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Overview

» Motivation: Impact of neutrino interactions in supernovae,
BH accretion-discs, neutron-star mergers

» Background: Review QKEs

» Collision terms:  Results of work in progress
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Motivation
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Good description of neutrino interactions

® Neutrino interactions impact abundance of heavy elements in neutrino
driven winds in supernovae, BH accretion-discs, neutron-star mergers

® Needed for complete description of neutrino transport in early universe,
core collapse supernovae and compact mergers

® Quantum Kinetic Equations (QKE):
evolution of ensemble of neutrinos in hot
dense media

® Closed Time Path formalism for non-
equilibrium QFT

ﬁ) SN 1994D, NGC 4526 galaxy
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why QKE?

® Account for kinetic, flavor and spin degrees of freedom: study
interaction of all flavors of neutrinos with electrons, protons, neutrons

® More detailed than mean field approach

® Anisotropic regions: spin-flip yields
® Neutrino-antineutrino transformation for Majorana neutrinos
® Active-sterile transformation for Dirac neutrino

® QKEs depend on absolute mass scale

?
[ Possible path to distinguishing between @ _ @

Majorana vs Dirac neutrinos

Pa Further detalils: Cirigliano, Fuller, Vlasenko, Phys.Lett. B747 (2015) 27,
L’7 Al Serreau, Volpe, PRD 90 (2014) 125040
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Background
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Effective interactions

Assume neutrino energy below electroweak scale (<< 100 GeV), effective
Lagrangians after integrating out W,Z:

Gr
L, =—— vy, Prv v4vF Prv),
\/5 Yul'L Y L@

L. =—2V2GF (DVMPLQ;V ev'Pre + vy, PLY.rv éy"PRe)

Lov=—V2GF Y 9Py Ny (cuv) N, )N,

N=p,n

Loo = —V2Gk evuPrve py" (1 — gi%) n 4+ h.c.
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Prr=UFv)/2, @r| v

s U,
JIRAIamos

NATIONAELSTL1A94830RATORY UNCLASSIFIED 7126

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA /N ¥ '

1N A ,D“"



Effective interactions

... with electron couplings

Y.r, = diag (5 +sin’0yw, — % +sin’Oy, — 5 +sin’Ow ) |

Yo = sin?0y < I .

Nucleon couplings:

1 : n 1
C"(/P):——QstHW, C"(/):——,
2 2
(p) _ YA (n) A
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Neutrinos in hot/dense medium

ensemble of neutrinos described by incoherent mixture of states

— —

neutrinos <a;r',h’(k/) ai,h(E» X 5(3)(E — k') ;LJh/(E)
% )

antineutrinos (b;’h,(lg’) bi,h(/z)) X 5(3)(E — k') _Z;J;l,(

=Nl

2nf X an matrix structure: Dirac case, need F' and F'

F — fLL @ _ _
ijL Y active-sterile coherence

7_ (Irr IR
Jo.r  JLL
Majorana case: F = fT E—T neutrino-antineutrino coherence
N or f
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Closed Time Path (CTP) formalism
2-point function:

Clay) = (Tore (T()T(y))) = F(z,y) — & p(.y) sanorp(a® —3°)
] I

time-ordering along ensemble average
closed time path

1 _
statistical fct / occupation #: : 3 ([T(2),¥(y)])

spectral function: p(z,y) =i ({¥(x),(y)})

Wigner transform:  F (X, k) = /d4r6ikTF(X + %T,X - %7")

/\
) Introduction to CTP: see e.qg. Calzetta, Hu, PRD 37 (1988) 2878
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Power counting / approximations

Assume neutrino masses, mass-splitting, matter potentials (induced by forward
scattering), and external gradients are much smaller than neutrino energy:

m,,/E ~J Am,,/E ~ Eforward/E ~ 8)(/E ~ O(E)
Einelastic/E ~ O<€2)

l.e. assume physical quantities vary slowly on the scale of the neutrino
de Broglie wavelength

QKEs include second order effects O(€?)

ﬁ) details: Vlasenko, Fuller, Cirigliano, PRD 89 (2014) 105004
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Projections

For ultra-relativistic neutrinos, it is useful to express all Lorentz tensors in terms
of a basis formed by two light-like four-vectors and two transverse four-vectors

” 0\ =~ A~/ 0 ~ A
R (p) = (sgn(p”), D) , R (p) = (sgu(p”), —p) , Z1,2(p) ,
3T =3 tids, kil =2=—3t. 3"
| | _ p
The four independent spinor components of the Wigner
Transform of the neutrino statistical two-point function are:
21 >
]. ~ L x2
Frr= ZTT YuPr.r F(p, 7)) R
) o .
o) — :|:1—6Tr (JWPL/R F(p, :U)) (R A ZE)HY eTie
A These can be collected ina 2n_x 2n_matrix.
Los Al
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Quantum Kinetic Equations (QKE)

«DF = |H,F]+:iC

| \_‘ I |
generalized coherent evolution, collision
“Vlasov” term generalizes MSW term

Hr H,, _ .
H = ( f ) , H,, depends linearly on the neutrino mass
H' Hp

:> Spin flip sensitive to absolute mass scale!

