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Plan of the talk:

1. Dense QCD: From NJL model EoS to synthetic parametrization

2. Mass-Radius diagram and astrophysical constraints

3. Tidal deformabilities and the GW170817 event

4. Universal relations and an example of application

In collaboration with:

Mark Alford (Washington University, St. Louis, USA)

Jia-Jie Li (Goethe-University→ South Western University, China)

also for universalities: V. Paschalidis, K. Yagi, D. Blaschke,
Alvarez-Castillo, Largani, Fischer, Raduta, Oertel, Khadkikar

2 / 42



Dense QCD
and compact

stars

A Sedrakian

Dense QCD

Mass-Radius
diagram

Tidal
deformabilities
and radii of
compact stars

Universalities
relations

Dense QCD

Dense QCD: From NJL model EoS to synthetic
parametrization
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Dense QCD

The QCD Lagrangian is written for ψq = (ψqR, ψqG, ψqB)T as

LQCD = ψ̄i
q(iγµ)(Dµ)ijψ

j
q − mqψ̄

i
qψqi︸ ︷︷ ︸

quarks

−
1
4

Fa
µνFaµν︸ ︷︷ ︸

gluons(Yang−Mills)

,

where (Dµ)ij = δij∂µ − igstaijA
a
µ ,︸ ︷︷ ︸

covarinat derivative

and Fµν = ∂µAν − ∂νAµ − 2q(Aµ × Aν)︸ ︷︷ ︸
gluonic field (Yang−Mills) field tensor

7

Quark matter phase diagram

pQCD
!PT

hadronsgas

Compact Stars

Tc

T
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CFL
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colour
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Credit: M. Mannarelli
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Dense QCD

Quark phases

NJL model description of quark matter

LNJL = ψ̄(iγµ∂µ − m̂)ψ︸ ︷︷ ︸
quarks

+ GV(ψ̄iγµψ)2︸ ︷︷ ︸
vector

+ GS

8∑
a=0

[(ψ̄λaψ)2 + (ψ̄iγ5λaψ) 2]

︸ ︷︷ ︸
scalar−pseudoscalar

+ GD
∑
γ,c

[ψ̄a
αiγ5ε

αβγεabc(ψC)b
β ][(ψ̄C)r

ρiγ5ε
ρσγεrscψ

s
σ ]

︸ ︷︷ ︸
pairing

− K
{

detf [ψ̄(1 + γ5)ψ] + detf [ψ̄(1− γ5)ψ]
}︸ ︷︷ ︸

t′Hooft interaction

,

- quarks: ψa
α, color a = r, g, b, flavor (α = u, d, s); mass matrix: m̂ = diagf (mu,md,ms);

- other notations: λa, a = 1, ..., 8, ψC = Cψ̄T and ψ̄C = ψT C, C = iγ2γ0.

Parameters of the model:

- GS the scalar coupling and cut-off Λ are fixed from vacuum physics
- GD is the di-quark coupling ' 0.75GS (via Fierz) but free to change
- GV and ρtr are treated as free parameters
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Dense QCD

Quark phases

QCD interactions pairing interactions and gaps
- Symmetric in space wave function (isotropic interaction) 〈0|ψa

ασψ
b
βτ |0〉

- Antisymmetry in colors a, b for attraction
- Antisymmetry in spins σ, τ (Cooper pairs as spin-0 objects)
- Antisymmetry in flavors α, β

2SC phase:

Low densities, large ms (strange quark decoupled)

∆(2SCs) ∝ ∆εab3εαβ δµ� ∆,

Crystalline or gapless phases:

Intermediate densities, large ms (strange quark decoupled)

∆(cryst.) ∝ εαβ∆0 ei~Q·~r δµ ≥ ∆,

CFL phase:

High densities nearly massless u, d, s quarks

∆(CFL) ∝ 〈0|ψa
αLψ

b
βL|0〉 = −〈0|ψa

αRψ
b
βR|0〉 = ∆εabC∆εαβC.
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Dense QCD

