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Accurate observations of massive neutron stars

PSR J1614—2230 (original mass measurement in Demorest et al. 2010 and current

mass measurement in Arzoumanian et al. 2018)

M = 1908 &£ 0.016 M.

PSR J0348+0432 (Antoniadis et al. 2013)
M = 2.01+0.04 M.
PSR J0740+6620 (Cromartie et al. 2019)

M = 2147950 M.

fEIEfG: M = 2.08%597M4

Possible observations of

massive neutron stars:

GW190814
2.50 Mo —2.67 Mo

B. P. Abbott et al:, Astrophys. J.
Lett. 896, .44 3 (2020)
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Mass radius observation constraints from NICER
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Neutron Star Interior Composition Explorer (NICER)

PSR J0030+0451 at 68% :
M = 1447312 M5 ,
R = 13.02%12% km,

M. C. Miller et al., Astrophys. J.
Lett. 887, L24 (2019); Riley T E,
Watts A L, Bogdanov S, et al,
Astrophys. J. Lett. 2019, 887(1):
L21.

PSR J0740+6620 at 68% :
M = 2.08%307Mg ,
R = 13.7*%28 km,

M. C. Miller et al 2021 ApJL 918 L28




Main observation conclusions of GW170817

Take from J.M.Lattimer PPT

GW170817 Source Properties
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Observation constraints on the M-R relation
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Mass-radius relations, where the gray area denotes the range of maximum mass accurately observed so
far. The light red area denotes the marginalized posterior (Mg, R) of the merged binary neutron star
released by LIGO and VIRGO collaboration in GW170817. The light blue and green areas denote the
marginalized posterior (Mg, Re) released by NICER for PSR J0030 + 0451 and PSR J0740 + 6620,

respectively.

Yuxi Li, Jue Wang, Zehan Wu and Dehua Wen*, Inferring the gravitational binding energy and moment of inertia of
PSR J0030 + 0451 and PSR J0740 + 6620 from new universal relations, Class. Quantum Grav. 39 (2022) 035014




Constraints of GW170817 observations on neutron star property

From Horowitz PPT
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Universal relations among neutron star property (such as I-LOVE-Q)

Universal relation reflects the nature that some relations between the global
properties of NS are not dependent on the EOS. This relation can be used to
constrain the properties that cannot be directly observed (such as the gravitational
binding energy) or cannot be accurately observed (such as the radius), and can be
further reversely constrain the parameters of EOS (such as the symmetry energy).
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* These universal relations can be used to learn about neutron star deformability through
observations of the moment of inertia, distinguish neutron stars from quark stars, and

test general. Kent Yagi* and Nicolas Yunes, Science 341, 365 (2013)




Observation of GW from oscillation modes in NS

10—

All-sky search for short gravitational-wave bursts in the third Advanced LIGO and Advanced
Virgo run

Strain (Hz~ /%)
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The neutron star signals considered are f-mode emissions...The sensitivities
achieved by this search for generic bursts are still not suficient to be able to detect such
high-frequency transients at the energy scale of pulsar glitches from e.g., the Vela
Pulsar at high confidence. Nevertheless the outlook is promising, since the expected
improvements of the GW detectors in the high-frequency band for the next

observation run are quite relevant ...

Virgo run, arXiv:2107.03701v1 [gr-qc]

All-sky search for short gravitational-wave bursts in the third Advanced LIGO and Advanced
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Basic equations of f-mode
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Definition and calculation of tidal deformability

PHYSICAL REVIEW D 81, 123016 (2010)

&ij = & Cause: gravitational action from outside the star
dr*dx?
!
Qi; = | / d’zdp(x) (.ri.r - %r%’, j) . Effect: density disturbance inside star
!
Qij = =AE;;. Causal correlation: linear
!
ky = 3(;/\ RS Definition of Tidal Love Number

Tidal deformability 1s a detectable quantity that both astrophysics and
nuclear physics are concerned about




Definition and calculation of tidal deformability

PHYSICAL REVIEW D 81, 123016 (2010)

AfQ:“C)(1_>C) 2+2C (y—1) —y] x

5

2C (6 — 3y + 3C(5y — 8)) +4C° [13 — 11y + C(3y — 2) + 2C*(1 + y)]

-1
1£90Y - 90)° 2 —y+2C(y—1)]log ( l—)C)} :

where (' = m/R

RB(R)
H(R)




