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FIRST COSMIC EVENT OBSERVED IN
GRAVITATIONAL WAVES AND LIGHT

In this talk

e Intro of NS

e NS EOS from GW170817
e New NS EOS “QMF18” proposed
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Somex~ eSO

» Neutron star

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

1. Nuclear force + many-body quantum equation

2. Effective theory from quark/hadron level

a b Inner crust Mantle

: N 5N
Outer crust: N,e 54 x 10" g cm-3 ~0.8 x ,gu gcm3 ~0.8-1.8 x 10" g cm™3

4 x10"g cm-3

Outer crust
Core

Li 100-1,200 m Pré 25-250 m i< 5-30 m ——>
N

I e neutron (supen)fiuid
B eutron + proton fluid

V V
Pasta phase Inverted pasta (bubbles)



» Neutron star

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

Life Cycle of a Star

Red Giant Planetary Nebula

/ Neutron Star
Stellar Nebula
Massive Star \@

Red Supernova
Supergiant P Black Hole
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» Neutron star

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

1. Nuclear force + many-body quantum equation

2. Effective theory from quark/hadron level
» M(R) relation is unique to the underlying EOS
R) ° yine Courtesy J. Lattimer
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» Neutron star

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

1. Nuclear force + many-body quantum equation

2. Effective theory from quark/hadron level

» M(R) relation is unique to the underlying EOS .
Courtesy: J. Lattimer
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» Neutron star

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

» Superfluid likely near the surface, from neutron drip density (4*10"" g/cm?) to

nuclear saturation density (10'g/cm?® ): Inner crust + Mantle/Pasta.
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Neutron Star Crust Depth (km)
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» Outer crust — From 1970s
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Fig. 1. Neutron (N) and proton (Z) numbers of the predicted nuclei in
the outer crust of a neutron star using the experimental nuclear masses
(Audi et al. 2012; Wolf et al. 2013) when available and the BCPM en-
ergy density functional or the FRDM mass formula (Mdller et al. 1995)
for the unmeasured masses.

Ex(A,Z)=MA,Z)=(A-2)m, + Zmp - B(A, 7).
Eel = 86] V

KFe
& = ™ (2/\F6+m ),/k + 1m0
m4
"o —In [(l\pe+ /v + m: )/me],
Z?
E =-C VE — kg
0E Ny Z'
P:_(_) = ftele = Eel = _Cl kb
W lraz 3 A
e EA.Zm) P
A Ny
MAZ) Z 4.7
== Z.Ue—-ClAm/\ (18)

For a fixed pressure, Eq. (18) is minimized with respect to the
mass number A and the atomic charge Z of the nucleus in order
to find the optimal configuration. The nuclear masses M(A, Z)

A&A 584, A103 (2015)



Table 4. Composition and equation of state of the outer crust.

» Quter crust —From 1970s
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Neutron Star Crust Depth (km) Courtesy: S. Reddy
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» Inner crust

In the domain from py;, to p,,., matter is composed of nuclei, electrons, and free
neutrons. The nuclei disappear at the upper end of this density range because
their binding energy decreases with increasing density. We can understand this in
part since the strong attractive “tensor” force between two unlike nucleons in the
3Sl state, which is crucial in binding the deuteron (cf. Section 8.3), does not act
between neutrons because of the Pauli principle. In fact, a system of pure
neutrons is unbound at any density. So, as the density increases and the nuclei
become more neutron rich, their stability decreases until a critical value of
neutron number is reached, at which point the nucler dissolve, essentially by
merging together.

——From 1970s

At the bottom layers of the inner crust the equilibrium nuclear
shape may change from sphere, to cylinder, slab, tube (cylindri-
cal hole), and bubble (spherical hole) before going into uniform
matter. These shapes are generically known as “nuclear pasta”.

or “mantle” (Gusakov et al. 2004)



» Inner crust
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e Compressible Liquid Drop Model (CLDM)

e Thomas-Fermi (TF) scheme



» Inner crust Liquid Drop charge neutrality
They write the total energy density as e = Zny
baryon density
e=¢(4,Z,ny,n,,Vy) n=dny + (1= Vyny)n,
Nﬂ
n, =37
=nN(WN+ WL)+£n(nn)(l - VNnN)+£e(ne) by

Here ny is the number density of nuclel, n, the number density of neutrons
outside of nuclei (“neutron gas”), and the new feature 1s the dependence on V),
the volume of a nucleus. The quantity ¥, decreases in response to the outside
pressure of the neutron gas and so must be treated as a variable. The quantity W,
is the energy of a nucleus, including the rest mass of the nucleus, and depends on
A, Z, n,, and V). The lattice energy 1s denoted by W, while ¢, and ¢, are the
energy densities of the neutron gas and electron gas respectively. Note that Vyn,
is the fraction of volume occupied by nuclei, and | — ¥, n,, the fraction occupied
by the neutron gas.

Equilibrium 1s determined by minimizing ¢ at fixed n.




» Inner crust  Thomas-Fermi (TF)

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

® the lattice.

§ =

The total energy of an ensemble of A-Z neutrons, Z protons,

and Z electrons in a spherical Wigner-Seitz (WS) cell of volume
Ve =

47R?/3 can be expressed as

EA,ZR,) = f [7‘((}1,],11[,)+mnnn+mpnp
Ve

+ el (11e) + Ecaul (np, ne) + Gex (np, ne) ]dr. (19)

The term ‘H (iln,np) is the contribution of the nuclear energy
density, without the nucleon rest masses. In our approach it reads

2 23 2 23
(H(n,,,np) = E( ;Tm)n 1‘12/3(r)+ g(;Tz)png”(r)

+ (V(nn(r), np(r)), (20)

where the neutron and proton Kinetic energy densities are writ-
ten in the TF approximation and V (nn,np) is the interacting
part

term &g (ne) in Eq. (19) is the relativistic energy density due to
the motion of the electrons, including their rest mass.

we computed &y using the energy density of a uniform rela-
tivistic Fermi gas,

G 1) = 3 ()= ) (1)~ V)
JEi |
S i) = -=(2) ¢ (1550) + 1)

multipliers, leads to the variational equations

Taking functional derivatives of Eq. (19) with respect to the
particle densities and including the conditions of charge neutral-
ity and constant average baryon density with suitable Lagrange

plus the S-equilibrium condition

He = in = Hp,




» Inner crust
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Table 6. Composition of the inner crust.

