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❏ Static (TOV)▶ NS/QS structure

Input: EOS, i.e., P(ᶣ)

Output: MTOV, M(R), ᶣ(r), etc.
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Empirically known 
around normal nuclear 
matter density

Color-Flavor-Locked 
phase at asymptotically 
high density

Crossover 
(μ=0, T~150M
eV) from 
LQCD;

eg: Y. Aoki, et al, 
Nature (2006).

▶ Phase diagram at (T~0, μ≠0) is not achievable from HIC (experiment), LQCD 
(simulation) or pQCD (first-principle theory), but it is important for NS/QS: 
Model calculations.
▶ EOS uncertainty from QCD phase uncertainty and model uncertainty 
● Hyperon puzzle; Δ(1232)/hyperon/Kaon/quark complication
● 1) Self-consistency (why unified NS EOS); 2) High-density extrapolation

➾

▶ Theoretical difficulties
 

4



https://stellarcollapse.org/nsmasses

Zhou, Zhou & AL, 
1711.04312, PRD 

PSR J1614-2230: 1.928(17) 
(Demorest et al. 2010; Fonseca et al. 2016) 

PSR J0348+0432: 2.01(4)
(Antoniadis et al. 2013)

PSR J2215+5135:                  ?!
(Linares et al., 1805.08799)

MTOV ; ᶃ(1.4)
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Radice et al., 1711.03647, 
ApJL

▶ GR hydrodynamics

code WhiskyTHC;

▶ Assumption:

UV/Optical/IR from 

kilonova;

▶ 29 merger simulations;

▶ 12 NS EOSs;

▶ Rule out extremely

stiff NS EOS.

▶ NS EOS constraints with GW170817 (e.g.)
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▶ NS EOS constraints with GW170817 (e.g.)
R1.6≥ 10.68 km (Bauswein, et al.)
R1.6 ≤ 13.25 km (Fattoyev, et al.)
R1.4= 9.9-13.6 km (Annala et al.)
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▶ NS (npeᶞ) structure
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▶ NS/QS two-branch picture?

No hyperon puzzle for QS.

▶ Observations maybe way out (FAST, SKA; eXTP, NICER, Athena; 
LIGO/VIRGO)

From J. Horvath

9

#Neutron star equation of state from the quark level in the light of GW170817 
Zhu, Zhou & AL, 1802.05510, ApJ
#Constraints on interquark interaction parameters with GW170817 in a binary 
strange star scenario
Zhou, Zhou & AL, 1711.04312, PRD



▶ New NS EOS “QMF18” proposed;
▶ NO L-vs-ᶃ correlation found,
despite good L-vs-R correlation.

▶ Tidal deformability ᶃ: 

describes the amount of induced mass 
quadrupole moment when reacting to a 
certain external tidal field.

▶ NOT monotonic dependence of ᶃ.

▶ ᶃ measurements do NOT 
necessarily translate into info. on R.

Zhu, Zhou & AL 1802.05510, ApJ

“QMF18”
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▶ GW
▶ Neutrino: none
▶ ᵛ-ray: 1.7 s
▶ X-ray: 9 days
▶ UV/Optical/IR: 2 days
▶ Radio:16 days
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Ai, Gao, Dai, Wu, AL & Zhang,
1802.00571, ApJ
#The allowed parameter space of a 
long-lived neutron star as the merger 
remnant of GW170817

Long-lived NS as remnant?
1. Spin period
2. Magnetic field
3. Ellipticity
4. ...

Uncertain:
● EOS
● Ejecta mass
● Mass ratio
● Jet structure
● ...

Move to  GW.. 13
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More reasonable 

considering magnetic braking 

during the binary evolution
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▶ QS from Bodmer-Witten’s conjecture

 

Dense matter with eXTP (White paper), Sci. China in press

(bare) 
QS

    Self-bound by strong interaction:
▶ Finite surface density;
▶ Fast increase of grav. mass with spin frequency 
(40% vs. 20%)
….
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▶ MIT᷍s
2 bag model

▶ interaction parameterized in (Beff , a4)

▶ superfluid parametrized in ᵼ
▶ Typical parameters  (Beff

1/4, a4)=  (145, 0.61)

▶ BQS merger justified.
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▶ Finite strange quark mass (ms) soften 
EOS;
▶ Perturbative QCD correction (a4) 
soften EOS;
▶ Effective bag constant (Beff) 
dominates the EOS stiffness;

▶ Strong ᶃ(1.4)-MTOV correlation:

▶ Normal QS
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▶ NEW parameter ranges from GW170817:
▶ Weak a4 softening;
▶ QM stability window: 

▶ 2-flavor quark matter cannot be more stable than Fe nuclei;
▶ 3-flavor quark matter is more stable than Fe nuclei.

▶ Possible future 
observations of 
ᶃ(1.4)=600 & MTOV =2.2M

⊙

can not reconcile in the 
model: QS out?

Larger Beff is required to 
bound the quark matter 
for larger a4;
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▶ Superfluid QS
▶ Gap parameter ᵼ very uncertain: (0,100/150 MeV);
▶ a4=1: Two-solar mass constraint bounds the lower limit of  at the order of

50 MeV;
▶ a4=0.61: No new lower limit is found for both the low-spin prior and the

high-spin prior.

