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Supernova
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Introduction
\ :
neutrinos

e
St

e Goal: Given a terrestrial
supernova neutrino detection,
determine the source’s properties 7

e Developing a fast method that
would parse through a set of
progenitors and predict a signal

e Comparing predicted signals and
terrestrial supernova detections
would narrow down the set of
candidates

01 / Introduction
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rIntroduc’[ion

e Informed by a variety of simulations, an
analytic model can be developed to emulate
the supernovae properties for a given
progenitor

e Having an analytic model to quickly
determine this would be valuable for a variety
of neutrino and dark matter experiments

01 / Introduction



rIntroduc’[ion

e B. Miller et al. (2016) developed a simple
analytic model with the interest of describing
the landscape of explosion energies and
neutron star/black hole masses

e Though there is some neutrino emission
information, there is an opportunity to
improve on the model

01 / Introduction

B. Muller et al. (2016).
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Miiller’s Simple Model

Progenitor Inputs

p(r), T(r), X(r)

analytic model

density

temp.

elemental
fraction

B. Muller et al. (2016).

Model Outputs

shock revival (z,)
neutrino luminosity (L,)
baryonic PNS mass (M)

explosion energy (E;,,)

02 / Muller’s Simple Model
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Core Collapse

rShoc:k Revival

e|n the early stage of a
supernova, the initial core-

collapse starts the explosion but .

stalls ’_g\\ shock
~ 201 revived |
eThe proto-neutron star (PNS) 3 shock
. O 600 A
forms and contributes to the & stalled
explosion through v emission & -
L
The moment where the stalled § w,/'
shock is revived is the shock ~— @
r VlV I |m 0.2 0.3 0.4 0.5 0.6
evival time (tS”) Time from Core Collapse (sec)
G. Raffelt (1996). 02 / Muller's Simple Model

B. Muller et al. (2016). K. Kotake et al. (2018). ’



rShoc:k Revival

of .is determined by comparing advection time-
scales (7,,,4,) vs. neutrino heating time-scales

(Theat)

o7 4, = time-scale where accreted matter is
exposed to neutrino heating in gain region

°7,.,. = time required to inject enough energy in
gain region to make it unbound

02 / Muller’s Simple Model
10

B. Muller et al. (2016).
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Neutrino Luminosity (L)

eNeutrino Luminosity: Total radiated power
from both electron and anti-electron neutrinos

eContributions

eEnergy from accreted matter in the gain
region converting to luminosity

e Energy emitting from the PNS cooling down

2GM
Ly = (Lacc + Ldlff) , 0 = 1

'PNS

02 / Muller’s Simple Model
12

B. Muller et al. (2016).



Neutrino Luminosity
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K. Kotake et al. (2018). Time (sec) 02 / Muller’s Simple Model
B. Muller et al. (2016).
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Modified Simple Model

Progenitor Inputs

p(r), T(r), X(r)

analytic model

density

temp.

elemental
fraction

New/Modified Outputs

bounce time (7))
neutrino luminosity (Lv,-)

E

v total

<El/l->

Original Outputs

shock revival (z,,)
baryonic PNS mass (M)

explosion energy (E;,,)

03 / Modified Simple Model
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I_ n
Bounce Time

e|n the developing PNS star,
the instant it reaches /

critical density and the
accreted matter “bounces”
off the PNS is the bounce

time (7,)

eAlso the time where the
neutronization burst occurs
(contributes to the electron
neutrino luminosity)

K. Kotake et al. (2018).
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03 / Modified Simple Model
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l_ n
Bounce Time

oT. Fischer et als simulations
have shown a strong
correlation between the PNS
radius and the bounce time
through the E.o0.S

eUsing the simple model’s
prediction for the PNS radius,
we can use it to determine 7,

T. Fischer et al. (2011).
K. Kotake et al. (2018).
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03 / Modified Simple Model
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I_ n
Bounce Time

WHWO02 Progenitors
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Neutrino Luminosity

eUsing Muller’s simple model
'Lve — a(Lacc i
CL— — O((Lacc T Ldlff)/z

Ve

U

- L)/ 2 + neutronization burst

eNeutronization Burst

eModeled with a Gaussian occurring at the
bounce time

03 / Modified Simple Model
19



Neutrino Luminosity

L | | |

eFor |ate-time O ]
luminosity, we follow )

