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What is a Supernova ?

Supernovae are one of the most energetic explosive events in Nature.

Energy output:

∼ 1053 erg/sec (1 erg = 10−7 J) is
released.

99% is emitted in neutrinos.

1% goes to the kinetic energy of

the ejecta and radiation.

In 1934 Baade and Zwicky proposed that

supernovae represents the transition to an

ordinary star into a neutron star.

Neutron was discovered in 1932 by James

Chadwick.
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What is a Supernova ?

∼ 1 SN/sec in the Universe

∼ 1 SN/day is discovered

∼ 1 SN/50-100 years in the Milky Way

There are two general classes of supernovae:

∼ 20% thermonuclear SNe (Type Ia)

exploding white dwarfs

∼ 80% core-collapse SNe (CCSNe)

exploding massive stars (M > 10M�)

G1.9+0.3

Explosion ∼ 140 yrs ago

25000 light-years from

Earth
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Supernova 1987a

SN1987A in the Large Magellanic Claud (∼ 168000 light years from Earth)

Progenitor – a star of ∼ 18 solar masses.
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Life Cycle of Massive Stars

Protostar

Main Sequence star: H fuses into He in
the core

Reg Giant: H fuses into He in the shell
around He core

Helium Core Burning: He fuses to C in the

core while H fuses to He in then shell

.....

Multiple Shell Burning: Many elements fuse

is the shells
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Core-Collapse Supernova

Massive stars (M ≥ 10M⊙) at the end of their life

evolve to an onion like structure;

At T ∼ 109 K atomic nuclei are completely ionized and

dense (ρ & 109 g cm−3) electron-nuclear plasma is

formed. For electron gas kT < EF and EF > mec2;

Iron core (Rcore ≈ 103 − 104 km) can be stabilized by

the pressure of degenerate electron gas as along as

Mcore < MCh = 1.44(2Ye)2M⊙ (Ye ≈ 0.45);

As the silicon burning proceeds, the iron core

approaches MCh and contracts;

Increasing density leads to a rise of the electron

chemical potential µe ≈ 11.1(ρ10Ye)1/3

(ρ10 is the density in 1010 g cm−3);

When µe & Q (Q = Mf −Mi ≈ 2− 5MeV) electron
capture on nuclei (neutronization) becomes possible

electron
distribution AZ

N

AZ−1
N+1µe

e− +AZ
N → AZ−1

N+1 + νe

Q
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Core-Collapse Supernova

Prompt-explosion mechanism

∼0.1 sec.

ρ ∼ 1014 g cm−3

νe

Fe core

νe

νe

νe
νe

νe

νe

νe

inner
core

outer core

core

shock wave

inner

Eshock ∼ 1051 erg
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Core-Collapse Supernova

Two reasons for energy loss in a shock-wave:

1 Dissociation nuclei into nucleons (∼ 8.8MeV per nucleon)

Eshock ≥
0.1M⊙
Mnucleon

× 8.8 MeV ≈ 2 foe

1 foe = [ten to the Fifty-One Ergs] 1051 erg (1 erg= 6.24× 105 MeV)

produces ∼ 1.2 foe throughout its entire lifetime (1010 years)

2 Neutrino emission:

e− + p→ n+ νe

from H.-Th. Janka et al,

Phys. Rep. 442 (2007) 38

Prompt mechanism is unable

to trigger supernova explosion!
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Core-Collapse Supernova

2 Neutrino-heating mechanism

(Anti)neutrinos carry away energy

Egr = G
M2
ns

Rns
∼ 1053

erg;

Charged-current captures

νe + n→ e− + p

νe + p→ e+ + n

transfer energy to the shock wave.
3 Magnetorotational mechanism (G. Bisnovatiy-Kogan, 1970)

Egr +
J2
core

McoreR2
core

→
J2
core

MPNSR
2
PNS
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Core-Collapse Supernova

4 Acoustic mechanism (A. Burrows, 2006)

adopted from T. Creighton

Nature Physics, 2 (2006) 581

5 Phase-Transition mechanism (I. Sagert, 2009, T. Fischer, 2011)
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Core-Collapse Supernova

Input physics for core-collapse supernova simulations:

1 cross-sections and rates for nuclear weak-interaction processes under extreme

conditions realized in the supernova environment;

2 nuclear equation of state around nuclear matter densities and hight temperatures;

3 full Boltzmann neutrino radiation transport;

4 magnetic field;

5 general relativity;

6 hydrodynamics and so on.
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Nuclear weak-interaction processes in supernovae

iron core

inner core

outer core

∆M = Miron core −Minner core

Miron core ≈MCh ∼ Y 2
e , therefore

e− + (A,Z)→ (A,Z − 1) + νe

(A,Z)→ (A,Z + 1) + e− + νe

determine the iron core mass.

