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Motivation & Outline of this talk
- 0) Introduction: Dense quark matter in neutron stars    

    (NSs)?  How to detect it? 

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

  ○ Parametrization & possible scenarios for PTs 

- 2) Detecting quark matter by gravitational waves (GWs) 
  ○ GW signals and detectability 

  ○ Some issues: thermal index, electromagnetic counterpart
2



Quark liberation at high densities
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Quark liberation at high densities?
Colins,Perry (1974); McLerran,Pisarski (2008); 

Quark-hadron continuity: Schafer,Wilczek (1998); Fujimoto,Fukushima,Weise (2019)



Quark liberation at high densities

4(Heavy) Neutron stars have quark matter?



Structure of static NSs
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Structure of static NSs
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Gravitational waves (GWs) from binary NSs
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Ligo-Virgo Collaboration (2018)
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result is shown in Fig. 2, along with marginalized posteri-
ors for central densities and central pressures and predic-
tions of the pressure-density relationship from various EOS
models. The pressure posterior is shifted from the 90%
credible prior region (marked by the purple dashed lines)
and towards the soft floor of the parametrized family of
EOS. This means that the posterior is indicating more sup-
port for softer EOS than the prior. The solid vertical lines
denote the nuclear saturation density and two more rest-
mass density values that are known to approximately cor-
relate with bulk macroscopic properties of NSs [19]. The
pressure at twice (six times) the nuclear saturation density
is measured to be 3.5+2.7

�1.7⇥1034 (9.0+7.9
�2.6⇥1035) dyn/cm2

at the 90% level.
The pressure posterior appears to show minor signs of a

bend above a density of ⇠ 5⇢nuc. Evidence of such behav-
ior at high densities would be an indication of extra degrees
of freedom, though this is not an outcome of the GW data
alone. Indeed in the top (right) panel, the vertical (horizon-
tal) lines denote the 90% confidence intervals for the cen-
tral densities (pressures) of the two stars, suggesting that
our data are not informative for densities (pressures) above
those intervals. The bend is an outcome of two compet-
ing effects: the GW data point toward a lower pressure,
while the requirement that the EOS supports masses above
1.97M� demands a high pressure at large densities. The
result is a precise pressure estimate at around 5⇢nuc and a
broadening above that, giving the impression of a bend in
the pressure. We have verified that the bend is absent if we
remove the maximum mass constraint from our analysis.

Finally we place constraints in the 2-dimensional param-
eter space of the NS mass and areal radius for each binary
component. This posterior is shown in Fig. 3. The left
panel is obtained by first using the ⇤a(⇤s, q) relation to ob-
tain tidal deformability samples assuming a common EOS
and then using the ⇤–C relation to compute the NS radii.
The right panel is computed by integrating the TOV equa-
tion to compute the radius for each sample in the spectral
EOS parametrization after imposing a maximum mass of at
least 1.97M�. At the 90% level, the radii of the two NSs
are R1 = 10.8+2.0

�1.7 km and R2 = 10.7+2.1
�1.5 km from the left

panel and R1 = 11.9+1.4
�1.4 km and R2 = 11.9+1.4

�1.4 km from
the right panel. The one-sided 90% lower [upper] limit
on m2[m1] is (1.15, 1.36)M�[(1.36, 1.62)M�] from the
left panel and (1.18, 1.36)M�[(1.36, 1.58)M�] from the
right panel, consistent with the results of Ref. [52]. We
note that the ⇤–C relation has not been established to val-
ues of ⇤ less than 20 [104]. In order to check the validity
of our EOS-insensitive results in this regime, we first ver-
ify that the parametrized-EOS results without a maximum
mass constraint satisfy the ⇤–C relation to the required ac-
curacy, even for ⇤1 < 20. Furthermore, we find that our
radius and mass estimates are unaffected if we discard all
⇤1 < 10 samples.

The difference between the two radius estimates is
mainly due to different physical information included in
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FIG. 2. Marginalized posterior (green bands) and prior (purple
dashed) for the pressure p as a function of the rest-mass den-
sity ⇢ of the NS interior using the spectral EOS parametrization
and imposing a lower limit on the maximum NS mass supported
by the EOS of 1.97 M�. The dark (light) shaded region corre-
sponds to the 50% (90%) posterior credible level and the pur-
ple dashed lines show the 90% prior credible interval. Vertical
lines correspond to once, twice, and six times the nuclear satu-
ration density. Overplotted in gray are representative EOS mod-
els [121, 122, 124], using data taken from [19]; from top to bot-
tom at 2⇢nuc we show H4, APR4, and WFF1. The corner plots
show cumulative posteriors of central densities ⇢c (top) and cen-
tral pressures pc (right) for the two NSs (blue and orange), as well
as for the heaviest NS that the EOS supports (black). The 90%
credible intervals for ⇢c and pc are denoted by vertical and hori-
zontal lines respectively for the heavier (blue dashed) and lighter
(orange dot-dashed) NS.

