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Theoretical aspect
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Observations

Predictions for future measurements :

 diffuse supernova neutrino background, it starts - Super-K + Gd
* an (extra)galactic supernova - 104-10¢events at 10 kpc - SNEWS

Heavy elements nucleosynthesis - kilonovae

— Yo =0.01 « Observed solar r-process
— Y, =0.19

Understanding 5 e
the role of neutrinos
and of flavor conversion
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ff\“ﬁ? Neutrmo propagatlon in ﬂat spacetlme -

- \;v_g L1near1sed equatlons

Extended mean—ﬁeld equatlons

Neutri‘no_ p’rdp a g'a'ti-on in cui‘ve d _Sp acetime |

Grav1tat10na1 effects on neutrmos m dense env1r0nments

A
4.4
;,gg Decoherence on neutrmo wave- packets




Neutrinos in dense environments

Electron flavor (v, and v,)

6\2\ Thermal Equilibrium :trre:aming >
o
Q2  Other flavors (v, vy, Ve, Vi) Neutrino sphere
\—/
,_q-l-_3|> vN & Nv Scattering Atmosphere
ot ve < ve vN - Nv
44 — Free
ch NiV « NN_VV streaming
e’e vy
Diffusion
|
Energy sphere Transport sphere
vg(p) 7/“(117’}
:14/?; 1/;;'11:';
| collisions dominated flavor conversion
Boltzmann approximation mean-field approximation

a non-linear many-body problem
Pantaleone, PLB287 (1992)

the separation of scales. ..




_ ~.in stars or accretion disks

weak . interaction

unbound | | | system

neutrinos  density

. ) anti-neutrinos
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pl—-<a a> ' 912 <a a aa> Plzo <a a‘a’ aaa>
one body densnty | two body three body =




To determme the dynamlcs exactly

p1=<a.+a> - _p12 <a a aa> .= <a a‘a’ aaa>
o»ne-boidy_d.é:n;s'.ity - two- body three-body = Nbody

ip1 = [t1 pl] + Tr(g) {[’012,912]}
1,012 = [tl =Hitart V12, ,012] + Tr(s) {[v13 + Va3, 0123]}

H=t+v

ip1..n, = Zt &5 z Vij» P1-.n Hamiltonian
1 >1=1

4 Z Tr(n.H) [vi(n-l-l)? Pl-~(n+1)] }
=1

| Born Bogollubov Green Klrkwood Yvon (BBGKY) hlerarchy

an |nf|n|te set of equatlons for a relativistic system

1p = [h(p), p] Liouville Von Neumann equations for neutrino
and antineutrino one-body densities and
“beyond the usual mean-field.

Volpe et al,, PRD 87 (2013) |




mean-ﬁeld approx1mat10n

Samuel, PRD48 (1993) Sawyer PRD'?Z (2005),
Pehhva,n and Ba.lantekm d. Phys G 34 (200'7)

| Evolutlon equatlons derlved with
~_numerous theoret1ca1 frameworks ,

'Vl , Int. ]. Mod. Phys. E24 (2015), -
, .r,v_oﬁpe 0 ys & ‘(:_:, - )arev1ew : ~;‘“see Capozzi, Dasgupta Mirizzi, Sen, Szgl PRL 122 (2019),

chhters, McLaughlm Kneller Vlasenko, PRD99 (2019)

lmearlsed mean-fleld equatlons

BanerJee Dlghe Raffelt PRD84 (2011)
Vaananen and Volpe PRD88 (2018)

A dispersion relatlon approach
Izagulrre Raffeit Ta.mborra PRL 118 (201'7)

~mean-field and extended mean-field

Volpe Vaaninen Espinoza, PRD87 (2013), |
Serreau and Volpe PRD9O0 (2014) :

towards the many-body solution

BlPOl Pehlivan, Balantekin, Kajino, PRD98 (2018)
Cervia, Patwardhan, Balantekin, Coppersmith,
Johnson, 1908.03511

- quantum kinetic equations

Sigl and Raffelt, Nucl. Phys. B 406 (1995)
Vlasenko Fuller, Clmgha,no PRD89 (2014)
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- Ba.nerjee Dlghe Raffelt PRD84 (2,011) =
— ’, Véénanen and Volpe PRD88 (2013) |

[ho, p”] =
_ p0+ple—iwt_|_pl]‘eiw*t"" "

[ )
P | Selgenvalues
Sl ->real : stable collective

\ P / | = imaginary : 1nstab1l1t1es'

The Random Phase Approx1mat1on (RPA) in the study of atomic nuclel.-

- Small amphtudes Varlatlons around a statlonary solution.

= The diago‘nalisatiOn of the RPA matrix gives both collective and non-
~ collective solutions - the Giant Resonances (particle-hole excitations).

