Helicity coherence in binary neutron star mergers and
nonlinear feedback

Amélie Chatelain, supervised by Cristina Volpe

Laboratoire AstroParticule et Cosmologie, Paris Diderot
"Helicity coherence in binary neutron star mergers and non-linear feedback"
Phys.Rev.D95 (2017)

June 2017

Amélie Chatelain (APC) Helicity Coherence June 2017 1/21



Table of contents

@ Introduction

Amélie Chatelain (APC) Helicity Coherence June 2017 2/



The solar neutrino problem

Sun
Earth

Bethe, 1939 pp chain reaction H —*He, producing > 99% solar

energy.
1960s Homestake : measure v, flux — deficit compared to Solar
Standard Model prediction.

Where are these missing ves ?
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Solving this problem : v oscillations in vacuum
Neutrinos are massive particles with mixing.
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Vacuum oscillations : spin formalism

Density matrix formalism in the mean field approximation

|Ve’2 V":’I/;(‘< Pl/e—)lle (r) X ip= [H,p]
= = — .z = =
p(r) (V:Vx ’yX’2 X 'PUE%,/X (r) ip= [H’p]

Decompose p = % (1 +P. 6) ;

P =Trpo s P=BxP
P, (t S (1) — 1 Precession equation

)=
H=1 (TrHl +B-3), B=TrHs
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Vacuum oscillations : Larmor precession

Flavor space

Hvac (E) —
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Ux
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Flavor space

Vacuum oscillations : Larmor precession

z
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Vacuum oscillations : Larmor precession

Flavor space
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Introduction

Neutrino in the Sun : Mikheev Smirnov Wolfenstein effect

[Wolfenstein, PRD17, 1978] [Mikheev, Smirnov, Sov. J. Nucl. Phys., 1985]

Ve e Ux Ux

w* z°
e” Ve e ,p,n e ,p,n
CC : Only ve. NC : flavor blind.

H = Hyac — H = Hyac + Humat, With Hiat (r) = (ﬁGF ne (r) 0).

0 0
0
B = Byac — B = Byac + Bmat, with Bmat (r) = 0
V2Ggne (r)
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Mikheev Smirnov Wolfenstein (MSW) Resonance

Flavor space
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inroduction |
Mikheev Smirnov Wolfenstein (MSW) Resonance

Flavor space
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Mikheev Smirnov Wolfenstein (MSW) Resonance

Flavor space
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inroduction |
Mikheev Smirnov Wolfenstein (MSW) Resonance

Flavor space

Amélie Chatelain (APC) Helicity Coherence June 2017 8 /21



Flavor space

inroduction |
Mikheev Smirnov Wolfenstein (MSW) Resonance

<

SW resonance

X
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Bvac
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Resonance condition :

B,~0< Hi1 — Hypy =0

Hii  Hi
H =
[H21 sz

If adiabatic : conversions.

E = 6.73MeV
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Solar problem solved !

Open questions remain, eg

osE- MSW resonant « Mass hierarchy
oo PP P conversjon
orf- m m
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[Borexino collaboration, Nature 512, 2014] Majorana or Dirac

nature

Conversions in other astrophysical environments : Supernovae,
Hypermassive Stars, Neutron Star (NS) - NS or NS-BH mergers ...
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introduction |
Beyond ?

ip=[H,p] ip=[H, p]
Most general equations in the mean field approximation : first order

corrections to the relativistic limit «« m — Helicity Coherence.

[Volpe, Vaananen, Espinoza, PRD87, 2013]
[Vlasenko, Cirigliano, Fuller, PRD89, 2014]

[Serreau, Volpe, PRD90, 2014]

Couples v, <> vg (Dirac) or v <+ v (Majorana).

First study of this term in a toy model with only one Majorana
neutrino flavor [Vlasenko, Fuller, Cirigliano, 2014] : significant conversions
V<.

— Can these corrections produce some effects in a more realistic scenario ?
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Helicity coherence in Binary Neutron Star Mergers Theoretical framework

Theoretical framework

Consider Majorana neutrinos.

Corrections to the relativistic limit : matrices 2 x 2 — 4 x 4.

P ¢ p (p) : density matrices for v (¥);
p—pg = CT 5T ¢ : coupling v-7 sectors.
. o H (H) : Hamiltonian for v () ;
H — hg = _ . . = E ~ —8
of _RT ® : coupling v- sectors, £~ 10

ipg = [hg, pg] holds for the generalized matrices.
®—=0:ip=[H, p]and ip=[H,p]
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Helicity coherence in Binary Neutron Star Mergers
Neutrino propagation in Binary Neutron Star mergers
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[Perego et al., Mon.Not.Roy.Astron.Soc. 443, 2014]

v-driven winds : strong candidates for r-process nucleosynthesis.