each analysis. The EOS-insensitive-relations analysis (left
panel) is based on GW data alone, while the parametrized-
EOS analysis (right panel) imposes an additional observa-
tional constraint, namely that the EOS must support NSs of
at least 1.97M�. This has a large effect on the radii priors
as shown in the 1-dimensional plots of Fig. 3, since small
radii are typically predicted by soft EOSs, which cannot
support large NS masses. In the case of EOS-insensitive
relations (left panel), the prior allows for smaller values of
the radius than in the parametrized-EOS case (right panel),
something that is reflected in the posteriors since the GW
data alone cannot rule out radii below ⇠ 10 km. There-
fore the lower radius limit in the EOS-insensitive-relations
analysis is determined by the GW measurement, while in
the case of the parametrized-EOS analysis it is determined
by the mass of the heaviest observed pulsar and its impli-
cations for NS radii [65]. Additionally, we verified that
the parametrized-EOS analysis without the maximum mass
constraint leads to similar results to the EOS-insensitive-
relations analysis.

To quantify the improvement from assuming that both
NSs obey the same EOS, we apply the ⇤–C relation to

More information obtained from NSs in dynamical event 
Constraints on the EoS by GWs from binary NS mergers:

If there is quark matter inside NS, there should be 
imprints in the EoS → Probe it with GWs



Gravitational waves from binary NSs

9

Dietrich,Hinderer,Samajdar (’20)

GW signals in numerical relativity simulations:

postmerger phase contains more information on the EoS



Gravitational waves from binary NSs

10

Maggiore (2018)

Expected sensitivity in future detectors



Motivation & Outline of this talk
- 0) Introduction: Dense quark matter in neutron stars    

    (NSs)?  How to detect it? 

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

  ○ Parametrization & possible scenarios for PTs 

- 2) Detecting quark matter by gravitational waves (GWs) 
  ○ GW signals and detectability 

  ○ Some issues: thermal index, electromagnetic counterpart
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Modern view on the EoS
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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.
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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?



Support from NS observation
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Fujimoto,Fukushima,Murase (2019, 2021)

Speed of sound   (slope of the EoS) 
from deep learning analysis of NS data

c2
s = ∂P/∂ε

Rapid stiffening 
observed in NS data



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
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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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(perturbative QCD)

Nuclear matter (χEFT)

stiffening 
density ρstiff

Adiabatic index ΓP ∼ ρΓ

Crossover-type parametrization:



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



Parametrizing the intermediate region
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1st-order PT can be treated likewise:



Four possibilities: (1) Crossover
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hadronic EoS



(2) Weak 1st-order PT

20
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
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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



(4) Other possibility of 1st-order PT
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Cannot be treated within our framework, 
but already considered in the preceding studies

Most,Papenfort,Dexheimer,Hanauske,Schramm,Stoecker,Rezzolla (2018)



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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(4) Strong 1st-order @ low 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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(4) Strong 1st-order @ low 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)

Universe 2019, 5, 0 6 of 9
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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, 
not based on pQCD, 
but predicts soft EoS at high densities 
→ can be categorized into (4)

2

FIG. 1. Schematic plots for the mass-radius relations (main panel)
and pressure P v.s. energy density e (subpanel) for some EOSs
satisfying constraints from terrestrial experiments and the observa-
tional fact that a NS of mass ⇡ 2M� exist; “H" refers to a purely
hadronic model, "1st P.T." to a hybrid model with a first-order quark-
hadron phase transition, and “QHC" to models with a quark-hadron
crossover. QHC models show sti↵ening at densities lower than in the
other two cases, typically leading to larger radii and smaller central
densities for NSs with masses 1.4–2M�. The grey, green, and yellow
shaded areas in the main and sub panels correspond to the number
density ranges of n ⇠ 1–2n0, ⇠ 2–4n0, and & 4n0, respectively.

ulations of BNS mergers with EOSs based on the QHC are
reported. We adopt the QHC19 EOS [16], which is based
on the Togashi nucleonic EOS [20] for n  2n0 and a pure
quark EOS for n & 5n0, with the crossover region calculated
through interpolation [16]. We compare results with simula-
tions adopting the Togashi EOSs over the whole density range.
The QHC19 and Togashi EOSs di↵er substantially only for
n & 3n0, and, since the maximum values of n in our inspi-
ralling NSs are around 3n0 (cf. Fig. 3), the properties (like
tidal deformability [21, 22]) of stars built with the above dif-
ferent EOSs and their dynamics during the inspiral di↵er of
less than 1% (see Table 1. in Supplemental material). More
remarkable di↵erences are expected only during and after the
merger.

