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Core-collapse supernovae



What is a core-collapse supernova?

Different phases of a core-collapse supernova explosion

e Neutronization phase, e Accretion phase, e Cooling phase,
v, burst ~ 40 ms ~ 100 ms ~10s

Shock revival

¢

Shock
wave

wave

Proto-neutron star & Proto-neutron star

Proto-neutron star

H. T. Janka, arXiv:1702.08713 2/27


http://inspirehep.net/record/747694?ln=en

Core-collapse supernovae

Neutrinos:

e play a crucial role in the explosion mechanism
e can reveal the interior conditions of a collapsing star

e are the only messengers from the collapse to a black hole (+ GW)

Neutron

\ Ii‘loalcek //%

‘ neutrinos

3/27



Neutrino emission from the
core-collapse supernovae



Core-collapse supernovae
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https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

Failed Supernovae

BH-SN progenitors
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https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

Neutrino fluxes

Neutrino energy distribution

SOVB (E, tpb) = 51/6 (tpb) <<E:(t <Euﬂ(fpb)>
Vg

normalization 1/&,,(ton) = [ dEw,, (E, top)

E ag(tpp) _ Eleplpp)+D)
e
pb)> )

Pinching parameter

ag(typ) = <Euﬂ (tpb)2> - 2<EV6 (tpb>>2
PP T E, (tn))? — (Euy (E)?)

Keil et al., arXiv:0208035 6/27


https://arxiv.org/abs/astro-ph/0208035

Neutrino fluxes

Neutrino energy distribution
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Neutrino oscillations



Neutrino flavor and mass states

Fermions . .
flavor basis mass basis
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https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
http://inspirehep.net/record/42736?ln=de
http://inspirehep.net/record/3540?ln=de

Neutrino oscillations in matter

~2
0 s Am L
P(ve — v,,) = sin® 20 sin? iE
. Vee < N,
e Ve — 0, vacuum oscillations ce ¢
e Vcc — oo, suppression of oscillations
e Ve = A’g cos 20, resonance enhancement of oscillations
Ve e VEHV}L',VT Veyl//ul/‘r
W A
67 VE 677p7n 677p7n

“Fundamentals of Neutrino Physics and Astrophysics”, C. Giunti and C. W. Kim ¢/,


http://inspirehep.net/record/747694?ln=en

Density matrix evolution

d .
3P = ~ilH, l,

vacuum matter

H = U'diag(m?, m3, m3)U + diag(V¢c, 0,0)

Pee  Pey  Per
p =) (Y| = Pue  Pup  Pur
Pre Prp Prr

Initial condition for very dense medium

ne 0 O
p=10 n, 0|, na=F/(F+F+F)
0 0 n,
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Mater potentials

Snapshots of matter potentials
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Adiabatic oscillations

Assumptions

e slowly changing matter profile
e oscillations can follow the change of matter

Fluxes arriving at the Earth

‘FO£:: 2{:|LIQA2F}
i

~0.71 ~0.98 NO
Fy, = cos” 615 cos” 13 (F), — F), ) +F)_ ~ cos” 01 (Fy, — F).) +Fy
~0.02 10
Fp, = sin® 9131:1% + cos? 913ng ~ ng
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Time-integrated neutrino fluxes




Time-integrated neutrino fluxes

175 % 10°640M ¢, slow BH-SN 27Me, L5220 CC-SN
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Time-integrated neutrino fluxes
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Diffuse supernova neutrino
background




Diffuse supernova neutrino background (DSNB)

- cosmological
/ supernovae rate

c 125M Zmax R z,M
®yy(E) = 7% farpo @ dM [7m dy—Lsxz )

8Mo Qar (142)34+Q4
X [fec—snFysco—sn(E', M) + feu—snFy, Ba—sn(E', M)]
. Y
fraction of neutron/ fraction of black- oscillated neutrino
star-forming - hole-forming flux
progenitors progenitors E’ = (1+2)E

The DSNB is sensitive to:

* Rsn

b fBHfSN

¢ neutrino mass ordering

e equation of state
redshift A
e mass accretion rate in BH-SN >




Cosmological supernovae rate
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The supernovae rate influences the normalization of the DSNB.
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Fraction of BH-forming progenitors
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Ertl et al. arXiv:1503.07522, Sukhbold et al. arXiv:1510.04643,

Adams et al. arXiv:1610.02402, Heger et al. arXiv:0112059
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https://arxiv.org/abs/1503.07522
https://arxiv.org/abs/1510.04643
https://arxiv.org/abs/1610.02402
https://arxiv.org/abs/astro-ph/0112059v1

Diffuse supernova neutrino background
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Fiducial DSNB model: Rsn(0) = 1.25 x 107 Mpc° yr, fg_sny = 0.21,
equation of state = L5220, mass accretion rate = slow
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The DSNB event rate at future
generation neutrino detectors




Future generation neutrino detectors

JUNO (2021)

