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watermelon

* 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 a watermelon
* high frequency “KIN-KIN” ; too young
« “BAN-BAN” : best time !
* low frequency “BON-BON” ; too old

— need many years to get this ability

 one could see the interior with specific sound from object.

— asteroseismology !
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Seismology, Helioseismology

A Sl f 22 [P LTO A,

Seismic waves tell us
information inside the
Earth (seismology)

The interior of the Sun
can be probed through
the wave pattern on the
surface
(helioseismology)

‘_I_d Illlllllllllll
0.0 0.2 04 06 08 1.0

/I
ONAOJ

10 e 0 CEAMEHIRR

1. Sep 2016 PHEE N 2



Asteroseismology in Neutron Stars

* via the observations of GW frequencies, one might be able to see
the properties of NSs
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matter could appear.

imprints of inside NSs

of density discontinuity

In deeper region of NS, quark

one might be probe the existence

one might see the surface tension

in hadron—quark mixed phase
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M/My = 1.4-20

<nuclear density>

‘ r= 268 10" g/cm
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Tolman—Oppenheimer—Volkoff (TOV) equation gives density
profile of the spherically symmetric equilibrium of cold NSs.
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How to construct NSs

e
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EOS is essential to construct the stellar model, but still uncertain.
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too many EOSs suggested--*

2.0 91614-2230 N
SQM3
AR =

S 15 Q aMaA—— TN
Y
n
4y}
=

1.0

0.5

0.0 L Demorest et al. (2010) . . | |

7 8 9 10 11 12 13 14 15
Radius (km)

NS observations can make a constraint on EOS!!
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nuclear saturation

* radius of an atomic nucleus with mass number A
R=rA", r=12x10"cm

* binding energy
E(A)=8A MeV

which are independent of atomic nuclei.

* density of atomic nuclei
M mA m
r»—==——=-3 @ r,
R™ 1A

saturation density = 2.68 X 10'* g/cm?
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neutron stars

Structure of NS

— solid layer (crust)
— nonuniform structure (pasta)

— fluid core (uniform matter)

Crust thickness < 1km

Determination of EOS for
high density (core) region could be
quite difficult on Earth

Constraint on EOS via observations
of neutron stars

— stellar mass and radius
— stellar oscillations (& emitted GWs)

“(GW) asteroseismology”
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(P)NS - EOS

(1) TOV equation
(2) equation of state )
— model
} — nuclear interaction
\_ — composition Y,
D
e physics in NS crust constraints from the terrestrial

nuclear experiments
L3

e Jow—mass NSs
physics in NS (core) _
properties around

- the saturation density

high density region
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Protoneutron stars (PNSs)

 Unlike cold neutron stars, to construct the PNS models, one has
to prepare the profiles of Y, and s.

— for example, with LS220 and s =1.5 (k3/baryon), but ¥, =0.01, 0.1, 0.2, and
0.3
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strategy

calculate the 1D simulation of core—collapse supernova (by Takiwaki)
— time evolutions of radius and mass of PNS are determined

— radius and mass of PNS are fitted by simple formula

PNS models are constructed in such a way that the radius and mass of
PNS are equivalent to the expectation from the fitting

— with the assumption that the PNS is quasi—static at each time step

— with the profiles of Y, and s

calculate the eigen—frequencies via the eigen—value problems on PNS
models

— dependence of the frequencies on the profiles of Y, and s

— dependence on the average density of PNS

— dependence on the progenitor models
e LS220 M /M, =112, 15, 27, 40), Shen (M. /M, = 15)

pro pro
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Y, and s profiles
. the snap shot at t 100 200 and 500ms after bounce
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comparison with other results

e results by Roberts (2012), where he has done the 1D simulations
for Ionlg—term.l
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S0, Sy (kg/baryon)

PNS models

adopting two different profiles of ¥, and s inside the PNS, we
construct the PNS models.

— unknown parameter: € & s

— to reproduce the PNS models with given (M, R), € _ and s_ are fixed.
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evolutions of € _ and s depend strongly on the profiles of Y, and s.



Jr(Hz)

oscillations in PNS

with relativistic Cowling approximation

omitting the entropy variation
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frequencies depend on mass and radius of PNS, but weakly depend on

(Y., s) profiles.

in the early stage, the typical frequencies of #~mode is ~ a few hundred
hertz, which is good for gravitational wave detectors.
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characterized by average density

* frequencies of f-mode for cold neutron stars:

1/2 —3/2
(NS) M R
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Andersson & Kokkotas (1998)

 Similarly, frequencies for PNS can be characterized by average
den3|ty, but obV|oust different from those for neutron stars
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f; (Hz)

dependence on progenitor models
* results for LS220 with M,_/M.=11.2, 15, 27, and 40, for Shen with
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e progenitor model dependence is quite weak.
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comparison with g—-modes

e as characteristic GWs from core—collapse supernova, the
excitation of g~-modes around PNS has been reported (Muellar et aI

1500

(2013); Cerda—Duran et al. (2013)) - |

— due to the convection and the standing
accretion—shock instability.

o
o
o

frequency [Hz]

500 -

fg =

1 GMpnsg (1.1771“)1/2 (1 B GMPNS>2

21 Rpns \ (Ep) ¢ RpNs
m_: neutron mass Muellar et al. (2013) -.Muellar et al. (2013
. . 0.0 0.2 0.4 0.6
(Ez.): mean energy of electron antineutrinos time ofter bounce [s]

20 black: electron neutrinos
| S1s7ba red: electron antineutrinos

15 blue: p/T neutrinos

3400+ 13 (0 < ¢ < 400 msec)
16 (400 msec < )

10 } <Ez7€> _

0 0.2 04 0.6 0.8

luminosity (10°2 erg/s)

1. Sep 2016 time (s) 3 —eiEmAS 21



comparison with g—modes

e careful observing the gravitational wave spectra after core—

collapse supernova, one might see the different sequences in
spectra

— which tells us the radius and mass of PNS
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conclusion

* We examine the frequencies of gravitational waves radiating from PNS
after bounce.

e The PNS models are constructed in such a way that the mass and
radius obtained from 1D simulation are reconstructed.

— two different profiles of Y, and s are considered

i 2t ot (o) ()
¢ ’ ’ 14M@ 10 km

. p'f - 1 GMPNS 11mn 1/2 1_ GMPNS 2
97 91 Riyg \ (Ep,) c? Rpns
average density

as a function of

— different dependence for g-mode around PNS

* one might be possible to determine the mass and radius of PNS via
careful observations of time evolution of gravitational wave spectra.
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Y, and s profiles

* the snap shot at t=100, 200, and 500ms after bounce
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