ν-nucleus reactions become important at ρ ≥ 1012 g cm−3:

ν + (A,Z)→ (A,Z) + ν

ν + (A,Z)→ (A,Z) + ν′

νe + (A,Z)→ (A,Z − 1) + e−

trap neutrinos in the inner core and determine its mass:

Minner core ∼ Y 2
L , where YL = Ye + Yν

Weak-interaction processes affect the equation-of-state: nucleons remain bound in nuclei and

do not contribute to pressure; due to nuclear excitations temperature keeps low.
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Weak reactions with nuclei in SN matter

adopted from K. Langanke, G. Martı́nez-Pinedo

Rev. Mod. Phys. 75 (819) 2003

|Mif |2 =
1

2Ji + 1

∑
lepton spins

∑
Mi,Mf

|〈f |HW |i〉|2

Fermi-Dirac distributions of electrons and positrons

fe(E) =
1

1 + e(E−µe)/kT

2γ ↔ e+ + e− ⇒ µe− = −µe+

ρYe =
1

π2 h̄3NA

∞∫
0

(fe− − fe+ )p2
edpe,

µe− ∼ (ρYe)1/3 at hight densities

Capture and decay rates

λcaptif ∼ |Mif |2
∞∫
0

fe(E)E2(E − Eif )2F (Z,E)dE,

λβif ∼ |Mif |2
Q∫

0

(1− fe(E))E2(E − Eif )2F (Z,E)dE.
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Allowed transitions

For low-energy weak-interaction processes (Ee∓,ν,ν̄ ≤ 30 MeV)

HW = G(F±,0 + gA GT±,0), where

G – weak interaction constant, gA – axial coupling constant,

F±,0 =
∑A

i=1
τ±,0(i) − Fermi operator

GT±,0 =
∑A

i=1
σ(i)τ±,0(i) − Gamow-Teller operator

 allowed transitions

τ0|n⟩ = +1
2 |n⟩ τ0|p⟩ = −1

2 |p⟩ τ−|n⟩ = |p⟩ τ+|p⟩ = |n⟩

A, Z-1
A, Z+1

GT0, F0

GT−, F−

A, Z

GT+, F+

charge-neutral transitions

|A,Z〉−→|A,Z〉
ν, ν̄-scattering, νν-emission

charge-changing transitions

|A,Z〉−→|A,Z + 1〉
β−-decay, e+-, νe-capture;

|A,Z〉−→|A,Z − 1〉
β+-decay, e−-, ν̄e-capture.
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Allowed transitions

Selection rules

Fermi transitions: πi = πf , ∆J = 0, ∆T = 0

Gamow-Teller transitions: πi = πf , |∆J | = 0, 1, |∆T | = 0, 1

Allowed transitions within the Independent Particle Model

neutrons protons

1s1/2

1p3/2

1p1/2

1d5/2

2s1/2

1d3/2

n l jm

IPM single-particle states

main q.n.

total
momentum

magnetic q.n.

orbital
momentum

(nlj)i → (nlj)f
nf = ni, lf = li

Fermi: jf = ji
GT : jf = ji, ji ± 1

1f7/2

2p3/2

2p1/2

1f5/2

neutrons protons

Core (N = 20, Z = 20)

1g9/2

Allowed transitions in iron-group nuclei (A=45-65)

(1f7/2,5/2)i → (1f7/2,5/2)f

(2p3/2,1/2)i → (2p3/2,1/2)f

Spin-flip transition

(1f7/2)i → (1f5/2)f
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Allowed transitions

Strength function

SA(E) =
∑
f

Bif (A)δ(E − Eif ), Eif = Ef − Ei;

Bif (F±,0) =
1

2Ji + 1
|〈JiTi|F±,0|JfTf 〉|2, Bif (GT±,0) =

1

2Ji + 1
|〈JiTi|GT±,0|JfTf 〉|2.

