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e [ntro. on dense matter in neutron stars (NSs)
e Recent works on NS EOS and the hyperon interaction

(Biased selected results; Highlighing work done by our group)

e Summary
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Where is dense matter?

~a— 0.0000000000014 cm =

e atomic nuclei: : T~0, p ~p,

e heavy ion collision: T ~50-150 MeV, p ~10"-2p,

e neutron star: T ~0, p ~10°-10p,

e protoneutron star: T ~1-50 MeV, p ~10‘3-1Op0

e supernovae simulation: T ~1-50 MeV, p ~10"°-2p
e neutron star merger: T ~0-150 MeV, p ~107%-10p,
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Dense matter EOS: One of 11 unanswered questions of
Physics whose resolutions could provide a new era in science

e Understanding the properties of matter under these extreme conditions through
astronomical observations, advances in theory and simulations and terrestrial
experiments continues to be a grand challenge for nuclear physics and astrophysics.

| Special; New Learning Serles on Genelics, page 70

' beaity A Scenice ol Surprisc ) Yoo by Swad

ySICS

Discover
February 2002

Q7: “Are there new states of
matter at ultrahigh
temperatures and densities?”
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Dense matter EOS: One of 11 unanswered questions of
Physics whose resolutions could provide a new era in science

open questions
What is the neutron star mass-radius relation and the
maximum neutron star mass?
What are the constraints on the equation of state of nuclear
matter provided by astronomical determinations of the

Key physical ingredients

e the EOS of nuclear matter
(the relationship between
density and pressure);

the possibility of exotic
degrees of freedom in
dense nuclear matter

mass-radius relation? How do such astronomical constraints
compare to those extracted from laboratory measurements?
What does the phase diagram of dense matter at low

(hyperons, kaons, or

temperatures look like? How can we combine neutron star
deconfined quarks);

observations, laboratory measurements, and theoretical
developments to learn about those phases?

e What are glitches and why do they occur? What is the trigger
that couples the superfluid to the crust over a timescale of less
than one minute?

e Whatisthe origin of the intense surface magnetic fields as

large as 10*°> Gauss found in magnetars?

Is there a limit to the spin frequency of milli-second pulsars? If

so, why?

e the nature of neutron
superfluidity and proton
superconductivity;

e theinteractions of
neutrinos with nuclear
matter; ...

{White paper on nuclear °
astrophysics..)Prog. Part.
Nucl. Phys. 94 (2017) 1-67
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Exemplary quark mean-field (QMF) neutron star EOS

THE ASTROPHYSICAL JOURNAL, 862:98 (9pp). 2018 August | https://doi.org/10.3847 /15384357 /aacc28
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Neutron Star Equation of State from the Quark Level in Light of GW170817

Zhen-Yu Zhu', En- Ping Zhou” , and Ang Li'
DLP wrtment of Astronomy, Xiamen University, Xiamen, ru_]l an 361005, People’s Republic of China; liang@xmu.edu.cn
% State Key Laboratory of Nuclear Science and Technology and School of Physics, Peking University, Beijing 100871, People’s Republic of China
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Neutron star EOS mainly determined by strong interaction

The problem is to find the EOS 1n a regime where laboratory measurements of particle
interactions are inadequate and the necessary theories of multi-body interactions are still

incomplete (LQCD, yEFT, etc).
a fan of different predictions on high-density EOS; better knowledge on

nuclear symmetry energy (e. g., | PREX, CREX, MREX)' non- nucleon degree
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http://www.npr.ac.cn/article/doi/10.11804/NuclPhysRev.36.01.001

outer crust (<103p,)
nuclei - electrons

Neutron star core

+——— inner crust(<0.5p,)
neutron-rich nuclei -

Core EOS and phase state unknown;

