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Neutrino-driven explosions of  
ultra-stripped type Ic supernovae 
generating binary neutron stars

Yudai Suwa
Center for Gravitational Physics, Yukawa Institute for Theoretical Physics, Kyoto U.  

Collaboration with: T. Yoshida (U. Tokyo), M. Shibata (YITP), H. Umeda, K. Takahashi (U. Tokyo)

Subluminous supernovae:
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Binary neutron stars

one of the best candidates of strong gravitational wave (GW) 
sources 
will be detected by GW in a couple of years (?) 
estimated merger rates ~1-4000 /gal/Myr, large uncertainty! 

let me remind you that NSs are born to supernovae (SNe) 
supernova surveys might be able to give constraint on NS merger 
rates
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credit: NASA

Abadie+ 2010
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Binary evolutions

There are two SNe 
first one may be usual 
(type-Ibc or type II) 
second one explodes 
after close binary 
interactions, e.g. common 
envelope phase (if they 
are close enough) 

How does a second SN 
look like? Is there any 
difference from normal 
SNe?

3
Tauris & van den Heuvel 2006
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Ultra-stripped supernovae?

Tauris, Langer,  Podsiadlowski (2015) 

“We therefore suggest to define ultra-stripped SNe as 
exploding stars whose progenitors are stripped more than 
what is possible with a non-degenerate companion. In other 
words, ultra-stripped SNe are exploding stars which contain 
envelope masses    0.2 M⊙ and having a compact star 
companion.”
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Small ejecta mass
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Tauris, Langer,  Moriya, Podsiadlowski, Yoon, Blinnikov 2013

Mej

0.2M⊙

0.1M⊙

SN 2005ek
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What we have done
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[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 454, 3073 (2015)]
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Stellar evolution code for massive stars 

Nucleosynthesis and energy generation 
network with ~300 species 

Initial condition 
bare CO cores (mimicking mass loss) 
composition: central abundance of massive stars just after He 
burning 

XC(C) = 0.33 - 0.36 

Stellar evolutionary simulations-1: setups
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Stellar evolutionary simulations-2: results
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[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 454, 3073 (2015)]
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2D (axial symmetry) (ZEUS-2D; Stone & Norman 92) 

MPI+OpenMP hybrid parallelized 

Hydrodynamics+spectral neutrino transfer  
(neutrino-radiation hydrodynamics) 

Isotropic diffusion source approximation (IDSA) for neutrino transfer  
(Liebendörfer+ 09) 

Ray-by-ray plus approximation for multi-D transfer (Buras+ 06) 

EOS: Lattimer-Swesty (K=180,220,375MeV) / H. Shen

Explosion simulations-1: setups
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See 
  Suwa et al., PASJ, 62, L49 (2010) 
  Suwa et al., ApJ, 738, 165 (2011) 
  Suwa et al., ApJ, 764, 99 (2013) 
  Suwa, PASJ, 66, L1 (2014) 
  Suwa et al., MNRAS, 454, 3073(2015) 
  Suwa et al., ApJ, 816, 43 (2016) 
for more details
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Explosion simulations-2: movie
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entropy [kB/baryon] |v|/c
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Explosion simulations-3: results
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ALL models explode 

Final NS mass ~1.35-1.6M⊙ (baryonic) 
　　　　　　~1.24-1.44M⊙ (gravitational) 

Ejecta mass=MCO-MNS ~ O(0.1)M⊙ 

Explosion energy ~O(1050) erg 

Ni mass ~O(10-2)M⊙

Tauris+ 2013

[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 454, 3073 (2015)]
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Implications

small kick velocity due to small ejecta mass 

small eccentricity (e~0.1), compatible with binary pulsars 
J0737-3039 (e=0.088 now and ~0.11 at birth of second NS) 

event rate (~0.1-1% of core-collapse SN) 
SN surveys (e.g., HSC, PTF, Pan-STARRS, and LSST) will give 
constraint on NS merger rate
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Piran & Shaviv 05

Tauris+13, 15, Drout+ 13, 14
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Rapidly evolving supernovae

early samples (05ek, 10X, 05E)+10 more discoveries by Pan-STARRS 

t1/2<12 day 

diffusion time; τc∝Mej3/4 EK-1/4 (Arnett 1982) 

small Mej
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Drout+ 2014Drout+ 2013

See also Kleiser’s talk
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No ultra-stripped SLSNe?
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of similar features in SNe I). It may be possible that this feature
is related to Si II at early phases and high velocity Hα at later
phases. In either case, however, the feature is much more
pronounced in PTF10iam than in the comparison SNe II
mentioned above.

