. For each of these systems, two
identical scenarios were simulated either employing the standard CMF EOS, where quarks and a strong
first-order PT are included, or a purely hadronic variant, in which the quarks are artificially suppressed.

The left panel of Figure 5 shows the meridional plane for the 2.9 M� binary 7.7 ms after the
merger, when the first-order phase transition has already occurred and formed a hot and dense
core inside the hypermassive neutron star. Different subpanels compare simulations performed
with the CMF model allowing for quarks (top subpanels) or artificially suppressing quarks (bottom
subpanels). The top subpanels show that a large quark fraction is only present in the center and outside
ring, where the temperature is high. Please note that in the bottom subpanels, due to the lack of a
first-order PT having taken place, there is no hot central region. This feature is a consequence of the
sudden compactification generated by the very steep first-order phase transition and would have been
significantly less pronounced if a mixture of phases had been included in the EOS.

The right panel of Figure 5 shows which parts of the EOS and the QCD phase diagram are actually
probed between 5 ms and 15 ms after the merger for the low-mass binary remnant. The diamonds
show the evolution of the maximum baryon density, which basically probes the center of the merged
object. The circles show the evolution of the maximum temperature, which probes different regions
of the remnant but, eventually, coincides with the center (when circles and diamonds meet). The
continued emission of GWs and, hence, the induced loss of angular momentum through GWs leads
to a continuous rise of the central density, which ultimately reaches and crosses the boundary of the
first-order PT (gray-shaded area).
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FIG. 4. Properties of the GW emission for the low- (left panels) and high-mass binaries (right panels). The top panels report the strain h22

+ for
the two EOSs, together with the instantaneous GW frequency fGW (semitransparent lines); the bottom panels show the phase difference ��
between the two signals. The inset in the top-right panel highlights the differences in the ringdown.

As can be seen from the last marker of the density evolu-
tion in Fig. 3, the HMNS core undergoes a complete PT to
quarks and the whole HMNS collapses immediately after the
PT. Note that the region of highest temperature is initially at
densities smaller than ⇠ nsat, but the temperature is suffi-
ciently high for quarks to appear in small amounts. After the
HMNS core crosses the PT boundary, the maximum temper-
ature rises steeply and thus the fluid elements with maximum
density and temperature coincide.

We complete our discussion of the PT by considering its
signatures on the GW emission by means of the strain, fre-
quency and phase difference, which are reported in Fig. 4 for
the low- and high-mass binary. Note that because the den-
sities and temperatures during the inspiral are too small to
cause the formation of quarks, the GW signal is identical for
the two EOSs and for both masses. This is radically differ-
ent from what happens when comparing merger simulations
using EOSs with and without hyperons, as these show differ-
ences in the GW signal already during the inspiral [9, 10], due
to the softening caused by the presence of hyperons. For such
EOSs, a dephasing is thus always present, both during the in-
spiral and after the merger, since there are always portions of
the stars with intrinsically different EOSs. In our case, in-
stead, it is only after the merger that differences arise due to
the presence of quarks.

For the low-mass binary, and after ⇠ 5 ms from the merger,
the GWs from the remnants start to show a linear dephasing
that reaches about three radians by the time the binary with the
CMFQ EOS collapses to a black hole (bottom-left panel). The
start of the phase difference, which is essentially zero even af-
ter the merger, coincides with the formation of the two hot
spots and, thus, with the appearance of quarks. In fact, al-
though Yquark is very small at those times, it is sufficient to
produce changes in the pressure of ⇠ 5%, that are responsi-
ble for the changes in the GW emission, both in amplitude
and in frequency (top-left panel), thus producing a mismatch

between two post-merger spectra [42–47]. These changes in
pressure also lead to a small damping of the GW amplitude
prior to collapse, which is triggered by the first-order PT for
the CMFQ EOS. Hence, the lifetime of the HMNS is shorter
than in the purely hadronic case.

In many respects, the left panels of Fig. 4 are a representa-
tive example of the signatures of a PT in a binary merger. In
an idealized scenario where the GW signal from the inspiral
is measured with great precision and can be associated with
confidence to a purely hadronic EOS (the inspiral can only
probe comparatively low-density regions of the EOS), the
unexpected dephasing of the template-matched post-merger
signal [48, 49], together with the anticipated collapse of the
HMNS, would provide evidence that a PT at several times
nsat, possibly of the type described here, has taken place in
its core. Of course, a single detection could still be accomo-
dated via a tweaking of the EOS in the high-density part of
a hadronic EOS. However, the “tweaking” would be increas-
ingly hard with multiple detections as it cannot describe the
complex nonlinear occurrence of the PT.

The right panels of Fig. 4 report the properties of the GW
signal for the high-mass binaries, both of which collapse very
rapidly for EOSs with and without quarks. The differences in
this case are harder to detect since the dephasing starts only
after ⇠ 5 ms, but is very quickly suppressed by the collaps-
ing signal. The latter, however, is different, as shown in the
small inset in the top-right panel of Fig. 4, where the two
ringdown signals are suitably aligned. These differences are
caused by distinct free-fall times of the cores of the HMNSs,
which are shorter in the case of the ultra-softened EOS with
quarks. Although these differences are not large (the relative
difference in the ringdown-frequency is . 25%, yielding an
overlap of only O = 0.92 [50, 51]) they are large enough
to be distinguishable if detected by third-generation GW de-
tectors [52, 53]. As a final remark, we point out that all of
the dynamics reported above is found also when simulating

Results are consistent with our 
crossover EoS

Chiral mean field model EoSs with 1st-order PT 
to soft quark matter

EoS softening is essential 
for quark matter detection



Comparing the results with related works

23

Huang,Baiotti,Kojo,Takami,Sotani,Togashi,Hatsuda,Nagataki,Fan (2022)

Crossover-type NJL model EoSs (QHC19), 
with stiff quark matter

Results are consistent with our 
“without crossover” EoS



Consistency with kilonova AT2017gfo
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Summary
- Detectability of quark matter by gravitational waves from binary 

neutron star mergers is discussed


- The QCD-based EoS: 
 ○ Based on the ab initio QCD calculations, PTs can be  
    categorized into a few possibilities (Crossover or 1st-order)


- Central results: 
 ○ Crossover and hadronic EoSs show qualitative difference; 
    Crossover to quark matter drives the collapse to black holes,  
    while the hadronic EoS does not. 
○ Electromagnetic counterparts (kilonova) can be useful check

25