F
er
m
i
st
re
n
gt
h
,
B
(F

)

G
am

ow
-T
el
le
r
st
re
n
gt
h
,
B
(G
T
)

IAS GTGR

Fermi transitions

0 5 10 15 20
Excitation energy (MeV)

0 5 10 15 20
Excitation energy (MeV)

F±,0 =
∑A
i=1 τ±,0(i)

[F±,0, H ] = 0

Gamow-Teller transitions

GT±,0 =
∑A
i=1 σ(i)τ±,0(i)

[GT±,0, H ] 6= 0
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Fermi transitions

Transition strength

Bif (F±,0) =
1

2Ji + 1
|〈JiTiTzi|F±,0|JfTfTzf 〉|2 = T (T + 1)− TziTzf

where T = Ti = Tf , Tzf = Tzi ± 1, 0,

Ikeda sum rule:

∑

f

Bif (F−)−
∑

f

Bif (F+) = N − Z

Transition energy:

Eif (F±, 0) =

{
0, for F0

E(IAS) = Mp −Md + ∆ECoulomb, for F±
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Gamow-Teller transitions

Large-Scale Shell Model calculations for A = 45− 65 (K. Langanke et al)

1f7/2

2p3/2

2p1/2

1f5/2

neutrons protons

Core (N = 20, Z = 20)

1g9/2

〈 |H| 〉

Dimension ∼ 109

“GIANT” MATRIX

The Lanchzos iterative algorithm is applied

to find low-energy eigenvalues
G. Mart́ınez-Pinedo et al. Nucl. Phys. 777 (2006) 395
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Nuclear statistical equilibrium

Averaged rates and cross sections: 〈λ〉 =
∑
i Yiλi, 〈σ〉 =

∑
i Yiσi

For T > 109 K and ρ > 109 g cm−3 all electromagnetic and strong reactions

(A,Z) + p� (A+ 1, Z + 1) + γ

(A,Z) + n� (A+ 1, Z) + γ

as well as (α, γ), (α, n), (α, p), (p, n) are in equilibrium.

Saha equation ( YA,Z = YA,Z(T, ρ, Ye):

YA,Z =
G(A,Z)A3/2

2A
Y Zp Y

N
n

( 2πh̄2

mukT

)3/2(A−1)

eB(A,Z)/kT

with the constrains (Yi = Y (A,Z))∑
i YiAi = 1 (baryon number conservation)∑
i YiZi = Ye (charge conservation)

Partition function: G(A,Z) =
∑
i(2Ji + 1)e−Ei/kT ≈ π

6akT
exp(akT )

Binding energy: B(A,Z) = (ZMp +NMn)−M(A,Z)
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Nuclear statistical equilibrium
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Nuclear composition of the core

LSSM calculations are limited by iron group nuclei (A = 45− 65)

Z

N

56Fe

90Zr

2 0

4 0

6 0

8 0

1 0 0

 

1 0 1 0 1 0 1 2

 

 

ρ,  g / c m 3
1 0 1 1

Z
N

A

Element trajectory (left figure) and evolution of the mean nucleus

as a function of the matter density in the core (right figure).
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Finite temperature

The temperature of supernova matter varies from a few hundreds keV to few MeV

(0.86 MeV ≈ 1010 K). Therefore, nuclear excited states are thermally populated according to
Boltzmann distribution: gi(T ) ∼ exp(−Ei/kT ).

Weak reactions with hot nuclei:

reaction threshold disappears (Qec(56Fe) ≈ 4MeV);

stable nuclei undergo β-decay.