Ny
(fm™)

Z

R.
(fm)

0.0003
0.0005
0.00075
0.0010
0.0014
0.0017
0.0020
0.0025
0.0030
0.0035
0.0040
0.0050

34934
34.237
33479
36.012
34.265
36.291
35.091
36.104
34519
35.645
34549
34990
35472
35711
35252
36.094
36.181
35.863
35.339
34.982
34.461
34.036
33471
32910
32204
31.29
30.203
29.036
27.959
21.152
26.665
26.549
26.701
26.955
27.09
27.065
26.808
26322
25,650
25.080
U833
4750
U672
4613
4674
U875
25.249
25.502
25810
26.190
26,615
27111
21671

112.991
153.293
213369
264978
333.809
376.721
414.026
466.725
511.212
350.067
585.320
648.872
707.137
87.198
848.825
898.261
963.496
999.069
1025.682
1051.388
1061.641
1078.235
1094.430
1104.446
1104.566
1092.541
1069.599
1039.295
1008.341
984.099
968.891
965.017
968.928
974.581
975.352
968.814
953.1712
928.561
897.063
869.075
852.005
844.737
837.603
826389
818.891
815.658
817.728
820.707
825.326
832.083
840.127
850432
863.085

44.8000
41.8300
40.8000
30.8450
384675
37.5400
36.6975
354550
343925
334775
32,6900
314075
304150
29.2625
284500
21.7825
26.7625
26,0450
253675
245325
24.1475
234350
226450
21.9300
21.2450
20.5625
19.8800
19.2100
18.5850
18.0425
17.5900
17.2350
16.9500
16,6950
16,4825
16.2400
15.9575
15,6350
15.2825
149575
14.7025
14.5850
144700
14.2625
14.0825
13.9325
138175
13.7725
13.7375
13.7150
13.7000
13.6975
13.7075

Table 7. Equation of state of the inner crust.

ny
(fm™)

€
(gem™)

P
(ergem™)

r

0.0003
0.0005
0.00075
0.0010
0.0014
0.0017
0.0020
0.0025
0.0030
0.0035
0.0040
0.0050
0.0060
0.0075
0.0088
0.0100
0.0120
0.0135
0.0150
0.0170
0.0180
0.0200
0.0225
0.0250
0.0275
0.0300
0.0325
0.0350
0.0375
0.0400
0.0425
0.0450
0.0475
0.0500
0.0520
0.0540
0.0560
0.0580
0.0600
0.0620
0.0640
0.0650
0.0660
0.0630
0.0700
0.0720
0.0740
0.0750
0.0760
0.0770
0.0780
0.0790
0.0800

S0138E+11
8.3646E+11
1.2555E+12
1.6746E+12
23456E+12
2.8488E+12
33522E+12
4.1915E+12
5.0310E+12
5.8706E+12
6.7106E+12
8.3909E+12
LOOT2E+13
1.2594E+13
14T8IE+13
1.6801E+13
20168E+13
22694E+13
25221E+13
28591E+13
3.0276E+13
33648E+13
37864E+13
42081E+13
4.6299E+13
5.0519E+13
54T40E+13
5.8962E+13
6.3186E+13
6.7411E+13
T.1637E+13
1.5864E+13
8.0092E+13
8.4322E+13
8.7706E+13
9.1092E+13
9.4478E+13
9.7865E+13
10125E+14
1.0464E+14
1.0803E+14
1.0973E+14
L.1142E+14
1.1481E+14
LI821E+14
1.2160E+14
1.2499E+14
1.2669E+14
1.2839E+14
1.3008E+14
1.3178E£14

| 348 lp
13518E8 1

8.2141E+29
LO4ITE+30
1.3844E+30
1.6984E+30
23837E+30
2.8551E+30
34653E+30
44319E+30
5.6159E+30
6.7099E+30
8.0318E+30
1.0646E+31
1.3476E+31
1.8085E+31
22469E+31
26490E+31
33595E+31
39198E+31
45016E+31
5.2057E+31
ST163E+31
6.5647E+31
T.6683E+31
8.8299E+31
1.0060E+32
11361E+32
1.2746E+32
14221E+32
1.5794E+32
1.74T3E+32
1.9266E+32
21181E+32
23227E+32
25411E+32
27258E+32
29200E+32
3.1239E+32
33370E+32
3.5604E+32
3.7946E+32
4.0390E+32
4.1651E+32
42041E+32
45601E+32
4.8370E+32
5.1245E+32
54230E+32
5.5763E+32
ST321E+32
5.8903E+32

glcm

0.443
0.560
0.747
0.874
1.004
1.070
1121
1183
1226
1257
1280
1307
1319
1322
1318
1312
1303
1299
1297
1.300
1.303
1314
1.334
1.360
1392
1427
1.466
1.507
1.550
1.59%4
1.638
1.681
1.725
1767
1.800
1.832
1.864
1.893
1922
1.950
1.976
1.988
2000
2023
2045
2065
2083
2091
2100
2107
2114

3




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

1. Nuclear force + many-body quantum equation

2. Effective theory from quark/hadron level

Green’s Function Monte Carlo
Chiral Perturbation Theory (ChPT)
Variational Many-Body (VMB)

V. T Renormalization Group
Brueckner-Hartree-Fock (BHF)

Dirac-Brueckner-Hartree-Fock mal%-t;;:dy model
T the Core
(DBHF) !

