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We examine whether the newly derived neutrino spin coherence could lead to large-scale coherent
neutrino-antineutrino conversion. In a linear analysis we find that such transformation is largely
suppressed, but demonstrate that nonlinear feedback can enhance it. We point out that conditions
which favor this feedback may exist in core collapse supernovae and in binary neutron star mergers.

PACS numbers: 14.60.Pq, 97.60.Bw, 26.50.+x, 26.30.+k, 13.15.+g

In this letter we address the prospects for spin coher-
ence, a recently revealed [1, 2] aspect of medium-affected
neutrino physics, to facilitate the inter-conversion of neu-
trinos and antineutrinos in the core collapse supernova
and compact object merger environments. This is im-
portant because the asymmetry between νe and ν̄e fluxes
and energy spectra in these sites can influence both dy-
namics and the neutron-to-proton ratio [3], a key deter-
minant of nucleosynthesis. The stakes are high because
these are our best candidate sites for the origin of the
heaviest elements. Moreover, future neutrino [4, 5] and
gravitational radiation [6] observations may give insights
into these venues.

Neutrino spin coherence was discovered in the course of
deriving the quantum kinetic equations (QKEs) that gov-
ern the evolution of neutrino distributions in a medium
of matter and neutrinos [1, 2]. In that work, nonzero neu-
trino mass and the presence of anisotropy in the matter
or in the neutrino fields were shown to be necessary for
coherent transformation between left-handed and right-
handed neutrino states. In short, the QKEs show that in
an anisotropic medium the neutrino propagation states
(energy states) can be coherent mixtures of left- and
right-handed (i.e., neutrino and antineutrino) states.

The QKEs for flavored particles have been considered
in many contexts [1, 2, 7–36]. For neutrinos, the QKEs
describe coherent forward evolution as well as scattering
and thermalization, and can reduce to Schrödinger-like
equations for flavor evolution or the Boltzmann equation
in certain limits. Compared to the standard Schrödinger-
like treatment of neutrino flavor transformation, as de-
scribed, for example, in Ref.s [3, 16, 37–65], the QKEs
contain two novel features. One is the collision term,
which allows exchange of particle number and flavor in-
formation between neutrinos of different energies travel-
ing on different trajectories. The other feature is helicity
mixing, or spin coherence which, for Majorana neutrinos,
mediates exchange of information between neutrino and
antineutrino states.

In Ref.s. [66, 67], it was pointed out that even a small
amount of non-forward neutrino scattering can poten-
tially have large effects on supernova neutrino flavor

transformation. However, here we temporarily set aside
the issue of collisions and retain only coherent forward
scattering terms in the QKEs, and consider the question
of whether the spin coherence terms can possibly be im-
portant in compact object environments. In the absence
of the collision term, the QKEs take the following form:

DF + i [H,F ] = 0 (1)

Here F is a density matrix for neutrino and antineu-
trino states, D is a Vlasov derivative operator, and H
is a Hamiltonian for the evolution of the density matrix.
For 3 flavors of neutrinos and anti-neutrinos, the density
matrix is a 6× 6 Hermitean matrix with the structure

F =

(

f φ
φ† f̄T

)

(2)

where f and f̄ are the usual 3 × 3 density matrices for
neutrinos and antineutrinos and φ encodes coherence be-
tween neutrinos and antineutrinos.
In dense environments, where coherent forward scat-

tering of neutrinos on the matter background and on
other neutrinos gives the dominant contribution to the
neutrino potential energy, the Hamiltonian consists of a
leading-order contribution and a correction:

H =

(

H(1) 0
0 −H(1)T

)

+

(

H(2) H
(2)
νν̄

H
(2)†
νν̄ H(2)T

)

. (3)

The form of the QKEs in Eqn. (1) is similar to equa-
tions for the evolution of neutrinos with a magnetic mo-
ment in a strong magnetic field [68–70], but in the case of
the QKEs, ν ⇋ ν̄ mixing can occur without a magnetic
field or a neutrino magnetic moment.
H(1) isO (GF ) while terms that mediate ν ⇋ ν̄ mixing,

H
(2)
νν̄ , are O (mGF /E), , where m is the neutrino mass

and E is the neutrino energy. For neutrinos in a super-
nova envelope, with reasonable assumptions about the
neutrino mass and energy, m/E ∼ 10−7 − 10−8. Thus

under generic conditions H
(2)
νν̄ is negligible and we do

not expect to see any significant helicity transformation.
However, in special conditions, the potential for a neu-
trino state can be close to that for an antineutrino state.

http://arxiv.org/abs/1406.6724v1
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FIG. 1: Geometry of the single-flavor toy model.