A, Z

A, Z-1
A, Z+1

GT0

Charge-exchange GT transitions

GT−

A, Z

GT+

Charge-neutral GT transitions

ν

ν

ν

ν

e+
e−

ν

σ(E, T )=
∑

i
gi(T )σi(E), λ(E, T )=

∑
i
gi(T )λi(E),

For iron-group nuclei (A = 45− 65) the mean excitation energy at T = 1 MeV is

〈E〉Fermi gas = AT 2/8 ≈ 7÷ 8 MeV and density of states is ρ(E) ≈ 100MeV−1.
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Large-Scale Shell Model calculations at T 6= 0 (K. Langanke, et al.)

Cross section for ν +A → ν′ +A:

σ(Eν , T ) = σd(Eν) + σup(Eν , T ),

σd(Eν) ∼
∑
f

E2
ν′ |〈g.s.|σt0|f〉|2, (Eν′ = Eν − Ef );

σup(Eν , T ) ∼
∑
i,f

E2
ν′ |〈i|σt0|f〉|2 exp

(
−Ei
T

)
, (Ei > Ef )

|〈i|σt0|f〉|2 =
2Jf + 1

2Ji + 1
|〈f |σt0|i〉|2;

0 5 1 0 1 5 2 0- 4

- 2

0

2

  g . s .  (  T  =  0 )
  T  =  0 . 8 6  M e V
  T  =  1 . 2 9
  T  =  1 . 7 2

 

 

Lo
g 10

 [σ
 , 1

0-42
 cm

2  ]

E ν  ,  M e V

ν  +  5 6 F e  →  5 6 F e  +  ν '  
S a m p a i o  e t  a l . ,  2 0 0 1

Back resonances

g.s.

E1

En

Brink hypothesis

B(GT0)

E

g.s.
E1

En
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Violation of the Brink Hypothesis

0 5 1 0 1 5 2 0 2 5 3 0
4

6

8

1 0

1 2

 

 

Γ, 
Me

V

E e x c  ,  M e V

6 3 C u

The width of GDR in 63Cu as a function

of excitation energy.

M. Kicińska-Habior, et al, Phys. Rev. C

36, 612 (1987)

0 4 8 1 2 1 6 2 00 . 0

0 . 5

1 . 0

1 . 5

 

 

B(G
T +

), M
eV

 -1

E ,  M e V

  2 . 0
  1 . 3
  1 . 0
  0 . 8
  0 . 5

T ,  M e V
6 0 N i

Temperature evolution of GT+ strength

distribution for 60Ni (SMMC

calculations).

P. B. Radha, D. J. Dean et al, Phys.

Rev. C 56 , 3079 (1997)
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Cross-sections and rates at T 6= 0

Shell-model calculations

1 Thermal averaging: σ(E, T ) =
∑
i pi(T )σi(E), λ(T ) =

∑
i pi(T )λi.

2 Cross-section σi(E) and rates λi for thermally excited states;

3 GT strength distributions SGT (E,Ei) for the nuclear ground and excited states;

Shortcomings of shell-model calculations

application of Brink hypothesis;

violation of the detailed balance principle

S(T,−E) 6= S(T,E) exp(−E/T );

contribution of low- and negative-energy transitions from nuclear excited states is

underestimated;

shell-model calculations are limited by iron-group nuclei (A = 45− 65)

Statistical approach

1 Temperature dependent GT strength distributions SGT (E, T ) in the hot nucleus;

2 Cross-sections σ(E, T ) and rates λ(T ) for hot nuclei.

Advantages of the statistical approach

thermodynamically consistent

S(T,−E) = S(T,E) exp(−E/T );

there is no restrictions on A.
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Strength function for transition operator A at T 6= 0

Definition

SA(E, T ) =
∑
i

e−Ei/T

Z(T )
SA(E, i) =

=
∑
i

e−Ei/T

Z(T )

∑
i

|〈f |A|i〉|2δ(E − Ef + Ei), Z(T ) =
∑
i

e−Ei/T .

Detailed balance: ST (−E, T ) = ST (E, T ) exp
(
−
E

T

)
.

