Astroseismology of NSs
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Asteroseismology

* how to know the best time to eat a watermelon?
« inside can not be checked before cutting

« “empirical rule”

« to check the best time, knock on a watermelon
« high frequency “KIN-KIN”; too young
« “BAN-BAN”; best time!
 low frequency “BON-BON?”; too old

« may need many years to get this ability

« one could see the interior with specific sounds from objects.
 asteroseismology
« linear perturbation analysis is considered in this talk.
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NS oscillation

- axial parity
« spacetime (w-) modes
 torsional (t-) modes
« rotational (r-) modes
* magnetic modes

* polar parity
« fundamental (f-) modes
« pressure (p-) modes
. gravity (g-) modes under the angular transformation

. . (6—m-6, p—m+¢),
spacetime (w-) modes a spherical harmonic function

- shear (s-) modes with index ¢ transforms as

* interface (i-) modes (-1)¢*+1 : axial parity / (-1)?: polar parity
* inertial (i-) modes

« magnetic modes
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NS oscillation

- axial parity
« spacetime (w-) modes
« torsional (t-) modes
 rotational (r-) modes
« magnetic modes

* polar parity
- fundamental (f-) modes
 pressure (p-) modes
. gravity (g-) modes under the angular transformation

. . (6—m-6, p—m+9),
spacetime (w-) modes a spherical harmonic function

- shear (s-) modes with index ¢ transforms as

* interface (i-) modes (-1)t+1 : axial parity / (-1)?: polar parity
* inertial (i-) modes

* magnetic modes
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Universal (empirical) relations

« To extract the physical properties from observables,
a universal relation (independently of the EOS) must be important
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Contents

« supernova gravitational waves
« magnetar QPQOs and torsional oscillations
« resonant shattering and shear/interface modes



Supernova gravitational waves
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Normalized amplitude
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« The next candidate must be a supernova explosion.

" * ©David A. Aguilar / NASA / ESA
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Next candidate of GW sources

« core-collapse supernovae

« compared to the binary merger, the system is almost spherically
symmetric

« less energy of gravitational waves

« many numerical simulations show the existence of GW signals

« SN GWSs depend on the SN models, such as progenitor mass and EOS
« how to extract the astronomical information from the GW observations?
« what is the origin of the SN GWs?

Mueller et al. 13
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Comparison with GW signals
In numerical simulation

« GW signals correspond to g,-mode in early phase and f-mode
after avoided crossing.
 similar correspondence has been seen even in various SN models
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What can we learn from SN GWs

« GW fregs. evolution strongly depend

on SN models, but---

« well expressed with average density

or surface gravity of PNS
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Slgnal of the g,- mode oscullatlons’?
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Strong correlations M/R2 & M/R3

« Unlike cold NSs, we find the strong correlations in PNS
properties

6 HS, Takiwaki, &Togashl 21
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Magnetar QPOs and torsional
oscillations
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Magnetar QPOs

« Quasi-periodic oscillations (QPOs) in the afterglow of giant flares

from soft-gamma repeaters (SGRs)
(Barat+83, Israel+05, Strohmayer & Watts 05, Watts & Strohmayer 06)

- SGR 0526-66 (5t/3/1979) : 43 Hz

- SGR 1900+14 (27t/8/1998) : 28, 54, 84, 155 Hz

- SGR 1806-20 (27t/12/2004) : 18, 26, 30, 92.5, 150, 626.5, 1837 Hz
« additional QPO in SGR 1806-20 : 57 Hz (Huppenkothen+14)
« additional QPOs : 51.4, 97.3, 157 Hz (Miller+18)
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Elasticity in NS crust

core crust i
> spherical (Strohmayer;91)
(Z
= 0.11947(Z¢)
a
density cylindrical _ (potekhin+ 98)
slab-like 0 03)
linear response : fluid Moy = 3 Beou X 107727
(Landau)

Ecou : Coulomb energy per unit volume

. —— W, : volume fraction
- two independent oscillations 2

(i) sphericzal + cylindrical (sp+cy)
(ii) tube + bubble (tu+bu)
- bubble ~ spherical
tube ~ cylindrical
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Constraint on nuclear parameters

« observed freq. are well identified with crustal torsional
oscillations, which tell us the constraint on L

N
EIOO
>
Q
=
O
)
=
o
= -
1.3M.. 13km 55¢
10 ........ | I T T T T T N N N N A BT RETRT A (| AR 50:....I IIIIIIIII st st i T
10 20 30 40 50 60 70 80 14 16 18
L (MeV) MIM

Nov. 26, 2023 Joint RIKEN/N3AS Workshop on Multi-Messenger Astrophysics @HAWAII2023 16



Magnetic effects

. the shift in the torsional oscillation fregs. '
obeys the following formula L 3
(HS+2007; Gabler+2018) _

e/ ( B )2 . 15 = 4o —
— & ]_—I—gozn e BM:4X1O G ™
o By, i
B, =4x10" G
- for the overtones, ot _H5+20071

+ for EOS NV 50, ~ 0.8 — 1.1 ; "
« for EOSDH 20, ~®2—25

« Deviation of the magnetized NS fregs.
from those of the non-magnetized ones .
+ < 3.4% for the EOS NV 2

e < 7.5% for the EOS DH,
if we assume B = 101°G
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QPOs are newly found

Article

Very-high-frequency oscillationsinthe main
peak of amagnetar giantflare
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giant gamma-ray flare (GRB 2004 15A) in the direction
of the NGC 253 galaxy, disappearing after 3.5 msec, on 15/4/2020.