. e Q.Some of the solutlons are spurlous Les unphys1ca1
_nuclear resonances

= ‘A,';(e g the d1splacement of the atom1c nucleus as a Whole)




N The most general mean—ﬁeld equatlons mclude supplementary contrlbutlons from
wrong hel1c1ty contr1but1ons because of the neutrino mass. Need amsotropy

‘ Z; - <a a >correlators with helici’ty 'c'ha.nge.,'» |

(e B

potential (10° MeV)

CRand ’]—[have heI|C|ty |
and flavor structure (2 Nx ZN

CI> couples v withV
helrcrty {or spin) coherence

v(h ' IC’e'flf’+h 1f’e”f’)xm/ZE

_ Vlasenko Fuller, Clrlgha,no

PRD89 (2014)

- Serreau,Volpe, PRD90 (2014)

One flavor schematic model
Resonance conditions fulfilled for
helicity coherence.

Impact on neutrmo fluxes found

Vlasenko Fuller, Cmgha,no
arXW 14086. 6'?24
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* = v absorption P \
accretion disc =
T ST h°t HMNS v-driven wmd

l Matter and self-1nteract1on potent1als can cancel Matter-Neutrino Resonance.

Malkus et al, PRD86 (2012), 96 (2016)
hg 11 = hg 22 — —chze + \/'GFnBY + hSS — hm = _0

E = 4 MeV
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Distance (km) = , ~ Distance (km)
Evolutlon for the matter-neutrino resonance (mostly) adiabatic.

Does it surv1ve if the full angular dependence in the self-interaction hamiltonian retained ?
Sha,lgar JCAP 1802 (2018) Vla,senko and MoLa,ughlln PRD97 (2018)




I Two ﬂavors 4 cond1t1ons possﬂole Resonance condrtlons for hel1c1ty coherence
similar to the matter—neutrrno resonance = e

hg 11 —hg 33 = \/-GFnB(SY = 1)—|—2h6€ NO

10

107

B Performed deta1led 1nvest1gatlon on numerous
tra]ectorres based on detailed simulations of
Ablnary neutron star merger rernnants -

»-.9""--Non;-‘l'inear_ffeedback_’not s'ufﬁ_cient for,adiabari-c 'evolution. Distance (km) B
hl/l/
\f 2Gp

W ()t wew eV

“atter -Neutrino- Resonance

Perturbative analysis shows matching
conditions between matter and self-
interaction terms require peculiar
matter densities.

\Yresv
e

/\YTes,D
e

= N N ; 3 ‘: : , '
gae el b 7 Results hold for core-collapse supernovae.

Distance(km)  Chatelain, Volpe, PRD 95, (2017)




~ Gravitational effects on neutrinos in dense environments

— StrOhg grav1tat10na1ﬁelds neafby compact objects impacts
~neutrino propagation, or flavor evolution through

e vacuum oscillation phase, if matter outside the compact object neglected
. jﬁ'ff the bendmgof 'I_i:éut'rind trajectories
" = '"-'.ft}i',é;energyv redshift

-a mbdiﬁcaﬁoniofwavé packet decoherence




Neutrln() propagatlon 1n curved spac:etlme

t l The covarlant phase acqulred by a partlcle propagatmg from P to D in presence

of strong grav1tat1onal fleld nearby a compact ob]ect - = D

qu(P D) SR mde —/ puda:“
J P

= w1th the canomcal con]ugate momentum to the coordmate 93“
(ds 11ne element along the partlcle tra]ectory) '
ds” -

' .w1th gW the metrrc tensor and m part1c1e mass

p,u ‘:'ng,Lw

=255 Stodolsky, «Matter and lrght, wave 1nterferometry in
grav1tat10na,1 ﬁelds» 11(19'? 9)591 |

u The covariant phase acqulred by the j-th mass e1genstate of mass "

28
¢J(PD) /P (J)dxﬂ =

dlscussed in a series of papers with different metr1cs Schwarzschild,
Kerr (often in the weak ﬁeld 11m1t)

Ahluwalla et al Gen Relatlv Gravit 29 (199’?) Bhattacharya et al, PRD59 (1999),
Lamblase et al PRD'?l (2005) V1s1ne111 Gen Relatlv Grav1t 47 (R018), ...




Vacuum osc111at1on phase in presence of
' grav1tat10nal flelds *'

= For a stat1onary grav1tat10na1 ﬁeld from a compact ob]ect w1th spher1ca1 symmetry,
the correspondmg Schwarzschﬂd metric is =

dr? —|—7“2d02 + r?sin Hdgo ~with Br)=1—-—  r,=2M

d'» __' B( )dt2 B() e =

B Since it is isotropic, the _tr‘aje‘ctories are confined to a plane. (§ = /2, df = 0)

B The canonical momenta

are related by the mass on—shell relation

L -
v, (5), (J) = (4)\2 (7))2
g“‘ Py ——(py”’)? — B(r)(p}




¢ Interference phase between the kth and ]th mass elgenstates in the rad1a1 case dqﬁ = O

g

along the hght-rav tra1ect0rV from Pto D, in the approx1mat10n m - E2 at 1nf1n1tV
| = - Amg;

@kj T 2E |TD _TP|

EO Constant energy at 1nf1n1ty fOl’ a maSSkESS partlcle ris the local rad1a1 coordinate
(not a physmal dlstance) | .