We fit the full profile from the spectrum of PTF10iam with
two Hα P-Cygni components: one at “normal” velocities and
one at high velocities. Each P-Cygni profile is made of two
equal-width but shifted and inverted Gaussians (the best-fit
Gaussian parameters are presented in Table 7). The high

velocity hydrogen interpretation has the advantage that it fits
both the blueshifted absorption feature and the possible high
velocity emission tail redward of Hα, which would not be
explained by Si II.
Chugai et al. (2007) consider high velocity hydrogen as a

sign of interaction of the SN ejecta with the CSM. Such an
interaction could also power the light curve of PTF10iam and
would explain its extended blackbody radius.
A similar spectral feature was seen in a spectrum of SN

1998S (Li et al. 1998), though still weaker and not as blue as

Table 6
Light Curve Parameters for our Events (the Explosion and Peak Dates are in the Observed frame, While Rise Times are in the Rest Frame)

Object texp tpeak Mpeak trise te Peak Lbol
(MJD) (MJD) (days) (days) (1043 erg s−1)

PTF10iam 55342.24±0.14 55353.38±0.06 −20.16±0.01 10.05±0.15 2.53±0.38 7.51 1.28
2.43

-
+

SNLS04D4ec >53180.60 53196.58 −20.33±0.06 < 10.03 1.95±0.88 4.52 0.78
0.90

-
+

SNLS05D2bk >53375.58 53385.55 −20.34±0.02 < 5.87 2.76±1.79 6.06 0.43
0.69

-
+

SNLS06D1hc >54039.34 54056.36 −20.22±0.03 < 10.95 3.62±2.12 4.90 0.53
0.38

-
+

Note. Peak magnitudes refer to R band for PTF10iam, z band for SNSL04D4ec, and i band for SNLS05D2bk and SNLS06D1hc. Bolometric luminosities are based
on blackbody fits (to a spectrum of PTF10iam and to multi-band photometry of the SNLS events). Errors and confidence bounds denote 1σ uncertainties.

Figure 8. Peak magnitude vs. rise time of our events (upper limits for the SNLS rise times) compared to other SNe (see text for references). All comparison data peak
magnitudes and rise times are in the observed R or r band. Rise times are in the rest frame of each event. Ejecta mass estimates are normalized to an expansion velocity
of 10,000 km s−1 (see text for details, also regarding the calculated nickel masses) and should only be considered approximate. Our events have shorter rise times
compared to most SNe and are more luminous than all similarly rapid events except for Dougie, which is a clear outlier in this context. The only event similar to ours
is SN 2011kl, which was accompanied by an ultra-long-duration GRB (Greiner et al. 2015). The positions of our events in this phase space require either a very high
nickel to ejecta mass ratio or an alternative dominant power source to nickel decay.

9

The Astrophysical Journal, 819:35 (22pp), 2016 March 1 Arcavi et al.

Arcavi+ 2016

ultra-stripped SN

SLSN
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Summary

Ultra-stripped SN might be second explosion in close 
binary forming binary NSs 
To test this conjecture, we performed 

stellar evolutionary simulations of bare C/O cores 
hydrodynamics simulations for neutrino-driven explosions 

Compatible with parameters explaining observations 
Eexp=O(1050) erg 

Mej~O(0.1) M⊙ 
MNi~O(10-2)M⊙ 

MNS~1.2-1.4M⊙ (gravitational)
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Drout+ 13, Tauris+13

See 
Suwa, Yoshida, Shibata, Umeda, Takahashi 
MNRAS, 454, 3073 (2015) 
for more details


