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Flavour conversion in supernovaej

.
SN1987A (LMC)

neutrinosphere

Numerous aspects investigated, different from the Sun.
In particular :

d the v interaction with v and with matter (MSW effect).

d dynamical aspects - shock waves and turbulence.

Precisely understanding how, important for observations and ...




Neutrino Coaling and Neutrino-

7~ Driven Wind (t ~10s)

Supernova neutrinos linked to key issues :

d How do massive stars explode ?
Current simulations :

multidimensional, realistic v transport,
convection and turbulence, hydrodynamical instabilities (SASI).

wn

O What are the sites where heavy elements are made ?
Candidate sites for heavy elements nucleosynthesis :
supernovae, AD-BH, neutron star mergers.

Neutrinos determine if the site is neutron-rich
(r-process elements) or proton-rich (vp-process).

see e.g. Focus issue «Nucleosynthesis and the role of neutrinos»,
J.Phys. G 41 (2014)




Pantaleone, PLLB 287 (1992)

the 0O {_L/_,Jv Vi
«bulb» " Vp
model P

Vg

H= Hvacuum + Hmatter @

3 4 T T T i

£ @ at 200 km -

2 - X it .

- =

o 0.8 LL

- O |

Qe £

(O o4t | N _

2 5

E 0.2} m ‘ LS ——

5 0 W e
@ 1020 40 60 80 100 120 140 160 180 200 Neutrino Energy (MEV)

® Distance in a supernova

collective stable and unstable v modes in flavor space

see e.g. Duan, Fuller, Qian, Ann. Rev. 60 (2010)



Further work needed to finally assess the impact of flavour conversion
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d role of decoherence, or of symmetry breaking
see e.g. Chakraborty, et al. PRL 107 (2011)
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Theoretical description of v evolution

Evolution equations are based on :
approximation
O extended mean-field approximation
O Boltzmann approximation («molecular» chaos assumption)

Corrections discussed :
from collisions,
mean-field | pairing correlations
: and the neutrino mass

terms ~ G

transition
region ?

Boltzmann

Small contributions can be
amplified by the non-linearity
of the equations.




Volpe, arXiv : 1506.062224.
Different approaches used to derive evolution equations :

- O density matrix formalism, perturbative expansion of
interaction terms

Dolgov, Sov. J. (1981), Stodolsky, Sigl, Raffelt, PRL 51993),
Sigl, Raffelt, Nucl. Phys. B406 (1993), McKellar, Thomson PRD49 (1994),...

0 Born-Bogoliubov-Green-Kirkwood-Yvon (BBGKY) hierarchy

Volpe, Vadnanen, Espinoza, PRD87 (2013)
- v-antiv pairing correlations, mass contributions.

O neutrino (iso)spins and precession equations

see e.g. Balantekin, Pehlivan, Kajino, PRD84(2011), PRD90(2014).
O path integral approach

Balantekin, Pehlivan, JPG 34 (2007)

O Green’s functions, Closed-Time-Path and 2PI effective action.

Yamada, PRD 62 (2000),
Vlasenko, Fuller, Cirigliano, PRD89 (2014) — spin coherence
see also Herranen et al, JHEP 1012 (2010), Fidler et al JHEP 1202 (2012)




Extended

Serreau and Volpe, PRD 90 (2014), arXiv:1409.3591

General mean-field equations to describe neutrino propagation in
an inhomogeneous medium, for massive Dirac (or Majorana) neutrinos.

The takes the bilinear form :

Heff(t) = / dg;lf L-'T‘t(t f)FU (t f)l;'"](t f)
All possible two-point'correlators are :

pij(t, @, h,q" h") = (a (t,q ai(t,q, h)),
pij(t, @, h,@" h') = (b-}(t-.q,h)bj( LG5 h')),

They usually present off-diagonal terms in flavour due to the mixings.

They can also have helicity structure in presence of magnetic fields
or of neutrino mass corrections.

ABNORMAL DENSITIES  k;;(t, @ h.@", h") = (b;(t.q", h")ail(t, :
PAIRING i g — / —/ !/ -

( ) kL (6, @ b, ) = (al (¢, @, KB (¢, B)),
The Ehrenfest theorem is used :

ipii (t, @b, @ h') = ([al(t,@", K )ai(t, @ k), Hesr(2)])-




INHOMOGENEOUS BACKGROUND, MASSIVE NEUTRINO CASE
Implementmg the neutrmo Dirac fields (similarly for Majorana fields)

p3 f aE A e + b1 (5, e
the mean- fleld Hamiltonian has the quadratic form :

Heg(t) = al(t) - T (t) - a(t) + b(t) - T77(¢) - b (¢)
+al(t)-T¥7(t) - b1 (t) + b(t) - T7(t) - a(t),

note that : [ Bl (@.h @\ K) = | Aw@h.5.s)Bu (757" H).
p.s _
I3/ (,d,h, @' h') = a;(q, h)Ls;(t, @ — @")u;i (@A),
The extended equation for the density matrix and v-antiv correlators :
ip(t) =T""(t) - p(ip = [h(p), p] +T¥7(2)- K1 (t) — K(t) - T (2).
ik(t) =T (t) - k(t) — (t) -T™(t) —T¥7(¢) - p(t) — p(t) - 7 (t) +T77(2)

In compact matrix form : ‘

N OB Ry T _ (1) 10
RO = (50 1" ) RO =HO.ROL 1O = ( Torly) Tl




HOMOGENEOUS BACKGROUND, RELATIVISTIC CASE

Taking e.g. the neutral-current low energy SM Hamiltonian

Hﬁﬂ—\gEZ/&%ﬂaﬁmwaﬁ»;mmﬂ:u%ujnwl—%wuna
a8

the corresponding mean-field kernel is

I5(6,2) = o1 =) 503 (6200~ )0, ).

