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The fate of massive stars (>~10Msun)
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Why are SNe important? GWs
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Our understanding of underlying SN explosion physics
and of the formation channel to various compact stars
has been remaining patchy in these several decades.

In SN physics, all the four fundamental forces play substantial roles.
* GR governs the overall dynamics.
* The nuclear force (i.e. strong force) determines structure of compact stars.
* SN explosion is driven by the neutrino heating (weak force).
* Or sometimes by magnetic fields (electromagnetic force).

SN theory is one of the most challenging subjects in astrophysics!

And numerical simulation is the most powerful tool
to model such complex systems.



The fundamental question: What mechanisms drive SNe?
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Even in this narrow mass range (10~45 Msun, thus Ugr could vary only several
times), the explosion energies show a large difference Eexp~10°1-52 ergs.
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Even in this narrow mass range (10~45 Msun, thus Ugr could vary only several
times), the explosion energies show a large difference Eexp~10°1-52 ergs.

It is very unlikely that only one explosion
mechanism explains all observed SNe.



Possible SN explosion mechanisms

1.Neutrino driven explosion (v-driven)
2.Magneto rotational explosion (MRE)
3.(Pulsational) pair instability ((P)PI)

4.0ther mechanisms
(e.g. phase transition from hadronic to quark matters (PT))
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Theoretical support of the existence of QSs
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Pressure (MeV fm %)

Theoretical support of the existence of QSs
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Theoretical support of the existence of QSs
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Very massive NSs (=2Msun) are likely
to be composed of not only normal hadronic matters,
but some exotic nuclei.



Theoretical support of the existence of QSs
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Collapse of PNSs and formation of QSs.

Hadron-Quark phase transition
(HQ-PT)
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BSSN equations (17 variables): 4th order accuracy in space and time
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New explosion mechanism: the PT from hadronic to quark matters
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Various post (1st-)bounce evolutions
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We have exhibited the first self-consistent full GR (2D-)simulations
of various compact star formations.



Strong aspherical explosion!
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Why do we need to bring up the PT mechanism?

*Massive NSs (>2Msun) cannot be explained solely by hadronic matters, but
rather by, e.g., a hybrid constituent of hadronic and exotic matters
(Annala+,"20).

*0One of plausible mechanisms to explain super-luminous SNe (SLSNe).

* SLSNe, such as SN2006gy, can be well modeled by slightly larger
explosion energy than normal type llp SNe, a few times 10°1 erg, and a
dense CSM, with which the explosion collides (Smith+,’09, Moriya+,’13).

* From our simulations, it is likely that only massive stars with intermediate
masses (~40-50Msun) encounter the PT.

* From stellar evolution theory, these intermediate mass stars with Zsun may
suffer heavy mass loss (Umeda&Nomoto,’08), producing dense CSM.
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Their multi-messenger signals

Neutrino signals
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Heger+,2003
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Progenitor mass dependence
Heger+,2003
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Offset hadron-quark phase transition (PT) in mildly rotating model,
unlike our previous non-rotating model!
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Evolution of the PNS and HQ-PT
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Short-lived QS
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- too coarse resolution (0 x=225m) —> (artificial) BH formation at the 2nd collapse
- finer resolution (0 x=110m) —> 2nd bounce and QS formation take place



Short-lived QS
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Why does the newly born QS immediately dies in a rotating case,
while not in a non-rotating case?

| explored two possible scenarios:

1. Due to GR instability? 2.Due to the peculiar offset-PT?
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Why does the newly born QS immediately dies in a rotating case,
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1.GR instability
2.Due to the peculiar offset-HQ-PT?
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When the quark torus accretes on the centre:

1a. the r inside the quark torus is not so high (as it is a hot torus)
and, thus, a stronger overshooting

1b. extremely rapid rotation (Q~104 rad/s) supports the 2nd bounce

After the ring down,
2. Dmax is slightly larger in rotating model (~10% compared to non-rot.)
3. The rad of quark core becomes smaller (this time ~1.3).



»We showed the first self-consistent formation process of NSs, BHs, and
hybrid-stars.

> If the explosion is triggered by the QCD phase transition, the sitrong
Rayleigh-Taylor instability may develop and transport low-Ye material
outward.

»Strong GWs and nevutrino signals would be detectable as observable
signatures of the QCD phase transition in CCSNe.

Future plans:
1. Slowly rotating models, that experience the PT at center.
2. Beyond the BH formation!!



