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cVOLUTION OF A
MASSIVE STAR

Image provided by F.X. Timmes

Stars are born burning H In
He In the core

VWhen H Is exhausted, the
star will burn He into O

And so on, until an Fe core Is
created

This leaves an onion
structure behind, and the
shells continue burning
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FRESUPERINOVA NEU FRIDICE

N <—shock. As the star gets hotter and denser; neutrino
52 Rk 7\ production ramps up
Core Si Direct pre- NS
burning -collapse stage T S |
sol | \ ™\ After collapse we have a huge “burst” of neutrinos
) 3 L I V Notice that the pre-collapse luminosity I1s only a
w bV o / s couple orders of magnrtude below the "burst”
. . e e e SN neutrino
| . positron captures ? burs
e Sl We know we can see the burst (SN1987A), so the

Time before and after core—collapse [ NOT TO SCALE!]

Odrzywolek and Heger Acta Physica Polonica B 41, 1611 (2010)

SN1987A Image from https://chandra.harvard.edu/photo/2017/sn1987a/

question Is, can we see the presupernoval
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PRESUPERNOVA NEUTRINOS
®

* [he hot dense environment Is a neutrino producing
factory

* [wo methods: o
* [hermal processes governed by I, P, and Ye Beta-minis Decdy
thon— 14 Nitrogen- 14
« Dominated by pair annihilation SR & Antineutrino  Electron
o ) = + @ 4 W
E ILiciear processes governed by |, p, Ye ,and £ oo o
ISOTOpIC COMPOSITION Bets olie oot
Carbon-10 Boron-10
» » B+ 7 » Neutrino Positron
» 9 4+ © + ¢
& protons > protons
4 neutrons 5 neutrons

Figure from https://education.jlab.org/glossary/betadecay.html



FRESUPERNOVA NEU FRIPNCES
OMINANT PROCE S
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» Mainly pair or beta, with a few islands of photoneutrino dominance
N total emissivity

£ Tor detectable enersies (E = 2 MeV), beta dominance IS extenge
» Beta very important in the core at tc

Fisure Adapted from KMPE C. Lunardini and R. |. Farmer Ap| 840, 2 (2017)



EREOUPERINOVA NEU T RINCOS OGS
ANNIHILATION

20 M star at D=1 kpc ~ 3200 lyr

Detector Mass Reactions Number of Flux at 1 kpc | Event rate
kton) Targets  [em~2day™!] | [day™!]
Odryzwolek et al. in 2004 Borexino 0.3 (CoHyp)  po+p—et+n  1.80-10%  2.8.101 |0.34
Ve+e o v.+e 9.92 - 103! 2.8 - 101 0.49
L ooked at core Si burning stage Jete —U+e  9.92.108  28-.101' |o0.19
Ver+e —uu,+e 992.10%  1.0-101 | 0.03
Assumed neutrinos only from pair Uur+e - +e 992-1080 1010 ] 0.026
annihilation KamLAND 0.2 (CgHi3) Ve+p—et+n 8.55 - 103! 2.8 - 101 1.6

0.8 (CioHzs) vVed+e —v.+e  343.-10%2  28.101 |17

: 7 - 5 - 1032 1011
( ldlllal=a the number of events In Ve+e” oD +e”  3.43-10 2.8 10 0.65

- Vyr+e — v, +e  3.43-10% 1.0- 1011 0.11

SNO 1.7 (H0) ve+p—et +n 1.14 - 1032 2.8.1011 |22

1 (D20) Ve+d—e"+n+n  6.00-10% 2.8 10!

vy +d— v, +p+n  6.00-10% 3.8 .10

Up+d— U, +p+n  6.00-10% 3.8.10M

Super-K 32 (H,0) v.+p—et+n 2.14 - 1033 2.8 .10
UNO 440 (H,0) Ve+p—et+n 2.94 - 1034 2.8 -10%!
Hyper-K 540 (H,0) vet+p—et+n 3.61-10% 2.8 -10!!

e 1 1

Odrzywolek, Misiaszek, and Kutschera Astropart. Phy. 21, 303 (2004)