Example: cross-section for inelastic neutrino-scattering on a hot nucleus

σ(Eν , T ) =
∑
i

e−Ei/T

Z(T )
σi(Eν)

∼
∑
i

e−Ei/T

Z(T )

∑
f

(Eν − Ef + Ei)
2|〈f |GT0|i〉|2

=

∫
dE(Eν − E)2

∑
i,f

〈f |GT0|i〉|2
e−Ei/T

Z(T )
δ(E − Ef + Ei)

=

∫
dE(Eν − E)2SGT0(E, T )
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Strength function at T 6= 0

Applying δ(E) =
1

2π

∫ +∞

−∞
dteiEt we find (A = GT±,0):

SA(E, T ) =
∑
i,f

|〈f |A|i〉|2
e−Ei/T

Z(T )
δ(E − Ef + Ei)

=
1

2π

∫
dt
∑
i,f

|〈f |A|i〉|2
e−Ei/T

Z(T )
ei(E−Ef+Ei)t

=
1

2π

∫
dteiEt

∑
i,f

e−Ei/T

Z(T )
〈i|eiHtA|f〉〈f |e−iHtA|i〉

=
1

2π

∫
dteiEt〈〈A(t)A(0)〉〉

where 〈〈A†(t)A(0)〉〉 is the correlation function

〈〈A†(t)A(0)〉〉 = Tr

{
ρ̂(T )A†(t)A(0)

}
, ρ̂(T ) ∼ e−H/kT , A(t) = eiHtAe−iHt.

Correlation functions can be computed either by applying the Matsubara Green’s function technique

or by the formalism of superoperators in Liouville space.
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Superoperators in Liouville space (A.A.D. and A.I.V. Phys. Part. Nuclei 53 (2022) 885-938)

Liouville space is the space of operators on Hilbert state

A↔ ||A〉〉, 〈〈A‖B〉〉 = Tr{A†B}, |A| = 〈〈A‖A〉〉1/2

Superoperators – operators acting in Liouville space. Left and right creation and annihilation superoperators:

a
†
k||mn〉〉 ↔ a

†
k |m〉〈n| , a

†
k||mn〉〉 ↔ β(m,n) |m〉〈n| ak,

ak||mn〉〉 ↔ ak |m〉〈n| , ak||mn〉〉 ↔ α(m,n) |m〉〈n| a†k,

where α(m,n) and β(m,n) are obtained from {ak,ak′} = 0, {ak,a†k′} = {ak,a†k′} = δkk′ .

statistical average is given by 〈〈A(t)A(0)〉〉 = 〈〈0(T )‖A(t)A(0)‖0(T )〉〉, where ||0(T )〉〉 ↔
√
ρ̂(T );

thermal Hamiltonian H = H(a†,a)−H(a†,a) determines spectral properties of a hot nucleus:

SA(E, T ) =
∑
k

{
|〈〈Ok‖A‖0(T )〉〉|2δ(E − Ek) + |〈〈Õk‖A‖0(T )〉〉|2δ(E + Ek)

}
,

where H||0(T )〉〉 = 0, H||Ok〉〉 = +Ek||Ok〉〉 and H||Õk〉〉 = −Ek||Õk〉〉;
the equation-of-motion method at T 6= 0

〈0(T )|[δO, [H,O†k]]|0(T )〉 = Ek〈0(T )|[δO,O†k]|0(T )〉,

〈Õk|A |0(T )〉 = e
−Ek/2kT 〈Ok|A† |0(T )〉∗;

the detailed balance principle

S
A† (−E, T ) = e

−E/kT
SA(E, T ).
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Calculation of GT±, 0 strength functions within the TQRPA

Nuclear Hamiltonian : H = Hsp +Hpair +Hph, where Hsp and Hph =
∑
k h
†
khk are obtained from the

Skyrme energy density functional SkM
∗
and Hpair is the BCS pairing interaction.

Thermal Hamiltonian : H = H(a†,a)−H(a†,a) = Hsp +Hpair +Hph.
1. Thermal quasiparticles:

Hsp+pair ≈
∑
jm

εj(T )(β
†
jmβjm − β̃

†
jmβ̃jm)

2. Thermal phonons (TQRPA - Thermal Quasiparticle Random Phase Approximation):

H ≈
∑
JMi

ωJi(T )(Q
†
JMiQJMi − Q̃

†
JMiQ̃JMi) +Hqph, QJMi |0(T )〉 = Q̃JMi |0(T )〉 = 0, where

Q
†
JMi =

∑
1,2

ψ12β
†
1β
†
2 + . . .+

∑
1,2

ϕ12β1β2 + . . .

