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In this talk
● Intro of NS
● NS EOS from GW170817
● New NS EOS “QMF18” proposed 



▶ Neutron star

▶ QCD + weak-interaction equilibrium + EM radiation + GR effect

1. Nuclear force + many-body quantum equation

2. Effective theory from quark/hadron level
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▶ Neutron star

▶ Superfluid likely near the surface, from neutron drip density (4*1011 g/cm3) to 

nuclear saturation density (1014g/cm3 ): Inner crust + Mantle/Pasta.

▶ Gravity bound: Many layers; Crust in the surface constituted by normal nuclei





▶ Outer crust ——From 1970s
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▶ Inner crust

——From 1970s

or “mantle” (Gusakov et al. 2004)



● Compressible Liquid Drop Model (CLDM)

● Thomas-Fermi (TF) scheme

▶ Inner crust



Liquid Drop ▶ Inner crust



Thomas-Fermi (TF) 

WS cell:
The smallest 
(primitive) cell 
which displays the 
full symmetry of 
the lattice.

▶ Inner crust



Thomas-Fermi (TF) 

WS cell:
The smallest 
(primitive) cell which 
displays the full 
symmetry of the 
lattice.

▶ Inner crust

~1014g/cm3



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

…

▶ QCD + weak-interaction equilibrium + EM radiation + GR effect

1. Nuclear force + many-body quantum equation

2. Effective theory from quark/hadron level

N.B. From NS model to its astro. correspondence: Thermal; Neutrino; 
Rotation; Magnetic field, etc
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❏ Static (TOV)

❏ Slow rotation
  Spherical-symmetry metric + Axis-symmetry perturbation 

AL, Dong, Wang, Xu, 2016  
ApJS 1512.00340  

❏ Fast rotation 
   Relativistic stars in general relativity from rns code 

(www/gravity.phys.uwm.edu/rns), 

• NS/QS 
structures are 
unique to the 
underlying 

    EoS.

AL, Zhang, Zhang, Gao, Qi, Liu, 
2016 PRD, 1606.02934

Vela pulsar @

▶ Rotation



▶ Mass  vs. density & frequency

AL et al. 
2016 PRD



QS~40%

NS~20%

▶ Mass and Moment of inertia vs. frequency

AL et al. 
2016 PRD



AL, Zhang, Qi, Burgio, 
1610.0877



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
•…

Inner crust:
•Compressible Liquid Drop (CLDM)
•Thomas-Fermi (TF) approximation

All EoS segments using same nuclear interaction.
eg., BCPM, BSk21 & others (Potekhin et al. 2013, Sharma et al. 2015, Fortin et al. 2016, etc)
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▶ Consistent core-crust transition properties. 

▶ Unified NS EoS



Hot X-ray

Glitch

Mass/Radius

▶ Astrophysical observables
 (NICER, Athena, eXTP, FAST, SKA, LIGO/VIRGO)

(e.g., AL et al. 
2016 ApJS)



Charged component

Superfluid component

Decouple/Recouple/Decouple/Recouple…

Unpin/Pin/Unpin/Pin…

▶ Glitch: Superfluid/two-component model



P = 89.33 milliseconds
for Vela.

AL et al. 2016 ApJS

“Glitch crisis”



In this talk
● Intro of NS
● NS EOS from GW170817
● New NS EOS “QMF18” proposed 



▶ GW
▶ Neutrino: none
▶ ṃ-ray: 1.7 s
▶ X-ray: 9 days
▶ UV/Optical/IR: 2 days
▶ Radio:16 days

Mooley et al., 
1711.11573



S.-K. Ai, H. Gao, Z.-G. Dai, X.-F. 
Wu, A. Li and B. Zhang,1802.00571
#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..





More reasonable 

considering magnetic braking 

during the binary evolution



Zhu, Zhou & AL 
1802.05510

▶ From EoS to ᶃ



#GW170817: Joint Constraint on the Neutron Star Equation of State from 
Multimessenger Observations
Radice et al., 1711.03647, ApJL

#Neutron skins and neutron stars in the multi-messenger era
Fattoyev, et al., 1711.06615, PRL

#Imprints of the nuclear symmetry energy on the tidal deformability of neutron stars
Krastev & Li, 1801.04620

▶ QS EOS
#Constraints on interquark interaction parameters with GW170817 in a binary strange 
star scenario
Zhou, Zhou & AL, 1711.04312, PRD

