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Core-collapse Supernovae

Death of Star

Q Massive star (Mg, = 8 My)

* Explosion (supernova)

O Neutron star
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Core-collapse Supernovae

Death of Star

) E—
Q Massive star (Mg, = 8 My)

* Explosion (supernova)

A 4

—_— Lots of neutrinos and some photons

Neutrinos luminosity ~ Photon luminosity x 106

— Qutshine entire visible universe!

Carry away ~10°3 erg (99% of gravitational binding energy)

@ Neutron star
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Core-collapse Supernovae

Death of Star

) E—
Q Massive star (M, = 8 M)

* Explosion (supernova)

A 4

—_— Lots of neutrinos and some photons

Neutrinos luminosity ~ Photon luminosity x 10°

— Qutshine entire visible universe!

Carry away ~10°3 erg (99% of gravitational binding energy)

@ Neutron star

Have we detected supernova neutrinos?

Andrew
Caruso



Supernova Neutrino Detection




Supernova Neutrino Detection
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Supernova Neutrino Detection
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Hirata et al. 1988 [2]

Confirms average neutrino energy ~15 MeV for total energy ~3x10° erg

R T— But there is a slight issue...
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Issue and Resolution

We have not detected supernova neutrinos ever since then!
» Predicted local rate of supernova: ~1-2 per century

» Supernova yields neutrinos
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Issue and Resolution

We have not detected supernova neutrinos ever since then!
» Predicted local rate of supernova: ~1-2 per century

» Supernova yields neutrinos

Solution:

Look at ALL supernovae in past Diffuse Supernova Neutrino Background (DSNB)

A 4

Expected:
1. Exist
2. lsotropic

3. Time independent
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Issue and Resolution

We have not detected supernova neutrinos ever since then!
» Predicted local rate of supernova: ~1-2 per century

» Supernova yields neutrinos

Solution:

A 4

Look at ALL supernovae in past Diffuse Supernova Neutrino Background (DSNB)

Expected:

1. Exist
Not yet detected but can we do it? 5

Isotropic

3. Time independent
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Hunt for the DSNB

Super-Kamiokande
« Water Cherenkov neutrino detector

« Gadolinium (Gd) doped water

178 + p — +n Detect with Gd

| Detect alreadyl
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Hunt for the DSNB
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Hunt for the DSNB
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Previous DSNB Prediction

Recent prediction by Horiuchi et al. 2021

 Included binary systems since most stars are in pairs
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Recent prediction by Horiuchi et al. 2021

 Included binary systems since most stars are in pairs
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Non-merging Case
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Recent prediction by Horiuchi et al. 2021

 Included binary systems since most stars are in pairs
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Previous DSNB Prediction

Recent prediction by Horiuchi et al. 2021

 Included binary systems since most stars are in pairs

Merging Case O Q *

Massive Stars Single Supernova
|\/Istar =

Non-merging Case {Q @, < Q Q : * *

v
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Two Supernovae
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Previous DSNB Prediction

Recent prediction by Horiuchi et al. 2021

 Included binary systems since most stars are in pairs

Merging Case O Q *

Massive Stars Single Supernova
|\/Istar =

Non-merging Case {Q @, < Q Q : * *

Two Supernovae

Mstar < 8 Mo 5

v
A 4

A 4

How to make the prediction?
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Previous DSNB Prediction

By calculating the DSNB flux

Has three ingredients:

d¢ B Zmax . . C
E(E) = jo Rec(2) fv(E(l + Z)) \/Qm(l ¥ 2)3 +Q, ¥
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Previous DSNB Prediction

By calculating the DSNB flux
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Previous DSNB Prediction

By calculating the DSNB flux

| Neutrino spectruml

Has three ingredients: 1
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fv(E(l + Z))

| Supernova ratel
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Previous DSNB Prediction

By calculating the DSNB flux
| Neutrino spectruml

Has three ingredients: 1

d¢ B Zmax
FO=] " Re@

C
* dz

VO (1+2)3+Q,

fv(E(l + Z))

Incorporate binary populations into average neutrino spectrum
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Previous DSNB Prediction
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Previous DSNB Prediction
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Previous DSNB Prediction
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Previous DSNB Prediction
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What if black holes form

instead of neutron star?