Quark mean-field (QMF)
Quark Meson Coupling (QMC)
Relativistic mean-field (RMF)

Skyrme energy density functional

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




» Rotation

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

3

Static (TOV)

[ P(r)][ 47Tr3P(r)]
+ 1+
dP (r) _ GM (r)e(r) e(r) M (r)

dr r? | _ 2GM ()

r

, (D

dM (r) _

Artrie(r), 2)
dr

Slow rotation O <« Q... ~ /GM/R3

Spherical-symmetry metric + Axis-symmetry perturbation

Vela pulsar @ AL, Dong, Wang, Xu, 2016
ApJS 1512.00340

A Fast rotation

Relativistic stars in general relativity from rns code
(www/gravity.phys.uwm.edu/rns),

Komatsu H, Eriguchi Y and Hachisu I 1989 Mon. Not. R. Astron. Soc.237 355
Cook G B, Shapiro S L and Teukolsky S A 1994 ApJ 422 227
Stergioulas N and Friedman J L 1995 Ap.J 444 306

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



» Mass vs. density & frequency
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» Mass and Moment of inertia vs. frequency
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» Unified NS EoS

All EoS segments using same nuclear interaction.
eg., BCPM, BSk21 & others (Potekhin et al. 2013, Sharma et al. 2015, Fortin et al. 2016, etc)

> Consistent core-crust transition properties.

Core: Inner crust: a0
*Green’s Function Monte Carlo . * Compressible Liquid Drop (CLD%‘\

* Chiral Perturbation Theory (ChPTkQ" * Thomas-Fermi (TF) approxin)atﬁn

* Variational Many-Body (VM - ﬁ neutron (super
*V,..; T Renormalization (’étup - Y
°Brueckner-Hartree-F(@)&BHF) fmoygcmj -0'”3'““ 1‘ —

. Dirac-Brueckner-IQﬁree-Fock
(DBHF)

\)
*Quark mi@?leld (QMF) 2
. Qu‘arbN?eson Coupling (QMC)

Neutron + proton fluid

yﬁﬁvisﬁc mean-field (RMF) 0 e e —— ' |
\ &&me energy density functional o\* 60

L iR\
xé



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

Atmosphere
( hot plasma
Outer Crust

200 m deep - fluid or solid Iat
of heavy nuclei - pressure from

B\ degenerate electrons Hot X-ray
‘ Inner Crust

600 m deep - latti : SN ]
- superfiuid of free neutrons - Glitch
pressure from degenerate electrons (e.g., AL et al.

Outer Core 2016 ApJS)

Superfluid neutrons - small number of
superconducting protons - degenerate
neutrons supply main pressure

Mass/Radius
Inner Core?

Uncertain, but there may be a solid core

consisting of elementary particles -

density is 1015 g/em3
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> Glitch: Superfluid/two-compone



Assuming the star is rotating uniformly with a stellar frequency () far smaller
than the Kepler frequency at the equator (€2 << Q.. = m) the moment of
inertia of a star with a radius R and an angular frequency €2 can be calculated in the
slow-rotation approximation based on the above spherical-symmetry metric combined with

an axis-symmetry perturbation (Hartle & Thorne 1968):

R —(, o0 .
P 8_7!'/ 'T’4€_U(T)w(r) ( ( ) + P( )) d'r, (3)
3 Jo Q \/1-2GM(r
_ , _ , , P = 89.33 milliseconds
where v(r) is a radially-dependent metric function given by for Vela.
Y 2GM (M(x) + 4mz*P(z)) , ,
I/(r)—§ln<l—T) G[ Iz(l—QGZ\[( /I)dlf. (4)
and @ is the frame dragging angular velocity given by
1 d dw r
s r -] ) (r) =0, (5)
L "’(") ('-(' ) + P(r))
[. = — rie—v(n) =
where 3 Jr Q \/1-2GM(r / r

j(r) = e 20 = /1 —2GM(r)/re ), “Glitch crisisy’
AL et al. 2016 ApJS



FIRST COSMIC EVENT OBSERVED IN
GRAVITATIONAL WAVES AND LIGHT

In this talk

e NS EOS from GW170817
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Mooley et al.,
1711.11573

» GW

» Neutrino: none

> y-ray: 1.7 s

» X-ray: 9 days

» UV/Optical/IR: 2 days
» Radio:16 days
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Uncertain:

. e EOS

\ e Ejectamass

,' e Mass ratio
e Jet structure
o

Long-lived NS as remnant?
1. Spin period

2. Magnetic field

3. Ellipticity
4

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

]

—

— K
@

=

. O
(%) e &
c s N
o Pl |
=] QE
g 5 E
£ £ s

o

v

48

400 600 1000 2600

0
t-. (s) wavelength (nm)
GW
UGO, Viego
pEil il I I
y-ray ®
Farmi, INTEGRAL, Astrosarl, IPN, lrasghe+OMT, Swift, AGILE, CALET. HE S 8., HAWC, Korus-Wind
| I ailii I I
X-ra o
Swift, AGSC, NuSTAR, Chandra, INTEGRAL
I I 1 l
UV e——
Swit HST
I 1 |
Optical o o
RET TZAG, LSGT 117, G S, N1, GHOND, SOAR, ESCLVLT kTt £SO VST VINT SALT, CraL ESCOPE. TOROS, ‘
BOOTES5, Zacks, Molascopa Not, AAT, Piof ho Siy, AST2, ATLAS, Dasish T, OFN, TEOS. EABA '~ I Il. llll ” I H I“ l | | |

IR o @
REM-A0S2, VISTA, Gemin-Scuth, 2MASS Spitzor, NTT, GROND, SOAR, NOT, ESO-V).3-¥arata Tolescope, MST
R Enupinm il
Bcadloﬂsm BA, GMAT, OFAR yxﬁ\/t;moevu.usmuwuvp SAT, Enelsberg o
o WAHN DLATmEm W
100 -50 050 102 10° ‘\'00 10'
/Hc/ (s) t-. (days)
1M2H Swope VISTA Chandra
L e |
. -
. s ' A
- ¥ - 0 {
10.86h h|[11.24h YIK, 9d X-ray
MASTER 8o, | JvLA '

Las Cumbres

»