20



In this talk
● Intro of NS/QS
● GW170817 and EOS (1711.04312, 1802.00571, 1802.05510)
● QS EOS for SGRB (1706.04720, 1606.02934)
● Summary

21



▶  Spindown-induced collapse of a NS/QS to a BH

AL, Zhang, Zhang, Gao, Qi, Liu, 
1606.02934, PRD
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▶ Supramassive NS/QS: Doomed to collapse

23



▶ Uniformly fast-rotating supramassive NS/QS
from rns code (Komatsu, et. al. 1989, Cook et al. 1994, Stergiouslas, at al. 1995)

~40%

~20%
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▶ Collapse time
    ▶ 4 NS EOS; 5 QS EOS: Largely determined by the TOV mass.

Grey region: posterior mass distribution 
from Galactic NS binary. 

AL, Zhu & Zhou, 1706.04720 ApJ 25



Lasky,et al. 2014, PRD

▶ 21 SGRB plateau sample with SWIFT (2005/01-2015/10) 
    (Rowlinson et al. 2010, 2013, MNRAS)
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Gao, Zhang, Lü, 
2016 PRD

Too wide with 
NS, QS better!
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▶ MC simulation 

❏ Reproducing simultaneously all three 
observed distributions (Break time tb, 
Break time luminosity Lb, Total 
electromagnetic energy Etotal);

    Eg., time simulation 

❏ Including both EM and GW;

❏ Constraining parameter ranges of stars 
(Ellipticity ᶗ, Initial spin Pi, Surface 
dipole magnetic field Bp);

❏ NS vs. QS

Efficiency related to the conversion of 
the dipole spin-down luminosity to the 
observed X-ray luminosity.

Millis
econd

Stro
ngly-m

agnetized
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▶ New postmerger supramassive QS EOSs proposed and fitted: “PMQS1-3”
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In this talk
● QS merger scenario for GW demonstrated;
● BNS      massive QS for some SGRB;
● EOS constraints with GW170817;
● QS MTOV ≤ 2.18 (2.32 with pairing).
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Thank you.

31



▶ CET(<1.1n0)+pQCD(≳2.6GeV)

▶ ±24% uncertainty@1.1n0

Soft/hard hadronic component
(0.6-1.1n0; Hebeler et al. 2013):

ᶃ1.4=(120/161, 1353/1504) 

▶ MTOV ≳ 2.0: R1.4 > 9.9 km

▶ ᶃ1.4 ≲ 800: R1.4 <13.6 km

Annala et al., 1711.02644, PRL

▶ ᶃ1.4 ≲ 800 for low-spin spior
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▶ 10 representative EOSs of 
RMF models;

▶  

▶ PREX experiment:

( Abrahamyan, et al. 2012; 
Horowitz et al., 2012)

▶ Stiff low + Soft high: phase 
transition in NS interior?!

Fattoyev, et al., 1711.06615, PRL

▶ ᶃ1.4 ≲ 800 for low-spin spior

ᶃ1.4 ≲ 800:



▶ Only with NS:

▶ Any strangeness phase transition leads 
to softer EOS (lower MTOV) (Hyperon 
puzzle);

▶ Nucleonic EOS sufficiently stiff, or only 
weak soften (late appearance) of 
Delta(1232)/hyperon/Kaon/quark:

If late enough appearance for hyperons, 
then NO hyperons & hyperon puzzle?!

▶ Universal baryonic repulsive three-body 
force, or stiff quark core;

▶ Study of hyperon interaction 
(NY,YY,NNY,NYY,YYY) through 
scattering/hyperonnuclei/HIC experiments 
VERY IMPORTANT. 34

▶ Two-branch picture?



▶ NS theoretical difficulties: Heavy pulsars larger than 2M⨀ is a pain.
 

ʄAFDMC (NN + NNN + NY + NNY)

ʅBHF (NN + NNN + NY)

Lonardoni et al. 2015 PRL

Schulze & Rijken 2016 EPJA



▶ Core:

Green’s Function Monte Carlo

Chiral Perturbation Theory (ChPT)

Variational Many-Body (VMB)

Vlowk + Renormalization Group

Brueckner-Hartree-Fock (BHF)

Dirac-Brueckner-Hartree-Fock 
(DBHF)

Quark mean-field (QMF)

Quark Meson Coupling (QMC)

Relativistic mean-field (RMF)

Skyrme energy density functional

…

▶ NS EOS: core + crust

N.B. From NS model to its astro. correspondence: Thermal; Neutrino; 
Rotation; Magnetic field, etc 36



Finite nuclei 
experiments

Heavy ion flow 
experiments

Nuclear many-body theory

Supernovae Proto-neutron 
stars

Neutron 
stars

Binary 
Mergers

Observed properties of nuclear matter 
at saturation and beyond

etc

GW：
ᶃ1.4 ≲ 800

Pulsar: 
MTOV ≳ 2.0
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▶ NS EOS model from the quark level within QMF (mq~300MeV)

Step 1: Single nucleon

 

Step 2: Nucleon many-body system

▶ K=240±20 
(Colo et al. 2014)
Esym=31.6±2.66 
L=58.9±16
(Li & Han 2013)
L≳20 (Centelles et al. 
2009)
L≲170 (Cozma 2013)

38



▶ “QMF18” from the quark level

▶ GR: R>2GM/c2

▶ P<∞: R>(9/4)GM/c2

▶ Causality: c≳vs or R≳2.9GM/c2

▶ Nucleon (mN, rN)
▶ Nuclear saturation (rho0, E/A, K, Esym, 
L, MN*)
▶ Heavy pulsar mass measurements 
around 2 solar mass
▶ Clean/robust GW constraint of tidal 
deformability
 

R1.6≳10.7 km (Bauswein et al. 2017)
R1.4= 9.9-13.6 km (Annala et al. 2017)

39Zhu, Zhou & AL 1802.05510, ApJ
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Zhu, Zhou & AL 1802.05510, ApJ