▶ NS EOS
#Gravitational-wave constraints on the neutron-star-matter Equation of State
Annala et al., 1711.02644, PRL

▶ ᶃ1.4 ≲ 800 for low-spin spior



▶ CET + pQCD(≳ 2.6 GeV)

▶ ±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



▶ 10 representative EOSs of RMF 
models;
▶ 

▶ PREX experiment:
( Abrahamyan, et al. 2012; 
Horowitz et al., 2012)

▶ Stiff low + Soft high: 
phase transition in the 
neutron-star interior?!
(Hyperon puzzle/dilemma, 
Delta(1232)/hyperon/Kaon/quark 
complication) Fattoyev, et al., 1711.06615, PRL

▶ ᶃ1.4 ≲ 800 for low-spin spior

ᶃ1.4 ≲ 800:





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).



▶ Two-branch picture?
▶ Any strangeness phase transition leads 
to softer EOS (lower MTOV) (Hyperon 
puzzle) (e.g., AL et al. 2006, 2010, 2013, 
2016);
▶ Nucleonic EOS sufficiently stiff, or only 
weak soften (late appearance) of 
Delta(1232)/hyperon/Kaon/quark (e.g., AL 
et al. 2015);
▶ Universal baryonic repulsive three-body 
force, or stiff quark core;
▶ Study of hyperon interaction 
(NY,YY,NNY,NYY,YYY) through 
hyperonnuclei/scattering experiments 
VERY IMPORTANT (e.g., AL et al. 2007, 
2013; Hu, AL et al. 2014).



e.g., Burgio, Schulze, AL, 1101.0726 
PRC 2011

▶ Hyperon interaction (NY,YY,NNY,NYY,YYY) through 
hyperonnuclei/scattering experiments are VERY IMPORTANT 1/2 

● Microscopic scheme, e.g., 
BHF;

● Nijmegen soft-core NY 
potentials 
(NSC89/ESC08...) model, 
fitted to the available 
experimental NY scattering 
data;

● Presently, 4233 NN data, 
52 NY data, weak ΛΛ 
attraction (Nagara event,  
Takahashi et al., PRL 2001)



e.g., Hu, AL, Shen & Toki, 
1310.3602 PTEP 2014

▶ Hyperon interaction (NY,YY,NNY,NYY,YYY) through 
hyperonnuclei/scattering experiments are VERY IMPORTANT 2/2 

● Phenomenological scheme, e.g., 
RMF/QMF;

● Meson coupling constant (ᶥᶫᶣ...)

AL, et al. 
2007 



▶ Weak soften (late appearance) of Delta(1232)/hyperon/Kaon/quark;

e.g., AL, et al. PRC 2006, 2010



▶ Weak soften (late appearance) of Delta(1232)/hyperon/Kaon/quark;

e.g., Zhu, AL, Hu, Sagawa PRC 2016



▶ Hadron-quark deconfinement 

▶ Low density: Pure nuclear matter; 

▶ Middle: Hadron-quark mixed phase;

▶ High density: Pure quark matter.

 AL, et al. PRC 2015



▶ Competitive among different strangeness phase transition
    eg., free quarks vs. Kaons

 Peng, AL & Lombardo, PRC 2008



▶ 10 representative EOSs of RMF 
models;
▶ 

▶ PREX experiment:
( Abrahamyan, et al. 2012; 
Horowitz et al., 2012)

▶ Stiff low + Soft high: 
phase transition in the 
neutron-star interior?!
(Hyperon puzzle/dilemma, 
Delta(1232)/hyperon/Kaon/quark 
excitement) Fattoyev, et al., 1711.06615, PRL

▶ ᶃ1.4 ≲ 800 for low-spin spior

ᶃ1.4 ≲ 800:



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.

▶ ᶃ1.4 ≲ 800 for low-spin spior + EM
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▶ ᶃ1.4 ≲ 800 for low-spin spior + EM

▶ GR hydrodynamics

code WhiskyTHC;

▶ Assumption:

UV/Optical/IR from 

kilonova;

▶ 29 merger simulations;

▶ 12 NS EOSs;

▶ Rule out extremely

stiff NS EOS.



