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Outline

e Basic for neutron star structure and the EOS

e Recent works towards the determination of the
nuclear force and NS properties from
multimessenger astronomy

e Take-home messages
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some neutron star EM & GW observables have an intrinsic correlation with

microphysical EOS
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To probe the EOS at different density regimes with comprehensive analysis of
multi-messenger, multi-wavelength data

10°

Data

GW event of GW170817(+GW190425) & kilonova light curve of AT2017gfo,
NICERXXMM-Newton’s measurement of mass and radius of 2 PSRs,
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(Mocked) SKA’s moment of inertia measurement on PSR J0737-3039,

|Radi0 and X-ray pulsars I:
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Nuclear Physics

Pang et al. 2022 3

Neutron-skin from PREX-II, CREX and the ab initio predictions on 2°®Pb, *Ca Experiment aud Theory | TN
Number density [nga]
2021 2022 2023 2024 |
Massive PSRs (radio) +mocked Mo (radio) +n skin +GW (dynamic tide)
. . 7.0797 2305.16058 . 2305.08401
+ GW (static tide) +dark matter +hypernuclei +X-ray =
2204.05560 22‘ sl
+ X-ray (NICER) 220=.02500 +kilonova (NICERxXMM-Newton)
2103.15119 (optical+) 2402.02799

2211.02007
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Pulsars, since their discovery in 1967, have
been regarded as natural laboratories for the
study of matter under extreme physical
conditions of density, gravity and intensity of
magnetic fields. In recent years, with a rapidly
developing economy, China has made great
achievements in the fields of cosmology,
astronomy and astrophysics. This economic
scenario, combined with China’s millennial
tradition of seeking to expand the frontiers of
knowledge, led to the planning and
construction of several large radio telescopes
and the launch of a series of deep space
exploration satellites. As a concrete result of
this broad effort, today China is gradually
advancing to the forefront of scientific research
and technological innovation in the field of
Pulsar Astronomy. The main highlight of this
book is to present the Five-hundred-meter
Aperture Spherical Telescope (FAST) and its
new discoveries and scientific results. To date,
FAST has discovered more than 800 new
pulsars through its drift sweep and galactic
plane survey. The high-precision millisecond
pulsars found by FAST can be used to detect
extremely low-frequency gravitational waves,
establish pulsar timing patterns, and search
for unknown objects in the solar system. For
the vast majority of readers, this book
undoubtedly represents a rich source of
documentation, information and learning
about pulsars and their impact on modern
astrophysics and particularly about China’s ".r
contribution to new achievements in this area.
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Outline

e Basic for neutron star structure and the EOS

e Recent works towards the determination of the
nuclear force and NS properties from
#multimessenger/multiwavelength astronomy

(Biased selected results; Highlighing work'\done by our grou

e Take-home messages
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From nuclear force to multimessenger/multiwavelength astronomy

8¢
HY — ET Guv = oA i
1. Model for interaction 2. The EOS p(g) 3. NS observations on #global properties
between particles (GW, photons, neutrinos)
4 ) aE= ) 4 )
- / T S, - J

plus

(g -S. p. properties (e.g., neutron superfluidity); Z
-thermal conductivity; specific heat capacity; bulk/shear
viscosity; neutrino emissivity;...

) NS dynamiccs:

Pulsar glitch (this talk) P /L</
suiees NS cooling glitch t

NS oscillation
Binary NS merger
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Solving nuclear many-body problem for the EOS

~ A~ 1057
Hq’ = Eq’ lII = 1P(ri9r29- - -arA;Slasza- - -aSA;tlatQ,- - -atA)
3A nucleon nucleon nucleon
. coordinates spins: :1/2 isospins
A Green’s Function Monte Carlo  jn p_space (p or n): s1/2
Chiral Perturbation Theory (ChPT) Not well know DFT Easy to solve
V... T Renormalization Group T
owk
Shell model
Variational Many-Body (VMB) T
Brueckner-Hartree-Fock (BHF) Ab initio --..
T . Ab initio
/ [Effective

Dirac-Brueckner-Hartree-Fock (DBHF)
Quark mean-field (QMF)

Interactions &’

1

Quark Meson Coupling (QMC) EFT
Relativistic mean-field (RMF) T -
Well known QCD Difficult to solve