_|.|.|.|.|J

Hyper-Kamiokande
(2025)

fiducial volume
2x187 kton
main detection channel
ve+p—et+n

HK Design Report, JUNO Conceptual Design Report, DUNE science

fiducial volume
17 kton
main detection channel
ve+p—et+n

DUNE (2027)

fiducial volume
4x10 kton
main detection channel
Ve + Ar — e + K>

Super-Kamiokande +
gadolinium
3 o detection in 10 yrs
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https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/1508.07166
http://www.dunescience.org

Gadolinium sulfate enrichment

Neutron tagging in Gd-enriched water Cherenkov detectors
e concidence detection of positron and neutron

e high cross section for neutron capture ~4900 barn

e elimination of spallation background

e reduction of invisible muon background

P
v.=> @
&e+

°
/ \ Gd

&\%

At ~ 20 ps, dx ~ 50 cm
J. Beacom and M. R. Vagins, arXiv:0309300
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https://arxiv.org/abs/1503.07522

The neutrino interaction rates

flu cross humber of
X section targets

R=/®oNf

detector
efficiency
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The DSNB event rates

Hyper-Kamiokande (Gd)
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The DSNB event rates

JUNO Detectability prospects
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The DSNB event rates

DUNE Detectability prospects
4 T : T
—— Fiducial DSNB model for 20 yrs
35F DSNB variability .

T - = = Atmospheric CC e HK (Gd) with NC:
g: 3 ~100
72T e HK (Gd) w/o NC:
=
% ~1250
B e JUNO: ~ 340
5 e DUNE: ~2.8 ¢
i

0 . . . . .

19 21 23 25 27 29 31



Combined likelihood analysis




Combined likelihood analysis

Significance test

2 : 2 2 2 2
X" = min (Z Xa,j T XK + Xjuno T XDUNE)
j

The set of parameters to be marginalized over:

® fBH-SN, Dy o = 0.2
Rsn(0), Agg o) = 0.25 x 1074 Mpc 7 yr~!

background normalization uncertainty, Ag = 20%

liquid argon cross section uncertainty, Aoja, = 15%

e mass accretion rate - equation of state uncertainty
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Expected 10 uncertainty: fraction of BH forming progenitors

NO 10

0.6 T T T T T T T T
—— HK (Gd)
L HK (Gd)+JUNO ]
HK (Gd)+JUNO+DUNE

045 0.1 02 03 0.4 0.5 0.0 0.1 02 03 0.1 0.5
fBH—SN fHH—SN

e The high uncertainty comes from fgp_sn—mass accretion rate degeneracy

e DUNE is sensitive to neutrinos — helps to reduce the uncertainty
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Expected 10 uncertainty: local supernova rate
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Relative error of 20%-33% independent of the mass ordering.
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Determining the supernovae unknowns with DSNB
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Conclusions




Conclusions

e Future neutrino detectors will detect and measure the DSNB

e The DSNB

e is sensitive to the fraction of BH forming progenitors
e is sensitive to the local supernovae rate

e shows no discriminating power of the mass accretion rate
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Star formation rate shape
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Neutrino mass ordering
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Effective mixing parameters
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https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

Progenitor stars forming neutron stars

CC-SN progenitors
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Progenitor stars forming neutron stars

CC-SN progenitors
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Progenitor stars forming black holes

BH-SN progenitors
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Progenitor stars forming black holes

BH-SN progenitors
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Time-integrated neutrino fluxes

175 % 10°640M ¢, slow BH-SN 27Me, L5220 CC-SN
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Neutrino fluxes

Neutrino energy distribution

ag(ty)  Eleglpp)+l)
E > T T )

Pus(E; tpb) = &g (tob) <(Eu5(fpw>

normalization 1/, (tp,) = [ dE@,, (E, top)

Pinching parameter

) = (Erallon)®) = 2B, (i0)?
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Differential neutrino flux

0
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Mater potentials

Snapshots of matter potentials
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Main sources of backgrounds

cosmic rays interactions with atmosphere

at

_>M++Vu , T+
pt et vt , o p e ULt

reactor antineutrinos
A A — =
7X—=>71Y+pt+e +1
neutrinos from the Sun

proton - proton chain reactions, i.e.,

p+p—2He+te"+1v, , pt+e +p—>He+u

SH+p —*He+e +v, , "Bete —'Li+u,



Cherenkov lighg
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Assumed uncertainties:

o Apgy(0) = 0-25 x 107* Mpc 2 yr~!

° AfBHfsN =0.2
° ABG = 20%
° AULAr = 15%

2
Pull terms: X123G = <ALBG> ,

2 _ (Rex(0)—Rsx(0) 2
XRen(0) = ( SNARSN(S\I >



Expected 1D x? as a function of fgy_sy and Rsy(0)
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x? for the fraction of BH forming progenitors - local supernova

rate plane
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Sources of background

atmospheric BG -

invisible i | spallation | NC | v,/7, solar v, | reactor
HK (Gd) Yes Yes Yes | Yes No Yes
JUNO No No Yes | Yes No Yes
DUNE No No No | Yes Yes No

Yes - sets lower limit for the DSNB detection window
Yes - sets upper limit for the DSNB detection window
Yes - doesn’t set limit for the DSNB detection window



Number of events in HK (Gd) energy window
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Detection significance HK (Gd)
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Detection significance JUNO
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Detection significance DUNE
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