Related to nonperturbative QCD; neutrons
o electrons
strangeness phase transition; hyperon . (<20,) ™\
) o 0
puzzle; mass-radius relation; the neutrons -
protons

maximum mass, short gamma-ray burst sleotrons- filiohs

central engine; NS/QS binary evolution
inner core (>2p,)

and the remnants; supernova and star neutrons - protons -

formation; one or two-family compact o 14 g/cm3 hyperons - mesons -
on, ohe or two y compac Po= 2'8>,< 10 g/c?m quarks - electrons -
stars? mass-gap between NS and BH? (saturation density) \__muons
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Neutron
Star
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5% Confined
"3 iagen Quarks

CONE)
.
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from NS observations to the phase state of NS (inner) core->
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Outline

e Intro. on dense matter in neutron stars (NSs)
e Recent works on NS EOS and the hyperon coupling

(Biased selected results; Highlighing work done by our group)

e Summary
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Multi-Messenger

e Neutron stars emit GW, 16
neutrinos, photons (from

radio to gamma ray); sh

EOS,
mainly p(e)

Hydrostatic
equlibrium

neutron star observations

mass & radius
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Very exciting future:
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\ L'l FAST, SKA,...
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Important EOS constraints: heavy pulsars
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Radius measuring: one of primary goal of next generation of
hard x-ray timing instruments

SCIENCE CHINA
. . CrossMark
Physics, Mechanics & Astronomy @ Caccforupaes
Astrozozo SClenCe V‘V hlte Papel‘ « Invited Review « February 2019 Vol. 62 No.2: 029503
Special Issue: The X-ray Timing and Polarimetry Frontier with eXTP https://doi.org/10.1007/511433-017-9188-4

Determining the Equation of State of Cold,
Dense Matter with X-ray Observations of Dense matter with eXTP
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Magenta - quark star, composed entirely of quark matter from Li et al., 2016
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https://www.skatelescope.org/
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Neutron star EOS in multimessenger/multiscale era

d finite nuclei (especially superheavy, neutron-rich);
d collective flow/transport/meson production in heavy ion collision;

[d neutron star binary:
GW+SGRB+kilonova

PSR ]J1614-2230

(Demorest et al. 2010,
Fonseca et al. 2016);

PSR J0348+0432

(Antoniadis et al. 2013),

PSR ]J0740+6620

(Cromartie et al. 2019)
208 +0.07 MO(900/0C|_) (Fonseca et al. 2021)

PSR ]J0740+6620

M = 2072538 Mo, R = 123975 3skm
40.090 1, +2.61 (Riley et al. 2021)

M =2.062 i Me; B= 1871 i lam

(Miller et al. 2021)
PSR J0030+0451

M = 18me s M, B = 185075 kl(%iley o 2010)
/ 0.15 1.24 ’
M =14470713 Mo, R =13.027; jgkm
(Miller et al. 2019)
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Neutron star EOS in multimessenger/multiscale era

log(p) (MeV/fm?)

0.5y,

Flux

Different types of
compact stars still NOT
distinguishable from the
available data.

- EOS
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..... §
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0.0
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{Can we distinguish quark stars from neutron stars with
measurements of global properties?) Li Ang, EPJ Web Conf. 260,
04001 (2022) Proceeding of the16th International Symposium on
Nuclei in the Cosmos (NIC-XVI)
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Vela pulsar structure from an EOS

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 223:16 (8pp), 2016 March

© 2016. The American Astronomical Society. All rights reserved.

doi:10.3847/0067-0049/223/1/16
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STRUCTURES OF THE VELA PULSAR AND THE GLITCH CRISIS FROM THE BRUECKNER THEORY

A, Lst

,J. M. DoNG’, J. B. WANG®, AND R. X. Xu*
chpauzum.nl of Astronomy, Xiamen University, Xiamen, Fujian 361005, China; liang @xmu.edu.cn
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

Xmuano Astronomical Observatory, Chinese AC'idcmy of Sciences, Urumgqi, Xinjiang 830011, China
4 School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

Predictions for the properties of the Vela pulsar (PSR J0835-4510

or PSR B0833-45) with a spin period of 89.33 ms; Taking the
pulsar mass ranging from 1to 2Msun.

