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Measured masses and radii
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Figure 2

The most recent measurement of neutron star masses. Double neutron stars (magenta), recycled pulsars
(gold), bursters (purple), and slow pulsars (cyan) are included.

masses, from ≈ 1.1−2 M⊙. The differences between the neutron star masses in different categories

are also evident. To study and characterize the mass distributions of these different classes in more

detail, it is possible to use Bayesian statistical techniques on the currently available measurements.

In particular, the three different categories of sources, namely, the DNSs, the slow pulsars (i.e., the

small spin period pulsars and neutron stars with high mass companions, which are likely to be near

their birth masses) and the recycled pulsars (which include all MSPs and the accreting neutron

stars with low-mass companions) can each be modeled with Gaussian functions with a mean of M0

and a dispersion σ

P (MNS; M0, σ) =
1√

2πσ2
exp

[
− (MNS − M0)

2

2σ2

]
. (8)

Several studies have employed Bayesian techniques to measure the most likely values of the mean

and dispersion for these systems (Özel et al. 2012; Kiziltan et al. 2013). Fig. 3 shows the inferred

mass distributions for these different categories of neutron stars. The most likely values of the

www.annualreviews.org • Masses, Radii, and Equation of State of Neutron Stars 13

The radii are less well determined, but NICER experiment predicts ∼ 13 km for 1.4M�.
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Current astrophysical constraints

A two-solar-mass neutron star measured (Demorest etal, 2010)

Three two-solar-mass neutron stars in binaries with WD

The millisecond pulsar J1614-2230 in a binary with a white dwarf,
M = 1.97± 0.04M� (Demorest et al. 2010), Relativistic Shapiro delay.

The millisecond pulsar J0348+0432 in a binary with a white dwarf
M = 2.01± 0.04M� (Antoniadis et al. 2013) [theor. assumptions about WD
cooling.]

The millisecond pulsar J0740+6620 M = 2.14+0.10
−0.09M� (NANOGrav, Cromartie et

al. 2019) Relativistic Shapiro delay.
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GW170817

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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Current astrophysical constraints

pictures courtesy: C. Breu, L. Rezzolla

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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Current astrophysical constraints

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
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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 the isolated 205.53 Hz millisecond pulsar PSR J0030+0451
observed in X-rays by NICER experiment:

1.44+0.15
−0.14M� –> 13.02+1.24

−1.06
km, Miller et al 2019.

1.34+0.15
−0.16M� –> 12.71+1.14

−1.19 km, Riley et al 2019.
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TOV

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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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, . . .

8 / 34



Hypernuclear
physics of

compact stars
constrained by
gravitational-

wave
observations

A Sedrakian

Current
astrophysical
constraints

Equation of
state of dense
matter

Integral
parameters of
compact stars

Phase transition
to quark matter

Rapidly rotating
hybrid stars and
GW190814

Equation of state of dense matter

Goals:

Construct an EoS in a form of density functional: the pressure of dense
zero-temperature matter is a functional of energy-density: P(ε(r))

The parameters of the functional are adjusted to the available data; in our case
astrophysics and laboratory data.

Ab initio calculations are data→ check compatibility and adjust if required.

DFT must be versatile enough to accommodate the baryon spin-1/2 octet and
spin-3/2 decouplet.

Fast in implementation to generate quickly families of EoS

DFT’s :

Relativistic mean-field models of nuclear matter reinterpreted as DFT:
(a) relativistic covariance, causality is fulfilled automatically (+)
(b) The Lorentz structure of interactions is maintained explicitly (+)
(c) straightforward extension to the strange sector and resonances (+)
(d) fast implementation (+)
(e) the microscopic counterpart is unknown [not a QFT in the QED/QCD sense] (-)

Non-relativistic DFTs (e.g. Skyrme or Gogny classes):
(a) high accuracy at low-densities (+)
(b) extensive tests on laboratory nuclei (+)
(c) relativistic covariance is lost and high-density extrapolation is not obvious (-)
(d) extensions to heavy baryons not straightforward (-)
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Equation of state of dense matter

This talk

Relativistic covariant DFT based on the DDME-2 parametrization and its variants

Constraints from laboratory, astrophysics and ab initio calculations

Examples of implementation in astrophysics of compact stars:

(a) Equation of state, M − R relation and deformability (GW170817)

(b) First order phase transition to quark phase(s)