11.31h,




week ending
PRL 119, 161101 (2017) PHYSIOCAL REVIEW LETTERS 20 OCTOBER 2017

TABLE 1. 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 (|y| < 0.05) High-spin priors (|y| < 0.89)
Primary mass m, 1.36—-1.60 M 1.36-2.26 M
Secondary mass m, 1.17-1.36 M, 0.86-1.36 M,
Chirp mass M 1.1881 000 M 1.1881 000 Mo
Mass ratio m,/m; 0.7-1.0 0.4-1.0
Total mass 1, 274100 M 2.821 00 M g,
Radiated energy E,,q 2= DLOZEM 0 > 0.025M ; c?
Luminosity distance Dy 4018, Mpc 4018, Mpc
Viewing angle ® g 55° < 56°
Using NGC 4993 location ~ < 28° < 28°
Combined dimensionless tidal deformability A < 800 <700
Dimensionless tidal deformability A(1.4M ) < 800 < 1400
Tidal NS oscillation 20007
: E [x| < 0.05
Inspiral Chirp signal deformation  BH formation I,
I~ b 2500
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PRL 119, 161101 (2017)

PHYSICAL REVIEW LETTERS

week ending

20 OCTOBER 2017

TABLE 1.

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 (|y| < 0.05)

High-spin priors (|y| < 0.89)

Primary mass m, 1.36—-1.60 M 1.36-2.26 M
Secondary mass m, 1.17-1.36 M 0.86—-1.36 M
Chirp mass M 11881060 M 1.1881 000 Mo
Mass ratio m,/m; 0.7-1.0 . 0.4-1.0
Total mass 1, 2.7470 wg aK\“g 2821000 M
Radiated energy E,. 4 0 @w e\‘\c N > 0.025M ; c?
Lumisosity distance By (e '€ 40+8 gq\a \u\\o 4073, Mpc
Viewing angle ® 0 de \ < 56°
Using NGC 4993 location i “5\ g\(\a < 28°
Combined dimensionless tidal deformability A <700
Dimensionless tidal deformability A(1.4M ) A“"'\“g < 800 < 1400
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» From EoS to A

The tidal Love numbers ks is obtained from the ratio of the induced quadrupole moment Q;; to the applied tidal
field E;; (Damour & Nagar 2009; Damour et al. 1992; Hinderer 2008): Q;; = - 3C E',J, where R is the NS radius. ko
depends on the compactness M /R and the quantity yg. yg is determined by solving the following differential equation
for y,

P Ly 4 yr)F () +12Q(r) =0, (14)

where F(r) and Q(r) are functionals of £(r), P(r) and M(r):
r — 4xr3[E(r) — P(r)]

Fo=—7"mm )
air - TLETO R 1) _ i s o
k2=2—10(%)5(1 . %) [2 yr + (YR — 1)2}];4]
% %(6 By ﬁ(sy,z _3g) +%(%)
X [26 — 22yp + (2M)(3yR —-2)+ (2??4)2(1 + yR)])
+3 (1 - %)2 [2 —yr+ (YR — 1)%] 5%220,7505% A

(121" -

One can then compute the dimensionless tidal deformability A, which is related to the compactness M/R and the
Love number ko through A = 2ko(M/R)™>.



> A, , = 800 for low-spin spior

» NS EOS

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

#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



> A, , = 800 for low-spin spior

T 1 e II:IiI : T T T 1 rr'li’l T T I'I:II
! SB limit _
» CET + pQCD(2 2.6 GeV) R e pach]
S P . matter
> +24% uncertainty@1.1n, ° " neutron
? ma;tter " i%er?lgiilrﬁally : y
. § 0.001E ] massive stars E
Soft/hard hadronic component < /
O M U N PN SO ST
(0.6-1.1n,; Hebeler et al. 2013): ‘ 0 100 1000
Quark Chemical Potential u —p. /3 (MeV)
A1 4:(1 20/161, 1353/1504) 3-tropes All EoSs 2M¢ A < 800
Y1 0.2-85  0.7-85  0.7-6.6
»M._ >20°'R. . >99kKm Muax[Mo]  <0.5-3.0  2.0-3.0  2.0-2.7
Tov 14 R(1.4Mg)[km] 7.1-14.6 10.7-14.6 10.7-13.6
A1 . < 800: R1 . <136 km 4-tropes All EoSs 2M ¢ A < 800
| | o 0.05-85  0.6-8.5  0.6-6.7

Mmax[Mo]  <0.5-32  2.0-32  2.0-3.0

Annala et al., 1711.02644, PRL R(1.4Mg)lkm] 6.6-14.6 9.9-14.6 9.9-13.6




> A, , = 800 for low-spin spior

» 10 representative EOSs of RMF

models;
> A1 4g 800: R1,6 < 13.25km
| R?98 < 0.25fm

skin
» PREX experiment:
( Abrahamyan, et al. 2012;

Horowitz et al., 2012) 1<

208 __ +0.16
Rskin o 0'33—0.18 fm

» Stiff low + Soft high:

phase transition in the
neutron-star interior?!

(Hyperon puzzle/dilemma,
Delta(1232)/hyperon/Kaon/quark
complication)

1600

1400

1200

1000

800

600

Riin(fm) Rigin(fm)
16 22 .29 33 16 22 .29 33
B K = T 1
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Fattoyev, et al., 1711.06615, PRL
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Strange Quark Star Neutron Star

Surface

e Hydrogen/Helium plasma
e |ron nuclei

Surface
e Degenerate
electron layer,

Outer Crust
e |ons
e Electron gas

~ Inner Crust

. ® Heavy ions

. & Relativistic electron gas
. @ Superfluid neutrons

| Outer Core
- e Neutrons, protons
e Electrons, muons

y

" Inner Core

¢ Neutrons
Superconducting protons
Electrons, muons
Hyperons (Z, A, E)
Deltas (A)
Boson (r, K) condensates
Deconfined (u,d,s) quarks/color-
superconducting quark matter

Core
e Electrons
® u,d,s quarks

(color-superconducting)
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rossover
(n=0, T~150M
eV) from

LQCD;

Quark Gluon Plasma

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

models
Hadrons

Color-Flavor-Locked phase at
asymptotically high density

Empirically known
around normal nuclear
matter density.