Skyrme energy density functional

4 iR iR B ¥ .81 /72 (Quantum chromodynamics, QCD) %5Z|EOS !
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Brueckner-Hartree-Fock (BHF) (58-present)

e A theory based on independent nucleon pair, for handling the repulsive core of nuclear force;
e Input: Bare NN interaction (AV18, Bonn,...) and many-body forces;

e To solve the Bethe—Goldstone Eq. and s.p. Egs. self-consistently:

central
300 —r"v T *1"9"1' { SO S (RN D R CENE R | v1r ™17 1—J VNN= |‘/0(r)+‘/‘,(l‘)6|'62+VT(I")‘?|'?2+‘/‘W(")(61'62)(f|'f2)|/
_ S channel 1 0 o-b8d@forfce=-NESGE %) | ~—— . pin-orbie
- 1 (1) ve, () )36 7)o 7)— T o -
200 + - e
== i | | _: (P, I, ‘(’r"%l ° fz)é{(al : Z)(a-Z ‘1:‘)_._(62 E)(a-l : Z)} > tensor
= " repulsive I | 1 +(V,, (r)+V,,. (r)T, T, ) (5, - P)(5> - P) I
,’g,‘: 100 —_ F::ore | 3'7[“)' o | 7 : + | = =
<= | | 1
= L I ! 11 1 \ M'/ \ | oo l 5 '
0 | N S : | ' o O ‘— “““
i 1 three-bod orc7\ / 1 \
Bonn 4 _f____-__j: __.f_._.-___'\- J o . _/ 1 s L
Reid93 1 . ‘r s\ B' ] \ 2 n} J
100 AV18 & i) 1 ; I
(o] 0.5 1 1.5 2 2.5
Ok, . Jy) = [1 — n(E I — 1k, )] R, By =95 |k YOk K XEKs | . )
s inw—elk,)—e(k,)+in
e aE > n(k ) Re(kk' |Glek) + e(h )| k') - ’
(k) = + 5" nlk v (k) + e(k )| ik . . . .
2m T 47 In-medium effective Interaction G matrix
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Brueckner-Hartree-Fock (BHF) (58-present)

e A theory based on independent nucleon pair, for handling the repulsive core of nuclear force;
e Input: Bare NN interaction (AV18, Bonn,...) and many-body forces;

e To solve the Bethe—Goldstone Eq. and s.p. Egs. self-consistently:

central
300 L‘ T 1‘ T T T T T T '1 vvvvvvv ‘:' VNN _
S, channel -
i 1 two-|
200 1 R,
— | | 4
> | repulsive I 2x | e ]
E 100 — core | o, w, o | .| +
= I [ [ 1
= 111 ! 11 | -

i o / N | )
+ + L N - . N o '\ - ,5: L I | . :;‘5'7‘
| ' ] thrqé-boc?&orcp\\ \/r % L ““““““ * l
: R:i(‘;;g ] > S £ j \'\ - J S = £ I = ':i‘i,j* T T
-100 | AV18 : / | \ ) W \\ I i i

r [fm] -
I T Sy ! | PSSR NS S N S B S S W O S Q
(0] 05 1 1.5 2 25
Ok, . k) = [1—n(k, )L — n(ksy)] —— @ ,
el 2 )| &%)
—®— = 2 X In-medium effective Interaction G matrix
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A realistic calculation of NS dynamics must go beyond the EOS relation!

e Although the EQS, i.e., € = €(p) is the only
relation required from the thermodynamics to
solve the TOV eq., it is NOT sufficient to
describe the complete thermodynamical state
of NS matter;

¢ Idealy, all stellar matter should be described with
SAME nuclear interaction, e.g., unified EOS:

Inner Crust:
superfluid neutrons + ion lattice

#glitch

Inner Core
(exotic particles?)

Outer Core

Outer Crust )

Transfer of angular momentum

superfluid vortices + pinning sites

from the neutron superfluid to the rest of the star

N i o/rmdy | Dasta

A bulk part obtained from the BHF e 0.5km [ p(glem’) nuclei

. . = 3
calculations for core uniform nuclear matter, \\i '@

R ¥ ~ 10"

PLUS [ E\'
+the phenomenological surface part, ( R, i/! ' ”"{”’.”W
+the Coulomb part, \\\ y ~ 0! =
+the spin-orbit part, ) “Se—— > 4 .
+the pairing nuclei
for non-uniform nuclear matter at crust.

09/08/24 Ang LI@OMEG2024
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Realistic NS model: Bulk (EOS) + composition + s.p. properties

State-of-art
calculation of the
thermodynamics of
dense nuclear matter
provides NS
properties consistent
with astrophysical
observations on e.g.,
mass, radius, tidal
deformability.

