Quark deconfinement in supernova
explosions: How to probe it ?
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Outline (Day 2)

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

4: Summary
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The NS/BH formation branch
and its progenitor mass dependence

metallicity (roughly logarithmic scale)

poio mechanism: neutrino hain’g
i+ Remnant: NS |

|+ Explosion mechanism: if other |
| than the neutrino driven. (e.g. B) |
cRemnantBH ]

metal-free

il s =Tk |
' : @ i (4]
s 181 8 SE==)
E FiEF
3 i@ B 5
E i3 8 |=§, 2
s {518 - 2
RS =0
| — .
- : ‘
' 1 L] 1 ' 1 1 ]
9 10 25 34 40 60 100 140 260

initial mass (solar masses) H eger+ ,2003



metallicity (roughly logarithmic scale)

The NS/BH formation branch
and its progenitor mass dependence

Kinetic energy (10°" erg)
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In this lecture | simply focus on whether such
intermediate mass progenitor stars can explode or not.
| omit detailed discussion about its explosion energy.
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Possible mechanisms of, e.g. super luminous SN2006gy, according to:

¢ Type Il SN with a few times 105'erg (Moriya+’13, and can be models by
50Msun star w./ QCD transition Fischer+,’17)

¢ Pulsational Pair instability SN (Wooslwy+,’07)

¢ Type la SN (Jerkstand+,’20)



There could be possible explosion scenarios
for intermediate mass progenitors (~30Msun<M< ~50Msun?)

The standard neutrino heating mechanism utilizes the internal energy.

\ * Eint~10%3ergs
AN * Erot < 1052ergs

('7’ @ /{ * Emag<105'ergs

<

PPN TYH P21 o I PPN

If the PNS Is strongly magnetized
(i.e. magnetar) and rapidly rotates....



(2)If the magnetic field is strong enough

. " f‘ ~
Magneto-rotational explosion (MRE) takes place,
N L
2D: Ardeljan+,’00, Kotake+,’04, Obergaulinger+,'06,'17, Burrows+,’07, Takiwaki+, 09,
3D: Mikami+, '08; Newtonian, no neutrino, Polytropic EOS
Mosta+,’14; full GR but very simplified neutrino transport
Obergaulinger+,'19,'20; SR with M1 neutrino transport
Kuroda+,’20a(b); full GR with M1 neutrino transport
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(2)If the magnetic field is strong enough
Magneto-rotational explosion (MRE) takes place,
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The first self-consistent SN model

5; exploded by the
o= Blandford-Znajek mechanism
In MRE(or BZ) model,
o  extraction of total rotational energy
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Temperature T [MeV]

Possible SN explosion mechanisms

1.Neutrino driven explosion (v-driven)
2.Magneto rotational explosion (MRE)

3.0ther mechanisms
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1st collapse: stellar (Fe) core transforms itself into NS

NS Hybd-star

i How does the PT occur in the real SN environment? |
i« What are its potential impacts on dynamics?

1+ Is it relevant for all massive stars/SNe? |
|« How about its multi-messenger signals (neutrino and GW)?
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2nd collapse: Neutron star core transforms itself into quark-core



PNS contraction and formation of HS in 1D.

Hadron-Quark phase transition
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PNS contraction and formation of HS in multi-D(2D).
log(p) s[kg particle™ ]

X
O 0.2 0.4 0.6 0.8

quark

1

10 11 12 13 14 5 10 15 20

1 ' ) ) ) 1 l

i | l 1 L i 1 l 1

N N
(- (-
L un
& &
S o
) u
o =
QO (-
(| (-
) e
o - O
(- L G
| L )
S _ S
| -
u = WD)
o o
| L 3
™ [ o
9 Lt T

TK, Fischer+,'21

p— —
- M
]

2 4 6 8 0.2 0.4
T[MeV]

=5 53
for)

®




2 [1000k ]

¢ [1000«m]

c.2 0.3

Strong aspherical explosion!

Te-d,, ms =415.72

s[ky particle™ ']
40 50

log(p) s[kg partic e '] loa(p)
6.5 7 2C 40 60 5.5 6 6.5 7 20
)
~
g €
x X
o o
®) O
(@) o
o ™
N N
o o

- ' - 'E'
| =
v \'cl'J
| (o] o
() (]
. (@) (@]
N e
| N N
-+
|

T L TR T al

i 3 STl T

04 05 0.2 0.3  C.4 02 03 04 062 33 0.4
T[Mcv] Y, T[VieV] Y,
(c) (d)

~30ms after PT ~80ms after PT

(Impact on the r-process, see Fischer+,20)

L

z |_21000k'n]

0



z70

|
survived NSs

NS
formation )
i \ hybrid star  _
i BH formation  formation
! l ' ' :
0 200 400 600

ton [ms]