Bauswein et al., 1710.06843, ApJL

▶ 3D relativistic smoothed 
particle hydrodynamics 
(SPH) code;
▶ Assuming no prompt 

collapse;

▶ Large ejecta masses;

▶ A previous fitted formula 

for threshold binary mass:

▶ Conclusion:

▶ EM 



In this talk
● Intro of NS
● NS EOS from GW170817
● New NS EOS “QMF18” proposed 



#Neutron star equation of state from the quark level in the light of 

GW170817

Zhu, Zhou & AL 1802.05510
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❏ Isobaric analog states (IAS) and from IAS and neutron skins (IAS+skin) 
(Danielewicz & Lee 2014);

❏ Electric dipole polarizability in 208Pb (ṁD) (Zhang & Chen 2015). 

● Collective flow in HIC (Danielewicz et al. 2002);
● Transport in HIC (Tsang et al. 2009)

★ PSR J1614-2230 (Demorest et al. 2010; Fonseca et al. 2016); 
★ PSR J0348+0432 (Antoniadis et al. 2013).



▶ 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)



▶ Ignore strangeness for the moment (npeᶞ)
▶ EOS uncertain most in asymmetric part: good L-vs-R correlation, how 
about L-vs-ᶃ?

Zhu, Zhou & AL 
1802.05510

“QMF18”



▶ “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)
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▶ Causality: c≳vs or R≳2.9GM/c2

▶ Nucleon (mN, rN)
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soft crust effect

▶ 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.

▶ Tidal 2nd Love number k2:

measures how easily the bulk of the 

matter in a star is deformed by an 

external tidal field.

▶ Larger L leads to smaller k2

▶ NOT monotonic dependence of ᶃ.



Most similar to incompressible 
fluid (average ᶣ close to central ᶣ )

▶ To better understand the nonmonotonic behaviour:

▶ Maybe dangerous to probe R/L via ᶃ; Maybe Ksym (L.-W. Chen from 
iHIC last week)



In this talk
● Intro of NS
● NS EOS from GW170817
● New NS EOS “QMF18” proposed 



Zhen-Yu Zhu
PhD the 4th year;
To visit L. Rezzolla’s group via CSC 

Zhi-Qiang Liao
Graduate the 1st year

▶ Collaborators (with compliments):

PKU: E.-P. Zhou & R.-X. Xu

BNU: H. Gao & Z.-J. Cao

NKU: J.-N. Hu & H. Shen

ZJUT: M.-B. Wan

IMP: X.-L. Shang & J.-M. Dong

SDU: N.-B. Zhang & B. Qi

XAO: X. Zhou & J.-B. Wang  

XMU: T. Liu & F. Huang

UNLV: B. Zhang

Aizu/RIKEN: H. Sagawa

Also several undergraduate students.



Multi-messenger, 
multi-scale future

▶ Nuclear theory, Atomic 
theory, GR

▶ Stellar scale simulation

▶ Origin of the heavy 
element in the galaxy

▶ Nuclear experiment

▶ GW experiment

▶ Astronomical survey
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● EOS of Neutron-Rich Matter from Nuclear Theories and Terrestrial Experiments 

● Properties of Neutron Stars from Theories and Observations  

● Impacts of Nuclear EOS on the Evolution Dynamics and Products of Compact 

Binaries

● Imprints of Nuclear EOS on Gravitational Waves from Various Sources

● Nature of Dense Matter and Synthesis of Heavy Elements in the Cosmos

● Isospin Dependence of Strong Interactions and Correlations in Dense Matter 





Thank you.



Backup





Velocity of light in vacuum 
divided by √3:
Speed of sound at 
asymptotically high density
(Bedaque & Steiner PRL 
2015)

Details in 
Zhu, Zhou & AL 
1802.05510

9.9-13.6 km 

120-800/1400
(Annala et al.)



▶ Tidal deformability: 
describes the amount of induced mass quadrupole moment when 
reacting to a certain external tidal field.
▶ Tidal 2nd Love number k2:
measures how easily the bulk of the matter in a star is deformed by an 
external tidal field.
▶ Larger L leads to smaller k2, for a star with certain amount of mass/ 
compactness.

soft crust effect



▶ ᶃ is normalized with a factor 
of R5 , from k2
▶ Differences in radius scatter 
the dependence on L.



▶ Employing very well-constrained chirp mass of GW170817;

▶ Combined dimensionless tidal deformability (Directly measured!)

 
▶ Violation of monotonic dependence: Maybe dangerous to probe R/L 
via ᶃ.

Almost independent of mass ratio q



Single hyperon potentials
in nuclear medium at density \rho

single \Lambda hypernuclei data
at mass number A



Hyperon star 
with nuclear hyperon potentials



Hyperon star 
with nuclear hyperon potentials 
At finite temperature



Hyperon star 
with nuclear hyperon potentials 
And hyperon-hyperon interaction

Double \Lambda hypernuclei data:
\Lambda\Lambda binding energy and bond energy

Hyperon puzzle?! 



