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Core-collapse Supernovae

Death of Star

. I
Q Massive star (Mg, = 8 Mg)

—_— Lots of neutrinos and some photons

Neutrinos luminosity ~ Photon luminosity x 10°

* Explosion (supernova) — Outshine entire visible universe!
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Carry away ~10> erg (99% of gravitational binding energy)
@ Neutron star
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Core-collapse Supernovae

Death of Star

. I
Q Massive star (Mg, = 8 Mg)

—_— Lots of neutrinos and some photons

Neutrinos luminosity ~ Photon luminosity x 10°

* Explosion (supernova) — Outshine entire visible universe!

A 4

Carry away ~10> erg (99% of gravitational binding energy)
@ Neutron star

Have we detected supernova neutrinos?
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Supernova Neutrino Detection
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Confirms average neutrino energy ~15 MeV for total energy ~3x10°3 erg
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Supernova Neutrino Detection

Yes!

e 55 kpc away from Large Magellanic Cloud

SN1987a

12 events at Kamiokande-II

* 8 events at Irvine-Michigan-Brookhaven
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Confirms average neutrino energy ~15 MeV for total energy ~3x10°3 erg

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

* Supernovae yield 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

* Supernovae yield neutrinos

Solution:

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

A 4

Expected:
1. Exist
2. Isotropic

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

* Supernovae yield neutrinos

Solution:

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

1. Exist
Not yet detected but can we do 1t? P e

3. Time independent
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Hunt for the DSNB

Super-Kamiokande
 Water Cherenkov neutrino detector

* Gadolinium (Gd) doped water

Vo.+tp—oet+n
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Super-Kamiokande
 Water Cherenkov neutrino detector
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Hunt for the DSNB
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Hunt for the DSNB
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DSNB Prediction

By calculating the DSNB flux

Has three ingredients:
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By calculating the DSNB flux

| Neutrino spectruml

Has three ingredients: 1
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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))

* Previous prediction:
o Hold other factors constant

o Focus on average neutrino spectrum
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Previous DSNB Prediction

Recent prediction by Horiuchi et al. 2021 =

* Included binary systems since not all stars are isolated
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Previous DSNB Prediction

Recent prediction by Horiuchi et al. 2021 ™

* Included binary systems since not all stars are isolated

Merging Case { Q > *

M., =8 M, Single Supernova

e N

Non-merging Case == Two Supernovae
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Previous DSNB Prediction
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Current DSNB Prediction

Massive Star (M, = 8 Mp)

MWe e

Supernova Failed Supernova

| |
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Current DSNB Prediction

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

via the average neutrino spectrum

C
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fv(E(l + Z))
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Current DSNB Prediction

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

via the average neutrino spectrum

d Zmax C
—(E):j R..(z) *|f,(E(1 + z))|* dz
Supernova Failed Supernova
l l But we do not know how many supernovae
form black holes vs neutron stars?
O @
Neutron Star Black Hole
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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

[
(Sukhbold et al. 2015)

3]

—)

Criterion

To distinguish progenitors

+

Binary synthesis

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

Neutrino spectra

and

DSNB flux

/




Current Project

Criterion to distinguish remnant type:
» Single progenitor parameter

» Carbon-oxygen core mass M,
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Current Project

True NS and BH Progen+Engine Data W18-BH2.7-a2.0

Criterion to distinguish remnant type: 3
7|

» Single progenitor parameter -

e Carbon-oxygen core mass M_, 5 NS: 114
| ' BH: 86
3 i B Mco=5.655 (success: 74. %)
2
il 1| .
0:— - - - - - : i =t Mco
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Current Project

True NS and BH Progen+Engine Data W18-BH2.7-a2.0

Criterion to distinguish remnant type: N Neutron stars Black holes
7|
» Single progenitor parameter | <:| ‘
* (Carbon-oxygen core mass M, 5 NS: 114
N " BH: 86
3 i B Mco=5.655 (success: 74. %)

Criterion:

Progenitors with M, —<

| |
0_ 1 1 1 1 y
2

4 6 8 o

L1l

e

> 5.655 Mg form black hole

<5.655 M form neutron star
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Current Project

Preliminary result DSNB Flux
MeV~Tem=2s1

—— All NS without outliers

NS+BH with 1P criterion without outliers
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10 20 30 40
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Current Project

Preliminary result DSNB Flux
MeV~Tem=2s1

—— All NS without outliers

NS+BH with 1P criterion without outliers
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Current Project

Preliminary result DSNB Flux
MeV~Tem=2s1

—— All NS without outliers

NS+BH with 1P criterion without outliers
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Current Project

Preliminary result DSNB Flux
MeV~Tem=2s1

—— All NS without outliers

NS+BH with 1P criterion without outliers

? With Black holes

Inclusion of black hole formation with

binary population may increase DSNB flux

0.10 -

005/  Without
| Black holes

0.01"— e N MV
0 10 20 30 40
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Current Project

Preliminary result DSNB Flux
MeV~Tem=2s1

—— All NS without outliers

: : : R E R T e e R T i
Inclusion of black hole formation with FE with T criterion Without outiers

binary population may increase DSNB flux

0.50
? With Black holes
Currently looking at other progenitor L
arameters and combinations 0 Without
: Black holes
0.01" s UNN L L ey
0 10 20 30 40
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* Including both
1. Stellar binary system contribution

2. Black hole formation (failed supernovae)
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* Including both
1. Stellar binary system contribution

2. Black hole formation (failed supernovae)

* Better theoretical modeling of DSNB for future

detection
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* Including both
1. Stellar binary system contribution

2. Black hole formation (failed supernovae)

* Better theoretical modeling of DSNB for future

detection

Questions?

Andrew
Caruso

12




Current Project (EXTRA)

Criterion to distinguish remnant type:
* 2 progenitor parameters

O Hy

o us*M, ~ neutrino luminosity

Andrew
Caruso

Normalized mass at entropy per baryon
_ m(s = 4kp)
4 = Mg

Normalized mass derivative at entropy per baryon

. dm/M@
~ dr/1000km | - 4,

Uy ~ mass accretion rate
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Current Project (EXTRA)

2 parameter criterion

e Success fraction: 91.5% 174 w5 Mdsd of progens-angine dats WiB-BH2.7-a2.0

T
a0

0%
.10

2768

i

nns nin nAas 0 0.5 .M .25
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NS 114
BH OQutliers 2
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Success Fraction method
ped[Mdeped] = 0,32 Mdepd + 0.040018
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Supernova Neutrino Detect (EXTRA)

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

3. Time integrated Luminosity = 5x10°2 erg

¢ (E) [10™/MeV |

1010 20 30 40 50 60
Andrew E [MeV] 15
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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

L | I L

and 2022 2024 2026 2028 2030 2032
ndrew

Caruso Li et al. 2022 [b] year 16
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Hunt for the DSNB (EXTRA)
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‘_'O 102 k- —m——— SK-IV Expected —
O e —+—— KamLAND Observed 3

Nw - == [ ] Modern DSNB Predictions :
S, 10k « "=, e -

SK-IV bounds are stronger than SK-VI E - —— .
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or the DSNB (EXTRA)

Super-K-I

Original configuration:
pure water and 40%
inner PMT coverage

Super-K-lll

After full recovery of
original configuration:
40% inner PMT
coverage

Super-K-V

Pure water running
phase after full
refurbishment and
upgrade of detector
interior and plumbing
in preparation for
gadolinium loading

Super-K-VII
Planned continuation
of SK-Gd period with

increased (0.03%)
gadalinium loading

Santos 2022 [b]

Super-K-Il
Rapid recovery after
chain-reaction
implosion: 19% inner
PMT coverage

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

Super-K-VI
Running with 0.01%
dissolved gadolinium by
mass: 2020 is the
beginning of the SK-Gd
period of operations
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