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In this talk
● Introduction
● Equation of state (EOS) from quark level in the light of GW170817
● Summary and outlook
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Color-Flavor-Locked phase at 
asymptotically high density

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

➾

▶ 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 from one nuclear force for core & crust; 2) High-density extrapolation

Empirically known 
around normal nuclear 
matter density
~2×1014 g/cm3

Input: EOS, mainly P(rho)
Output: MTOV, M(R), 𝛬, etc. 3



Pre-merger: Tidal deformability (≤ 800)
Postmerger: Hopefully O5 (202X) ?!

▶ GW
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https://stellarcollapse.org/nsmasses

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

Zhou, Zhou & AL*, 1711.04312, PRD 

*QM stability window MTOV ; 𝛬(1.4)
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▶ NS/QS two-branch picture?

No hyperon puzzle for QS; 
Preferred by particular group of SGRB 
(e.g., AL et al., 1706.04720, ApJ; 1606.02934, PRD)

▶ QS merger scenario for GW demonstrated.
(e.g., Zhou, Zhou & AL*, 1711.04312, PRD)

● MTOV ≤ 2.18 (2.32 with 
superfluid) for QS 
within MIT. 
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▶ New ‘QMF18’ from the quark level  

▶ BH: 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 GW170817 constraint of 
tidal deformability
 

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.)

Zhu, Zhou & AL* 1802.05510, ApJ 7



Finite nuclei 
experiments

Heavy ion collision 
experiments

Nuclear many-body theory

Supernovae Proto-neutron 
stars

Neutron 
stars

Binary 
mergers

Observed properties of nuclear matter 
at saturation and beyond

GW：
𝛬1.4 ≲ 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)
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    Among them, the L = 40 MeV case comfortably inside all exp. boundaries.

▶ Equations of state

Zhu, Zhou & AL* 1802.05510, ApJ

Symmetric nuclear matter         Symmetry energy 

Danielewicz et al. 2002
Tsang et al. 2009
Zhang & Chen 2015
Danielewicz & Lee 2014

Experimental constraints (e.g.,): 
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Zhu, Zhou & AL* 1802.05510, ApJ

▶ Mass-radius relation, 𝛬(1.4)

‘QMF18’
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“QMF18” EOS table
Welcome to use!

Zhu, Zhou & AL* 1802.05510, ApJ 12



In this talk,
● New NS EOS “QMF18” proposed in the quark level in the GW era;

Future:
● Unified (crust+core) NS EoS from quark level;
● Hybrid star and mixed phase;
● More quantitative results for EOS from GW tidal results.
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Core (nuclear matter)

Green’s Function Monte Carlo

Chiral Perturbation Theory (ChPT)

Variational Many-Body (VMB; e.g., APR)

Vlowk + Renormalization Group

Brueckner-Hartree-Fock (BHF; e.g., 
BCPM)

Dirac-Brueckner-Hartree-Fock (DBHF)

Quark mean-field (QMF; e.g., QMF18)

Quark Meson Coupling (QMC)

Relativistic mean-field (RMF; e.g., DD2, 
NL3, TM1)

Skyrme energy density functional (e.g., 
BSk20, Sly)

…

Inner crust:
•Compressible Liquid Drop (CLDM)
•Thomas-Fermi (TF) approximation
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▶ Unified (crust+core) NS EoS from quark level
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▶ 𝛬 is normalized with a factor 
of R5 , from k2

▶ Differences in radius scatter 
the dependence on L.

Zhu, Zhou & AL* 1802.05510, ApJ 15



▶ NO L-vs-𝛬 correlation found, despite good L-vs-R correlation:
𝛬 measurements do NOT necessarily translate into info. on R?!

Crust effect? 
Crust-core interface?

Zhu, Zhou & AL* 1802.05510, ApJ
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▶ From EoS (with strangeness) to 𝛬

Zhu, Zhou & AL* 1802.05510, ApJ
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▶ Hybrid star and mixed phase 

Gibbs construction

 e.g., AL, et al. 1503.02739, PRC
         Peng, AL, Lombardo, 2008 PRC
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Thank you.
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20AL, Hu, Bao, Shen, Xu, Nucl. Phys. Rev. 2019 