» Two-branch picture?
» Any strangeness phase transition leads

to softer EOS (lower M_, ) (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 Microscopic scheme, e.qg.,

BHF;

Nijmegen soft-core NY
potentials
(NSCB89/ESCO08...) model,
fitted to the available
experimental NY scattering
data;

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

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

With these potentials, the various G-matrices are eval-
uated by solving numerically the Bethe-Goldstone equa-
tion, which can be written in operator form as

Q.
-y [ 7 g r (A ( / / -y 7
Gap|W)] = Vap + E E Vaclpp') 57— (pp |G s [W],
; W — E, +ic
C ]:‘]/ )
(6)

where the indices a, b, ¢ indicate pairs of baryons, and the
Pauli operator Q. and energy E. characterize the propa-
gation of intermediate baryon pairs. The pair energy in a
given channel ¢ = (B1B2) 1s

EB,B,) = TB,(kB,) + TB,(kB,) + UB,(kB,) + UB,(kB,),

(7)
with Tg(k) = mp + 1\‘2,"'21711;. where the various s.p. po-
tentials are given by

Up(k) =

-3 Uy (k) (8)

B'=n.,p,AXY

and are determined self-consistently from the G-matrices,

UE) (k) = Y Re(kK'|G ppy o Ewmp (k. K)]|kK ) A

B’)

k' <k}

(9)
The coupled eqs. (6)-(9) define t]]g 'Blll"_fgiwmc with the
e.g., Burgio, Schulze, AL, 1101.0726
PRC 2011



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

e Phenomenological scheme, e.qg.,

RMF/QMF;

e Meson coupling constant (cwo...)

60

u™ [Mev]

40}

20

Olp- .
N ™ ™ e e =]
-20 \ —

_.—'

M. M]

°  (npey)
N0 &
———————— weak
strong

L‘ - J[i)lll all - M;;' . tQ(U(’)}/O

(14 13)
2

Ayo] 1/

0
= LQ/-’/')TS}/ — ()

+ Yalivud" — MY — g2 wy°lya

] 1 1 ,
— E(VU)Z — Em(z,o2 — Zg304

1 1 1
+ E(vw)2 -+ Em(zuw2 + z("gw‘l -

1 1 1
+ §(vp)2 + Emf,pz + §(vA)2

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



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

—T=0
--- T=10MeV 4
—-—-- T=30MeV
T=50MeV |

trapped matter

0.8 1.0 1.2

e.g., AL, et al. PRC 2006, 2010
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» Weak soften (late appearance) of Delta(1232)/hyperon/Kaon/quark;

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

25 —— ,
(a)
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15 F
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» Hadron-quark deconfinement

100 |
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~~~~~~~ quark matter
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14

» Low density: Pure nuclear matter;

» Middle: Hadron-quark mixed phase;

» High density: Pure quark matter.

AL, et al. PRC 2015
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» Competitive among different strangeness phase transition

eg., free quarks vs. Kaons

450 [
400
350 L nuclear matter
————— D" =180MeV
———— 172 _ '\
300 L D™ =200MeV ‘.\\‘\\
-------- D' =225MeV O\
250 |- L4
e
200 27 Tl
150 |- - | T
0.2 0.3 0.4 0.5 0.6 0.7 0.8
DENSITY (fm”)

Peng, AL & Lombardo, PRC 2008



> A, , = 800 for low-spin spior

» 10 representative EOSs of RMF

models;
> A1 4g 800: R1,6 < 13.25km
| R?98 < 0.25fm

skin
» PREX experiment:
( Abrahamyan, et al. 2012;

Horowitz et al., 2012) 1<

208 __ +0.16
Rskin o 0'33—0.18 fm

» Stiff low + Soft high:

phase transition in the
neutron-star interior?!

(Hyperon puzzle/dilemma,
Delta(1232)/hyperon/Kaon/quark
excitement)
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> A, , = 800 for low-spin spior + EM

» GR hydrodynamics
code WhiskyTHC;

» Assumption:

UV/Optical/IR from 1000

kilonova;

» 29 merger simulations;

» 12 NS EOSs: = o
» Rule out extremely 100 |
stiff NS EOS. |

200

Radice et al., 1711.03647,

ApJL 0.5

800

—— H4  —— BHBA¢ —— SLy
HB  —— ALR —— ENG  —— APR4
—— DD2 —— 18220
1 | | 1

GW170817 ]

Mehirp = 1.188 M.,

AT2017gfo
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> A, , = 800 for low-spin spior + EM

» GR hydrodynamics
code WhiskyTHC;

» Assumption:

UV/Optical/IR from 1000 |

kilonova;

800

» 29 merger simulations;

—/144/ - BHBA$p ~—— MPA1 —— SLy

— g — ALR2 —— ENG  —— APR4
— DD2 —— LS220 SFHo = FPS
| | I 1
" eSS GW170817

» 12 NS EOSs; B e —
» Rule out extremely il > 5 IS _T_:
stiff NS EOS. : AT2017gfo
200 L Mchirp = 1.188 M., -
Radice et al., 1711.03647, T
ApJL 0.5 0.6 0.7 0.8 0.9 1.0



» EM

» 3D relativistic smoothed
particle hydrodynamics
(SPH) code;

» Assuming no prompt

collapse;
» Large ejecta masses;
» A previous fitted formula

for threshold binary mass:

Minres = (—3.606222% + 2.38) x Mroy

Rig

» Conclusion:

Ry > 10.687) 2 km

GWI70817

4

R1.6 — 10.3 km

/_-
R1.6 = 10 km

Rl‘ﬁ = 12 km

I

Rl_ﬁ = 11 km

Mg, = 574300 M

2.0

2.2

2.4

2.6 2.8

Mmax [M@]

Bauswein et al., 1710.06843, ApJL



FIRST COSMIC EVENT OBSERVED IN
GRAVITATIONAL WAVES AND LIGHT

In this talk

e New NS EOS “QMF18” proposed

BLGO “wifBSd. 3



#Neutron star equation of state from the quark level in the light of
GW170817
Zhu, Zhou & AL 1802.05510
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Finite nuclei
experiments

