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Celebrating 30" Anniversary of SN1987A and Ewald !
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Looking back ~30 ye
in both theory and ¢ Typical thresholds of proto-types in 1989
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Astron. Astrophys. 114, 53-59 (1982)

Gravitational Radiation from Collapsing Rotating Stellar Cores
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GW astronomy of CCSNe, no more a dream !

Fig. 2a. Energy spectrum corresponding to the quadrupole ampli-
tude given in Fig. 1a




GW signautures from 3D-GR models with vs. weak SASI activity

(from Kuroda, KK, & Takiwaki ApJL (2016), see also Andresen, B, E Miiller and Janka (2017))

v Two EQSs > (Steiner et al. (2013), fits well with experiment/NS radius,Steiner+(2011)),

HS(TM1) (Shen et al. (1998)).

v’ 3D GR simulations (BSSN) with neutrino
v 15 M, star (Woosley & Weaver (1995)) A e T
:SOfter (Kuroda, KK, and Takiwaki 2012, ApJ, 2014, PRD)
see multi-energyversion available !
in Kuroda,Takiwaki, & KK. ApJS (2016))
pr(m3)='0-8001 ]4 ' & pr(m5)=8595]2
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(due to shorter growth rate, e.g., Foglizzo et al. (‘06)).
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v By coherent network analysis of LIGO, ViR&Q_and KAGRA, the detection horizon

is only 2~3 kpc, but could extend out to 100 kpc whre and CE are on-line (>2035).

v Detection of neutrinos (Super-K, IceCube) important to get timestamp of GW detection.
v The SASI activity, if very high, results in characteristic signatures in both GWs and
neutrino signals (e.g., Tamborra et al. (2012) for SASI-induced neutrino signals).



Correlation between GWs and neutrinos with
I(fTH! TVAL (T + AT) Aqw(7)

X(t,AT) =
VS drH(E = 7)(A(r + AT)2\ /[ drH(t — 7)(Agw(T))?

Kuroda, KK, Hayama, Takiwaki
(soon to be submitted)
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v The simultaneous detection potentially tells the distance between the neutrino
sphere and PNS radius ! (Need to follow long-term 3D evolution how long this continues..)




er is Circular Polarization of GW) :Non-axisymmetric instabilities

“New” GW messen
(incl. low T/|W|, spiral SASI

Stokes Parameters:
Hayama et al. (2016), PRL (see also Klimenko et al. (2015) PRD)
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Rapidly rotating 15 Msun (early postbounce phase)
from Kuroda, Takiwaki, KK (2014) PRD)
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What about Circular GW rogenitors ? Hayama, KK et al. in prep

Non-rotating 11.2 M, star ; Convection dominant
@2kpc
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If the SASI dominant (likely for high & stars), clear signature of CP !
= indication of SASI motions non-spherical mass accretion (Hayama,KK et al. in prep)




SNR of Circular Polarization of GW relative to background

@ 2kpc
(LIGOX2,Virgo,
KAGRA)
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(e.g.,Andresen et al. (2017))
v The detection of CP could extend (far) beyond the detection horizon of GW waveform !

(Hayama, Takiwaki, KK, Kuroda in prep)




First discovery | (Announced Feb 12t (2am JST)) by LIGO
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v/ Origin of ~ 30-40 M BH ?!

v Low metallicity environment
needed for large stellar mass BH+BH 41 ® =)
BH formation.
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(e.g., Kinugawa et al .(2014,2016)) : .
Marchant, Langer, Podsiadlowski et al. (2006)







Need improvement in opacity of our 3D-GR code (with energy transport)!

Table 1

The Opacity Set Included in this Study and their References
KTK (2016), ApJS

Process Reference Summarized In (essentially
)

ny, « e p Bruenn (1985), Rampp & Janka (2002) Appendix A.l Bruenn rates +
P« e'n Bruenn (1985), Rampp & Janka (2002) Appendix A.l
1A — e Al Bruenn (1985), Rampp & Janka (2002) Appendix A.]
pp = Up Bruenn (1985), Rampp & Janka (2002) Appendix A2
vn s vn Bruenn (1985), Rampp & Janka (2002) Appendix A.2
vA — A Bruenn (1985), Rampp & Janka (2002) Appendix A.2
ver — e Bruenn (1985) Appendix A3
e e’ — Ui Bruenn (1985) Appendix A4
NN — viNN Hannestad & Raffelt (1998) Appendix A.5

Bremsstrahlung)

Most advanced set
(e.g., Fischer(2016),
Bollig et al. (2017))

Weak process

e +p=2n+
e +n=p+ .
n=mnp+e +14
e +(AZ)=2 (A Z —1)+ v
v+N=N+
v+ (A Z)= (A Z)+ v
v4et e 4+
e +etT 2v+p
N+ N=eN+N+v+v
Ve + Ve = Vyyr +Vpyr

(A Z) = (A Z)+v+i

Note: unless stated otherwise, v = {1, Ve, v, /7, 7/} and N = {n, p}.




2. Comparison with Agile-Tobias rates — September KK et al. in prep

Hix +2003, PRL

0.5

=]
=
T

=
¥

¥ _{Electran Fraction)

]

Entrogy per baryon

“E}h 10!
= 10" 1 A
o
z 0 2
E 2t §“’m' —
= a || — Bruenn prascripbion
P 107 — LMP+LMS rates
= -6 (set3) 0 : i
N -8 N | L | L 1 &E‘ j
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 -
Mass coordinate (Mg ) %
@
>

0.4 0.6 0.8 1 1.2
Enclosad Mass

FIG. 1. The electron fraction, entropy, density, and velocity
as functions of the enclosed mass at the beginning of bounce
for a 15 Mg _modgl, The thin line is a simulation using the
Bruenn parametrization, while the thick line is for a simulation
using the LMP and hybrid reaction rate sets.
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Consistent with previous literatures!
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Summary

v/ Simultaneous detection of SASI-induced modulation both in
neutrino and GW signals is a smoking-gun signature of
the violent SASI motion in the core.

, we could get information of the relative distance
between the neutrino emission region (neutrino sphere) and
the PNS core.

(Kuroda, KK, Hayama, Takiwaki, soon to be submitted)

v First 3D-GR simulation with multi-energy transport that
followed the hydrodynamics up to BH formation.
(Kuroda, Takiwaki, KK in prep)

v/ All above results need “upgrade” quantitatively (first)
with elaborate neutrino opacities.
(KK, Takiwaki, Fischer, Kuroda, Nakamura, G.M. Pinedo in prep)