Numerical setup. As a first step to explore the role of a
QHC in BNS mergers, we focus on equal-mass configura-
tions, and, with the goal of studying post-merger dynamics,
we have chosen four relatively low-mass models, in which
the gravitational masses of each NS at infinite separation are
M/M� = 1.250, 1.300, 1.350, 1.375. We refer to these as
M1.25, M1.30, M1.35, M1.375, respectively. See Table 1 in
Supplemental material for details.

We performed fully general-relativistic simulations adopt-
ing two QHC models, QHC19B (named here QHC19-soft),
QHC19D (named QHC19-sti↵) [16], and the purely hadronic
Togashi EOS [20]. Reference [16] shows QHC EOSs for 4
parameter sets (A, B, C, D), relative to the way of connecting
the hadron and quark EOSs. Set A, however, is not discussed
here because it leads to an EOS with too small a maximum
mass for NSs, and, among the remaining three sets, for sim-
plicity we have chosen only two: the softest and sti↵est ones
in the crossover region.
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FIG. 2. Square of sound speed normalized to the speed of light,
c2

s/c2 = dP/de, for our QHC EOSs with soft and sti↵ sets of quark
model parameters and for representative hadronic EOSs: Togashi
EOS [20], SFHo [23], and DD2 [24]. The yellow band is the al-
lowed region in the model-agnostic approach of Legred et al. [25]
(see also [26]). The conformal limit, c2

s = c2/3, which should be
reached in the high-density limit, is also shown as a guide.

A short additional description of the EOSs, the codes, and
some of the numerical parameters used in our simulations is
presented in the Supplemental material. Here, we briefly com-
ment only on how we mimic thermal e↵ects in matter, even
when adopting an EOS, like QHC19, that does not contem-
plate them. Ours is a standard treatment in numerical relativ-
ity, but we discuss it nevertheless because it may be of interest
to a wider audience. Approximate thermal e↵ects are included
by adding to the pressure given by the cold EOS a component
calculated by assuming an ideal-gas behavior with a constant
ideal-gas index �th, which is chosen in the range 1.5–2.0 to
reproduce realistic values (see, e.g., [27–35]). Note that the
lifetime before collapse to black hole of the material object
formed in the merger depends also on thermal support and
thus would depend on the ad hoc value of �th, but post-merger
oscillation frequencies (see next section) are relatively insen-
sitive to it [36]. The lifetime before collapse is a quantity that
anyway cannot currently be estimated accurately in numerical
simulations, because it depends sensitively on many factors,
including non-physical ones like grid setup and resolution. In
this work we focus, instead, on post-merger oscillation fre-
quencies and, in order to have higher power in the oscillation
modes, we have chosen the highest reasonable value, �th = 2,
which gives the longest lifetime before collapse. See Supple-
mental material for more details.

Results and discussion. As mentioned in the introduction,
we expect and see no remarkable di↵erences between di↵er-
ent models during the inspiral. As seen from in Fig.2, both
QHC19-soft and QHC19-sti↵ are sti↵er (have higher sound
speed) than the Togashi EOS at densities slightly above 2n0.
The Togashi EOS is sti↵er than QHC19-soft for n & 3.5n0,
and than QHC19-sti↵ for n & 4.0n0. Within the density range
reached in our BNS simulations (cf. Fig. 3), QHC19-sti↵ is
thus always sti↵er than the Togashi EOS for all models with
di↵erent masses considered here, while QHC19-soft can be

Crossover-type NJL model EoSs (QHC19), 
not based on pQCD either, 
and predicts stiff EoS at high densities 
→ can be categorized into (1)



Related preceding works
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(1) Crossover (2) Weak 1st-order

(3) Strong 1st-order @ high ρ
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(4) Strong 1st-order @ low ρ
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Motivation & Outline of this talk
- 0) Introduction: Dense quark matter in neutron stars    

    (NSs)?  How to detect it? 

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

  ○ Parametrization & possible scenarios for PTs 

- 2) Detecting quark matter by gravitational waves (GWs) 
  ○ GW signals and detectability 

  ○ Some issues: thermal index, electromagnetic counterpart
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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)

1.375M⊙-1.375M⊙



Thermal effect
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In the simulation, thermal part of EoS is parametrized as free gas

thermal index

Fujimoto,Fukushima,Hidaka,Hiraguchi,Iida [2109.06799]

P = Pcold + Pthermal
ε = εcold + εthermal

Pthermal ≈ ρεthermal(Γth − 1)
Our choice: Γth = 1.75

Bauswein et al. (2018),…



Thermal effect & maximum density
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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 QCD calculations, PTs can be categorized into 
    four possibilities (Crossover or 1st-order) 
 ○ Related preceding works also fit into these categories 

- 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. 
 ○ Uncertainty in thermal effect is to be explored more. 
 ○ Electromagnetic counterparts (kilonova) can be useful check
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