EOS hadronic matter + Q1 (2SC) and Q2 (CFL) phases of
matter

Maxwell: large surface tension –> sharp jump: PN(µB) = PQ(µB)

Glendenning: low surface –> smooth transition
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Dense QCD

Synthetic equations of state with constant speed of sound

∆ε1

∆ε2

2

P
re
ss
ur
e

density

Energy

ε

∆ε2SC

1 ε2

CFL

2SC

nuclear

P

1P

Parameters of the models:

(ε1,P1) ∆ε1, ∆ε2SC (ε2,P2) ∆ε2

Note that there are five independent parameters.
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Dense QCD

Nuclear phenomenology

Taylor expansion of nuclear energy

E(χ, δ) ' E0 +
1
2!

K0χ
2 +

1
3!

Qsymχ
3 + Esymδ

2 + Lδ2χ+O(χ4, χ2δ2), (1)

where δ = (nn − np)/(nn + np) and χ = (ρ− ρ0)/3ρ0.

saturation density
ρ0 = 0.152 fm−3

binding energy per nucleon
E/A = −16.14 MeV,

incompressibility
Ksat = 251.15 MeV,

skweness Qsat = 479

symmetry energy
Esym = 32.30 MeV,

symmetry energy slope
Lsym = 51.27 MeV,

symmetry incompressibility
Ksym = −87.19 MeV
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Credit: Lattimer et al 2017
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Dense QCD

Nuclear phenomenology

Consistency between the density functional and experiment
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– Uncertainties will be quantified in terms of variation of higher-order characteristics
around the central fit values.
– Low density physics depends strongly on the value of Lsym with strong correlation to the
radius of the star and tidal deformability
– High-density physics strongly depends on the value of Qsym with strong correlations to
the mass of the star.
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Dense QCD

Mass-Radius diagram
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Mass-Radius diagram

TOV

Stationary compact stars

Einstein’s field equations:

Gµν = Rµν −
1
2

Rgµν = −8πTµν ,

Energy-momentum tensor:

Tµν = −P(r)gµν + [P(r) + ε(r)] uµuν

0
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M
 
[
M

O
]

TOV equations, static spherically symmetrical stars:

dP(r)
dr

= −
Gε(r)M(r)

c2r2

(
1 +

P(r)
ε(r)

)(
1 +

4πr3P(r)
M(r)c2

)(
1−

2GM(r)
c2r

)−1

.

M(r) = 4π

r∫
0

r2ε(r)dr. P[ε] → M,R, I,Q, . . .
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Mass-Radius diagram

Pulsar mass measurements from radio observations

Credits: P. Freire, V. V. Krishnan, (MPIFR, Bonn).
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Mass-Radius diagram

Quarks and new equilibria of compact objects

S. Shapiro, S. Teukolsky, “Black holes, White dwarfs and Neutron Stars”

-White dwarfs -first family, M ≤ 1.5M�, [S. Chandrasekhar, L. Landau (1930-32)]
-Neutron Stars - second family, M ≤ 2M�, [Oppenhimer-Volkoff (1939)]
-Hybrid Stars - third family, M ≤ 2M�, [Gerlach (1968), Glendenning-Kettner (2000)]
- Fourth Family - see Phys. Rev. Lett. 119, 161104 (2017).
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Mass-Radius diagram

EoS with sequential phase transitions
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∆ε2

2
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density

Energy
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nuclear
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1P

Need to specify:

The scheme extends the EoS with constant speed of sound (CSS) of M. G. Alford, S. Han,
M. Prakash, Phys. Rev. D 88, 083013 (2013) to double phase transitions: Phys. Rev. Lett.
119, 161104 (2017).
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Mass-Radius diagram

EoS in analytical form

P(ε) =


P1, ε1 < ε < ε1 +∆ε1

P1 + s1
[
ε− (ε1 +∆ε1)

]
, ε1 +∆ε1 < ε < ε2

P2, ε2 < ε < ε2 +∆ε2

P2 + s2
[
ε− (ε2 +∆ε2)

]
, ε > ε2 +∆ε2 .