Parametric EOS model for neutron-rich nucleonic matter

N. B. Zhang, B. A. Li, and J. Xu, The Astrophysical Journal 859, 90 (2018)

The nucleon specific energy of neutron-rich matter with isospin asymmetry
0 = (p, — p,)/p can be well approximated by the empirical parabolic law

E(p,6)=Ey(p)+E,(p)- 5" +O(S")

where K (p—p 2 J.(p=p 3
E,(p)=FE +— L+ .
0(P) = Eo () 2[ > ] 6( i, j

K 2 J 3
Esym(p):Esym(p0)+Lp o + wm | P~ Fo + Sym Ep /00]
3100 2 3,00 6 3,00

Parameters near the saturation density are constrained by existing knowledge as

k, 230120 MeV K, :—400~100 MeV
E..(p,):31.7432 MeV T, 1200 ~ 800 MeV
L: 58.7+28.1 MeV Jy,: —300~400 MeV



Universal relation between f-mode frequency and tidal deformability for 1.4M 5 NS

* (165, 2.18) M=1.4M

parameterized EOSs
e 11EOQOSs
»  MIT bag model

frequency(kHz)

(580,1.67)

0 100 200 300 400 500 600 700 800
A

The frequency of f-mode for a neutron star with mass of 1.4M are constrained by

the tidal polarizability [70<A, 4,2<580] of GW 170817 in 1.67~2.18kHz;

D. H. Wen, B. A. Li, H. Y. Chen and N. B. Zhang, Phys. Rev. C 99, 045806 (2019)



Universal relation between f-mode DT and tidal deformability for 1.4M , NS
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The damping time (DT) of f-mode for a neutron star with mass of 1.4Mq are
constrained by the tidal deformability [70<A; ,<580] of GW170817 1n 0.155~0.255s.

D. H. Wen, B. A. Li, H. Y. Chen and N. B. Zhang, Phys. Rev. C 99, 045806 (2019)



Constraints of f-mode on symmetric energy of nuclear matter
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It is shown that if a lower frequency (1.6402=0.016 kHz) is observed, there is a higher
symmetry energy (54.516.5 MeV) at 2p,; if a higher frequency (1.8002=0.018 kHz)
is observed, there is a lower symmetry energy (43.0 = 6.5 MeV).

D. H. Wen, B. A. Li, H. Y. Chen and N. B. Zhang, Phys. Rev. C 99, 045806 (2019)
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Definition of gravitational binding energy and related quantities

Definition of the mass:

— M = j : p-47rr2dr Gravitational mass
0
- M, = LRP'(I— 2M(r))_1/2 Arridr | Proper mass
r
- Mb — Amb m, =939MeV Baryon mass
Definition of the binding energy (BE):
- Total BE
E=M-M,
. Gravitational BE
- - £ =M-M
_ F =F —F Nuclear BE
n { g

Normally, the total BE and gravitational BE are negative, and the nuclear BE
are positive (quark stars are excluded).



Binding energy per baryon of neutron star sequence

Compact stars, N.K. Glendenning, Second Edition, P123

100
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The dashed line represents the unstable configurations with central densities higher

than that of the limiting mass star. The negative binding energy for stars with
M<0.2Mg,,,



Binding energies for 1.4M o NS under different EOSs

TABLE I. The binding energies of neutron stars and quark stars with a canonical gravitational mass 1.4 M.

ALF2 1.40 1.59 1.59 0.194 0191  =0.003 114373 112423 -1.95
APR3 1.40 1.56 1.62 0160 0218 0057 96.34 130.90 34.56
APR4 1.40 .57 1.64 0170 0236 0065 101.74 140.78 39.04
ENG 1.40 .55 1.62 0.151 0218 0067 9156 131.93 40.37
MPAI 1.40 .55 1.61 0.145 0208 0064 88.00 126.62 38.62
SLY 1.40 1.55 1.63 0.145 0230 0085 88.16 139.91 51.75
WWFI 1.40 1.58 1.66 0.178 0262 0084 105.97 155.63 49,67
WWE2 140 1.56 .64 0.161 0241 0080 96.79 145.07 48.28
QMFLA0 140 1.55 1.62 0.149 0224 0075 90.36 135.81 45.45
QMFL60 140 1.55 1.62 0.149 0220 0072 9021 133.60 43.39
QMFL80 140 1.55 1.61 0.147 0.208 89.33 126.21