Ve+n—p+e-

_ P
Detposntet [ VT

5
. ) )
Conversions — swap Ve, Uy fluxes.

— It is crucial to understand flavor conversions.

Amélie Chatelain (APC) Helicity Coherence June 2017 13 /21



Helicity coherence in Binary Neutron Star Mergers Neutrino sector : Matter Neutrino Resonance

v sector, no v <+ v coupling : neutrino self-interaction

Very high neutrino luminosities : self-interaction.
Introduce nonlinearity : H — H(p) = Hyac + Hmat + Hseif(p)-

Vg Vg Ve Ve

Flavor space
ZO
ZO

Va Vo Vo Vo

— -

B = Bvac + émat + éself
Ly, > L, : B;e'f < 0 — possible MSW-like
cancellation B, = Hy1 — Hy = 0.

Matter Neutrino Resonance. [Malkus,
Kneller, McLaughlin, Surman, PRD86,2012]

Can be maintained over long distances
because of a nonlinear feedback : conversions,
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Helicity coherence in Binary Neutron Star Mergers Neutrino sector : Matter Neutrino Resonance

Matter Neutrino Resonance
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Helicity coherence in Binary Neutron Star Mergers Helicity coherence

Helicity coherence : analytical and numerical results

% ~ 1078 — Look for MSW-like resonance conditions that could
enhance v <+ e conversions, ie hg 11 — hg 33 ~ 0.

H| o
of |[LHT

[hg.11 — hg 33| (€V)

10710 :
— m=0.1eV
107" m =100 eV
10712 = J
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r (km)

No nonlinear feedback : extremely narrow resonance.
Artificially taking m = 100 €V : no difference.
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Helicity coherence in Binary Neutron Star Mergers Helicity coherence

Helicity Coherence : numerical results
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< Run around the resonance : no conversions,
contrary to what was found in [Vlasenko, Fuller, Cirigliano, 2014] with
m=1¢eV.
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Helicity coherence in Binary Neutron Star Mergers Helicity coherence

Why does nonlinear feedback occur ?

Observations :

Matter Neutrino Resonance (ve <+ 14) : nonlinearity creates multiple
MSW:-like resonances enhancing adiabacity.

One-flavor toy model : the same thing occurs.

But :
Helicity coherence in our more realistic scenario : no nonlinear
feedback, that could have widened the v <+ ¥ resonances.
Analysis :

Nonlinear feedback <> matching between matter and neutrino
self-interaction derivatives.
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Helicity coherence in Binary Neutron Star Mergers
Multiple MSW-like resonances

Matter Neutrino Resonance : yo-yo effect between geometry and
conversions — multiple MSW-like resonances.
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Helicity coherence : no such effect. Matching here : possible for
very peculiar conditions.

True in other environments and for Dirac neutrinos.
One flavor toy model [Viasenko, Fuller, Cirigliano, 2014] : matter profile
artificially smooth to enable the matching and the nonlinear feedback.
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Conclusion

Neutrino flavor conversions in astrophysical environments : lots of
on-going investigations, in particular for BNS.
Helicity coherence in BNS mergers :
Non-relativistic corrections — coupling v <> 7/, % =0 (10’8).
Resonances possible in realistic astrophysical environments ...
... but too narrow to enable v <> U conversions.
Analytical results : no widening due to non-linear feedback.

No effects appear due to non-relativistic corrections in
a detailed astrophysical environment.

Open questions : role of collisions.
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Conclusion

Neutrino flavor conversions in astrophysical environments : lots of
on-going investigations, in particular for BNS.
Helicity coherence in BNS mergers :
Non-relativistic corrections — coupling v <> 7/, % =0 (10’8).
Resonances possible in realistic astrophysical environments ...
... but too narrow to enable v <> U conversions.
Analytical results : no widening due to non-linear feedback.

No effects appear due to non-relativistic corrections in
a detailed astrophysical environment.

Open questions : role of collisions.

Thank you !
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Neutrino mass hierarchy

m m
V3 5% ¢Am§1
5% ¢Am§1 V3

Po.s.. (r) = sin® 20 sin? (A%;r) doesn't depend on sign (Am?).
MSW resonance condition : A2—’,7_:’2 cos20 = \/2Ggne (r) — determine
the sign of Am3;.

The sign of Am2, or Am3; still remains unknown.
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Effects of the MNR on nucleosynthesis
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