Need to specify:

the two speeds of sounds: s1 and s2

the point of transition from NM to QM ε1,P1

the magnitude of the first jump ∆ε1

the size of the 2SC phase, i.e, the second transition point ε2,P2

the size of the second jump ∆ε2
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Mass-Radius diagram

Mass-central pressure relation

Phase Q1: P1 = 1.7× 1035 dyn cm−2, ∆ε2SC/ε1 = 0.27, ∆ε1/ε1 = 0.6.
Phase Q2: 4 different values of ∆ε2.

Speeds of sound s1 = 0.7 and s2 = 1.

Stable branches –> solid lines, unstable branches –> dashed lines.

Triplets emerge for ∆ε2 = 0.23
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Mass-Radius diagram

Mass-radius relation

Same as previous slide but the M − R relation.
Emergence of twins and triplets –> strong first order phase transition in quark matter.

19 / 42



Dense QCD
and compact

stars

A Sedrakian

Dense QCD

Mass-Radius
diagram

Tidal
deformabilities
and radii of
compact stars

Universalities
relations

Mass-Radius diagram

Internal structure of triplet stars

Internal profiles of triplets with M = 1.975 M� and ∆ε2/∆ε1 = 0.23.

“N” –> nuclear only, 2SC —> single phase, CFL,2SC –> two phases.
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Mass-Radius diagram

Stability “matrix” for different magnitudes of jumps

∆ε1/ε1
∆ε2/∆ε1 0.4 0.5 0.6 0.7

0.1 s, s s, s us, s︸︷︷︸
N-2SC

u, us︸︷︷︸
N-CFL

0.2 s, s s, s us, us︸ ︷︷ ︸
triplet

u, us︸︷︷︸
N-CFL

0.3 s, s s, s us, us︸ ︷︷ ︸
N-2SC;N-CFL

u, us︸︷︷︸
N-CFL

0.4 s, s s, us︸︷︷︸
2SC-CFL

us, u︸︷︷︸
N-2SC

u, u

0.5 s, s s, us︸︷︷︸
2SC-CFL

us, u︸︷︷︸
N-2SC

u, u

Stable/unstable branches are referred by s/u, the Q1 and Q2 phases.

Increasing the jumps –> instability
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Mass-Radius diagram

Tidal deformabilities and radii of compact stars
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Tidal deformabilities and radii of compact stars

GW170817

The GW170817 event
GW170817: First gravitational waves from a neutron star merger
(Ligo-Virgo-Collaboration)

The associated EM events observed by over 70 observatories :

+ 2sec gamma ray burst is detected

+10 h 52 min bright source in optical

+11 h 36 min infrared emission; +15 h ultraviolet

+9 days X-rays; +16 days radio
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Tidal deformabilities and radii of compact stars

Pre-merger signal

Post-merger not observed (yet)

The gravitational wave signal allows for extraction of the tidal deformability of the two
neutron stars Λ1 and Λ2.

Qij = −λEij, Λ =
λ

M5
,

where Qij is the induced quadrupole moment, Eij is the tidal field of the partner.
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Tidal deformabilities and radii of compact stars

to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017 % 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90 %
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-5
low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-7
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The pulsed emission caused by hot spots on a rotating 

neutron star can help measure the compactness.

~105 K

~106 K

Credits: NASA/NICER
Pulse-profile modeling of PSR J0030+0451 and PSR J0740+6620 [Riley et al 2019,2021),
Miller et al 2019,2021]

1.34+0.15
−0.16M� –> 12.71+1.14

−1.19 km, 1.44+0.15
−0.14M� –> 13.02+1.24

−1.06
km,

2.08+0.09
−0.09M� –> 12.39+1.30

−0.98 km, 2.07+0.07
−0.07M� –> 13.71+2.61

−1.50 km.
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EOS of hypernuclear + Delta matter

Mass-radius relation for hadronic stars
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P S R  J 0 7 4 0 + 6 6 2 0
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6 1 6

The range of Lsym corresponds to the lower inference and mean value found from
PREX-II analysis.

The maximum mass increases monotonically with Qsat.