LED HED
Interval (Hz) | Peak Frequency | Chance probability | Peak Frequency | Chance probability
(Hz) (Hz)
500-1100 [ 835.9%7.5,5 ) 1.2x10* - -
1100 - 1700 | 1443.7%%7, 7, 4.9x10% 1353.5%%7 515 1.2x 107"
1800 - 2400 | 2131.7°1% 14, 2.4x107 2095.1277, 1508 50x10°®
3900 - 4500 | 4249.7%%7, 16 ) 1.7x 10 4126.87" 730 1.1 x 107

Observed fres. are high

- polar type oscillations,
such as f, p-modes

- overtones of torsional modes
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« See in Session DO8: Minisymposium: Solid State Physics in Neutron
Stars: Crystallography and Superfluidity on Nov. 29th
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Resonant shattering and
shear/interface modes

resonance

," tidal coupling N
L/

(A) Orbit breaking strain

crust fracture

elastic limit

shattering N

(C) Seismic © @
(low-f) m:
coupling (D) Seismic

(high-f)

o

(E) Flare

Nov. 26, 2023 Joint RIKEN/N3AS Workshop on Multi-Messenger Astrophysics @HAWAII2023

Tsang 13



Resonant shattering

* Precursors 1-10 s prior to the main flare were detected
with high significance for three SGRBs out of the 49 (Troja+10)
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Behavior of eigenfrequencies

14Mo, 12.4km
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« Frequencies with A=0 correspond to the eigenfrequencies
- f- and p;-mode fregs. hardly depend on the crust elasticity
« si-mode fregs. strongly depend on the density of interface(s)
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Eigenfunctions
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Uncertainties in core EOS

« To see the dependence on the EOS stiffness in a higher-density region,
we adopt not only the original OI-EQSs but also the one-parameter EOS,
such as

for a lower-density region ( € < &4 ): original OI-EOSs
for a higher-density region (¢ > ¢;): p = a(e — €¢) + pr.

+ a is associated with the sound velocity as c2 = «

- we consider in the range of 1/3 < a < 1.

VA

2 crust/core transition densit
4 p=oae—et) +pe Y
s ~ (0.3-0.5)n,

2

OI-E :S
J >

E=28, density




Empirical relation (i/s-modes) .

fM (kHz/M@) = ag + al(:p/O 1) + ay(x/0.1)? fR (kHz km) = bo + b1 (:c/o 1)
009;" T UL L LR BB R T ‘-A“J 205""1' L BB B I T T ;5
__0.08f ll—mode "0 426MeV 18| o @ OI-EOS A
R P = 16E|C ® =13 426MeV -r" s
S 0.07f ¢ e E Lb|om asoe _:
N : p e O 5 - 4 A a=1 "9 gf_'n:' :
T 0.06 P < 73.4 MeV; T 12F ® © ]
2 | C < i 2 0k & o T34 MeV ]
= 0.05F A O ® OIEOS . <= 10t o < :
Vit & o O W a=06 1 - i ]

‘e O A A -1 6: ‘Q)O s1-mode ]

003 AP BRI R SR IR o ! ! 4‘!. PRI R U S S T NS SN SN N (N SN ST SN T (N ST S N S NS SRS B
0.08_' LA B L L L L B L B B LR R R B [T e

F iy-mode g AA AN 30F Hs 23 AA_

L 2 L

~ 007} o 226MeV ~ 55l 42.6 MeV -r" 27
E 0.06:- VR ¢ EEDAAZAJ E * D/ED
N : - : 20F " ;
P o S 734 Me VS N 20 & ;
0.05F & & ] T & O BAMey
é i A. @D ﬁ 15_— { ) 7]
E 0.04f S ] I Ag'dgo 1
o Ddl f 1O:_ 0!30 s»-mode ;
0.03}e q<> ] 5-¢ _
0.05 0.10 015 020 025 030 035 0.05 0.10 0.15 020 025 030 035

Nov. 26, 2023 Méﬁ RIKEN/N3AS Workshop on Multi-Messenger Astrophysics @HAWAIIM?!R



« we find two different types of fitting formulae for the i- and s-mode fregs.

« depend only on the crust stiffness (crust EOS)

* |f one would simultaneously observe the i- and s-modes,
one might extract the stellar mass and radius with the help of the constraint

on the crust stiffness from the terrestrial experiments.

« Moreover, it may affect the binary evolution

Nov. 26, 2023
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Conclusion

« Asteroseismology is a powerful technique for extracting the NS properties

« |n this talk, we focus on
« supernova gravitational waves
« magnetar QPOs
« resonant shuttering in binary NSs

« We are looking forward to getting new signals from NSs, which may help us
to understand NS physics well by using the asteroseismology approach.