2108.00560
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e.g., structure of Vela pulsar (spin period 89.33 ms) from unified BHF EOS

Miilcy Wy Center

Geminga

30000 T

20000

deep core (5-6 km)
Mrperses i o oot
o aperantacr’

gt

e 10000 |- #glitch activity
\ 1 £
— —_ P
» fob ; Qp
L (’ 1 l 1
45000 50000 55000
Vela Pulsar - %5 e 9 . 4
T'he (l\L‘CLIll?lI'll[CL‘] Z,A!l,,/(\l,, ( XAlO ) Vela glltches ~3 yr, s
as a function of the modified Julian date or o.e 10"g/em’
exhibiting regular,
GIANT glitches.
Mass Cent. Mass Radius Moment of Inertia
Core icrust ocrust Total Core icrust ocrust Total Fraction
1.0 0.403 #iB RRE )3 22 11.79 £ YN o NEE 0.894 5.33
| 2 | 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 0.022 372 11.80 10.64 0.66 0.51 1.170 3.84
1.3 0.480 1.28 0.020 3.3, 11.79 10.75 0.59 0.45 1.318 3.29
1.4 0.508 1.38 0.019 305 | 76 10.84 0:53 0.41 1.474 2.82
1.5 0.536 1.48 0.017 273 11.76 10.92 0.48 0.36 1.638 2.41
1.6 0.567 1.58 0.016 2.46 KLLF3 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 2552 1.00
-5
x10° x10% g/cm?
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Microphysical state of the matter and the glitch(i% 52 %)

#the two-components model

GLITCH

superfluid

spin rate Q0

time t

Decouple/Recouple/Decouple/Recouple...

Inter nuclear distance
~60x10“’m

|

for
dore* Tnner Crust Outer Crust
~8x10’m  ~10'm ~10'm

(a)

— M=12M,
- — M=14M,

I(z)/2
Fsid() = 2 / foin[p(V 2?2 + 22)|dz
Jo

without polarization

e
p—

e Superfuid near the surface, from neutron drip density _ 081
(4x10™ g/cm3) to nuclear saturation density (2.8x10%g/cm3 £ 06}
)in 1SO state: microphysical state of the matter needed; 3 0.4

e Pinned/Unpinned/Pinned/Unpinned... 0.2f

0.0

09/08/24 Ang LI@OMEG2024
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Nuclear lattice

Glitch crisis? Is there enough superfluid reservoir?

Bragg scattering '

: A 0% e
Require enough angular momentum f@’.‘? ‘(.".:o, (t(;r‘.:.,
transferred to trigger big Vela-like glitches: . = -

BOs L8
¢ ] 2’80
w "W
Dy 5 3. o 58
e w W W
V(z)
C n e
PSR 7. (kyr) A (X107°/d)  1,/I (%) 0
10537-6910 493 2.40 0.9
B0833-45 (Vela) 11.3 1.91
J0631+1036 43.6 0.48 1.5
B1338-62 12.1 1.31 1.2 N
B1737-30 20.6 0.79 1.2 R
B1757-24 15.5 1.35 15 |][>
B1758-23 584 0.24 1.0 i
B1800-21 15.8 1.57 1.8 st
B1823-13 21.5 0.78 1.2 < 4
B1930+22 38.8 0.95 2.7 =l
12229+6114 10.5 0.63 0.5
2 -
Andersson et al. 2012 gl
0 1 1 1 1 1 1
09/08/24 Ang LI@OMEG, o2 e e s 20
M [M,]

Neutron gas is not “free”.

Chamel, et al.

Many neurons are
entrained by crust;

Entrainment
reduce / by factor
of ~5

11512.00340
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Testing the standard superfluid glitch theory go beyond the two-component model

2108.00560
o 0.20 T T T T T T T T
Q: The fraction of (2) —— £=0.0
- aav| |\ , coupled core superfluid o] <~15% BHE _—
= . S 5
S| A% .\ at the glitch? —— £=06
E += 0.10 1
g N <o,
E Glitch rise time: /O'GJ/S 8/94;5,&. .
g Best upper limit S, s °% -
Z ~12.6s (Vela) Sy Y
p for permenent 0.3 .
7 for decay timescale
23 0.2 n
Time
I
27—(/‘4% gg_:) 0.1 G 4
o Entrainment reduce /by factor of ~5; 0-0 S 7
M(Mg)

. Ip reduced by factor of 2~1000, since core
superfluid coupling on timescales larger

than glitch rise time. Néutron Superfluid +

Proton Superconductior
Neutron Vortex -

NO crisis even with entrainment!
09/08/24 Ang Li@OMEG2024
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Is it possible to fit both the glitch size and the short-term relaxation

Glitch size
+

short-time
relaxation

A, _ 00 — ¥
G 1—00 %)

20

from the 2000 Vela glitch?