CIDDM 140 1.70 1.58 0301 0.176 165.94 96.83

CDDMI 140 1.60 1.55 0201 0.151 11791 88.27

CDDM2 140 1.61 1.53 0209 0.133 12224 7771

R. R. Jiang , DHW?* and H. Y. Chen, PRD 100, 123010 (2019)




Universal relation of gravitational binding energy

BE /M
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Universal relation between gravitational binding energy and moment of inertia

R. R. Jiang , DHW* and H. Y. Chen, PRD 100, 123010 (2019)

50 T 100 g~
40 e
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There 1s a perfect linear universal relation between the dimensionless inertial and
the dimensionless gravitational binding energy; the normal neutron stars and
quark stars follow the same universal relation.

It 1s sufficient to estimate the gravitational binding energy if the stellar mass M
and the moment of inertia I are measured simultaneously, whether the compact
star 1s a quark star or a neutron star.



Universal relation between gravitational binding energy and tidal deformability

R. R. Jiang , DHW* and H. Y. Chen, PRD 100, 123010 (2019)
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There exist ideal linear universal relations between dimensionless gravitational
binding energy (negative fifth power) and the tidal deformability A. provide a
potential way to distinguish normal neutron stars (with crust) and the quark stars
(without crust) .
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The ten fastest-spinning known radio pulsars

Spin Frequency P, Ms ...  Eclipse

Pulsar (Hz) (days) (M) Fraction Location
J1748—-2446ad 716358 . 1.0944 . 0.14 04 Terzan 35
B1937421 641.931 1solated Galaxy
B1957+20 622.123 0.3819 0.021 0.1 Galaxy
J1748—-24460 596.435 0.2595 0.035 0.05 Terzan 5
J1748—2446P 578.496 0.3626 0.37 0.4 Terzan 5
J1843—1113 541.812 1solated Galaxy
J0034—-0534 532.714 1.5892 0.14 0 Galaxy
J1748-2446Y 488.243 1.17 0.14 0 Terzan 5
J1748—-2446V 482.507 0.5036 0.12 0 Terzan 5
B0021—-72] 476.048 0.1206 0.020 0.1 47 Tucanae

Science, 311(2006)190



Universal relation among /, Z and E,— static case
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W. J. Sun, D. H. Wen* and J. Wang, Phys. Rev. D 102, 023039 (2020)
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Universal relation for the rotating neutron stars

W. J. Sun, D. H. Wen* and J. Wang, Phys. Rev. D 102, 023039 (2020)
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Universal relations and correlation analysis

Shen Yang, Dehua Wen*, Jue Wang and Jing Zhang, Phys. Rev. D 105, 063023 (2022)

* The linear correlation, which reflects the strength between two

quantities, can be expressed as

EleX Y =

Big A r(X,Y) =

N N N
N Y — X
= =1  i=1

N N 2 N N 2
E- (£ v (E)
=1 =1 =y =

Cov(X,Y)
VD(X)y/D(Y)

PearsontH 95 524

The closer the absolute value of the correlation coefficient |r| is to 1, the

greater the correlation strength between the two quantities will be.

M. Ferreira, M. Fortin, T. Malik, B. K. Agrawal, and C. Providencia, Phys. Rev. D 101, 043021 (2020).
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Linear correlation properties of the neutron star properties. It 1s shown that the

quantities possessing desired linear correlation properties are the compactness p,
moment of inertia /, gravitational redshift z and gravitational binding energy E'g.
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Predicting the new universal (I/M3- ) relations based on the linear correlation analysis
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The universal relation I/M3- B can be expressed as

logI/M? = —1.261log 3 + 0.277
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-0.4

According to the universal relation I/M3- 3,

-16 -

log B

logI/M? = —1.261log 3 + 0.277

log I/M®

The moment of inertia of PSR J0030+0451 can be constrained as :

12.1752km 0.171%9:012 2.097327x10*5g cm?

13.007%9%km 0.15979:92> 2.291047%10%>g cm?
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Conclusion

» The frequency and damping time of f-mode for NS with 1.4Mg

can be effectively constrained by the universal relation and

observation of GW 170817.

» Gravitational binding energy is an ideal quantity to construct
the universal relations. These general relations can be used to
constrain global quantities of NS that are difficult to observe or

cannot be observed directly.

» linear correlation analysis can be used to predict new universal

relations and constrain the properties of NS.
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