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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 1s yet unresolved.
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If there is a 1st PT, then can we detect it by using
neutron star observations?



“*Background

Temperature

e
inner crust (1 km)
outer core (3.4 km) superfluid neutrons and vortices
superfluid neutrons and vortices vortex pinning and nuclear pasta?
deep core (5-6 km) superconducting protons and fluxtubes

hyperons and/or deconfined quarks?
color superconductor?

»,
T 4, outer crust (100 m)

lattice of neutron-rich nuclei

b

Large Hadron quark-gluon plasma
Collider etc

5x10 g/em’

hadronic matter

colour superconductivity

2x10"g/cm’

10"g/em’

Density

Graber&Andersson 2017
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* The densest observable object in the universe.
For M =1.4M, , R~10km, average density

~few times nuclear density ( ~ 1014 g/ Cm3)

- The ideal laboratory for exploring physics
under extreme conditions.

> Gravity

> Electromagnetism
» Strong interaction
> Weak interaction
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“*Neutron star seismology and normal modes

« Basic equations (Newtonian, normal modes)

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

dp  pM
dr 2

* perturbation equations

5(7', l‘) — (57’17 + fhl’V)Ylm(Q, ¢)eia)t

) 1
3t2§ = p—ng — ;V&p —Vid (Euler equation)

5p - —V. (p‘g’) (Continuity)
ZLE—pwE=0

I'p 1
ZE€=pl - V(7V - €) — V(;’g“ Vp)+ Vo]
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“*Neutron star seismology and normal modes

 Basic equations (Newtonian, normal modes)

* Non-rotating star in equilibrium (the background star) » Some difference in GR (qua3|'normal mOdeS)

ds* = g, dx"dx" = — e*Vdt* + e**dr* + r*dQ

dp  pM
dr 1 d + )M + 4zr? |
d_lz __b f():_ 2M;W P) (TOV equation)
« perturbation equations R — s = —He Y di? — rHoe Y dr®
_ A h it 59 — =2y, Y, e, —rlKe™'Y,,, r*(d0? + sin? 0d¢?) — 2iwr!tH e™'Y,,, dtdr.
Er,0) = (€7 + EV)Y,, (0, pe NN
) 1 v v _
338 = —'ZVP— —Vop—Vod (Euler equation) (p + ou"\Vu' + 1"NV,p =0
Y Y o
V, () =0 (Continuity)
5p = —V- (pg) (Continuity) ‘
‘ (L — (p + €)€_Z@wi]§g = 0.
ZLE—pwE=0

In GR, the frequency is a complex, the

FE=p[ - V(F_pv L E) — v(lg. Vp) 4+ VD] Imaginary part represent the damping due
P P to gravitational wave radiation.



*The (discontinuity) g-mode

interface
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Pressure

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

2
g, Ag, C;

Hadronic EOS:
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*How can we detect the modes?

» 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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® G-mode induced by 1st PT interface
@ 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
c.i + a)za — GMZWlmQa e_lonrbt in= d3xp€:1m.v[rl}/lm(0> ¢)] :
a a“a ~ .
Dl+l
"R
= [+1 r 1
» Quasi-equilibrium (static) tide o ), olr' ™t dr[&7,(r) +(1+1)&5(r)
el orb
) >> mgorb a. ~
@ @ a)ng"‘l
 Resonant tide
a)a ~ mQOI.b elQorbt

a, ~
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“Stellar response to tidal field

« Oscillation under tidal force

Ellll]]TITITTTITTTIITTIIIIIIIlIIIIIIIII
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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

e

h(f) = A"

¥(f, b 1) =<

3 8xGM
 2xft. — @, Z | 4( ECS f)_5/3 - Before resonance, i.e., f < f,
r 3 8xGM
\ 272'ftc — ¢C F—( f)_5/3—(1 / )5¢a - After the resonance, i.e., f > f,
4 4 3 f.

(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

1.4M ., —1.4M
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“Data analysis of GW170817

. (=, +0.000056
J'M - '].. ].'97'1)—1]. —0.000053
I

« Waveform model: IMRPhenomD NTidal + resonance

+0.063
q —_— 0.8.99_0‘10';’15 .
I I

MZQ+2024
{91} — {Ma Q9 Ala A23 XIZ’ XZZ’ Hjna tCa ¢C’ \Ija |6$|9 f_} (A:

We fix the location of the source to the position determined
electromagnetic observations (Abbott et al. 2017c; Levan et
2017) with «a(J2000) = 197745, 6(J2000) = — 23738 a
z=0.0099. The priors of the parameters are chosen

following those used in Abbott et al. (2019), with the excepti
of the priors for |§¢| and f. For the mode resonance paramete 2000

o
-

1000

« HO: model without mode resonance
 H1: model with mode resonance

No detection of the signal, as BFZ1 e [0.72,1.11]
0)

logl5| = ~ 1491
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“Data analysis of GW170817

QMF+CSS NL3wp+CSS
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“Constraints on phase transition properties
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Summary

¥ 1st phase transition —> discontinuity g-mode —> resonance signature in GW waveform

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 for your attention!
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