3. GT±,0 strength function within the TQRPA

SGT±,0 (E, T ) =
∑
k

{
|〈〈Qi,1+‖σt±,0‖0(T )〉〉|2δ(E − ωi,1+ )+

+ |〈〈Q̃i,1+‖σt±,0‖0(T )〉〉|2δ(E + ωi,1+ )
}
.

4. Calculation of nuclear weak-interaction rates and cross-sections for given supernova conditions (T, ρ, Ye).
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GT+ strength distribution in 56Fe.
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∆p ≈ 1.4 MeV ⇒ Tcr ≈ 0.5∆(≈ 0.7 MeV).

The brown arrows indicate the zero-temperature EC threshold:

Q = M(56Mn)−M(56Fe) = 4.2 MeV.
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Electron capture rates for 56Fe
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T9 = 109 K (0.086 MeV), ρYe – electron gas density
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Electron capture on neutron-rich nuclei

Neutron-rich nuclei (N > 40, Z < 40)

Within the Independent Particle Model GT+ transitions are Pauli-blocked;

EC can proceed only through forbidden transitions or on free protons;

EC on neutron-rich nuclei was neglected untill 2000s;

Unblocking mechanisms:

configuration mixing |Ψ0〉 = c0|IPM〉+ c1α
+
1 α2|IPM〉+ c2α

+
1 α

+
2 α3α4|IPM〉+ . . .;

thermally excited states in statistical ensemble ρ̂ ∼∑
n
e−En/T |Ψn〉〈Ψn|
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Unblocking due to thermal effects and configurational mixing

without configurational mixing configurational mixing

|f〉

|1〉

|0〉

|1′〉 = α1|0〉+ β1|1〉

|0′〉 = α0|0〉+ β0|1〉

T = 0

T1 6= 0

T2 > T1

T = 0

T1 6= 0

T2 > T1

B1f

|β1|2B1f

|β0|2B1f

E

SGT

E

SGT

E

SGT

E

SGT

E

SGT

E

SGT

Without configurational mixing:

there is no GT strength at T = 0;

GT strength increases with T , but its energy remains the same (E1f = Ef − E1).

Configurational mixing:

SGT (E, T ) =
1

Z(T )

{
|〈f |GT|0′〉|2δ(E − E0′f ) + e

−E
1′f /T |〈f |GT|1′〉|2δ(E − E1′f )

}
=

B1f

1 + e−E1′/T

{
|β0|2δ(E − E0′f ) + e

−E
1′/T |β1|2δ(E − E1′f )

}
For a weak configurational mixing E1′f − E0′f ≈ E1 − E0.
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GT+ strength distribution in 76Ge (T 6= 0)
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A. Dzhioev et al, Phys. Rev. C 81 (2010) 015804
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Electron capture by N = 50 neutron-rich nuclei

Top 500 electron-capturing nuclei with the largest absolute

change to the electron fraction up to neutrino trapping.
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Electron capture by N = 50 neutron-rich nuclei
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 λec
  ( 

s-1 )

T = 0

T = 1  M e V

Electron capture rates at T = 1MeV (1010 K=0.86MeV)

A. A. Dzhioev et al, PRC101 (2020) 025805
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GT0 strength distribution in
56Fe

ν + 56Fe→ 56Fe+ ν′

T = 0.86 MeV (1010 K) corresponds to the condition of a presupernova model for a

15M⊙ star; T = 1.29 MeV (1.5× 1010 K) - relates to neutrino trapping, T = 1.72 MeV

(2× 1010 K) - to neutrino thermalization.
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1 0 0

1 0 1

 
GT

0 s
tre
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E e x p ( 1 +
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Detailed balance: SGT0(−E, T ) = SGT0(E, T ) exp

(
−E
T

)
.

Core-collapse supernovae and .... February 15, 2024 37/ 51



GT0 strength distribution in
56Fe

Detailed balance

SGT0(−ε, T ) = SGT0(ε, T ) exp
(
−
ε

T

)
.

