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“*Neutron star and equation of state (EOS)

« The densest observable object in the universe. For M = 1.4
M, , R~10km, average density ~few times nuclear density

(ng =~ 2.7 X 10'* g/cm?)

- At density 2 2n,

what is composition?
what is phase state?

Fujimoto+ PRL 2022
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FIG. 1. Schematic QCD phase diagram. Deconfinement at high
temperature and low density has been established to be a smooth
crossover. A change to QM at low temperature is yet unresolved.

§ 4 T

TSUNG-DAO LEE INSTITUTE

Thin atmosphere:

H, He, C.... l Outer crust: ions, electrons

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

\ Outer core liquid: e, -, SFn,
perconductmg protons
Inner core: unknown
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“*Astrophysical observation for EOS constraining
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“*Astrophysical observation for EOS constraining

Less Compact
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GW (Inspiralling phase)
g .
Mass and tidal deformability:
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*From equation of state to phase state?

Nucleons?
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“*From equation of state to phase state?

“Nevertheless, even if we understand the (effective)
stiffness of the EoS, a further challenge is the particle
degree of freedom in cold, dense matter”.

’
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Abbott+2018

~ 7
universe MDPI
Review

A Gravitational-Wave Perspective on Neutron-Star Seismology

Nils Andersson

..."What is less clear is to what extent this progress will allow us to probe aspects associated with the neutron star
interior, e.g. the state and composition of matter... it isnatural to (try to) formulate a seismology strategy”.
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@® Neutron star seismology
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*Normal modes and Quasi-normal modes

- Basic equations (Newtonian, normal modes)

- Non-rotating star in equilibrium (the background star)

dp  pM
dr 2

* perturbation equations

f(l”, t) — (51’? + fhl’V)Ylm(Q, ¢)eiwt

) 1
3t2§ = p—'ZVp — ;V(Sp —Vid (Euler equation)

In GR, the frequency is a complex, the

op =—V . (pé) (Continuity) imaginary part represent the damping due
‘ to gravitational wave radiation.
ZLE—pwE=0

I'p 1
ZE€=pl - V(7V - €) — V(;’é' Vp)+ Vo]
. 11



2 Z00 of modes

»f-modes
no nodes, depends on the mean density ~ 1/Gp ~ 2000Hz

»D-modes

restored by pressure, few kHz, depends on the sound speed ¢, = \/ op/op

»g-modes
restored by buoyancy, arise from stable stratification:

- Density jump at some location, depends on Ap
dp ) (d
oY, "

e

Y
dp

_ Composition gradient, ~ N = g\/ ( ) Brunt-Vaisala frequency

»S-modes

restored by shear force, depends on the shear velocity 1/ u/p

»r-modes

restored by Coriolis force, depends on rotation velocity QS

- 12
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“*The g-modes reflect the ingredients of the matter

- Neutron star vs quarks star? (Flores+2017, Fu+2008 PRL)

- Quarks appear in a mixed phase (Gibbs, crossover)? (Jaikumar+2021, Constantinou+2021)

- Quarks appear with a sharp 1st phase transition (Maxwell)? (Zhao+2022, MZQ+2024)

 Superfluid neutrons? (Andersson+2001, Prix+2002) hyperons, muons? (Kantor+2014, Yu+2017,Dommes+2016)

« 13



*The (discontinuity) g-mode

interface
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Pressure

1stant-speed-of-sound (CSS) model

2
g, Ag, C;

Hadronic EOS:
NL3wp (stiff) and QMF(soft)
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*How can we detect them?

» Different from geoseismology on Earth and helioseismology on Sun, we can’t directly detect the seismic wave of
NS oscillation and can hardly to resolve the surface emission of NSs.

- GW signals are very faint, only possible for galactic events (like supernova or pulsar glitch) and f-mode.

h~ax10B(F 1/2( T )—1/2 f N d \'
N 10—9 M, c2 0.1s 2 kHz 10kpc )

- We may detect the orbital phase change induced by mode excitation in BNS inspiral.
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@ Tidal seismology and GW
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“Stellar response to tidal field

« Oscillation under tidal force

82 L = il U=-GM')’ o rlilYTm(Eﬁb)Yzm(&sé)
patz I f__p . m2l+1 D 2

[

=—-GM' ), W, e """y, (6,¢)
Im

4
D(t)l+l
« Decompose into normal modes

—

§(rt) =) aa(®)éa(r). (£ — pwy)&a(r) =0,

- Tidal overlap integral

. M
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)
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orb .« 17
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“Stellar response to tidal field

« Oscillation under tidal force
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“*Quasi-equilibrium (static) tide: observed in GW170817
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**Resonant tides

* The resonance is almost instaneous at lower frequency

- —5/6 r—11/6 - —5/3 p—8/3
tes =2 .01 5  fooo - <L tp =2 018457 fono

Resonance Orbit decay

* The energy transfer from orbit to stellar oscillation is

2
N 490roflB N2 Nf-213p2 5/3
AE = 5 X 10 ergfs50Q.01M1 4 Rlzq(l +q)

* Which implies a sudden GW phase change at resonance frequency

@ podeAE I 4?2 2q
0D = ~ — (.12 M7 R
PGW f600Q0.01 1.4 121 + g

Lai+1994
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“Signature in gravitational waveform

h(f) = A"

w3 8nGJAf

4 Zyz'ftc — ¢C A | 4( 3 )™ —5/3 + SPA - Before resonance, i.e., f < f,
Y(f, P, 1) =<
7 3 3nGM
\ 272'ftc — ¢C 1 | 4( f) ISP (1 ]]:)5¢a - After the resonance, i.e., f > |,
C d

(Flanagan+2007, Yu+2017)
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“*Sensitivity curve with future ground-base detectors

Fisher Information Matrix
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“*Detectability of the g-mode
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“Data analysis of GW170817
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“Data analysis of GW170817
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*Constraints on EOS
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—— aLIGO
---- ET

2
10° % o OE
X

10—3 .

fisco T

500 1000

f[Hz]

1500

70.12

0.10

0.08

1.2

=y | | | R |
z | i '
=\ ===
>\ .
kL not allowed region
E \‘ Mroy <2 M
)

e -
[ Pt/st
j 0.05 i ., 14M.. —1.4 M .-
1.5} i | 0.2k s :
i l| * ..°0\
0.09 ; | L %
// \“"o
0.11 Ruled out  “Xp..
= 013 ——= by GWI170817 ~=~"-.....
=g /,/ O O —_ . R ) . | P (D s | .
& % 0.05 0.10 0.15
0.0 Pt/ €t
0.5F ,
-
-1.0 200 400 600 300

- 26

0.20

0.25

MZQ+2024



Summary

v'Neutron star seismology, especially the tidal seismology, could serve as a probe for the

phase state of high density NS cores.

v A case study of the g-mode resonance in GW170817 data has ruled out the possibility of

a weak phase transition taking place at low density.

Thank you !
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