- l Grav1ty affects locatlon and ad1abat1c1ty of the M1kheev Smirnov-Wolfenstein (MSW)
- effect (energy redsh1ft) '

Fornengo Gluntl Kim, Song, « Grawtatlona,l effects on neutrino oscﬂlatlons S
PRD56 (199'7) Cardall and Fuller, « Neutrlno oscillations in curved spacetlme
a heurlstlo treatment » PRD55(1997)'?96O




l The « bulb » model Wlth ma,tter a,nd v self-mtera,ctlons out51de the compact
> obJect Self-mtera,ctlons enha,nced A neutmno «halo» ca,n be formed

rs=4.25%km —— |

A delay on the onset
of bipolar oscillations.

200 250 300 5T 7 .
¢ [km] , A neutrino « halo »

Yang and Kneller, PRD96 (2017)




Gravitational effects on nucleosynthesis

l The 1nolu31on of tragectory bendmg on neutrmo propa,gatlon and

» energjy redshlfts can impact the neutrino spectra and r-process ——
,nucleosynthetlc outcomes. An example for an accretlon disk black o
hole model with Schwarzschild and Kerr metmcs (no flavor |

tra,nsforma,tlon 1ncluded)

-ZE'*+' -
-3

80 100 120 140 160 180 200
A

= _Cé,ba;liero,, McLaughlin and Surman,Astr. Journ. 745 (2012).




Works in curved spacetzme consider neutrznos as plane waves. _ :
Wave-packets account for neutrmos as locallzed partzcles Then one can have

Neutrlno decoherence by Wave packet propagahon

'I Neutrmo mass e1genstates wave packets (WP) can loose coherence durlng
propagatlon In flat spacetlme the neutrmo coherence length Lcoh quantlfles :
the d1stance at wh1ch coherence is lost. — -

L Lcoh Aa:_fax“

WP w1dth

see e.g. Giunti, Found. Phys. Lett. 17 (004);
Kersten and Smirnov, Eur. Phys. J. C76 (2016);
~ Akhmedov, Kopp, Lindner, JCAP 1709 (a1




Wave packet decoherence in ﬂat spacetlme

t

B The coordlnate—space waye functlon 1s - - == 7
pr = ,pr

, e Jp
- whose Fourier CompOnentS evolve accordmg to

W (t,5) = I, (e -

with f P (ﬁ) the momentum dlstrlbutlon functlons Centered in p] : '

descrlblng.the wave-packet associated to the j-th mass eigenstate.

-The,-one-'bod-y:density matrix is pjk(t,f) ”:_U;janj(t,fE’)wZ iz

L Assumlng Gau551an Wave packets
3 e - = =
pislt,®) = N5, [ exp [-415,(6) ~ BR(p) t}exp i5 - g - L2

o p e . p

~ B In order to calculate the coherence length, we expand the energies
~around the peak momenta E;(p) = E; + (5 — 7;)7; + O [(F— §;)*] -

Byperforming Gaussian integrals one gets  p;i(Z) = A%, p;)}f;c( ) pj,jmp (%)
Jenae damp 5 (vj o Uk:) T
G ( )   exp [ 1027+ |




Wave packet deC-Oh_erence 1n Curve d5p éCet‘ime

s 7 A neutrmo flavor state produced in a spacetlme pomt P

IVa(P)> - IVJ( ’))

_evolves to a « detectlon » pomt D
v(P,Dy) = ’d’J(PD v (P)),

with the Covarlant form of the quantum mechamcal phase
g 7 :

D;
&(P.D;) = / - pdat -pff)-::mjgwﬁs—

BY Performmg Gau551an mtegrals one gets

pik(rp.rD) = ASy (e D) P (rp. D)
Am kr%D

3202 B4

pjgmp(rp,rp) —=oxp | —

fécjoli)z = 4+/20,E?

= Am]k 7. coh

o Tcoh'—,_B(r%Oh) [7“?%4—7“8 In (1 +;_""P__Dr_)] . R
[ n= ._T_CO" - (%) - = |

Lcoh S

---E—ll MeVrp 10 km oy =4 x 10° =

 Chatelain and Vblpe, a,rXiv:1906.1~2152;




Conclusrons and perspect1ves

= Invest1gat10ns of the neutrmo evolutron equatrons in dense med1a have 7
(® brought numerous mterestmg developments linearised, drspers1on relatlon
QKE and connectrons to other many body systems openmg new poss1b111t1es

- Many bodyproblems means complexity...

B 'Most‘general mean-field equations | include helicity coherence.
A two-flavor model based on detailed s1mu1atrons does not produce
s1gn1ﬁcant ﬂavor modlﬁcatlon S

Non—lmear feedback does not appear to operate in dense env1ronments
(perturbatrve argument).

Strong gravrtatlonal ﬁelds 1nﬂuence neutrino propagation, flavor evolution,
f‘ nucleosynthesrs and neutrino decoherence by wave packet separation...




