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in these interactions are linear combinations of mass eigenstates. The
electromagnetic interactions of these active flavors are also non-vanishing,

but seems to be strongly suppressed.
At least two of these active states are massive. We do not know the mass

scale, but there are limits from terrestrial experiments and cosmology.
There are hints of existence of additional neutral leptonic states which mix
with the active flavors, but no conclusive evidence.

There are a very large number of neutrinos leftover form the Big Bang. At
least two of these flavors are cold, i.e., non-relativistic.

Since all of the neutrino interactions are feeble, they can carry energy and
entropy over astronomical distances. They can efficiently cool celestial
objects and control the isospin in environments where elements are created.



Where chemical elements are made

Supernova of Pop III stars and formation of Pop II stars

He, H, Li, D

Pop IT stars going supernova

C,N, O, Mg, Si,
AGB stars

Ca, Fe, Sr, Ti, ...

U, Eu, Th, ...
(via r-process)

Ba, La, Y ,.. (via s-
process)

Neutrinos play a crucial role in many nucleosynthesis scenarios.



The origin of elements
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Possible sites for the r-process

Neutrinos not only
play a crucial role
in the dynamics of
these sites, but
they also control

the value of the
electron fraction,
the parameter
determining the
yields of the r-
process.
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Understanding a core-collapse supernova and the nucleosynthesis it
may host requires answers to a variety of questions!

Balantekin and Fuller, Prog. Part. Nucl. Phys. 71 162 (2013)

neutrino-nucleus interactions
neutron star

neutrino neutrino

- R heating, SN burst
neutrino flavor oscillations .
nucleo- detection

synthesis at earth

high density EOS,
neutrino interactions
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ORNL/UT
Impact on supernova physics?

3D 1L=2.] Time = 1.000 ¢

Development of 2D and
3D models for core-
collapse supernovae:

Complex interplay
between turbulence,

neutrino physics and
thermonuclear
reactions.
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Energy released in a core-collapse
v SN: AE % 1033 ergs = 1059 MeV
99% of this energy is carried away
by neutrinos and antineutrinos!
~ 1098 Neutrinos!

This necessitates including the
effects of vv interactions!

\\

Proto neutron ' >
star /

H = EaTa + E(I—COSH)aTaTaa

\ﬁ/_J (N ~ J

describes neutrino oscillations and describes neutrino-neutrino
interaction with matter (MSW effect) interactions

The second term makes the physics of a neutrino gas in a core-collapse supernova a
very interesting many-body problem, driven by weak interactions.

Neutrino-neutrino interactions lead to novel collective and emergent effects,
such as conserved quantities and interesting features in the neutrino energy
spectra (spectral "swaps” or "splits"”).
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Neutrino flavor isospin J,=a,a, J_ =aa,

s 1 s i
é J, =5(aeae —auau)
These operators can be written

in either mass or flavor basis

P

—

§ [G (1 cosf, )jp~Jq

H

144
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(1 cosf, )jp°Jq

2
=fdp(52%]§°jp—\/§GFNng) V26,

B = (sin26, 0, - cos26)



What is the mean-field approximation?

[él,OAz]sO

0,0,=0,(0,)+(0,)0,-(0,6,)

Expectation values should be calculated

with a state |¥) chosen to satisfy:

(60,)-(0)0.

This reduces the two-body problem

to a one-body problem:

a'a'aa = <aTa>aTa i <aTaT>aa +h.c.

\/7G fdpdq(l cos6, )<Jp> jq



But one can go beyond the mean field approximation!

Single-angle approximation Hamiltonian: U= \/_V (1-cos®)
(3m 0
H =22—Jp +2u E J, *J,
p p P, q E
e Invariants:
Eigenstates: J,*d
g h,=J)+2u Yy —& =

=111 12( 2/2k) O> i (sz(ll?_;)

1
_ﬂ_g(émz/Zk) _Z ;

Bethe ansatz equations

Pehlivan, ABB, Kajino, & Yoshida
Phys. Rev. D 84, 065008 (2011)
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Away from the mean-field: First adiabatic solution of

the exact many-body Hamiltonian
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Solutions of the Bethe ansatz equations for 250 neutrinos. Same behavior as the



Adiabatic evolution of an
initial thermal distribution

(T =10 MeV) of electron
neutrinos. 108 neutrinos

distributed over 1200

energy bins with solar
neutrino parameters and

normal hierarchy.

Birol, Pehlivan, Balantekin, Kajino
arXiv:1805.11767

Neutnino number distributions
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Vassh, Grohs, Balantekin, Fuller,
Phys. Rev. D 92, 125020 (2015)

The effect of the neutrino
magnetic moment on neutrino
decoupling in the BBN epoch
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MAJORANA NEUTRINO DECAY

Angular momentum conservation in helicity formalism

Amplitude = D/* | (4,0, —¢)Axa,, + [Ny — M| <j=1/2

(v(p, +1) v1(—p, +1/2) | Ham[v2(0, +1/2)) = d}5 1 pA41 4172

AM=—-1=>X\=-1/2and A =—-1/2

4172
(v(p, —1) v1(—p, —1/2)|Hem|r2(0, +1/2)) = +/1/2 _12A-1,-12

A.B. Balantekin and B. Kayser, arXiv:1805.00922
A.B. Balantekin, A. De Gouvea, and B. Kayser, in

prep.
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Angular momentum conservation in helicity formalism

Amplitude = D’,:/\(gb,ﬁ, —®)Ax A, Ay — M| <j=1/2

Impose Invariance under CPT transformation (()

<7(pa ’\’Y) Vl(_pa /\l)lHEM|V2(07 +1/2)>
= (CHem¢'¢[r2(0, +1/2)][¢[v(P; Ay) v1 (=P, A)])
— (7(pv_)"Y)Vl(_p:_)‘l)lHEMIV2(O>_1/2)>*

412

o 41/2 * _A* _
+1/2,+1/2A+1,+1/2 - d—1/2,—1/2A—1,—1/2 = A141/2 = A—l,—1/2 =A

A.B. Balantekin and B. Kayser, ArXiv: 1805.00922
A.B. Balantekin, A. De Gouvea, and B. Kayser, in prep.



Decay rate into photons with helicity Ay = +1

dry 1/2 2 ) L0 ,
d cosf = <d+1/2,+1/2) |A+1,+1/2| = cos 5|A+1,+1/2|

Decay rate into photons with helicity Ay = —1

dcosf - (d+1/2,—1/2) |A—1,—1/2| =sin §|A_1’_1/2|

Total decay rate of a spin-up Majorana neutrino

dr 6

_— = 2—
d cos €os 2

.o 0
|A+1,+1/2|2 + sin® §|A—1,—1/2|2 = |Al*




Total decay rate of a spin-up Majorana neutrino
dr

0 50
B cos® §|A+1,+1/2|2 + sin’ §|A_1,_1/2|2 = |A]?

Decay rate of Dirac Neutrino

dr

Teosd ™ (1 + cos @)

This is a generic behavior. If a heavy neutrino is discovered, the
angular distributions of its decays could tell us if those neutrinos
are Dirac or Majorana.

A.B. Balantekin, A. De Gouvea, and B. Kayser, in prep.






