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Dense matter EOS 
with GW170817

● Zhou, et al., 1711.04312, PRD accepted 
● Ai, et al., 1802.00571, ApJL under review 
● Zhu, et al., 1802.05510, ApJ under review
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▶ GW
▶ Neutrino: none
▶ -ray: 1.7 s
▶ X-ray: 9 days
▶ UV/Optical/IR: 2 days
▶ Radio:16 days
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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 sructure
● ...

4Move to  GW..
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More reasonable 

considering magnetic braking 

during the binary evolution
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▶ Low-spin spior ( (1.4M
⊙
) ≤ 800)

#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 (17/11/12 in 4 weeks), PRD

▶ NS EOS
#Gravitational-wave constraints on the 
neutron-star-matter Equation of State
Annala et al., 1711.02644 (17/11/7), PRL
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Dense matter with eXTP (White paper), Sci. China in press

QS

▶ QS from Bodmer-Witten’s conjecture
▶ Self-bound by strong interaction:

▶ Finite surface density;
▶ Fast increase of grav. mass with spin frenquency (40% vs. 20%, 
     e.g., AL et al. 2016 PRD 1606.02934; 2017 ApJ 1706.04720)
...
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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).
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▶ MIT s
2 bag model

▶ interaction parametrized in (Beff, a4)

▶ superfluid parametrized in 

▶ 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 (1.4)-vs-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 

(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  very uncertain: (0,100/150 MeV);
▶ a4=1: Two-solar mass constraint bounds the lower limit of  at the order of

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

high-spin prior.

13Move to  NS...



▶ 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 
Astropart. phys. 
▶ Li*, Huang, Xu, 2012 
Astropart. phys. 

▶ NS structure
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▶ Any strangeness phase transition leads to 

softer EOS (lower MTOV) (Hyperon puzzle);

▶ Nucleonic EOS sufficiently stiff, or only 

weak soften (late appearance) of 

Delta/hyperon/Kaon/quark;

▶ 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.
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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)
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e.g., J. N. Hu, AL, H. Shen 
and H. 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 ( ...)

AL, et al. 
2007 
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▶ Ignore strangeness for the moment
▶ EOS uncertain most in asymmetric part: L-vs- ?

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 ( D) (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). 19



Hot X-ray

Glitch

Mass

▶ More astrophysical observations soon
 (NICER, Athena, eXTP, FAST, SKA, LIGO/VIRGO)

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

…

▶ Many-body model

Unless you are using unified NS EOS...
(e.g., AL et al. 2016 PRD, ApJS)
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22/25

❏ 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 @
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▶ Rotation



▶ NS EOS model from the quark level within QMF (mq~300MeV)

Step 1: Single nucleon

 

Step 2: Nucleon many-body system

Li & Han (2013)
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▶ All smaller than 800 limit of GW170817;
▶ Larger L, larger R, NOT monotonic dependence of . 
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▶ 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
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▶  is normalized with a factor 
of R5 , from k2
▶ Differences in radius scatter 
the dependence on L.
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▶ 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 .

Almost independent of mass ratio q
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Most similar to incompressible 
fluid (average  close to central  )

▶ To better understand the nonmonotonic behaviour

QMF18
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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
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<13.6 km 
(Annala et al.,)
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“QMF18”
Welcome to use!



In this talk
● QS merger scenario for GW demonstrated;
● New interquark parameter range found;
● New NS EOS “QMF18” proposed. 
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Hurry for more calculations before O5!
Thank you for listening.
Ang

Courtesy: X. L. Fan
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