Heavy ion flow
experiments

Po E/A K L My /MN
[fm_3] [MeV] [MeV] [MeV] [MeV]
016 | -16 240 20/40/60/80  0.77

Nuclear many-body theory

Supernovae Proto-neutron

stars

|

Neutron
stars

Binary
Mergers

etc



A Isobaric analog states (IAS) and from |IAS and neutron skins (IAS+skin)

(Danielewicz & Lee 2014);
1 Electric dipole polarizability in **°Pb (a,) (Zhang & Chen 2015).

e 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~3OOMeV)

Step 1: Single nucleon
7 (eg = Gugw — Tag9pqP) — 7 - P — (Mg — Goq0) — U(1)|1he (1) =0

1 _
U(r) = 5(1 + Y (ar? +Vy) Vo = —62.257187 MeV My =939 MeV
a = 0.534296 fm—3 ry = 0.87 fm.
Step 2: Nucleon many-body system

o L * 1 1 . 1 1
L=1 (i7,0" — My — gunwy’ — gonpTsY’) ¢ — §(V0)2 = §m§,02 — 59203 — Zg3(;4
5 (T0)% + 5m20? + 3(VW)? + smd? 4 SinrP Mg
2 o v 2 5 = 27°F w
L [MeV]  goq Guq 9pa g2 [fm™"] g3 A,
> K=240+20 20 3.8620366 2.9174838 6.9588083 14.6179599 -66.3442468 1.1080665
(Colo et al. 2014) 40 3.8620366 2.9174838 5.4129448 14.6179599 -66.3442468 0.7693664
E__=31.6+2.66 60 3.8620366 2.9174838 4.5830609 14.6179599 -66.3442468 0.4306662
L=y53_ 9+16 80 3.8620366 2.9174838 4.0459574 14.6179599 -66.3442468 0.0919661
(Li & Han 2013) o E/A - K Egm L MY /My
L >20 (Centelles et al. [fm™] | MeV] [MeV] [MeV] [MeV] /
2009) 0.16 -16 240 31 20/40/60/80 0.77

L<170 (Cozma 2013)



» Ignore strangeness for the moment (npew)
» EOS uncertain most in asymmetric part: good L-vs-R correlation, how
about L-vs-A7?
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‘@ 1 R, 210.7 km (Bauswein et al. 2017)
> *QMF18” from the quark level R, ,=9.9-13.6 km (Annala et al. 2017)

3.0
» GR: R>2GM/c?
> P<eo: R>(9/4)GM/c? __ 12.9
> Causality: czv_or R*2.9GM/c? | s
-_:‘\ :EJ0348+0432- 20

[\ 1J1614—2230

—

®

\
\
\
]
- 1 -
s 1 - .
: 1-
s 1
s I
1:
s
I:
1:
I
I-
P
E
¥
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> Nucleon (m, r, )

> Nuclear saturation (thoy, E/A, K, E |
L, M%)

» Heavy pulsar mass measurements
around 2 solar mass

» Clean/robust GW constraint of tidal

\ 10.5
deformability

v N
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» “QMF18” from the quark level

3.0

» GR: R>2GM/c?

> P<co: R>(9/4)GM/c? 2

> Causality: czv_or R>2.9GM/c? Eﬁs+o432
o 12.0

§J1614—2230
> Nucleon (m, r, )

> Nuclear saturation (rho,, E/A, K, ESy
L, M%)

» Heavy pulsar mass measurements
around 2 solar mass

m,

» Clean/robust GW constraint of tidal
deformability

8 10 12 14 16 18
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» NO L-vs-A correlation found,

despite good L-vs-R correlation. 0.1751

» Tidal deformability A: -

0.1254

describes the amount of induced £ 0.100-

0.0751
mass quadrupole moment when

0.0504

reacting to a certain external tidal —
i 005 010 015 020 025
field. i
: d . 3000
> Tidal 2" Love number k. oy
9500 - —— L =40MeV
— L =60MeV

measures how easily the bulk of the L oy
2000 1

matter in a star is deformed by an

<< 15001

external tidal field.

10001

> Larger L leads to smaller k, -

» NOT monotonic dependence of A. 0

0.05 0.10 0.15 0.20 0.25
M/R



» To better understand the nonmonotonic behaviour:

» Maybe dangerous to probe R/L via A; Maybe KSym (L.-W. Chen from
IHIC last week)
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FIRST COSMIC EVENT OBSERVED IN
GRAVITATIONAL WAVES AND LIGHT

In this talk

e Intro of NS

e NS EOS from GW170817
e New NS EOS “QMF18” proposed

BLIGO CSesh)Ssmit

College of Sciences




» 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

& =)

S
M
Zhen-Yu Zhu

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

Zhi-Qiang Liao
Graduate the 1st year

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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in the Era of Gravitational Wave Astronomy
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e EOS of Neutron-Rich Matter from Nuclear Theories and Terrestrial Experiments

e Properties of Neutron Stars from Theories and Observations

e Impacts of Nuclear EOS on the Evolution Dynamics and Products of Compact
Binaries

e Imprints of Nuclear EOS on Gravitational Waves from Various Sources

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

e Isospin Dependence of Strong Interactions and Correlations in Dense Matter






Thank you.
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Table 4. Radius, compactness and tidal deformability for a 1.4 M star are provided for various advanced NS EOSs, together
with their maximum static gravitational mass Moy and the symmetry energy slope L.

QMF18 | DDRHF DDRHFA | NL3wp DDME2 DD2 Sly9 BCPM
Mrov [Mo] | 2.08 2.50 2.24 2.75 248 242 216  1.98
L [MeV] 40 82.99 82.99 55.5 51.2 55.0 54.9 52.96
R(14) [km] | 1177 | 13.74 1367 | 1375 1321 1316 1246 1172 9.9-13.6 km
M/R(1.4) 0.1756 0.1505 0.1512 0.1503 0.1566  0.1571 0.1660 0.1765
A(1.4) 344 865 828 925 681 674 446 204  120-800/1400
(Annala et al.)
1.0 ' T ! T T |— ‘‘‘‘‘‘‘‘
P 5 T-;T;ﬂT;%E:iE:;E;;::-‘:: .- :r ' PR T L EE LR Y
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> Tidal deformability: A = 2k2(M/R)™°

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

> Tidal 2" Love number k,; Qij = —k2 %5 Eyj

measures how easily the bulk of the matter in a star is deformed by an
external tidal field.

