Quark deconfinement in supernova
explosions: How to probe it ?
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Outline (Lecture 1)

1: SN from observational side
2: SN from theoretical side
3: SN engine: Neutrino heating

4: Progenitor and remnant property



Outline (Lecture 2)

(1: Recap of Lecture 1)
2: Hadron-quark phase transition in supernova
3: How to probe it?

4: Summary
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In this lecture | will focus only on this
high-mass (~10Msun<M< ~100Msun) branch.




A historical Supernova: SN1054

A “guest star” reported by Chinese astronomers in 1054.
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A historical Supernova: SN1054

The Crab pulsar

Optical: NASA/HST/ASU/J. Hester et al.
X-Ray: NASA/CXC/ASU/J. Hester et al.



Another example: SN1987a
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Sl | arge Magellanic Cloud (~50kpc)

Can you find difference?




Another example: SN1987a
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Another example: SN1987a

ddard Space Flight Cent

SN1987a was expected to
leave a NS (not BH) behind.
But so far no evidence of
NS......

This was one of mysteries in
the SN theory.



https://www.eso.org/public/images/eso0708a/
http://www.nasa.gov/centers/goddard/home/index.html

Another example: SN1987a

ON-P

Equatorial ring

P

N

Count rate (counts s1)

Fransson+, 2024, Science
But recently...

An evidence of neutron star in the remnant of SN1987a(!”?)



Short summary of SNe

from observational side

1. Huge explosion of massive stars.
* Their brightness 1SN~1Galaxy.
2. SNe leave behind a compact star.

* NS or BH or some exotic stars(?)

There are indeed more observable properties such as:

* various optical spectrums to classify the SN type
* neutrinos(SN1987a)

* GWs(yet-to-be-detected)



Outline

1: SN from observational side
2: SN from theoretical side
3: SN engine: Neutrino heating

4: Progenitor and remnant property



The remnant mass of massive stars

High-mass stars
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the star are ejected.
Equivalently, the remaining matters

Neutron star ® form the remnant: NS or BH.

L GM-1 pulsar
C.f. WD (Type la SN) and very massive
stars (>a few 100Msun)
can explode the entire star,
l.,e. 100% mass ejection.

Supernova
SN, 1054

( (remnant: Crab Nebula)

Black hole

Cygnus X-1

But what determines the BH or other branch?



The MR relation obtained by solving the TOV equation
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The remnant mass of massive stars

High-mass stars

. W Massive star .
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Supernova
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( (remnant: Crab Nebula)

Black hole *
Cygnus X-1

But what determines the NS or BH branch?



Short summary of SNe

from observational side

1. Huge explosion of massive stars.
* Their brightness 1SN~1Galaxy.
2. SNe leave behind a compact star.

* NS or BH or some exotic stars(?)

from theoretical side

3. The explosion should blow off
“Mstar'Mmax_NS” tO explain the NS
formation branch.

4. If fails, the BH formation.



The fate of massive stars
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The fate of massive stars (>~10Msun)
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uniform nuclear matter
i.e. n, p, e & neutrinos {

8.8Msun of Fischer+,’10
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progenitor star
P<<Pnuc

dissociation of heavy nuclei
p(~1013-14g/cc)<pnuc
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uniform nuclear matter |
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Velocity, u [104 km/s]
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8.8Msun of Fischer+,’10
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Radius, r [km]

10°

The explosion driven
by the elastic bounce of NS.

However, this mechanism works
only for light progenitor stars.
E.g., ~8.8Msun (Kitaura&Janka, '05)



Velocity, u [10' km/s]

light progenitor stars

8.8Msun of Fischer+,’10
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* The elasticity of NS (i.e. a
gigantic nuclei) alone cannot
explode all massive stars.

* Prompt explosion may work
only for some low mass stars

(~8'1 OMsun)

heavy progenitor stars

13Msun of Liebendorfer+,'01
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But there are many SNe with M>10Msun
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How can we explain these observations?



What is the ultimate energy source of SNe?

agenitor (~15 Mc-:-)

Late Proto—-neutron Star < v oY
(R ~ 20 km)

~1 Sec. [ 4/ \
Collapse of \

Core (~1.5M,) \/ | \/
\

- GM2 GM2 ~ ' -
"White Dwarf" Rion Rns 10000 — 20000km/s b ,

(Fe-Core) R - 10000km) | Iflbe_ratlon _of o
__{gravitational binding
i energy of ~10%3 erg ¢

€ +p—=N+V,
and

Photo-disintegration

of Fe Nuclei

V,

Burrows AS (1990b) Neutrinos from supernovae.
In: Petschek AG (ed) Supernovae. Springer, New York, pp 143—-181



The breakdown of energies
in the proto-neutron star

Mx~M
GM? GM? 53 ©
_ | - ~ a few X 10”7 ergs R ~ 1()8 cm
R Rys -

| gravitational binding
 energy of ~10% erg |

1ron

Rys ~ 10° cm

* Eint~10%3ergs
*Erot < 10°2ergs
* Emag<105'ergs

What we can use to explode the star
are these three energy sources.