Vg,V

and the homogeneity condition : Py, = (27)*2E,6m:6° (5 — 5')p,. "

For the particle-antiparticle correlations,
the homogeneity condition is

ke = (2m) 2B 8 (5 + k)




Extended HAMILTONIAN with PAIRING CORRELATIONS

Extended Hamiltonian with mix., int. and particle-antiparticle correlations :

o _(Sta)—-d-V(e) —& V()
)= ( &V (1 S(t,q)w-v(t))'

The off-diagonal term introduces neutrino-antineutrino mixing,
if medium anisotropic and pairing correlations present.

The quantities in H are (trace terms taken out to simplify expressions) :
S(t,q) = h%(q) + k™ (t) + V2Cr f £(t,p) 0t,q) = p(t.9) — p(t, —7).
E hma.t(t) — \/EG
\/—Gp/{pftﬁ)+epn(tp)+e A,T(tp)} F Pe

If medium is anisotropic and v-v pairing correlations are negligible,
one recovers the « usual » mean-field equations :

ip = [h(p), p] h = h%(g) + h™2* () + K" (t.4).
-h(t,4),= V2Gr [ (1 — G- p)e(t,p).
p




Serreau and Volpe, PRD 90 (2014), arXiv:1409.3591

With the same procedure extended equations with neutrino mass
terms can be derived. For Majorana neutrinos one has :

— PM (t~ (T) CJ\'I (t~ (7)
pm(t.q) — ( : LR .
cI.,(t..Q) phy(t,—7q)

S

) G (6,@) = (al(t, @ +)ault, 7, —)

6.0 (Gl ) e
" | ‘I)M(t,Q’) _Hz} (t,—i)

m m =
2g 2q
The off-diagonal term introduces neutrino-antineutrino mixing,
if medium anisotropic. This is referred to as

— Sl i“') A% —}'
D1 (t,7) = €& - V(1)

Vlasenko, Fuller, Cirigliano, PRD89 (2014)
First calculation shows it might have an impact under appropriate
conditions. Vlasenko, Fuller, Cirigliano, arXiv:1406.6724

Our method used for neutrino electromagnetic interactions in
Kartavtsev, Raffelt, H. Vogel, arXiv:1504.03230




Quasi-particle description

Vaananen and Volpe, PRD88 (2013)

Transformation

m By introducing a (generalized) Bogoliubov-Valatin transformation,

{ Qp = ‘UZGZ + u;:,bi,
a}t, — ~k0{ + wibg

the extended Hamiltonian with pairing correlations can be put
in a diagonal form and describe a system of independent

quasi-particles.




The s-reduced density matrix : p1..s = (¥(t)]al. .. alay ... aglv(t))

one-body density two-body denTsi¥y
p1 = (W®)|alai[v(t)) Pz = (Y(t)|azaiaras|y(t))

Solving exactly the many-body problem is equivalent to
ip1 = [t1, p1] + Tr(ay {[v12, p12]}
ip12 = [t1 + t2 + vi2, p12] + Tr(3) {[v13 + va3, p123] }

. [ n n hierarchy of equations
101..n, = E t; + E Vijs Pl---n for.s-reduc.ed
- i>i=1 density matrices

-1- Z Tl“(-n,+1) { [Ui(n—i-l)? /)1---(71.+1)] }
1=1

A first principle derivation based on BBGKY of mean-field equations
and extended mean-field equations given with particle-antiparticle
correlations. Contributions from the neutrino mass mentioned.

Volpe, Vaananen, Espinoza, PRD87 (2013)




Small amplitude motion
. O @llecjuyg modes and | ?
') instabilities can be studied r
with the linearization.
flavor space Banerjee et al,

PRD84 (2011)
S eigenvalues :

(aB\(ys) (o)
-> real : stable collective

\B :1) \/_3’) \/__)') -> imaginary : instabilities

Stability matrix
|
¢

Vaananen and Volpe, PRD88 (2013)
connection to collective modes in
other many~boc/y systems (nuclei,
clusters, ...)




SCA- I ECAs

SCas

Conclusions and perspectives

Steady progress n our understanding of Y ﬂavowr
conversion in dense media. ]mportant questions to

,06 addressed.

Extended equations provided to investigate the
transition region. Ro le of collisions, of correlations
and of neutrino mass needs fuufther Investigations.
Instabilities searched in the neaﬁng region.

Established connections between a gas of SN v and
other many body systems — nuclei, condensed matter.
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