> Larger L leads to smaller k,,, for a star with certain amount of mass/
compactness.
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L =20 MeV
L = 40 MeV
L = 60 MeV
L = 80 MeV
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» A is normalized with a factor
of R°, from k,

» Differences in radius scatter
the dependence on L.




» Employing very well-constrained chirp mass of GW170817;
M = (mymy)*>(my + my)™1° = 1.1881 000, M
» Combined dimensionless tidal deformability (Directly measured!)

16 (m1 -+ 12m2)m‘11/\1 —+ (m2 + 12m1)m§A2

A =
13 (m1 = m2)5

» Violation of monotonic dependence: Maybe dangerous to probe R/L
via A.
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single \Lambda hypernuclei data
at mass number A

oF
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Pb
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Single hyperon potentials
in nuclear medium at density \rho

0 2 1 2 1 2 1 2
0.00 0.05 0.10 0.15 0.20
p [fm™]



102 i £ 3
. ' l ., ‘ 3
nE
= | = .
10'3 . | ll al L
0.0 0.5 1.0 1.5 2.0
-3
p [fm~]
®
=
=

2.0

1.5

1.0

Hyperon star
with nuclear hyperon potentials

v T x T T T T T v
’&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\@
o o T S = PSR J1614-2230

—~—

~

<

— = =w/0 hyperon

[ =W hyperon
0.5} -
K=1100
0.0 1 1 1 1
11 12 13 14 15 16

R [km]



2.0

1.5

Mg

©
S 1.0
0.5

0.0

Hyperon star
with nuclear hyperon potentials
At finite temperature
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Double \Lambda hypernuclei data:
\Lambda\Lambda binding energy and bond energy

BAA(;%AZ) — B(é’\Z> T B(A_QZ)*

1

ABar(AnZ) = Baa(RrZ) — 2BA(R ' 2).
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Hyperon star

with nuclear hyperon potentials
And hyperon-hyperon interaction
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Hyperon puzzle?!

14

15

16



NS EoS model

2. QCD phase uncert

ainty:

Strangeness phase transition?!

T CI’OSSOVGI’

n=0, T~150M
eV) from
LQCD;

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

Hadrons

Quark Gluon Plasma

Empirically known
around normal nuclear
matter density.

models

Color-Flavor-Locked phase at
asymptotically high density

Mg




QS EoS model

Quark

matter

Quark star:
quarks de-confined
self-bound on surface

*QCD perturbation theory

* Dyson-Schwinger model

* Nambu—Jona-Lasinio (NJL) model
* Polyakov-loop extended NJL model

* Confined-density-dependent-mass (CDDM) T A
model

* MIT bag model

Quark-cluster star:
quarks localized
self-bound on surface

Still, quark superfluid...

Quark Gluon Plasma

models
Hadrons

Color

.\\p Superconductor
nuclealphys.
5 > “B
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Rotating star

* NS/QS
structures are

unique to the
underlying
EoS.

1 Static [ = (r)][ 4W3P(r)]
I\ 1 +
dp(r) _ _GM@r)e(r) e(r) M(r)

ar > M () > ()

r

1 —

dM (r)
dr

= 47r2e(r), 2)

d Slow rotation 0 « Q... ~ /GM/R?

Spherical-symmetry metric + Axis-symmetry perturbation

AL, Dong, Wang, Xu,
Vela 2016 ApJS,
pulsar @ 1512.00340

1 Fast rotation

Relativistic stars in full GR from rns code

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

Komatsu H, Eriguchi Y and Hachisu I 1989 Mon. Not. R. Astron. Soc.237 355
Cook G B, Shapiro S L and Teukolsky S A 1994 ApJ 422 227

Stergioulas N and Friedman J L 1995 ApJ 444 306

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

Post-merger
millisecond star @



Supramassive star as central engine

Supra-massive NS
NS-NS ' BH

.---», —> . spin down —» .
S

Flux

pronflpt emission
- plateau ~ 300 s

SGRB |
to t

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




Supramassive star as central engine

Supra-massive NS
NS-NS / BH

.’. —> ’ spindown —> @)  Spin-down induced collapse

3.-a)

Flux

: b o=
prompt emission

N —
QS—

' PR P T EEPUNPUNPIN N S T S P SPI S B

g 0 o2 a1 5 4 2 31 3 3 3 -
SGRB : 14.5 15.0 155 8 12 16 20 24
to Log (¢) (g/em’) R, (km)
AL, Zhang, Zhang, Gao, Qi, Liu, 2016 PRD, 1606.02934




Data prepared

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

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

: : 0.7
Reproducing simultaneously all 3 )
== =data
. . . . 0.6 ——CIDDM
observed distributions (t,, L, E, . _); g
. . : . 0.5 —— CDDM2
(Fig.) time simulation 2 ~BSK20
= 0.4} = =-BSk21
Including both EM and GW; 'S -~ Shen
- 'g 0.3
Constraining star parameter A
0.2
(8’ Pi’ Bp)’ 0.1t
QS instead of NS. . o
-2 6 8
3 P; (ms) n Poest (1)
BSk20 0.002 0.70—0.75 (0.75 4V (ugp = 105174 65, < 0.2) [N(ugp = 1Q' 79 =0.2)]0.5—1 (0.9 0.20
BSk21 0.002 0.60 —0.80 &(ugp =101%"-1>1 o, <0.2) [N(ug “m‘gf’,_agp =0.2)]0.7—1(0.9)] 0.29
Shen [0.002—0.003 (0.002)[0.79) z @%10.70)|N (ugp = 10'*0-0 o5, <0.2) =10'*% 65, =0.2)]0.5-1(0.9)] 0.41
CIDDM 0.001 W—%-OS (0.95)|N(upp = 10"** P4 g (gp = 1077 o, =0.2)]0.5—1(0.5)| [0.37]
CDDM1/0.002 —0.003 (0.883) 1.00 — 1.40 (1.0) [N (ugp = 10‘4-7§6§ 0.3) [N(ugp = 10" 68, =0.2)] 0.5—1(1) | |0.65
CDDM2/0.004 —0.007 (0.005)[ 1.10—1.70 (1.3) [N (upp = 1g"!4g 3708, < 0.4) [N(ugp =107 o5, =0.4)] 05 — 1 0.84

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



PHYSICAL REVIEW D 94, 083010 (2016)

Internal x-ray plateau in short GRBs: Signature of supramassive
fast-rotating quark stars?

