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Oscillation modes
A(r)e't o =om+t

Standing sound wave of order n:
dp I+ Dn
2 ~ —k2 I — \/ ( )

de 27R Grawty & mterface

n=0 f-mode (fundamental)
n=1 p-mode (pressure)

Pressure supported

)

Stratified fluid in uniform gravity g: |
Gravity & x gradient ’_ (e, —e_)gk
= - > )

e, /tanh(kd,) + e_/tanh(kd_)
Discontinuity g-mode (interface gravity mode)

Buoyancy oscillation in uniform gravity g:

g (0e\ dx 1 1 n, n,
>~ N =— —=g2( — )x—{——T...}

ORIGINAL (‘||\‘\['Ill URE SOUNDTRACK 2 2
» 'T“‘TT‘?‘/\\T QI Y’q‘(\‘ E a.x D dl” C eq ad nB nB

Chemical g-mode (gravity with composition gradient)

ST l,\ lA.\ l RICE




f-mode universal relations

: —.— LauFit
0.15¢ ——— Chirenti Fit
i —— This Work
& 0.10} '
D i
o I
0.05r One node )
& 0,00
= 025+
G i
<

0.1% deviation except for
ohe-node branches

000}

08}

J’g.i" . Hybrid NS
5 — Sly4 + Hadronic NS
—— N3LO-cen * Strange QS

T

Q, = GMw/c’

—

0.10

015

B

020 025 030 035

: —— LauFit
— L === Chirenti Fit ]
.C_i 6jl —— This Work T
e | i 1
o | First proposed
S | Lau+2010
—~ 21 4

O: | | | | | :

0.1F A - .
0_0: ’—__._-._- ————="7 ! T B

5 10 175 20 Bne-node

Branch

1% deviation except for
ohe-node branches

| Q= (0.887 £ 0.061) f*? Quark star

Zhao & Lattimer 2022

( < $*? in Newtonian)

1. Q. — A is slightly weaker than Q — I

2. Qf is close related to compactness [/
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Discontinuity g-mode
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Compositional g-mode universal relation
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Gravitational radiation of
NS oscillation

The amplitude of observed oscillations is

h(f) = hye ™" cos wt

The observed GW energy flux is
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Observation of Oscillations
of NS

Direct observation:
1. BNS merger remnant
matter motion) 2. Core-collapse SNe

3. Star quake (glitches)
4. NS close encounter

spacetime variation

gravitational wave radiation

Indirect observation:

Binary NS inspiring

Orbital angular momentum transfer

gravitational wave form information

Instrument:
Comic explore (US)
Einstein Telescope (Europe)



Oscillations of NS in

simulation
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Isolated oscillation VS merger remnant
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e Strong correlation with the
isolated NS f-mode frequency
and the peak frequency in
post merger.

e case of equal-mass mergers,
the peak frequency in
supramassive NSs is almost
equal to that of the non-
rotating f-mode frequency of
iIsolated NSs with the same
mass as each of the merging
components
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Dynamical tidal effect of GW170817
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* 90% credible interval of f-mode frequency for GW170817:
1.43 kHz ~ 2.90 kHz for the more massive star
1.48 kHz ~ 3.18 kHz for the less massive star
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Oscillations of NS |
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ODEs of Non-radial Adiabatic Oscillation

Eigen value problem of even quasi-normal modes

Linearized Full GR: Thorne, Kip 5. 1967
2 1st ODEs + 1 2nd ODEs (inside)

1 2nd ODEs (outside)
Zerilli's Eq Fackerell, Edward D. 1971

Lee Lindblom and Steven L. Detweiler 1983

Zhao, Constant
Jaikumar, Prakas
https://arxiv.org/abs/

(Inverse Cowling)
* Relativistic Cowling
approximation:
2 1st-order ODEs

or 1 2nd-order ODE

2 P. N. McDermott et. al. 1983
.01403

n limit for

Take
' perturbation

Newtonian: Cox, John P. 1980
2 1st ODEs + 1 2nd ODE
Analytical for some modes,
e.g. f-mode and

interface g-mode

limit for

Take N

* Newtonian Cowling
approximation:

2 ODEs
Cowling, Thomas G 1941
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Cowling Approximation in Compositional g-modes
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f-mode with Analytical TOV Solutions

 Dimensionless frequency:
Q= GMw,/ c> (% in Newtonian)

Cowling approximation: up to 30% deviation

Linearized Full GR
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One node branch

| owest order pressure mode have zero node which is nhamed
as f-mode (fundamental).