2. QCD phase uncertainty: 
  Strangeness phase transition?!

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).

NS EoS model



Still, quark superfluid…

QS EoS model

•QCD perturbation theory
•Dyson-Schwinger model
•Nambu–Jona-Lasinio (NJL) model
•Polyakov-loop extended NJL model
•Confined-density-dependent-mass (CDDM) 
model

•MIT bag model
•…







❏ Static

❏ Slow rotation 
  Spherical-symmetry metric + Axis-symmetry perturbation 

AL, Dong, Wang, Xu, 
2016  ApJS, 
1512.00340  

❏ Fast rotation 
   Relativistic stars in full GR from rns code 

(www/gravity.phys.uwm.edu/rns), 

Rotating star

AL, Zhang, Zhang, Gao, 
Qi, Liu, 2016 PRD, 
1606.02934

Vela 
pulsar @

Post-merger 
millisecond star @

• NS/QS 
structures are 
unique to the 
underlying 
EoS.



Supramassive star as central engine

AL, Zhang, Zhang, Gao, Qi, Liu, 2016 PRD, 1606.02934



Spin-down induced collapse

Supramassive star as central engine

AL, Zhang, Zhang, Gao, Qi, Liu, 2016 PRD, 1606.02934



~40%

~18-20%

Bhattacharyya, et al. 2016 
MNRAS

Data prepared
AL, Zhang, Zhang, Gao, Qi, Liu, 2016 PRD, 1606.02934



MC simulation 

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

❏ Reproducing simultaneously all 3 

observed distributions (tb, Lb, Etotal);

     (Fig.) time simulation 

❏ Including both EM and GW;

❏ Constraining star parameter

     (ε, Pi, Bp);

❏ QS instead of NS.

Strongly-magnetize
d

Millis
econd

AL, Zhang, Zhang, Gao, Qi, Liu, 2016 PRD, 1606.02934



1. Post-merger products of NS-NS mergers are 
probably supramassive QSs rather than 
supramassive NSs;

2. NS-NS mergers are a plausible location for quark 
de-confinement and the formation of QSs.



2 X-ray bursts: 
Rapidly spinning NSs
(1610.08770)

NS EoS                                                         QS EoS

Glitch model:
Hartree-Fock-Bogoliubov (HFB)
+ 
Quasi-particle 
Random-Phase-Approximation (QRPA)

CCO：small QS?!













▶ Nucleons
▶ Zhu, Li*, 2018 PRC 
▶ Li*, Dong, Wang, Xu, 2016 ApJS 
▶ Li*, Zhang, Zhang, Gao, Qi, Liu, 2016 

PRD 
▶ Li*, Hu, Shang, Zuo, 2016 PRC
▶ Li*, Liu, 2013 A&A

▶ Excited nucleons (Δ-isobars)
▶ Zhu, Li*, Hu, Sagawa, 2016 PRC

▶ Kaon condensation
▶ Li*, Zhou, Burgio, Schulze, 2010 PRC 
▶ Li*, Burgio, Lombardo, Zuo, 2006 PRC
▶ Zuo*, Li, Li, Lombardo, 2004 PRC

▶ Free quarks→ Hybrid star (混杂星)
▶ Li*, Peng, Zuo, 2015 PRC
▶ Peng*, Li, Lombardo, 2008 PRC

▶ Hyperons (Λ0, Σ0,±, Ξ0,− )→ Hyperon 
star (超子星)
▶ Li*, Hiyama, Zhou, Sagawa, 2013 PRC 
▶ Hu, Li*, Toki, Zuo, 2014 PRC
▶ Burgio*, Schulze, Li, 2011 PRC

Inner 
Core

(内核)

Dark matter-mixed
▶ Li*, Liu, Gubler, Xu, 2015 
AP 
▶ Li*, Huang, Xu, 2012 AP



Spin-down induced collapse

Supramassive star as central engine



QS~40%

NS~18-20%

Bhattacharyya, S., et al. 
2016 MNRAS

Mass and Moment of inertia vs. frequency 



1. Post-merger products of NS-NS mergers are probably supramassive 
QSs rather than NSs;

2. NS-NS mergers are a plausible location for quark de-confinement and 
the formation of QSs.

Summary



https://stellarcollapse.org/nsmasses

PSR J0348-0432