(c) Rapid rotation and large masses (GW190814)

In collaboration with:

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

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

Fridolin Weber (San Diego State University, USA)

References:

Equation of state: Eur. Phys. J. A 54, 133 (2018)
Phys. Lett. B 783, 234, (2018)
Phys. Rev. C 100, 015809 (2019)

Deformabilities: Astrophys. J. Lett 874, L22 (2019)

QCD-phase transition: Phys. Rev. D 101, 063022 (2020)

Rapid rotation: Phys. Rev. D 102, 041301 (2020)
Phys. Lett. B 810, 135812 (2020)
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Equation of state of dense matter

Relativistic covariant Lagrangians for hypernuclear matter

Nuclear matter Lagrangian:

LNM =
∑

B

ψ̄B

[
γµ
(

i∂µ − gωBBωµ −
1
2

gρBBτ · ρµ
)
− (mB − gσBBσ)

]
ψB︸ ︷︷ ︸

baryons

+
1
2
∂µσ∂µσ −

1
2

m2
σσ

2 −
1
4
ωµνωµν +

1
2

m2
ωω

µωµ︸ ︷︷ ︸
mesons

−
1
4
ρµνρµν +

1
2

m2
ρρ
µ · ρµ︸ ︷︷ ︸

mesons

+
∑
λ

ψ̄λ(iγµ∂µ − mλ)ψλ︸ ︷︷ ︸
leptons

−
1
4

FµνFµν︸ ︷︷ ︸
electromagnetism

,

B-sum is over the baryonic octet B ≡ p, n

Meson fields include σ meson, ρµ-meson and ωµ-meson

Leptons include electrons, muons and neutrinos for T 6= 0

Two types of relativistic density functionals based on relativistic Lagrangians

linear mesonic fields, density-dependent couplings (DDME2, DD2, etc.)

non-linear mesonic fields; coupling constant are just numbers (NL3, GM1-3, etc.)
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Equation of state of dense matter

Fixing the couplings: nucleonic sector

giN(ρB) = giN(ρ0)hi(x), hi(x) = ai
1 + bi(x + di)2

1 + ci(x + di)2
i = σ, ω,

gρN(ρB) = gρN(ρ0) exp[−aρ(x− 1)], i = ρ, (π − HF)

– DD-ME2 parametrization, Phys. Rev. C 71, 024312 (2005), Lalazissis, Vretrenar, Ring
– Similar to DD2 parametrizations (S. Typel)

σ ω ρ
mi [MeV] 550.1238 783.0000 763.0000
gNi(ρ0) 10.5396 13.0189 3.6836

ai 1.3881 1.3892 0.5647
bi 1.0943 0.9240 —
ci 1.7057 1.4620 —
di 0.4421 0.4775 —

hi(1) = 1, h′′i (0) = 0 and h′′σ(1) = h′′ω(1), which reduce the number of free parameters to
three in this sector.
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Equation of state of dense matter

Thermodynamics

Energy stress tensor for any generic field φi and its relevant components

Tµν =
∂L

∂(∂µφi)
∂νφi − gµνL , → E = 〈T00〉, P =

1
3

∑
i

〈T ii〉.

For the baryonic component

EB =
γB

2π2

∫ kF,B

0
k2dk

[
TB(k) +

1
2

VB(k)

]
,

TB(k) = P̂BkB + M̂BMB, VB(k) = M̂BΣS,B(k) + P̂BΣV,B(k)− Σ0,B(k),

with

P̂ = ~k∗/E∗ M̂ = M∗/E∗ ~k∗ = ~k + k̂ΣV M∗ = M + ΣS.

Thermodynamic consistency requires:

PB = ρ2
B
∂EB

∂ρB
.
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Equation of state of dense matter

Nuclear phenomenology

Taylor expansion of nuclear energy

E
A

(ρ, β) = E0 + Esymβ
2 + Lβ2δ +

1
2!

(K0 + Ksymβ
2)δ2 +

1
3!

Qsatδ
3 + O(...)