Cumulative sum of the GT0 strength : ΣGT0
(E, T ) =

E∫
−∞

SGT0
(ε, T )dε
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Cross section for inelastic neutrino scattering on 56Fe
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T  =  1 . 7 2  M e V

T  =  0 . 8 6  M e V

L S S M
T Q R P A

σ(Eν , T ) =
G2
F

π(h̄c)4

Eν∫
−∞

(Eν − E)2SGT0 (E, T )dE

=σd(Eν , T ) + σup(Eν , T ),

down-scattering (E′ν < Eν ) cross section

σd(Eν , T ) ∼
Eν∫
0

(Eν − E)2SGT0 (E, T )dE;

up-scattering (E′ν > Eν ) cross section

σup(Eν , T ) ∼
0∫

−∞

(Eν − E)2SGT0 (E, T )dE.

Shell-model calculations

σ(Eν , T ) = σg.s(Eν) + σup(Eν , T )

and α = 1.
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Thermal effects on neutrino spectrum

ν +56 Fe→ ν′ +56 Fe
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Pre-supernova neutrinos

SN neutrinos are detectable

(SN1987A).

Neutrino luminosity grows by

orders of magnitude in last

hours/days before collapse.

Can we see pre-SN neutrinos

too ?

alarm for an upcoming SN

explosion

direct observation of stellar

interiors

Inverse β-decay

ν̄e + p→ n+ e+

Properties of ν̄e from pre-SN

weak-interaction nuclear

reactions;

oscillations ν̄e ↔ ν̄µ,τ
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Emission of ν̄ in thermal processes
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S p e c t r a  o f  ν  a n d  ν  f r o m  t h e  P A  p r o c e s s

Thermal processes produce all flavors of neutrinos

Electron-positron pair annihilation

γ + γ � e
−

+ e
+ → ν + ν̄,

Pνν̄/P2γ ≈ 10
−19

, Qν ∼ T 9
/ρ

e +

e -

Z 0

ν e , m , t

ν e , m , t

e +

e -

ν e

ν e

W  ±

Plasmon decay

γ
∗ → ν + ν̄

Electron-nucleus bremsstrahlung

e
−

+ (Z,A)→ e
−

+ (Z,A) + ν + ν̄

Photo-neutrino

e
−

+ γ → e
−

+ ν + ν̄
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Emission of ν̄ in nuclear processes

positron capture (PC)

(A,Z) + e+ → (A,Z + 1) + ν̄e

e+ ν̄e

A,Z A,Z+1

W−

ν̄e

A, Z

A, Z+1

GT−e+

β−-decay

(A,Z)→ (A,Z + 1) + e− + ν̄e

e−

ν̄e

A,Z A,Z+1

W−

ν̄e

A, Z

A, Z+1

GT−

e−

νν̄-pair emission via nuclear de-excitation (ND)

(A,Z)→ (A,Z) + νx + ν̄x, x = e, µ, τ

νx

ν̄x

A,Z A,Z

Z0

A.A. Dzhioev et al, MNRAS 527 (2024) 7701

ν̄x

GT0

νx

A, Z
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ν̄ spectra from nuclear processes

Positron capture (PC) on a hot nucleus (e+ + AZN → AZ+1
N−1 + ν̄e )

λ
PC

if =
ln 2

K
Bif (GT−)Φ

PC

if =

∞∫
0

φ
PC

if (Eν)dEν

φ
PC

if (Eν) =
ln 2

K
Bif (GT−)E

2
νEepefe+ (Ee)F (−Z,Ee)Θ(Ee −me)

where Ee = Eν + Eif and Bif (GT−) = |〈f‖σt−‖i〉|2/(2Ji + 1).