The fundamental question: What mechanisms drive SNe?
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The observed explosion energies are ~1049-52ergs.
But hereafter we are focusing on the canonical explosion energy of 101 ergs



Possible SN explosion mechanisms

1 NeUtnnO d”Ven eXp|OSIOn (V'dnven) For reviews, Janka’12, Kotake+,’ 12, Burrows+,’13

~99% of internal energy
Is radiated away via neutrinos (~10%3ergs)

A fraction of them deposit energy behind the
stalled shock

13Msun of Liebendorfer+,'01 v

)

;;—.:; —:_"—‘—:_ __t___-}—_ — = = T \ ﬁ n.‘

=, —— == = - —— . i v \

e = - | —— Newton+O(v/c) |- % 3\ heating

—_— T T~ T~ ~ 2o 0% il I \ 2
===~ | = Relativistic ” g

10‘* Dy ?-ﬁ\..“r-::.“\;:‘.\:.‘\h.\‘::t \.“-..\. \.“-.\. M e M. e N N NG - ':’.

= = ~C <. .‘-\.\ .\.\. \\_. ..-\.‘ ST - - B N N R -_

L R s By TN SN . " ¥ )

P N N .\‘;. - »_‘. N - LN EN EN \ X - -

Radius [km]

shock

0 0.1 0.2 0.3 0.4 0.5
Time After Bounce [sl (convective) J dan ka y ,0 1



1 NeUtFInO dnven eXp|OSIOn (V'dr|ven) For reviews, Janka'12, Kotake+,’12, Burrows+,’13

The PNS temperature is T~20MeV(~1011K) !

Enormous amount of neutrinos (~10%6 /s) 4
are radiated away from PNS. E

{ n =

\ O
VoA )
L @
.

>

< heating
\ - \ =
\ 4 1
>

N/
N/
shock gain R N ‘ R R R |
(convective) -
— [ — g:{wt;‘;;&v,zﬁ
. -7 | == Relativistic -
Although neutrinos are known to weakly
interact with ordinal matters, some of .
them can still interact with s
SN matters mainly via: g
Lt <> ¢ p But why failed?

T« ot
€ p 0 0.1 0.2 0.3 0.4 0.5
Time After Bounce [s]



Convection motions facilitate the explosion.

3D model (w. convection 1D model (w./o. convection

Takiwaki+, 18




Now there are several
successful SN explosion

models driven by

neutrino-heating
in full 3D.

Time =0.6/7s

6000 km  vartanyan+, ‘19
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Outline

1: SN and NS formation from observational side
2: SN and NS formation from theoretical side
3: SN dynamics

4: Progenitor and remnant property



NS formation
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Among the SN progenitors (~10Msun<M< ~100Msun),
less massive stars (~10Msun<M< ~30Msun) may explode
by neutrino heating and leave behind a NS.

consistent

A plausible progenitor model of SN1987a: An evidence of NS(?) by

~18Msun in a binary system (Podsiadlowski, '92) Fransson+. 2024. Science



BH formation

! T
z/0 M )
s50 PNS i
206 | Mauerk ;
Mm(lx -:
S
L

400 600

top [Ms]

TK, Fischer+,'21

PNS mass increases rapidly for more massive stars
(~40'7OMsun<M< ~1 OOMsun).
Resulting in a failed SN explosion, i.e. BH formation.




BH formation

160.497(ms)

- R
radius e PNS

(convective)

260.547 (ms)

More massive stars (~40Msun<M< ~100Msun)
cannot explode solely by neutrino heating.



The NS/BH formation branch
and its progenitor mass dependence

'l!'-.‘.-!...‘.‘.'n‘...-.c!o!I...l-!..!--'-,l-.l.-.l'.’..!-..‘..'O‘-’.-.li'..l!“‘ AL LLJ L ", L AL AL L R L AL AL L Ll
iRl -l .H‘---l

Sk

W o3 mu | (NS eom)
S e LU { weqisihara |

................... MBI  AlBis s S s s BB s s  BTBsT R BB TR BB BB LR BT LR B -

a ajoy 3oe|q ap 4

R R ettt e e L e L L L L L L L L L L L L L L L L L L T -

sanrdbliades

LR LT P R P TR T R T T A 1 LU RL L T RE DL RL UL B L0

ﬂ @sde||0d 9109 LoJ| %!i

‘asde|j02 6102 BI/ONIO

H SJJEMP 8]JyM —~ BIE]S ST MOJ

lelos .Sonc 24~ jeew
(efeas djwyieboy Alybnos) Aoy elaw

260

140

100

40
initial mass (solar masses)

25

10

Heger+,2003



metallicity (roughly logarithmic scale)

The NS/BH formation branch
and its progenitor mass dependence
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The NS/BH formation branch
and its progenitor mass dependence

Kinetic energy (10° erg)
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Why are SNe important?
They are the source/origin of:

Neutrinos

VO —
M. Koshiba et al., 1988
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