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Motivation

νx, ν̄x (x = e, µ, τ ) emission plays an

important role in massive star evolution

at ρ ≳ 107 g/cm3:

carries away 99% of gravitational

energy ∼ 1053 erg released in core

collapse (SN1987A);

keeps temperature low T ≲ 1010 K;

neutrino heating mechanism for CCSN

Neutrino luminosity grows by orders of

magnitude in last hours/days before

collapse.

Can we see νe and ν̄e from pre-SN ?

alarm for an upcoming SN explosion

direct observation of stellar interiors
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Emission of νν̄ pairs in thermal processes
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Thermal processes produce all flavors of neutrinos

Electron-positron pair annihilation (PA process)

γ + γ ⇆ e
−

+ e
+ → ν + ν̄,

e +

e -

Z 0

ν e , m , t

ν e , m , t

e +

e -

ν e

ν e

W  ±

Plasmon decay (PL process)

γ
∗ → ν + ν̄

Electron-nucleus bremsstrahlung (BR process)

e
−

+ (Z,A) → e
−

+ (Z,A) + ν + ν̄

Photo-neutrino (PH process)

e
−

+ γ → e
−

+ ν + ν̄
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Emission of ν and ν̄ in nuclear weak-interaction processes

Iron-group nuclei (A = 50 − 60) dominate in the central part of the star.

Electrons (positrons) form a (non)degenerate gas.

Nuclear excited states are thermally populated in accordance with Boltzmann distribution

pi(T ) =
exp(−Ei/T )

Z(T )
.

At T ≈ 1MeV, for iron-group nuclei mean excitation energy is ⟨E⟩ =
AT 2

8
≈ 6 − 8MeV .
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GT∓

νe(ν̄e)

e+(e−)
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νx

ν̄x

β±-decay deexcitation

(Z∓ 1,A)
(Z,A)

GT±
νe(ν̄e)e−(e+)

e∓-capture

GT0 x = e, µ, τ
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Effective Q-value method

Q e f f  m e t h o d

r e a l i t y

G T ±

G T ±

For a single nucleus, the neutrino spectra from charge-exchange weak

reactions are parameterized as follows

ϕ
EC,PC

(Eν) = NEC,PC

E2
ν(Eν − Q)2

1 + exp

(
Eν − Q ∓ µe

kT

)Θ(Eν − Q − mec
2
),

ϕ
β±

(Eν) = Nβ±
E2

ν(Q − Eν)
2

1 + exp

(
Eν − Q ∓ µe

kT

)Θ(Q − Eν − mec
2
),

The effective Q-value and normalization factors Ni are fit parameters, and

they are adjusted to the average (anti)neutrino energy and weak reaction

rates

⟨Eν,ν̄⟩ =

∫ ∞
0

(ϕEC,PC + ϕβ±
)EνdEν∫ ∞

0
(ϕEC,PC + ϕβ± )dEν

,

λ
i
=

∫ ∞

0

ϕ
i
(Eν)dEν i = EC, PC, β

±
.

For iron-group nuclei weak-interaction rates for hot nuclei in stellar matter

were obtained within Large-scale Shell Model calculations.
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Statistical approach

Temperature dependent strength functions S(E, T ) for GT±,0 transitions in a hot nucleus;

GT±,0 transitions are treated in one-phonon approximation;

The detailed balance is fulfilled: S(−E, T ) = exp
(
− E

T

)
S(E, T );

Self-consistent calculations with the Skyrme energy-density functional SkM*.

Thermal effects on GT strength functions in 56Fe
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Pre-supernova model

Realistic pre-supernova conditions via MESA (Modules for Experiments in Stellar Astrophysics)

Pre-supernova model with M = 14M⊙
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Energy luminosity
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Energy luminosity from nuclear processes
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Influence of nuclear processes on oscillated νe and ν̄e spectra

Flavor neutrinos are a linear combination of mass neutrinos

να =
∑

i=1,2,3

Uαiνi, (α = e, µ, τ).

The probabilities of oscillations in a vacuum

P (να → νβ) =δαβ − 4
∑
i<j

Re[UαiU
∗
βiU

∗
αjUβj ] sin

2 ∆m2
ijL

4E

+ 2
∑
i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin

2 ∆m2
ijL

2E
.

Mikheev-Smirnov-Wolfenstein effect amplifies oscillations.

The final νe flux reaching the Earth can be written as

Sνe = pS
(0)
νe

+ (1 − p)S
(0)
νx

, (x = µ, τ),

Sν̄e = p̄S
(0)
ν̄e

+ (1 − p̄)S
(0)
ν̄x

, (x = µ, τ),

where p and p̄ are the survival probabilities:

p ≈ 0.02 and p̄ ≈ 0.68 for the normal mass ordering (NO) (m1 < m2 < m3);

p ≈ 0.3 and p̄ ≈ 0.02 for the inverted mass ordering (IO) (m3 < m1 < m2).
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Influence of nuclear processes on oscillated νe and ν̄e spectra
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Conclusions

It is shown that a thermodynamically consistent treatment of thermal effects predicts a several times higher

luminosity of pre-supernova electron neutrinos and antineutrinos compared to the standard technique based

on the effective Q-value method.

It was found that electron capture on excited nuclear states leads to an increase in the fraction of

high-energy electron neutrinos in the spectrum compared to the spectrum formed on a cold nucleus.

It is shown that the process of neutrino-antineutrino pair emission via de-excitation of a hot nucleus plays

the same important role in the generation of electron antineutrinos as the process of electron-positron

annihilation.

We also showed that neutrino oscillations significantly enhance the relative contribution of the nuclear

de-excitation process to the flux of high-energy electron antineutrinos.

The observed effects increase the probability of detecting electron neutrinos and antineutrinos from

pre-supernovae by the Earth’s detectors.

Излучение (анти)нейтрино .... 17-21 февраля, 2025, Москва, Россия 12/ 12


	Title
	Motivation
	Thermal processes
	Nuclear processes
	Effective Q-value method
	Statistical approach
	Pre-supernova model
	Energy luminosity
	1
	2

	Neutrino oscillations
	1
	2

	Conclusion