Mass Cent. Mass Radius Moment of Inertia
Core icrust ocrust Total Core icrust ocrust Total Fraction
1.0 0.403 0.97 0.026 4.59 11579 10.33 0.81 0.64 0.894 538
1.1 0.427 1.08 0.024 4.15 11.80 10.50 0.73 0.57 1.029 451
1.2 0.452 1.18 0.022 3:72 11.80 10.64 0.66 0.51 1.170 3.84
1.3 0.480 1.28 0.020 3.37 11.79 10.75 0.59 0.45 1.318 3.29
14 0.508 1.38 0.019 3.05 11.78 10.84 0.53 0.41 1.474 2.82
1.5 0.536 1.48 0.017 2:73 11.76 10.92 0.48 0.36 1.638 2.41
1.6 0.567 1.58 0.016 2.46 11.73 10.97 0.43 0.32 1.809 2.06
1.7 0.602 1.69 0.014 2.18 11.67 10.99 0.39 0.29 1.987 1.76
1.8 0.643 1.79 0.013 1.94 11.58 10.98 0.35 0.26 2.170 1.49
1.9 0.696 1.89 0.011 1.67 11.45 10.92 0.31 0.22 2.358 1.24
2.0 0.764 1.99 0.0093 1.39 11.26 10.81 0.26 0.19 2:952 1.00
x10™ SYSU - Ang Li (%5)) x10% g/em? 17



Inner Crust:

[
PlllS ar glltCh superfluid neutrons + ion lattice
: \
- Inner Core
o . .
s (exotic particles?)
z QAv, /
g I AN 7
(|
5 g
Z 0 ==
£ pe“q,; :
g Outer Core
W S Outer Crust
Time Sl N transfer of angular momentum superfluid vortices + pinning sites
from the crutal neutron superfluid to
the rest of the star
THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 223:16 (8pp), 2016 March doi:10.3847/0067-0049/223/1/16
© 2016. The American Astronomical Society. All rights reserved.
CrossMark
STRUCTURES OF THE VELA PULSAR AND THE GLITCH CRISIS FROM THE BRUECKNER THEORY
] A. L1', J. M. DonG?, J. B. WanG®, anp R. X. Xu*
. . 1 Department of Astronomy, Xiamen University, Xiamen, Fujian 361005, China; liang@xmu.edu.cn
GlltCh S17¢€ 4 2 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
i ~ Xinjiang Astronomical Observatory, Chinese Academy of Sciences, Urumgqi, Xinjiang 830011, China
+ School of Physics and State Kev Laboratorv of Nuclear Phvsics and Technologv. Peking Universitv. Beiiing 100871. China
short-time
relaxation
HE ASTROPHYSICAL JOURNAL, 923:108 (9pp), 2! ecember https:/ /doi.org/10. 538-4357 /ac2e
v THE A J 923:108 (9 2021 D ber 10 I doi 10.3847/1538-4357 /ac2e94

© 2021. The Author(s). Published by the American Astronomical Society.
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Revisiting the Post-glitch Relaxation of the 2000 Vela Glitch with the Neutron Star
Equation of States in the Brueckner and Relativistic Brueckner Theories

Xinle Shang"2 and Ang Li®
7 ! Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China
~ CAS Key Luborato[;/ of High Precision Nuclear Spectroscopy, Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China
~ Department of Astronomy, Xiamen University, Xiamen, Fujian 361005, People’s Republic of China; liang@xmu.edu.cn
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“Pulsar glitch and the inner structure of neutron stars”
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: Pulsars are not-only lnterestrng obJects for.us to’ understand
{ varlous astrophysrcal phenomena, bit also testbeds for
fundamental laws as well as tools for detectiri
nHz gravitational waves. The annual FP
aims to promote pulsar reseal

Advrsory Commrttee ;

Hongguang Wang (GZHU)
Jianping Yuan (XAO)

Youling Yue (NAO)