* However, in case of hybrid NS lowest order pressure mode
sometimes have one node due to strong density discontinuity.

e Stars with radial nodes in V only we refer to as 1-node |.

e hybrid stars have a radial node (zero) in the fluid and metric
perturbation amplitudes X, W, H_0, H_1, K (but not V, which,
however discontinuously changes sign) at a radius slightly
larger than the phase transition radius R_t. We will call this
type of behavior 1-node Il



One node branch
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15 25¢
| Xin Fig.12 ‘H°_ 5_"W 50_"? S0k —Ho— SXW 100 % B | _
Hi 10X V...... 5+e : H1/2 —10 X Voo 10 = e? |
—K X 5xe’ 15F ! ]
10F F — —K —— X2 10 x e” 1
M=0.741 Mo (0 node) = 105_ ................................................................... ]
| p=18.81 MeV fm—3 T 5F M=0.737 M, (1-node II)—
Y P i ; pc=20.43 MeV fm~3 ]
[ e ey 1 o \\ 0 F M ]
% 2 T4 TTTe T T8 10 12 o0 2 2 6 8 10 12
r (km) r (km)
25_ ¥ T T v L T T T 25_ T —71 v r T r T 1 v 1 v v v 1 v
205 Xir 1 —Ho—— 5x W 100 x B E Xin Fig.12 —Hp—— 5x W 100 x B
F =4— Hy/2— =10%xV...... 10 = e? 20? Hy2—— =10 X V........ 10 = e/ ]
—-K —— X2 10xe” 1 15F -K — X2 10 x e¥
_________________________ hybrid stax 1-node Il f
M=0.724 M (1- n0d6_3”)' 5F M=0.727 M4, (1-node II)
p=30.92 MeV fm ] E pc=33.59 MeV fm—3
; ———— 0f ————
_5:— M B /A B ST PR ] _5':' 1 1 P B I PR P
0 2 4 6 8 10 0 2 4 6 8 10
r (km) r (km)
25— ————————— — 25¢ —————r— — e
- Xin Fig.12 —Hg— 5xW 100 x B t Xin Fig.12 —Hp—— 5x W 100 x B ]
20¢ | Ha2— —10xV.o 102er 1 20F M2 10XV 10+g)
1 15F — —K — X/2 10 x e 15F — —K—X/2 10 x e¥ 1
N N\ hybrid start-node \. .. ‘
5} M=0.733 M (1-node I) 5F =0.743 M, (1- noden—j
: p.=36.49 MeV fm~3 ; Pc=39.64 MeV fm~3 ]
_50...é...&.‘.é...é..llno.. _50.,.é ‘11 .é...é. .110..
r (km) r (km)
J 0 —m™m—m™m——mr———m————————7—— —r— 40—+ : . .
[ — —Hg—— 5XW 50 x B [ M=1.400 M, (0-node)
[ — H) —10XV...... 10 + e [ pc=153.69 MeV fm~3
30:_—”-”’// — Kk — X 10xe’ { 30f ]
i — —Ho—— 5XW - 50xB I\
20F =\ 4 20 — H; —-10XxV...... 10 = e’ .
- M=1.000 M, (0-node) = e 10xe’l
F pc=82.27 MeV fm—3 h Id Star n
10- ...................... _ 10: .......................................
% 2 4 6 % 2



https://arxiv.org/abs/2204.03037

Typical f-mode oscillation
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FIG. 14. Metric perturbation amplitudes, fluid perturba-
tion amplitudes for non-radial oscillations with £ = 2 with
(dashed curves) and without (solid curves) the Cowling ap-
proximation, and static metric functions (dotted curves) in-
side a 1.4Ms NS computed with the Slyd EOS [85]. Ho, H:
and K are in units of £, = 152.26 MeV fm >, X is in units of
g2, and W, V, v and ) are dimensionless. Only real parts of

the perturbation amplitudes are plotted.



Compositional g-mode of
hadronic NS




Discontinuity g-mode of
hadronic NS
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f-mode vs p-mode
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Outside metric perturbation
(f-mode as example)
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Newtonian 1D
gravity wave:
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Discontinuity g-mode semi-universal relation
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Damping time: 7 > 100 (10000) s
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Compositional g-mode universal relation
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