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

Consistency between the density functional and experiment
saturation density
ρ0 = 0.152 fm−3

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

incompressibility
K0 = 250.90 MeV,

symmetry energy
Esym = 32.30 MeV,

symmetry energy slope
L = 51.24 MeV,

symmetry incompressibility
Ksym = −87.19 MeV

higher order Qsat = 479
Qsym = 777 MeV

28 30 32 34 36 38
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Equation of state of dense matter

Nuclear phenomenology

Consistency between the density functional with experiment and ab initio theory

0
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)

ρ / ρ s a t

Lagrangian parameters can be replaced by physical parameters (characteristics) at
saturation (Margueron, et al. 2018):

ρ0 = 0.152 fm−3, E/A = −16.14 MeV, K0 = 250.90 MeV, (leading order)
Esym = 32.30 MeV, L = 51.24 MeV, (next-to-leading order)
Ksym = −87.19 MeV (3rd order)
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Equation of state of dense matter

Nuclear phenomenology

Beyond nucleons: Baryon octet Jp = 1/2+ and baryon decuplet Jp = 3/2+

Strangeness carrying baryons + resonances (nucleon excitations)

RαY = gαY/gαN and καY = fαY/gαY for hyperons in SU(6) spin-flavor model
R\Y Λ Σ Ξ
RσY 2/3 2/3 1/3

Rσ∗Y -
√

2/3 -
√

2/3 -2
√

2/3
RωY 2/3 2/3 1/3
κωY -1 1 + 2κωN −2− κωN

RφY -
√

2/3 -
√

2/3 -2
√

2/3
κφY 2 + 3κωN −2− κωN 1 + 2κωN
RρY 0 2 1
κρY 0 −3/5 + (2/5)κρN −6/5− (1/5)κρN
fπY 0 2αps -(1/2)αps

αps = 0.40. κ is the ratio of the tensor to vector couplings of the vector mesons.

16 / 34



Hypernuclear
physics of

compact stars
constrained by
gravitational-

wave
observations

A Sedrakian

Current
astrophysical
constraints

Equation of
state of dense
matter

Integral
parameters of
compact stars

Phase transition
to quark matter

Rapidly rotating
hybrid stars and
GW190814

Equation of state of dense matter

The depth of hyperonic potentials in symmetric nuclear matter are used as a guide the
range of hyperonic couplings:

Λ particle: V(N)
Λ (ρ0) ' −30 MeV

Ξ particle: V(N)
Ξ (ρ0) ' −14 MeV

Σ particle: V(N)
Ξ (ρ0) ' +30 MeV

These ranges capture the most interesting regions of the parameter space of masses and

radii.

The depth of ∆-potentials in symmetric nuclear matter are used as a guide the range the
couplings:

Electron and pion scattering: −30 MeV +V(N)
∆ (ρ0) ≤ V∆(ρ0) ≤ VN(ρ0)

Use instead Rm∆ = gm∆/gmN for which the typical range used is

Rρ∆ = 1, 0.8 ≤ Rω∆ ≤ 1.6, Rσ∆ = Rω∆ ± 0.2.
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EoS and MR-relations for hyperonic and ∆-admixed models. Inclusion of ∆-resonances
with different potential depths: strong reduction of the radius.
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Large population (∼ 20%) of heavy baryons. Λ population dominates at asymptotically
large densities.
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EoS models and MR relations for N, NY , and NY∆ compositions of stellar matter with the
DDME2 parametrization. The bands are generated by varying the parameters Qsat [MeV]

(a, b) and Lsym [MeV] (c, d). The ranges of Qsat and Lsym allowed by χEFT and maximum
mass constraints are indicated in the figures.
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Tidal deformabilities

Λ =
λ

M5
=

2
3

k2

C5
, λ =

2
3

k2R5,

k2 is tidal Love number, R star’s radius, C = M/R compactness for NY∆ matter and
GW170817 constraints.

Consistency is achieved for low Lsym and Qsat values and for heavy baryon compositions.
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Left: EoS with two sequential phase transitions. Right: Mass-radius relationships,
emergences of minima in the function M(R).

Case when NY∆-matter makes a first order phase sequential transitions to various generic
new phases (we had in mind phases of color superconducting phases).

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.
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(a) Mass-radius relation for hybrid stars with a single (left) and double (right) phase
transition(s), with three different hadronic envelopes: nucleonic (N), hyperonic (NY) and
∆-resonance–hyperon admixed (NY∆).
Each hybrid star branch bifurcates from a hadronic sequence at MH

max/M� = 0.60-1.80.
(hyperons appear in the two cases: MH

max/M� = 1.60 and 1.80). In each case the
maximum mass of the hybrid branch is fixed at MQ2

max/M� = 2.00.