Li Zhang (YNU) Xiaoping

Local organizers

Huiging Hong (XMU)
chen Jiang (PKU)
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PFENRE/ NEFEUM R TREM

THE ASTROPHYSICAL JOURNAL, 910:62 (7pp), 2021 March 20 https: / /doi.org /10.3847/1538-4357 /abe538

© 2021. The American Astronomical Society. All rights reserved.
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R-mode Stability of GW190814’s Secondary Component as a Supermassive and
Superfast Pulsar

Xia Zhou' ®, Ang Li*®, and Bao-An Li’
1 Xinjiang Astronomical Observatory, Chinese Academy of Sciences, Urumqi, Xinjiang 830011, People’s Republic of China
& Dcpar%mcnl of Astronomy, Xiamen University, Xiamen, Fujian 361005, People’s Republic of China; liang@xmu.edu.cn
~ Department of Physics and Astronomy, Texas A&M University—Commerce, Commerce, TX 75429, USA
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THE ASTROPHYSICAL JOURNAL, 904:103 (12pp), 2020 December 1 https://doi.org/10.3847 /1538-4357 /abbd41
© 2020. The American Astronomical Society. All rights reserved.

CrossMark
Constraining Hadron-quark Phase Transition Parameters within the Quark-mean-field

Model Using Multimessenger Observations of Neutron Stars

1.5 3,4 hl T o
Zhigiang Miao' @, Ang Li'”®, Zhenyu Zhu'*@® and Sophia Han™*®
Dep'mmcm of Astronomy, Xiamen Umvemty Xiamen, Fujian 361005, People’s Republic of China: liang@xmu.edu.cn
Institute for Theoretical Physics, D-60438 Frankfurt am Main, Germany
Dcpartmcnl of Physics and Astronomy, Ohio University, Athens, OH 45701, USA
4 Department of Physics, University of California Berkeley, Berkeley, CA 94720, USA

QMF hadronic EOS plus CSS (n, ., A€, CQM) characterize the high-density (quark matter) phase;

Mass-weighed tidal deformability accurately measured during the inspiral:
o E(ml—|—12mg)771fllA (1o 2)
N 13 (m1 + m2)5 k

u,d,s

250 = w\/gs ﬁ‘de\, oi‘;.

3 10
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= £ 29
2 150 ¥ | X b
g F
5 o) 2
g 100 = g
G 1 E< 10
50 = e ‘
. RS ¢ Newonsus & il den5|ty hot
1 5 9 13 earlier than
Baryon density [1.5 x 10% m™] U (a) 07 |
a = U. -
HIAF, CEE, Z A 1.3 1.5n0.
0 F. = L " "
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e Astrophysical implications on hyperon

. . \LXe
couplings and hyperon star properties @« e
with relativistic equations of states \ \s/

arXiv:2205.10631
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https://arxiv.org/abs/2205.10631

Many theoretical and experimental ambiguities regarding
hyperon interaction (NY,YY,...)

e Microscopic scheme, e.g., & Sl N 10°
BHF; i
e Nijmegen soft-core NY - 10t}
potentials (NSC89/ESC08..) & | g
model, fitted to the available 5O 102
experimental NY scattering =l
data: presently, 4233 NN “ . .r = o I
data, 52 NY data; p (i) o
“hyperon puzzle”: heavy pSTsars larger than
e Phenomenological scheme, (c) Pressure vs. energy density EM@ isz?) _a"‘(@, (d) Mass-radius relation
e.g., RMF/QMF; or & i Nt
e Dressed baryon-meson(owo...) 'Em'_ » =
coupling constants, fitted to E '
hypernuclei data, e.g., weak AA mm._ Y S—
attraction (Nagara event, 100:t - byperon
2001). 6l
0 12 13 14 15 16
R (km)