In this case, the behavior of the system can be dominated
by the ν ⇋ ν̄ mixing term.
The solution of the full QKEs is a difficult numerical

problem. To get an idea of the effects of helicity mixing,
we construct a highly simplified toy model. Spin coher-
ence can occur even with one flavor, so to construct the
simplest possible model we retain only the electron flavor
neutrinos and antineutrinos. We also omit second-order
corrections to the derivative D and to the Hamiltonian,

with the exception of the helicity mixing term H
(2)
νν̄ .

Writing F = fiσi + f0I and H = Hiσi + H0I, the
simplified QKEs for the one-flavor model are:

Df3 − 2H1f2 = 0

Df1 + 2H3f2 = 0

Df2 + 2H1f3 − 2H3f1 = 0 (4)

Here we have defined the coordinate system in such a way
that H2 = 0, which is possible for any specific neutrino
trajectory. In the special case of an axially symmetric
geometry, H2 can be set to zero for all trajectories. D
is the derivative along the neutrino world line. Here we
simply consider evolution along a single world line and
take D = ∂s, where s is the distance traveled by the
neutrino. In the absence of the collision term, Df0 = 0.
For the purpose of the toy model, we consider an axi-

ally symmetric cone of neutrinos propagating at a fixed
angle u = cos θ with respect to the axis of symmetry.
This geometry is illustrated in Fig. 1. The neutrinos
undergo coherent forward scattering among themselves
and with the matter background (electrons and nucle-
ons). The properties of the matter background are varied
slowly in order to determine what conditions can lead to
significant ν ⇋ ν̄ transformation.
This problem corresponds to the behavior of crossed

neutrino beams of infinite width in a time-varying back-
ground, and is somewhat different from that of neutrinos
emitted from a spherically symmetric neutrino sphere.
In the latter case the angle u changes along the neu-
trino path and the neutrinos are geometrically diluted as
1/r2 as they move outward. These features of spheri-
cal geometry are straightforward to implement, but can
complicate the problem and obscure the simple physical
behavior that we wish to illustrate.

In the notation of Eq. (4), f3 =
(

f − f̄
)

/2, and, to

leading order, H3 = H(1). With this, H3 is the Hamilto-
nian arising from coherent forward scattering of neutrinos
with electrons, nucleons and other neutrinos. Including
the contribution from nucleons, the Hamiltonian for elec-
tron neutrinos is [26, 41, 71, 72]

H3 =
GF√
2
((3Ye − 1)nB + 4 (nν − nν̄)− 4uJr) . (5)

Here, nB is the baryon number density, Ye = ne/nB is
the electron fraction, Jr is the lepton number current
along the axis of symmetry, and nν − nν̄ is the lepton
number density in neutrinos, given by

nν − nν̄ =

∫

E′2dE′

2π2
2f3 (E

′) . (6)

The contribution to Jr from neutrinos is u (nν − nν̄).
There can be additional contributions to Jr from bulk
motion of matter, such as infall or outflow.
H1 is the ν ⇋ ν̄ mixing part of the Hamiltonian, cor-

responding to H
(2)
νν̄ in Eq. 3, and is equal to

H1 = 2
√
2GF

√

1− u2
mJr

E
. (7)

Neutrino-antineutrino mixing is large at resonance, i.e.,
where H3 ≈ 0, which occurs for

Ye +
4

3

(

Yν − uJr

nB

)

=
1

3
(8)

where Yν = (nν − nν̄) /nB. If the neutrino contribution
to the Hamiltonian is relatively small, this corresponds to
Ye ≈ 1/3, which can occur in or near the proto-neutron
star (PNS) in a core collapse supernova [73–76], or near
the central region of a compact object merger [77, 78].
This is similar to the condition for active-sterile transfor-
mation in models with sterile neutrinos [71, 79–83].
The single-flavor model is mathematically similar to

the description of the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [37, 38]. Suppose that, in Eq. (5), Ye = Ye0

gives H3 = 0. We then begin with Ye < Ye0 and increase
it to Ye > Ye0. This situation can occur in a supernova
when neutrinos pass from regions of low Ye inside the
proto-neutron star to regions of higher Ye in the enve-
lope. For Ye < Ye0, H3 is negative and neutrinos have a
lower potential energy than antineutrinos. For Ye > Ye0,
H3 is positive and the antineutrinos have lower potential
energy. This is a level crossing, schematically illustrated
in Fig. 2, with instantaneous energy eigenvalues E±. A
level crossing can also be achieved by varying nB, u and
the neutrino distributions, and in a supernova all these
quantities vary with radius.
If additional neutrino flavors are present, there are ad-

ditional level crossings. The matter potential for muon
and tau neutrinos is

(

GF /
√
2
)

(Ye − 1)nB [26, 41, 71, 72],
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FIG. 2: Schematic level crossing diagram for νe ⇌ ν̄e transfor-
mation. The potential E± = ±

√

H2
3 +H2

1 is plotted against
electron fraction Ye, with off-diagonal potential H1 exagger-
ated to clearly show the gap, (E+ − E−) |res = 2 |H1|, at
resonance. Here neutrino contributions to H3 are neglected.