(Z+ 1,A)

(Z,A)

pi(T ) = e−Ei/kT/Z(T )

fe+(E) =
1

1 + e(E−µe+ )/kT

ρYe =
1

π2NA

∞∫
0

(fe− − fe+)p
2
edpe

µe+ = −µe−

Bif (GT−)

ν̄e

φ
PC

(Eν) =
∑
i,f

pi(T )φ
PC

if (Eν) =
ln 2

K
E

2
ν

+∞∫
−Eν+me

SGT− (E, T )Eepefe∓ (Ee)F (−Z,Ee)dE

where

SGT− (E, T ) =
∑
i,f

pi(T )Bif (GT−)δ(E − Eif )
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ν̄ spectra from nuclear processes

β−-decay of hot nucleus (AZN → AZ+1
N−1 + e− + ν̄e)

φ
β

(Eν) =
G2

FV
2
ud

2π3
E

2
ν

−Eν−me∫
−∞

SGT− (E, T )Eepe
(
1− fe− (Ee)

)
F (Z + 1, Ee)dE

where Ee = −Eν − E;
νν̄-pair emission via nuclear de-excitation (ND) (AZN → AZN + νx + ν̄x, x = e, µ, τ )

φ
ND

(Eν) =
G2

F

2π3
E

2
ν

−Eν∫
−∞

SGT0 (E, T )(E + Eν)
2
dE

where

SGT0 (E, T ) =
∑
i,f

pi(T )Bif (GT0)δ(E − Eif ) and Bif (GT0) = |〈f‖σt0‖i〉|2/(2Ji + 1)

(Z+ 1,A)

(Z,A)

pi(T ) = e−Ei/kT/Z(T )

Bif (GT−)

ν̄e

µe−

fe−(E)

E

µe− ∼ (ρYe)
1/3

e−

(Z,A)

pi(T ) = e−Ei/kT/Z(T )

νx

ν̄x

Bif (GT0)
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Pre-supernova model

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

Pre-supernova model 25_79_0p005_ml (M = 25M�)
The profile that we use corresponds to the onset of the core collapse

µe  =  8 . 5  M e V         6 . 7  M e V           5 . 5  M e V          4 . 4 M e V         3 . 3  M e V              2 . 1  M e V

T 9 = 1 0 9  K
1 0 1 0 K = 0 . 8 6  M e V

Y e  =  n e / n N

Fermi-Dirac distributions of electrons and positrons in stellar matter

γ ↔ e
+

+ e
− ⇒ µ

e− = −µ
e+

ρYe =
1

π2h̄3NA

∞∫
0

(fe− − fe+ )p
2
edpe, fe(E) =

1

1 + e(E−µe)/kT

µe− ∼ (ρYe)
1/3

at hight densities
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Thermal effects on GT0 and GT− strength functions in 56Fe
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ν̄e spectra produced by hot
56Fe
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Total ν̄ spectra and luminosities from nuclear and thermal processes
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The total ν̄ spectrum from nuclear processes is found by

integration over the volume of the star of a weighted sum

over all the isotopes present:

Φν̄(Eν) =

∫
dV
∑
i

φ
i
ν̄(Eν)ni,

where ni = Xiρ/(mNAi) is the number density of
isotope i.

Antineutrino energy luminosity

Lν̄ =

∫
Sν̄(Eν)dEν ,

where Sν̄(Eν) = Φν̄(Eν)Eν – energy luminosity

spectrum.
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Influence of nuclear processes on oscillated ν̄e spectra
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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 ν̄e flux reaching the Earth can be written as

Sν̄e = pS
(0)
ν̄e

+ (1− p)S(0)
ν̄x
, (x = µ, τ),

where p is the survival probability

p ≈ 0.68 for the normal mass ordering (NO)

(m1 < m2 < m3);

p ≈ 0.02 for the inverted mass ordering (IO)

(m3 < m1 < m2).
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Influence of nuclear processes on ν̄e detection
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The dominant detection process for ν̄e is the inverse β-decay:

ν̄e + p→ n+ e
+
.

Then e+ are registered by Cherenkov and liquid scintillation

detectors. The cross section for IBD is

σIBD(Eν) ∼ pe+Ee+ ,

where Ee+ = Eν̄e − (Mn −Mp). The minimum energy

required to induce IBD is Emin
ν̄ie

= Mn −Mp +me ≈ 1.8MeV.

We assume the detection efficiency 100% above the threshold

Eth ≥ Emin
ν̄e
. Then the number of detected events is expresses as

N(Eth) ∼
∞∫

Eth

σIBD(Eν)Φν̄e (Eν)dEν .

Detection rate enhancement factor due to the ND process:

D(Eth) =
N(Eth)

N∗(Eth)
,

where N∗(Eth) is computed without the ND contribution.
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