{Neutron star equation of state...)Li, Zhu, Zhou, Dong, Hu, & Xia 2020 Journal of High Energy Astrophysics
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Bayesian inference of the phenomenological

hyperon-nucleon interactions from LIGO/Virgo and NICER

Assuming the sources are hyperon stars;
six RMF effective interactions: NL3wp, DD-LZ1, DD- ME2, DD2, PKDD, PK1 w. MTOV(NS)ZZ.(BM<D
Using the tidal-deformability measurement il I —— '
of the GW170817 binary NS merger as — Hyperon star _____ x
detected by LIGO/Virgo and the mass-radius )
measurements of PSR JO0O30+0541 & PSR “ -
J0740+6620 as detected by NICER; < [ —
The Bayes's theroem - R /
P(D|6)P(0)
BB [P(D|0)P(6)d6
Pow(dawl0) = F(A(0; M), Ay(0; My), M, q) , 40 I 12 1I3( ) 4 15 16
R (km
) (d 0) P;(M(6
NIC ER NIC ER| H GEOS _ {R0A~ RwA}
1 oA T Llo = ==
PxucL(dnucL|0) = exp [—5 (Fon 5 Ron)” Rop = gon/9oNs Rur = gun/gun
“ Thea Roa ~ U[0,1] and Rup ~ U0, 1]
correlation betweenR , andR  from fitting
calculated A separation energies to experimental JuN @ GuA P Gus P guE =3 :2:2:1
values of eleven A = 12 A hypernuclei (Rong, Tu, Gor - Ok S 0m S e = T2 051 2 12

Zhou, 2021). SYSU - Ang Li (Z5)
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Hyperon-nucleon interactions in the relativistic Lagrangian

e Hypernuclei constraint favorslarge e The addtion of astrophysical observational data

valuesof R_ and R , and disfavors on top of the laboratory R_,-R ' correlation
small values of both couplings; rotates the linear correlation slightly towards
L the direction of small valuesof R ..
0.424055 0.7153%
NL3wp
E 1 +NICER+GW170817
+NICER+GW170817
N i)
A TIPSR S 1% 0.781015
8 = 2 . : J I e ' ! I ' T ' I
I —— NL3wp 5 1 -
t ---- DD-LZt "\ -
 ——- DD-ME2 ,'I \; Qc'b > :
6 —— DD2 i ‘[
| —— PKDD I i ’; r
e B el with NUCL. };\\\r = y E d1
E /1.— //II_:'\‘\.\ St 1r
_ Vi
2-— \ i [
8.0 B4
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some quantitative features for hyperon stars in the light of
the statistical results with NL3wp

e Taking the NL3wp one as an exemplary stiffest one;
e Only explore the preferred coupling constants of A hyperons, while
keeping the 2 and = hyperon couplings fixed to their empirical values.

|||||||||||||||||||

T T T T T T T T T T T T T T T T T T T T

- NL3wp

pilp

Neutron star ]
Hyperon star

|||||||||||||||||||

2 3 4 5
el . , ST , I ] P/ Po
0 1 2 3 4 5 . .
T o T Due to hyperons, the maximum mass is
. lowered by ~20% : Miax = 2.17624555 Mo'68%
threshold density of A credible interval);

hyperons: ~1.4-3.8p,
And the steller radius is smaller above ~0.5M_

and grows with the stellar mass.
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Summary on recent works
developed microscopic NS EOSs connecting consistently nuclear experiments and
GW-+EM observations (Ai%20204-10P 5 5 | i 30);

revealed preliminarily the complex structure of the dense core of NSs (% 712 4%
BRI T S #ENICER & 1EA 5| ),

identified and relaxed the glitch crisis in the superfluity model (3{F [E R FHR ) ZE
1H);

developed a set of quark star EOSs following the observed posterior mass distribution
of binary NS mergers (#%eXTP H FZ 55 H);

pointed out that GW 170817 may have originated from the merger of double QSs
(LIGO/Virgo& 1EAL 5 | H);

matched laboratory hypernuclei data with astrophysical data for better
understanding the EOS with hyperons; More hypernuclear data
necessary to undersand hyperon interaction: theory+exp.+obs.!
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Thank you.
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