¢ 1.2% 2se 2,34, e o - . o TD
Ang Li, Bing Zhang, " Nai-Bo Zhang,” He Gao, Bin Qi,” and Tong Liu

Summary.— To recap, we have carried out the following
investigations: 1) Selecting unified NS EoSs that satisty up-
to-date experimental constraints from both nuclear physics
and astrophysics, based on modern nuclear many-body the-
ories; 2) Finding typical parameter sets for QS EoSs in devel-
oped CDDM model, under same constraints of the NS case

1e fast-rotating
1. Post-merger products of NS-NS mergers are el e

probably supramassive QSs rather than s; 4) Checking
Supramassive NSs; ved fraction of

on observation

2. NS-NS mergers are a plausible location for quark  aing observed
de-confinement and the formation of QSs. L TR
g . _ . ~_cs. We finally
reach the conclusion that the post-merger products of NS-NS
mergers are probably supramassive QSs rather than NSs. 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)

CCO:small QS?!
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Low-spin priors (|y| <0.05)

High-spin priors (|| < 0.89)

Primary mass m, 1.36-1.60 M 1.36-2.26 M,
Secondary mass n1, 1.17-1.36 M 0.86-1.36 M
Chirp mass M L IS8 IONNT 1.188% 050 Mo
Mass ratio m»/m; 0.7-1.0 0.4-1.0
Total mass m, 2. 740N M 2821 4M
Radiated energy E, > 0.025M ; c? > 0.025M  c?
Luminosity distance D, 40*F, Mpc 407, Mpe
Viewing angle © <357 < 56°
Using NGC 4993 location ) < 28° < 28°
Combined dimensionless tidal deformability A < 800 <700
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Figure 5. Measured gravitational mass for NSs in binary NSs (Kiziltan et al. 2013), along with lines indicating Myoy for

representative NS EoSs (GM1, BSk21).
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three new PMQS EoSs and two

Double Neutron Star Systems

Pulsar Mass (Mg) 68% Central Limits Refs.?
Double neutron star binaries

J0737-3039 1
Pulsar A 1.3381 +0.0007
Pulsar B 1.2489 +0.0007

Total 2.58708 +0.00016
J1518+4904 2
Pulsar 1.56 +0.13/ — 0.44
Companion 1.05 +0.45/ — 0.11

Total 2.61 +0.070
B1534+12 3
Pulsar 1.3332 +0.0010
Companion 1.3452 +0.0010

Total 2.678428 +0.000018
J1756—2251 4
Pulsar 1.40 +0.02/ — 0.03
Companion 1.18 +0.03/ — 0.02

Total 2.574 +0.003
J1811-1736 5,6
Pulsar 1.56 +0.24/ — 045
Companion 1.12 +047/—0.13

Total 2.57 +0.10
J1820+42456 7
Pulsar 1.20 +0.12/ — 0.46
Companion 1.40 +0.46/ —0.12

Total 2.59 +0.02
J1906+0746 8,9
Pulsar 1.248 +0.018
Companion 1.365 +0.018

Total 2.61 +0.02
B1913+16 10, 11
Pulsar 1.4398 +0.0002
Companion 1.3886 +0.0002

Total 2.828378 +0.000007
B2127+11C 12, »
Pulsar 1.358 +0.010
Companion 1.354 +0.010

Total 2.71279 +0.00013
Notes.

2 References: (1) Kramer et al. 2006; (2) Thorsett & Chakrabarty
1999; (3) Stairs et al. 2002; (4) Faulkner et al. 2005; (5) Stairs 2006;
(6) Corongiu et al. 2007, (7) Champion et al. 2005; (8) Kasian 2008,
(9) Lorimer et al. 2006b; (10) Weisberg et al. 2010; (11) Taylor 1992;
(12) Jacoby et al. 2006; (x) in globular cluster.
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» Kaon condensation
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» Li*, Peng, Zuo, 2015 PRC
» Peng*, Li, Lombardo, 2008 PRC

» Hyperons (A°, £%* 2% )— Hyperon
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» Li*, Hiyama, Zhou, Sagawa, 2013 PRC
» Hu, Li*, Toki, Zuo, 2014 PRC
» Burgio*, Schulze, Li, 2011 PRC



Supramassive star as central engine
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Mass and Moment of inertia vs. frequency
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PHYSICAL REVIEW D 94, 083010 (2016)

Internal x-ray plateau in short GRBs: Signature of supramassive
fast-rotating quark stars?

. 1.2% o 234, e 5 - o , . T2
Ang Li, Bing Zhang,™” " Nai-Bo Zhang,” He Gao, Bin Qi1,” and Tong Liu

Summary.— To recap, we have carried out the following
investigations: 1) Selecting unified NS EoSs that satisfy up-
to-date experimental constraints from both nuclear physics
and astrophysics, based on modern nuclear many-body the-

Summary ories; 2) Finding typical parameter sets for QS EoSs in devel-
oped CDDM model, under same constraints of the NS case

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.

properties ot the SUKB 1nternal plateaus sample and reveal-
ing the post-merger supramassive stars’ physics. We finally
reach the conclusion that the post-merger products of NS-NS
mergers are probably supramassive QSs rather than NSs. NS-
NS mergers are a plausible location for quark de-confinement
and the formation of QSs.
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