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 223:16 (8pp), 2016 March doi:10.3847/0067-0049 /223 /1/16
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ossible if

()

, ‘ea,2 (b) | o0

o - OOO« e asmall fraction (less than~30%) of pinne}
ul i neutron vorticity in the stellar core;

iz ® a strong suppression/reduction of the

8t pairing gap in the nuclear medium;

ol

af e astiff EOS (resulting in a typical stellar

ar o radius larger than~12.5 km). /

1.0 1.2 14
M(Mg)
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New frontier: Multiwavelength study of the glitch and post-glitch relaxation
Tian Ma 65-m

Five Hundred Radio Tetesq \
Metre Aperture

NanShan 25-m

FGST

FERMI GAMMA-RAY SPACE TELESCOPE

HEEA
smEns

Fermi Gamma-ray

Radio mm/sub-mm FIR MIR - INuv uv Soft X-ray  Hard X-ray y-ray
Parkes 64-m Space Telescope
he DiSh . Known pulsac 1709-4429
Raﬁ K = [l > e o { nossamsz
a r e S S| A Glitch pulsar with profile change S %s
Tel%gcope J1420-6048 & o 5 o © OQ; ° G
= (% s g’av“% e °
S| 409 cg.s g:”‘@ %es 6 o°
J1718 38?5—" Or\,r,:&? i . .
e : §°~ To date ~679 glitches in ~226
& e ® “« | objects reported in the
- Jodrell Bank catalogue,
ol 1 http://www.jb.man.ac.uk/puls
. ar/glitches/gTable.html
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Towards a thorough understanding of various observed glitch behaviors

() ) © %) ®
H S| PSR J1420-6048 ® o cosmeseme o o | .
#NEW glitch event _gl e emmeeneemd > | #NEW relaxation
::1:L oL © eocscmooesocess oo ol .
PusarName GLNo.  Epoch Avly  AV[y  NEW? Q t4  RMS  Dataspan EY : | R bEhaVIOur
(PSR) (MID) 107% (1073  (Y/P) (d) (us) (MID) ~
JI028-5819 1 S79046) 228415) 20Q) P 00061(2) 627 624 5735958243 i) S " — ; ; ; ]
1420-6048 4 5465319  9403)  65(12) P 001222) 4927) 28 5487954562 — . (b)
5 S54009)  13663)  SA®) P 0016(1) 212(148) 605 55035 -55765 =3T " . .. - . 1
6 S6256(1) 1974(4)  153) P 0011Q)  204) 1619 5574756731 Tt R °. - % RS i
7 S]16(12)  12063)  S0@) P 0016Q)  93(15) 813 5685357752 SSlald . =, -, S e |
8§ S85S52) 148120 63(5) P 00097(1)  69(17) 332 S8136-58842 < G [T oot 3 O = " .. o
N709-4429 4 S46912)  2777(4)  63(15) P 001035)  T2(4) 819 5541555167 ot o= L e, Sl :
00063)  4(1) 5 ¢ : ; " —
5 563392)  2962(2)  9.7(5) P 0.0079(4)  60(5) 833 56025 - 56663 ‘W r " )
6 SSITS()  2438()  12) P 00066(4)  33(5) 1202 57980 - 58523 = /." Pl -~ - /
N718-3825 1 S4952(44)  18(1)  -0473) P = = 186 54498 - 55400 Sol e - _
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Physics motivated model related to the dynamics of superfluid vortex

Two different regimes of dynamical
response to the glitch:

Regions with weaker pinning energies
will response linearly and those with

stronger pinning energies will
respond nonlinearly;

Relaxation time:
Linear regime:

T =

Nonlinear regime:

Preliminary recovery fit from the
vortex-creep model describes the
observations reasonably well
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Take-home message

The multi-messenger/multi-wavelength era of EOS study!

We recently apply complete thermodynamical state of dense matter from
bare NN+NNN force to the study of pulsar spin evolution, focusing on the
glitch, and find various constraints on the nuclear force in medium, as well
as the star properties;

Glitch provides unique insights into the internal structure of neutron stars;

Many exciting ways to combine various fields: glitch-induced GW;
laboratory counterpart (e.g., ultra-cold atom), TD pinning dynamics, etc.
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