A details:  Vlasenko, Fuller, Cirigliano, PRD 89 (2014) 105004;

f IRAIamos Cirigliano, Fuller, Vlasenko, Phys.Lett. B747 (2015) 27;
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Collision term

_1 + 1 — \/
C={If F}— o {II",I-F} Q\,/. A

(2ny X 2ny matrix)

F— / 5/5 (occupation # in diagonal,
ot [T coherence in off-diagonal)

The collision term has a non-diagonal matrix structure in
both flavor and spin space.
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Results

DNB, V. Cirigliano, in preparation
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Contributions to the collision term

P Wre S

® Neutrino-nucleon scattering processes

® Neutrino absorption and emission
(charged-current processes)

> only left topology

® Neutrino-electron processes

® Neutrino-neutrino processes
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Example: NN-scattering

d*qy d*qo d*
Hfb(k):—QGQF/ d1 4 g2 d 43

(2m)®

X Y {w (P, — Pg)

N=n,p

O (k — g3 — q1 + o)

G (g3)

71/(PL_PR)

x Tr {I‘]”V GWMT (go) ' G(N)i(m)} }

G (p) = 2,;7) ) [0°)(1 -

f(@)) = 6(

Neglect neutrino mass in these expressions because
the collision term is already second order O(e?)

A 12 integrals and 7 delta functions

)
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General expressions: amplitudes
Lorentz projections:
m5E (k) 2P (k)
Hi(k) (2P:I:T(k) ]:[K,:l:(k,)>
_1/d4q3< | A (g3, k)[*(Gi) ™ (g3) AT(Q3>k)A+(Q3ak)(I’i(Q3)>
2 Al (g3, K)A_(q3,k)2* (g3) A4 (g5, k) (GE)*(g5)

® Can be written in terms of (square modulus of) amplitudes
® Generalizes earlier studies

Limit of k~q_: compares to old results of L. Stodolski PRD 36 (1987) 2273
A
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General expressions

. A_|2GE AT AL
ALA o A PG

Majorana neutrinos:
d>p . .
_ —ipx 1 1pxT
Pr/r () —/QE(%)g (u(p; Falp, F)e™ P +v(p, £)a' (p, £)e?”)

A=Ap+A-,  Aslgp) = +ilg, £)7"ulp, £1N,)

— _ — _ +ip /o ~+ v
u(p, £)u(p, £) = pPr/r u(p, £)u(p, F) = :I:ZEe P(RAZT) ot
a
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Neutrino-neutrino interactions

® “Wedges” appear also in the diagonal because of the neutrino “target”
@ Always appear together with off-diagonal statistical fcts ¢

@ Up to four (instead of two) wedges can appear in the off-diagonal
(drop out upon integrating the azimuthal angles in the special
geometric cases we consider later)

® Will be interesting to plug collision-terms into QKEs numerically, but will
need simplifying assumptions to be feasible
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Approximations for supernovae

® Assuming spherical symmetry (in position space; “bulb model”), isotropic
emittance of neutrinos, and time independence:
all statistical functions (being Wigner transforms) depend only on

‘kl ) ek ) |f’
® Therefore can explicitly integrate over all ¥«

® |nitially, have a total number of 9 integrals and 4 delta functions;
integrating the azimuthal angles (in k-space) leaves us with 6 integrals
and 3 delta functions. 0,

~ A
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Example: NN-scattering
o (@ Cqb)
cl CT
3dry_sd(
({(1 fea) a1 i), f} Fe-1)

x((CV Cy) (T——CS;gCSl)(E——CSkCSQ) ﬁ; (C3 —C%)(1—csycss3)

+ (Cy+Ca)? (T— —053(:82)(E— —Cskcsl)) f—;”

neglecting anti-nucleons:

S(CE+CR)oos? () cos® () sin( ) s (5)( v~ fva)oud + hc)

AN 3-dim. Integrals left
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Approximations for the early universe

® Assume all statistical functions depend only on the absolute values of the
momenta (not their angles), spin coherence disappears.

® Therefore can explicitly integrate over all angles (e.g. following techniques
of Dolgov, Hansen & Semikoz 1997).

® |nitially, have a total number of 9 integrals and 4 delta functions;
integrating all angles (in k-space) leaves us with 3 integrals and 1 delta
function.

® Represents multi-flavor generalization of previous work.

mmmmml  Future: solve these 2-dim. Integrals numerically?
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Example: neutrino-neutrino processes
spin coherence disappears in early universe, therefore:

G_% dF1dEsdEs
Ei 273

+ By By Dy(By, By; By, Bs) + By By B3 By Dy By, s, By, By) ) %

(£ BB (w1080 + 007110}

+ 5<Ek_E3+E1_E2){ (tf(fl(l—fz)) + fl(l_fQ))(l_fS)v f}

+6(Bx+ Bo— - E){ (1r((1 - f)(1=72)) + (1 - 1) (1= 7)) o, £ })
—fe -

where D. are polynomials in E (Dolgov, Hansen, Semikoz 1997)

C=-—

((E1E3D2(E1, Es; Es, Ey) + Ds(Fh, Eo, E3, E))

p_) mmmmmm > Multi-flavor generalization
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Conclusion and Outlook

v Introduced and motivated the concept of QKEs

v Presented results for collision terms in the Majorana case

v Remaining integrals should be solvable numerically

v To do: generalize to Dirac neutrinos

s
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