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Celebrating 30th Anniversary of SN1987A and Ewald !

Looking back ~30 years,  significant progress made 
in both theory and observation !

Sensitivity curves 
of laser interferometers 

2016

Typical thresholds of proto-types in 1989
(MIT, Garching, Caltech, Glasgow and Tokyo)

10 km long: 
Einstein Telescope (ET)
could start  ~2025.

>202540 km long: 
Cosmic Explore (CE)
could operate  ~2035. >2035

GW astronomy of CCSNe, no more a dream ! 



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

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

✓ Two EOSs → SFHx (Steiner et al. (2013), fits well with experiment/NS radius,Steiner+(2011)),  
HS(TM1) (Shen et al. (1998)).

✓15 Msun star (Woosley & Weaver (1995))

TM1 :stifferSFHx :softer

✓SASI activity higher for softer EOS (due to shorter growth rate, e.g., Foglizzo et al. (‘06)).



(from Kuroda, KK, & Takiwaki ApJL (2016), see also Andresen et al. (2016))

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

✓ Two EOSs → SFHx (Steiner et al. (2013), fits well with experiment/NS radius,Steiner+(2011)),  
HS(TM1) (Shen et al. (1998)).

✓15 Msun star (Woosley & Weaver (1995))

TM1 :stiffer

✓The quasi-periodic modulation is associated with SASI, clearly visible with realistic EOS.   
✓By coherent network analysis of LIGO, VIRGO, and KAGRA, the detection horizon

is only  2~3 kpc, but could extend out to 100 kpc when ET and CE are on-line (>2035).
✓ Detection of neutrinos (Super-K, IceCube) important to get timestamp of GW detection.
✓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).

SFHx :softer

Preliminary



Correlation between GWs  and neutrinos with strong SASI activity (15 Msun + SFHx)

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

✓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..)

ΔTmax ~  Rcor / Vadv

~  O(10) km/(107~8 cm/s) 
~  O(10) ms



“New” GW messenger is Circular Polarization of GW) :Non-axisymmetric instabilities 

(incl. low T/|W|, spiral SASI 

Hayama et al.  (2016), PRL (see also Klimenko et al. (2015) PRD)

Rapidly rotating 15 Msun (early postbounce phase) 

from Kuroda, Takiwaki, KK (2014) PRD)

@10kpc

V parameter =
Asymmetry of right and left modes

Stokes Parameters:

(See definitions in Seto and Taruya (2007), PRL)

CP (if seen from the 
spin axis) 
:evidence of
“rapid rotation” .



What about Circular GW polarization in “Non-rotating” progenitors ? 

Non-rotating 11.2 Msun star ; Convection dominant

Hayama, KK et al.  in prep

If the core is convection-dominant (likely for low ξ stars),  no clear signature of CP !

@2kpc

Normalized
polarization
(e.g.,

𝑥

𝑥2 + 𝑦2
.

𝑥 = ℎ+, ℎx)

Non-rotating 15 Msun star (SFHx EOS); SASI dominant

@5kpc

If the SASI dominant (likely for high ξ 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)

@ 5kpc

@ 10 kpc

✓ The detection of GW amplitude is within several kpc using  LIGO (e.g.,Andresen et al. (2017))

✓The detection of CP could extend (far) beyond the detection horizon of GW waveform !
✓ The CP would provide new window to detect GW signals !

(Hayama, Takiwaki,  KK, Kuroda in prep)



✓Three GW events:
binary Black hole (BH) coalescence

: GW150914,151226,170104.

First discovery ! (Announced Feb 12th (2am JST)) by LIGO

✓Origin of ~ 30-40 Msun BH ?!

✓ Low metallicity environment 
needed for large stellar mass 
BH formation.

(e.g., Kinugawa et al .(2014,2016))



First full-3D-GR simulation with multi-energy neutrino 
transport (M1) of a 70 solar-mass star (MCO ~ 28.5 Msun)

Kuroda, KK, Takiwaki in prep
(see also, Cerda-Duran+2011, Obergaulinger and  Aloy (2017))

✓Metal-poor progenitor from Takahashi et al. (2014, ApJ)



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

KTK (2016), ApJS
(essentially, 
Bruenn rates + 
Bremsstrahlung)

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



My sabbatical stay in MPA (March – September)

1. Check with opacities used in Garching team

2. Comparison with Agile-Tobias rates

3. In-medium effects

KK et al. in prep

4. Electron capture rates on heavy nuclei 

Hix +2003, PRL

Consistent with previous literatures!



Summary 
✓ 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.

- If detected, 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)

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

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