270 A o b

550 L / :
296 7
;_/-f’*ig*‘\\ e .
: :
i |
?
! | | i = m—— :
- Eexp~3x10°1 erg— 1
! | - | ' E
0 200 400 60

to [ms]

TK, Fischer+,21



— 1.5 p
5 \

£ z70 B

O d 4 "2 ~ 5% 10"[gcm™]

o n

160 : . I

0 3 DD2F = = - -

o <3 140 - DD2 - - - -
ha 42 & RDF 1.1 ——

x 20~ RDF 1.2

x :

£ RDF 1.3

Q = 100 RDF 1.4

d o . RDF 1.5 ——
= RDF 1.6 ’
1 ! . - l 2 807 ROF1.7 —— /
| _ survived NSs = RDF 1.8 —— - yan
0.8 \ R — = o 90" RpF1.9 — ,

0.6 | _ 40

= i NS_ I 20 - e i
0.4 formation ‘\ - ey |
_ v\ ] 0

0.2 - _ hybrid star _| 0 0.1 0.2 0.3 0.4 0.5 06 0.7
o | BH formation  formation wtm? Bastian, 21
0 200 400 600
top [ms]

TK, Fischer+,'21

) likely happen

i More massive stars, practically no, as it immediately becomes BH.

| Currently only for moderate massive stars (~40-50 Msur(?), yes. |



The NS/BH formation branch
and its progenitor mass dependence
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Expected neutrino detection (D=10kpc, Super Kamiokande)
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Expected neutrino detection (D=10kpc, IceCube & HyperK)
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GW signals (typical case: 11.2Msun)
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GW signals (PT case: 50Msun)
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GW signals (PT case: 50Msun)

o
N
T

Y
©
N
=
1

”' 4“ |]

‘\.r “.

N
O

1 e e, Lo
-235 -23 -22.5 -22 —21.5l ™ 1

100 200 300 400 500

&)
I

Strong convection motions are
generated via the shock passage

—1
| wgy/2m [Mms™ ']
o

O

similar to the 1st core bounce.
TK, Fischer+,21

5x10° 10°

r [em]



hchar

1 0—21 1 0—20

1 0—22

GW signals

Z70
530

£9.6

1000
TK, Fischer+,’21



Summary

Our understanding of the SN explosion physics
and of the formation process of various compact stars
Is still remaining patchy but gradually deepened.

In SN physics, all the four fundamental forces play substantial roles.
» General relativity (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 (B-)fields (electromagnetic force).

The current status of SN theory

_________ = 1020MNeutrmodrlvenexploswn(vdrlven)neutronstar(NS)
_________ ~30-40Msun 1 Magneto rotational explosion (MRE) ' magnetar, black hole (BH)
o O0Msun I:Z_x_p_l_c_)_ﬁl_@n__b_y__t_h_@__h_a_q!’_qn_9.9.@!!&.9!!.@5__@__t_r@_n_s_!_t_l_qn__(_F_’__T__) __________________________________________________________________
>~70Msun Failed explosion
. . \ (Various explosion\
Various properties . _
. _ mechanisms:
of progenitor stars: .
. e v-driven
mass, spin, . MRE
magnetic fields, . PT
\ etc. )

(???




Exercise

VR reation PNS mass evolution
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FIG. 6. Mass-radius relations M(R) for cold neutron star Hadronic eos is based on DD2F

configurations for each paramefer set including the two hadronic
reference EOSs. Also shown are the experimental constraints of
precisc high mass mcasurcments and the recent NICER results.

1. From these figures, estimate the available energy
_budgetforexplosion. === 00000

2. Why does the PT mechanism succeed,
while the prompt mechanism does not.



Heger+,2003

Progenitor mass dependence
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Heger+,2003

Progenitor mass dependence
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Exercise

o MRrelaton X PNS mass evolution
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FIG. 6. Mass-radius relations M(R) for cold neutron star Hadronic eos is based on DD2F

configurations for each paramefer set including the two hadronic
reference EOSs. Also shown are the experimental constraints of
precisc high mass mcasurcments and the recent NICER results.

Bastian, 21

1. Estimate the available energy budget for explosion

1 1
—G*M?* ~ 6 X 10°%erg
Rpns  Rps

for M~1.8Msun, Rpns~12Kkm, Rrs~11km




Exercise

2. Why does the PT mechanism succeed, while the
prompt mechanism does not.

At the first bounce the shock propagates through heavy nuclei media.
—-> photodissociation of iron (heat absorbing process)
causes the shock stalling

At the second bounce the shock propagates through n&p media.
—-> no photodissociation, thus no shock stalling

infall of heavy |
nuclei :

h

free n&p

1st bounce

Q