. . = 105 | —
a power law similar to _ : %
Nakazato’s 1050 b+ %HH{ -
simulations e :
1 2 [ i,j/; \\;‘;‘Uf"% _ ]
L(t>t,) S0 PN T T T T e
o i e =-o
g (A=A T Y =
E'I lineare*%: log .
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03 / Modified Simple Model
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Neutrino Luminosity

Minit trevive Mb,NS Eue,tot Eﬂe,tot Eu,_-,tot
Z_(Mp) (ms) (Mo) (10%'erg) (10%2'erg) (1052 ‘erg)
002 13 100 150  3.15 2.68 3.19
6.0 — 200 159  3.51 3.04 3.45
— Electrion Emission 300 1.64  3.83 3.33 3.59
5.5 4 — Positron Emission i 20 100 1.47  3.03 2.56 3.06
— Heavy Emission 200 1.54  3.30 2.82 3.27
_so * ME« I 300 157  3.49 3.00 3.35
2771 * smE. 30 100 1.62  3.77 3.23 3.72
o x SM:E, 200 1.83  4.80 4.24 4.51
E 4.5 7 - 300 1.98 5.76 5.16 4.99
= 50 100 1.67  3.76 3.24 3.85
340 I 200 1.79  4.39 3.85 4.28
:c_l) 300 1.87  4.95 4.38 4.51
c 0004 13 100 150  3.15 2.68 3.18
N 351 I 200 158  3.51 3.03 3.45
£ 300 1.63 375 3.26 3.57
0 30 - i 20 100 1.63  3.68 3.12 3.72
200 1.73  4.11 3.55 4.04
55 i 300 1.77 443 3.84 4.20
30 — — 949 8.10 4.00
o 50 100 1.67  3.83 3.19 3.81
: - - - - - 200 1.79  4.54 3.89 4.30
1.5 1.6 1.7 l1.8 1.9 2.0 2.1 300 1.91 5.20 4.51 4.61
Baryonic Mass Mo
Table 1

03 / Modified Simple Model
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Neutrino Luminosity
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rAverage Neutrino Energy

eFrom Nakazato’s
simulations, there
seems to be a strong
correlation between

<El/i> and M,

eFor simplicity, define
(E,) x o(At) = sigmoid

. . L
a(f) = ——— =T
l+e¢? e
/
//

K. Nakazato et al. (2013)

Minit trevive Mb,NS (Eve) (El_'e) <EV::)

Z (Mp) (ms) (Mg) (MeV) (MeV) (MeV)
0.02 13 100 1.50 9.08 10.8 11.9
200 1.59 9.49 11.3 12.0

300 1.64 9.91 11.7 12.1

20 100 1.47  9.00 10.7 11.8
200 1.54 9.32 11.1 11.9

300 1.57 9.57 11.4 12.0

30 100 1.62 9.32 11.1 12.1
200 1.83 10.2 12.1 12.5

300 1.98 11.1 13.0 12.8

50 100 1.67 9.35 11.0 12.1
200 1.79 9.98 11.7 12.3

300 1.87 10.6 12.4 12.4

0.004 13 100 1.50 9.07 10.8 11.9
200 1.58 9.47 11.3 12.0

300 1.63 9.76 11.6 12.1

20 100 1.63 9.28 11.0 12.0
200 173 9.7 11.4 12.2

300 1.77 10.1 11.9 12.3

30 — — 17.5 21.7 23.4

50 100 1.67 9.10 10.9 12.0
200 179 9.77 11.7 12.3

300 1.91 10.5 12.5 12.5

03 / Modified Simple Model
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I_ n
Conclusion

eTake Muller’s simple model of supernova neutrinos
and improved upon the model’s neutrino emission
prediction

emodified L, (late time and neutronization burst)

eincluded (E, ), E,, ;,1u1 pounce t0 Match Nakazato

et al. (2013), Nakamura et al. (2015), and Kotake
et al. (2018).
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Next Steps

eDepending on what set of simulations one is
interested in, model can be tuned/modified to
match said simulations

eUse the outputs of the simple model as an
input to quick neutrino oscillation models to
determine the terrestrial neutrino signal