. Ils Of events In eurrent detectors

~ | 00s of events In future detectors




FREOUPERNOVA NEU TRINEGES
Br 1A PR ESEES

B/B* Decay
£ & [ Pfocesses are also needed
P AINNZ) s AN-1,Z+1) ¢
» Many I1sotopes are present In AN Z)S AIN+1.Z2-1) 0 T
the late stage of the stellar

evolution

e /et Capile

» All of these can undergo beta
decay or electron/positron AN, Z)+e — AIN+1,Z—-1)+ 1,

capture AN, Z)+et - AN-1,Z+1) + i,

£ e processes produce only

el an [la/er neltrinos or N = neutron number

antineutrinos o = Proton number
A = atomic number = N+ 7




FREOUPERNOVA NEU TRINEGES
Br 1A PR ESEES

0 * SInce nuclear processes depend so mLCh S e
| __.-.5.1 ...... | isotopes are present, we have to decide how to calculate
i ;32 .
...... R the abundances
O N T » We chose to use the stellar evolution code
g T
= | | Jod MES
30M ; : 40 | .
% - — 20.509 hr G » Iracks the abundance of 204 isotopes over the entire
0 -2 ¢ { } ifetime of the star
56 :"'._ . .
N  bvolves the abundances and nuclear reactions in situ,
completely coupled to the hydrodynamics
_3 L .," L , , , L - . .
0.0 0.5 1.0 2.0 » Also tracks temperature, density, and electron fraction

m(Mg)
’ e See Farmer et al. arXiv:1 61 1.0120/ for detalls

Mass fractions for 10 most abundant isotopes



B 1/ SPEC TRUE

€ e O spectiirum completely determined by phase space of electrons involvea

* Depends on chemical potential Ue, and temperature I, which we get from MESA

* Necpc and Np are normalization factors so our rates match tabulated rates

« Define “effective Q-value™ as the one
L L that reproduces tabulated rates
— - EI/ = i e _ : p
PEC,PC oo e - O( Q — me)
L » Langanke and Martinez-Pinedo,
) - e e e El/
- L R P R

ADNDT 79, | (2001)

. Oda et al, ADNDT 56,231 (1994)
Qz’j:Mp_Md Ez'—Ej

* Fuller, Fowler, and Newman, Ap| 252,
(1o (18]



FRESUPERNOVA NEU T RINCES
Br 1A PR ESEES

35 ! ! ! ! ! ! ! !
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PRESUPERNOVA NEU TRINOS: 30 Mg
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+ Thick lines = Vg, thin lines = I,
» Blue = beta, magenta = palr

» Early times, beta spectrum shows a lot of
structure and dominates at high (detectable)
energies

+ Late times, beta spectrum smeotas Ol dia
dominates overall for neutrinos

» Pair 1s dominant at high energy for antineutrinos

» Hishest contributions trom Fe, Co, M afie ¢
Isotopes

Figure Adapted from KMP, C. Lunardini and R. J. Farmer ApJ 840, 2 (2017)



FREOUPERNOVA NEU TRINEGES
LRI ANCE OF BETA PROCESES

10%4 | 30M, _ 10.0 F 30Mq

1052 | 9.8 |
N 15 96 |
2 100V - b
{20 94t
1048 i —
9.2 |
1040 | Ve/ge pa@r —me
] ] ] TSI COII.e ] Vxl/yx I.)ajlr ..... 9.0 | ] ] ] ] ] ] ] ]
104 102 10V 102 10~4 6.0 65 7.0 7.5 80 85 9.0 9.5 10.0 10.5
rcc (hr) Log(pe/g cm™?)