Low Lsym values allow for GW170817 to be explained by hadronic stars for all the
values of Qsat, but are in tension with the PREX-II analysis of Indiana group.
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M − R and M − Λ for twin stars
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Λ
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(a) Mass-radius relation for hybrid stars with a single QCD phase translation, with
different hadronic envelopes. (b) Mass-deformability relation for stars featuring nucleonic
envelopes. The inset shows the results for the case MH

max/M� = 1.20.
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M − R and M − Λ for triplet stars
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(a) Mass-radius relation for hybrid stars with a single QCD phase translation, with
different hadronic envelopes. (b) Mass-deformability relation for stars featuring nucleonic
envelopes. The inset shows the results for the case MH

max/M� = 1.20.
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Λ-Λ for twin stars

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 00

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 00

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

1 1 . 5 1 2 . 0 1 2 . 5 1 3 . 0
1 . 3 2
1 . 3 6
1 . 4 0

���

����

��

���

���

 I

N ( N Y )
N Y � ( a )

 Λ 1 ( M 1 )

0 . 6
0 . 8 1 . 0

1 . 2

M H
m a x / M �= 1 . 8

Λ 2(M 2) 1 . 6

- H
- H
- Q 2

Q 2
  H
Q 2

M 1 - M 2

����

��

M 1 - M 2

H - Q 2Q 2 - Q 2

Q 2 - H

Λ 2(M 2)

( b )

M H
m a x / M �= 1 . 4 0

 

Λ 1 ( M 1 )

H - H

���

M 2

M 1

 

M [M
�]

R  [ k m ]

a) Tidal deformabilities of compact objects in the binary with chirp massM = 1.186M�
(b) Prediction by an EoS with maximal hadronic mass MH

max = 1.365M�. The inset shows
the mass-radius relation around the phase transition region. The circles M2 are two
possible companions for circle M1, generating two points in the Λ1-Λ2 curves while one
point is located below the diagonal line.
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Λ-Λ for triplet stars
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The case of double phase transition a) Tidal deformabilities of compact objects in the
binary with chirp massM = 1.186M� (b) Prediction by an EoS with maximal hadronic
mass MH

max = 1.365M�. The inset shows the mass-radius relation around the phase
transition region. The circles M2 are two possible companions for circle M1, generating
two points in the Λ1-Λ2 curves while one point is located below the diagonal line.
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Universalities of TOV solutions:

Universal (independent of the underlying EoS) relations among the global
properties of compact stars - I − L− Q relations. (Yagi and Yunes 2013a; Maselli
et al. 2013; Breu and Rezzolla 2016; Yagi and Yunes 2017)
Well established for:
(a) zero temperature slowly rotating stars
(b) rapidly rotating cold star
(c) magnetized cold star

Finite temperature stars (proto-neutron stars, BNS remnants) - universalities,
I − L− Q relations and I(C) are broken (Martinon et al. 2014; Marques et al.
2017; Lenka et al. 2019). Both S =Const and S-gradients

But if one considers fixed values of (S/A, YL,e) universal relations hold - accuracy
comparable to cold compact stars (A. Raduta, M. Oertel, A. S., arXiv:2008.00213)

Universalities also hold for rapidly rotating hot stars for fixed values of (S/A, YL,e)
(S. Khadkikar, A. Raduta, M. Oertel, A. S. arXiv:2102.00988)

Universalities also hold for cold (arXiv:1712.00451) and hot (arXiv:2112.10439)
rapidly rotating hybrid stars (Paschalidis et al, Largani et al.)