Core-collapse Supernovae Evolution |11
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Core-collapse Supernovae Evolution |11

Massive Star (M, = 8 My)
Q Can include with binaries for new prediction

via the average neutrino spectrum
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Core-collapse Supernovae Evolution |11

Massive Star (M, = 8 My)

MWe e

Supernova Failed Supernova

| |
o @

Neutron Star Black Hole

(less neutrinos)  (more neutrinos)

Can include with binaries for new prediction

via the average neutrino spectrum

C
* dz
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But we do not know how many supernovae

form black holes vs neutron stars?




Current Project

Use two sets of simulated data:

Supernova simulations

Knows remnant type

[5]
(Sukhbold et al. 2015)
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Current Project

Use two sets of simulated data:

Supernova simulations

Knows remnant type
5

[5]
(Sukhbold et al. 2015)

—)

Criterion

To distinguish progenitors

+

Binary synthesis

Blind to remnant type
(used in Horiuchi et al. 2021) .

Neutrino spectra

And
DSNB flux

/




current

Project

Preliminary result (not at Earth):

Criterion:

Progenitors with M., —

> 5 M, form black hole
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Current Project

s, SR
Preliminary result (not at Earth): Mevw‘fm 2 — AIINS
< — NS (Mco < 5) + BH (Mco > 5)

Criterion:

> 5 Mg form black hole

Progenitors with M., —
<5 M, form neutron star

—
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Current Project

s, SR
Preliminary result (not at Earth): Mevw‘fm 2 — AIINS
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Progenitors with M., —
<5 M, form neutron star

—
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Current Project

=
Preliminary result (not at Earth): Mevwfm 2 — AIINS
5| — NS (Mco < 5) + BH (Mco > 5)

Criterion: 1
> 5 M, form black hole 0.50

’ With criterion

Progenitors with M., —
<5 M, form neutron star

—

Without /
criterion

Inclusion of black hole formation with PP PSSR PV (SRS S S S

MeV

binary population may increase DSNB flux
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1. The diffuse supernova neutrino

background is worth the search
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2. Better theoretical predictions are necessary

Andrew
Caruso

10




1. The diffuse supernova neutrino

background is worth the search

2. Better theoretical predictions are necessary

3. On verge of discovery of the DSNB

Andrew
Caruso

10




1. The diffuse supernova neutrino

background is worth the search

2. Better theoretical predictions are necessary

3. On verge of discovery of the DSNB

Questions?
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Supernova Neutrino Detect (EXTRA)

Model assumes:

[—

1. Fermi-Dirac spectrum
2. Neutrino energy = 15 MeV

3. Time integrated Luminosity = 5x10% erg

¢ (E) [10™/MeV |
>

[—
-

Andrew Ev [MeV] 12
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Hunt for the DSNB (EXTRA)

Reach ~56 by 2030s with
SK-Gd and JUNO

w
III|IIII|I|II|I|II|IIII|I

| | 1 l 1
2022 2024 2026 2028 2030 2032
Andrew 1 3

Caruso Li etal. 2022 [b] year

N
o
N
o



Hunt for the DSNB (EXTRA)
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Hunt for the DSNB (EXTRA)

Super-K-I
Original configuration: 1 9 9 6 .
pure water and 40%

inner PMT coverage _20 01

Super-K-Il
Rapid recovery after

2002 chain-reaction
implosion: 19% inner

_2 005 PMT coverage
Super-K-lll
After full recovery of

original configuration:
40% inner PMT

coverage
Super-K-IV
Following upgrade of
front-end electronics
and DAQ system
Super-K-V

Pure water running
phase after full 201 9 .
refurbishment and
upgrade of detector = 2 0 2 0
interior and plumbing

in preparation for
gadolinium loading Super-K-VI
. 2020 Running with 0.01%
dissolved gadolinium by
mass: 2020 is the
- now beginning of the SK-Gd
period of operations
Super-K-VII
Planned continuation
of SK-Gd period with
An d rew increased (0.03%)
caruso gadolinium loading
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