» At early times, pair process dominates
£ L= f on, in the neutrino channel beta processes rle

» Beta processes for antineutrinos are always subdominant

Figure from from KMP, C. Lunardini, R. J. Farmer, and F. X. Timmes ApJ 851, 6 (2017)



COMPARISON TO KATO ET AL. (2017)

progenitor collapse
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Kato et al. arXiv:1704:05480 (2017)

- e-capture

» Kato et al. looked at a | 5M 4

star

* [hey four

pattern w

It

@

oS

N pa
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[

annihilation dominating

Untl
G

apse

shortly before

« One difference:

antineutrinos from [3-
decay overtake pair

neutrinos




COMPARISON TO KATO ET AL. (2017)

EC

100

TACHI

FFN

ODA

LMP
80

60

40
neutron number

20

Jaqunu uojoud

.........................................

100

LMP
80

ODA
LMSH

approx
FFN

60

....................................................

40
neutron number

L T T T T

----------------------

60
4
2

Jaqunu uojoud

xpanded Isotope table

Kato et al. arXiv:1704:05480 (2017)

terrestrial rates that

are Incorporated
UsiNg a suppression
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COMPARISON TO KATO ET AL. (2017)

» Comparison of the

—— MESA 15 M sun
—— Kato 15 M _sun

—2

0 2 4
Log rho_c (g/cm~™ 3)

10

central temperature anad

density
ShOWS C

to collapse also
flerences

» [he star used by Kato et
al. 1s generally hotter for a
ojven density

 The MESA model
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P OTHER METHOD AND ANO| HER FROEC TS
2 A ND NEUTRAL CURRENT DE- I—XCITAT\ON

_t

he “effective g-value’” method used

here could miss important features in

e spectrum

Nuclel could emit neutrino pairs by a
neutral current de-excitation process

L [hese neutrino pairs to be
nigher energy than from beta
DroCesses

» Could we be missing potentially
detectable neutrinos?
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Dzhioev et al. MNRAS 527, 7701-7712 (2024)
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P OTHER METHOD AND ANO| HER FROEC TS
2 A ND NEUTRAL CURRENT DE- I—XCITAT\ON

TOQRPA - Thermal Quasiparticle Random
Phase Approximation - Is another way to

compute the beta spectra

ds to produce higher energy peaks
sometimes double peaks where
“effective g-value” (LSSM) produces one

Neutral current de-excrtation also
produces high energy neutrinos

Shown here only for 26Fe immediately

Bl

collapse, but an important process
to add In!
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Dzhioev et al. MNRAS 527, 7701-7712 (2024)



e U TIONT O
PRESUPERNOVAL

detector composition | mass interval N ,gc Ngl NC¢C Ne! R = ReC o
JUNO C,H», 17kt | E, >0.5MeV | 1.83 4.40 40.1 32.1 72.3
[0.05] | [9.47] [13.1] | [42.7] [55.9]
SuperKamiokande H>O 225kt | E, >24.5MeV | 0.063 | 0.053 2.27 | 0.098 2.37
[0.00] | [0.13] [0.78] | [0.20] [0.98]
DUNE LAr 40 kt E > 5MeV 0.05 0.04 0.19 0.06 0.25
[0.76] | [0.09] [1.1] | [0.13] [1.2]

» Consider our 30 M star at a distance of D = | kpc, over the
ast 2 hours before collapse

» JUNO has the best chance with around 70 events

» It we consider Betelgeuse (D = 200 pc), event numbers
increase by a factor of 25

Table from from KMP, C. Lunardini, R. J. Farmer, and F. X. Timmes ApJ 851, 6 (2017)



D EC IO

SUPER-KWITH GADOLINIUM

» SK-Gd increases detection efficiency because of Gd high neutron capture rate

* Ueiecyon coincidence of IBD et and y-ray cascade diter neltron capitire Gil

« Also
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Simpson et al. arXiv:1908.07551 (2019)



U PUKE

¢ Mere stars!

- Kato et al. have shown that different mass progenitors have
different neutrino spectra

» Currently a work in progress
« Add In neutral current de-excrtation

* Further comparison with TQRPA and/or update beta
calculations with more detailed methods




THANKYOU!

» [hanks to the organizers for the invite

» [hanks to my collaborators: Cecilia Lunardini, Rob Farmer,

Frank Timmes

hanks to ASU, IN

/UVV, Colby College, ana

» Thanks to you for listening!

rinity College