Universality can be used to extract the maximum mass of hot static compact stars
from GW170817 arXiv:2102.00988
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EOS of hypernuclear + Delta matter

Input EoS to test universalities
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Hybrid star EoS with single phase transition first used to test the universalities for
such objects
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EOS of hypernuclear + Delta matter

Examples of universalities
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Moment of inertia vs tidal deformability and moment of inertia vs quadrupole
moment
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Examples of universalities

1.8 2 2.2 2.4 2.6 2.8 3

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

1.8 2 2.2 2.4 2.6 2.8

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

1.8 1.9 2 2.1 2.2 2.3

2

2.2

2.4

2.6

Maximum masses of Keplerian vs static hadronic (left) and hybrid (right) stars.
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Maximum TOV mass from GW170817

ρc

M

rot. supramassive NSs

stable
rot.NSs

only diff.
rot. NSs

only diff. rot.
supramassive NSs

diff. rot. hypermassive NSs

M
TOV

Mmax

(2)

(1)

the merger leaves behind a hypermassive neutron star (HMNS)

the internal dissipation leads to vanishing internal shears and uniform rotation.

the star enters the region of stability of supramassive neutron stars close to the
maximum mass

the star crosses the stability line beyond which it is unstable to collapse
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Maximum TOV mass from GW170817

The extraction of the upper limit circumvents the full dynamical study and uses the
baryon mass conservation at at merger t = 0 and collapse t = tc

MB(tc, S/A, Ye) = MB(0)−Mout −Mej,

Transform from the baryonic to the gravitational mass

MB(tc, S/A, Ye) = η(S/A, Ye)M(tc, S/A, Ye) = η(S/A, Ye)M?
K(S/A, Ye),

The last step assumes that the star is Keplerian (Shibata et al 2019 relax this
assumption).

Solve the mass conservation for hot Keplerian mass

M?
K(S/A, Ye) =

1
η(S/A, Ye)

[
η(0)M(0)−Mout −Mej

]
.
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The different normalizations (cold vs hot) show that the universality is broken when

normalized to the cold TOV mass and is maintained if normalized by static hot star.
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Dependence of the η parameter on the gravitational mass.
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The analysis of GW170817 gives us the values:

M(0) = 2.73M�
+0.04
−0.01

Mej = 0.04± 0.01M� → Mout + Mej = 0.1± 0.041

In GW170817 the primary/secondary masses lie in the range 1.35 ≤ M/M� ≤ 1.6

for cold compact stars based on our collection of EoS we have
η(0) ' 1.120± 0.002 for M = 1.6M� and η(0) ' 1.085± 0.001 for
M = 1.2M�

For our estimates we adopt the value η(0) ' 1.1004+0.0014
−0.0003 leading to

MB(0) = 3.00+0.05
−0.01M�.

Assuming that the star is rotating at the Keplerian frequency we then find that
η(2, 0.1) ' 1.139± 0.004 and η(3, 0.1) ' 1.099± 0.003. For the quantity
(Mout + Mej)/η(S/A, Ye) we obtain 0.087± 0.036 and 0.091± 0.037
for S/A = 2 and 3 and Ye = 0.1,

Substituting the numerical values in

M?
K(S/A, Ye) =

1
η(S/A, Ye)

[
η(0)M(0)−Mout −Mej

]
.

we find

M?
K(2, 0.1) = 2.55+0.06

−0.04, M?
K(3, 0.1) = 2.64+0.06

−0.04.
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Next step gives us maximum mass of non-rotating hot compact stars, using universality

M?
S (2, 0.1) = 2.19+0.05

−0.03, M?
S (3, 0.1) = 2.36+0.05

−0.04.

The universality is broken, but we can deduce an upper limit on the maximum mass of cold
compact stars. The average values C?M = 1.19± 0.04 for S = 2 and C?M = 1.18± 0.11
for S = 3 can now be used to obtain, respectively,

M?
TOV = 2.15+0.09+0.16

−0.07−0.16, M?
TOV = 2.24+0.10+0.44

−0.07−0.44.

(2σ standard deviation)

Constant entropy per baryon and constant electron fraction star (?)

S/A = 2 and 3 – average values for the inner part of the merger remnant.

more precise result would require a profile for S

Conclusion: Accounting for the finite temperature of the merger remnant relaxes the
derived constraints on the maximum mass of the cold, static compact star, obtained in by
Margalit-Metzger 2017, Rezzolla et al 2018, Ruiz et al (2018), Shibata et al (2019a).

Universality is lost and the final upper limit becomes EoS dependent due to the EoS

dependence of C?M .
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