(b) Mass-deformability relation for the configurations shown in (a) (only We NY or NY∆

envelopes). The inset has MH
max/M� = 1.40. The smaller radius (deformability) curve

corresponds to NY∆ envelope stars, whereas the larger ones - to N-NY envelope stars.
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Mass-radius relation for hybrid EoS with single (left) and double (right) phase transitions

and nucleonic envelope. The EoS are identified by the maximum mass

MQ2
max/M� = 2.00-2.20, and the maximum mass of the hadronic star which is fixed at

MH
max/M� = 1.40. The emergence of twin configurations is shown in the inset.

25 / 34



Hypernuclear
physics of

compact stars
constrained by
gravitational-

wave
observations

A Sedrakian

Current
astrophysical
constraints

Equation of
state of dense
matter

Integral
parameters of
compact stars

Phase transition
to quark matter

Rapidly rotating
hybrid stars and
GW190814

Phase transition to quark matter

Deformabilities hypernuclear + Delta matter

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 ]

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 2 . 2 1 2 . 6 1 3 . 01 . 3 5 6

1 . 3 6 2

1 . 3 6 8

���

��

�

���

��

�
�

�

��

���

N ( N Y )
N Y � ( a )

 Λ 1 ( M 1 )

0 . 6
0 . 8 1 . 0

1 . 2

1 . 4

M H
m a x / M �= 1 . 8 M 1 - M 2

Λ 2(M 2) 1 . 6

Q 2
Q 1
  H
Q 1
Q 2

- H
- H
- H
- Q 2
- Q 2

��

Λ 2(M 2)

H
Q 1
Q 2( b ) Q 2 - H -Q 1 -

M H
m a x / M �= 1 . 3 6 5

M 1 - M 2

 

Λ 1 ( M 1 )

M 1

M 2

 

M [M
�]

R  [ k m ]

(a) Tidal deformabilities of compact objects with a single (left) and double (right) phase

transition(s) for a fixed value of binary chirp massM = 1.186M�. The are three types of

pairs on the left and six pairs on the right (labelled by numerals I-VI). (b) The same as in

(a) but for fixedMH
max = 1.40M�. The shaded regions correspond to the 50% and 90%

credibility regions taken from the analysis of GW170817 within PhenomPNRT model.

The inset shows the mass-radius relation around the phase transition region. The open

circles (labeled M2) are the masses of two possible companions for the star of mass M1

(full circle) for a fixed value of binary chirp massM = 1.186M�.
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Mass weighted deformability vs. mass asymmetry for a binary system with fixed chirp

massM = 1.186M� predicted by a range of hybrid EoS with single phase transition and

various values of MH
max. The error shading indicates the constraints estimated from the

GW170817 event and the electromagnetic transient AT2017gfo.
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Rapidly rotating hybrid stars and GW190814

– GW190814 event: extreme mass asymmetric ratio created by a 22.2− 24.3 M� black
hole and a 2.50− 2.67 M� compact object (no em counterpart).
– Light object’s nature is enigmatic as it is in the mass gap 2.5 M� . M . 5 M� where
no compact object had ever been observed before.

Solid curves – static solutions; dashed curves - maximally rotating (Keplerian) solutions.
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of VD are shown for illustration.
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Mass-radius (a) mass-tidal deformability (b) for static N-stars. (c) Mass-radius for
maximally rotating (Keplerian) sequences.
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Mass-radius (a) mass-tidal deformability (b) for static NY∆-stars. (c) Mass-radius for
maximally rotating (Keplerian) sequences.
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Maximum masses of (a) static and (b) Keplerian N-stars.
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Maximum masses of (a) static and (b) Keplerian NY∆-stars. The ∆ potential
V∆ = 5/3VN , the maximal value studied.
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Further DFT developments (not covered in this talk)

Hot compact stars, universal relations, limits on the maximum mass, S. Khadkikar,
A. R. Raduta, M. Oertel, A. Sedrakian, arXiv:2102.00988, arXiv:2008.00213

Hypernuclear ∆-admixed stars with anti-kaon condensation: V. B. Thapa, M.
Sinha, J. J. Li, A. Sedrakian, arXiv:2102.08787

Hypernuclear ∆-admixed stars in strong magnetic fields: V. B. Thapa, M. Sinha, J.
J. Li, A. Sedrakian, arXiv:2010.00981
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