26
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I_ n
Mass Accretion

e Define:
2M :0 14

° d = _ .
" D(ty) p—p
D(1) = In(l — At/tgp) + Al + 1y
At=1t—1 :
=
'ta’ecay = 004 N

Progenitor: WHO7, s20

== Muller's Simple Model
== = Modified Simple Model
= Simulation

-0.2 0.0 0.2 0.4 0.6
Post-bounce time (sec)
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Neutrino Luminosity (10°2 ergs/s)

101 -

1009

|mlrﬂ===="ml+\.

- solid =v,
- dotted =/,
- dashed-dotted =1/

— | . Muller
m— | ,., Modified
= | . simulation

GMM
Lacc — é:—

Ve

1071

T

Om

=
o
0

100
Post-Bounce Time (sec)

30



13 Progenitor: WHWO02 s13.0
—_— Sim: vy
14 A ««x« Model: vy
12 3 — Sim: Ue
Model: Ve
—_—Sim: Ve

=
N
1

Model: ve »

=
=
1

=
o
I

Electron Emission
—— Positron Emission
—— Heavy Emission

Average Energy (MeV)
=
S

Average Neutrino Energy (MeV)
[e5]
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1

* SM: <E, > 6
* SM: <E; > :
* SM: <EV"> 0.0 2;5 5j0 7;5 1OI.0 12I.5 15I.0 17I.5 20.0
8 T T T T Time (sec)
1.4 1.6 1.8 2.0 2.2 2.4

Baryonic Mass (Mo) Minit  trevive Mb,NS (Eue) (Eue) (Ex/,)
Z (Mgz) (ms) (Mg) (MeV) (MeV) (MeV)
11U~ [ I T T T I T T T I T T ]ll TTT T L III l_ 0.02 13 100 1.50 9.08 10.8 11.9
. - i 200 1.59 9.49 113 12.0
E | 300 1.64 991 117 121
- ! il 20 100 1.47 9.00 107 118
= ' i 200 1.54 932 111 119
§ i i 300 1.57 957 114 12.0
< LT~ i 30 100 1.62 932 111 121
-~ T = I~ - 200 183 102 121 125
o) ; =~ 300 1.98 111  13.0 128
~ : i 50 100 1.67 9.35  11.0 121
d : ZEE N - 200 1.79 9.98 117 123
4 . linear : log i 300 1.87 10.6 12.4 12.4
0 I YRS I THUT] B S 0.004 13 100 150 9.07  10.8  11.9
0 02 04 1 10 200 158 9.47 113 120
. 300 1.63 9.76  11.6  12.1
time (sec) 20 100 1.63 928  11.0  12.0

200 173 971 114 122
300 177 101 119 123

30 — — 175 217 234 31
K. Nakazato et al. (2013) 50 100 1.67 9.10 109  12.0



rExplosion Phase

eOnce shock revival has occurred and the
neutrino luminosity calculated, explosion
energy and the baryonic mass of the PNS is
determined from the remaining information

2.2

B. Muller et al. (2016).

20 25 30 35

MZMAS (MO)

40 02 / Miller’s Simple Model
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rExplosion Phase
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Tunable Fixed Parameters

Muller’s
parameter explanation standard value  typical range
Qout volume fraction of outflows 0.5 0.3...0.7
Qturb shock expansion due to turbulent stresses 1.18 1...14
Bexpl shock compression ratio during explosion phase 4 3...7
I efficiency factor for conversion of accretion energy into v luminosity 0.8 05...1
T15 cooling time-scale for 1.5 Mg neutron star 1.2s 0.6s...3s
Additional
Parameters Explanation Value
The rate at which the delayed time function returns to ts 0.04 sec
Minimum radius that is included in mass accretion normalization 500 km
Power of the rational power law of late time luminosity 0.8
Time scaling for late time luminosity 0.12 sec
Gain Radius threshold value to determine bounce time 92.9 km
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