which leads to a level crossing between νe and ν̄µ,τ (and
ν̄e and νµ,τ ) near Ye = 1/2. Similarly, a cancelation be-
tween the matter and the neutrino potentials could lead
to a level crossing between νµ,τ and ν̄µ,τ . These level
crossings are more likely to occur in the supernova enve-
lope, where Ye and Yν can be relatively high [73, 84].
Provided that H3 varies slowly enough (adiabatically),

a neutrino that begins in the lower-energy state will re-
main in the lower-energy state, and therefore transform
into an antineutrino. Whether this transformation occurs
is governed by the adiabaticity parameter, γ = 2H2

1/Ḣ3.
Because H1 is generically smaller than H3 by a factor
of m/E ≈ 10−7 − 10−8, the adiabaticity parameter for

ν ⇋ ν̄ transformation, which is proportional to (m/E)
2
,

is typically very small. UnlessH3 varies extremely slowly,
only neutrinos at very low energies can transform.
However, the above analysis neglects effects of non-

linearity due to the dependence of the Hamiltonian
on neutrino distributions. To determine these effects,
we discretize the energy and numerically solve our toy
model using initial neutrino occupation numbers given

by 1/
(

1 + e
E−µ

T

)

, with T = 4 MeV and µ = 8 MeV.

For simplicity, we start with a pure neutrino spectrum,
hold the angle fixed at u = 1/

√
2 and the baryon number

density at nB = 300 MeV3. These values are roughly
consistent with conditions above the neutrino sphere in
a supernova [73, 74]. We vary Ye as a function of distance
s traveled by neutrinos, as follows:

Ye = Ye0 +
s

λ

(

1 +
s2

κ2

)

. (9)

The reason for adopting this expression for Ye is as
follows: we wish to obtain a level crossing at s = 0. We
want to be able to dial the derivative of Ye at s = 0 to see
how slowly it must vary in order to give adiabatic ν ⇋ ν̄
transformation. This is done by adjusting the parameter
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FIG. 3: Onset of coherent helicity transformation and stabi-
lization of resonance by nonlinear feedback.

λ: larger values of λ give greater adiabaticity. Further, if
λ must be large in order to trigger transformation, it is
useful to know if the derivative of Ye must remain small
in order for transformation to continue, or if it can grow
at a later time without halting the transformation. The
parameter κ controls the scale on which the derivative of
Ye grows away from the location of the level crossing.

In our model, we find that when nonlinear feedback
is included, large-scale ν ⇋ ν̄ transformation can occur
under unexpected conditions. Provided that the rate of
change of Ye at s = 0 is slow enough that some low-energy
neutrinos transform, a feedback mechanism begins to op-
erate that tends to keepH3 near zero until a large number
of neutrinos have been converted into antineutrinos.

Fig. (3) illustrates this phenomenon. As the system
approaches resonance, neutrinos begin to convert into
antineutrinos. This causes the neutrino self-interaction
potential to decrease. If the rate of change of the self-
interaction potential is large enough, it will overcome
the change of the matter potential and push the system
back towards resonance. This feedback is similar to the
matter-neutrino resonance described in [85], but in the
context of helicity, rather than flavor, transformation.

If the matter potential changes too quickly, this feed-
back mechanism fails. However, with the inclusion of
neutrino-neutrino interactions, adiabaticity criteria are
much easier to satisfy than in the linear case. We find
that instead of being proportional tom−2, as in the linear
case, λ is proportional to m−4/3. Consequently, inclusion
of nonlinear feedback results in the possibility of ν ⇋ ν̄
transformation for much faster variation of the matter
potential at the level crossing point.

In a supernova environment, Ye can typically change by
∼ 0.1 over distances of ∼ 100 km, so a ‘natural’ value for
the scale λ is∼ 1000 km. In our model, the required value
of λ is larger than this even in the presence of nonlinear
feedback, except for neutrino masses in excess of 1 eV.
For example, we find that form = 1 eV, λ ≈ 15×1000 km
is required. For m = 0.1 eV, λ ≈ 300 × 1000 km is re-
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FIG. 4: Tracking and cancelation of matter potential by neu-
trino potential over the course of coherent helicity transforma-
tion for a model with m = 1 eV, λ = 1.8×104 km, κ = 25 km.

quired. Cosmological constraints favor neutrino masses
not much greater than 0.1 eV [86–90], so fine-tuning of
the derivative of the matter potential at the level crossing
is needed to begin ν ⇋ ν̄ transformation.

However, once ν ⇋ ν̄ transformation develops, the
derivative of the matter potential need not remain un-
naturally small. Fig. (4) shows the evolution of matter
and neutrino Hamiltonians for a model with a slightly
exaggerated neutrino mass (m = 1 eV), λ = 1.8× 104 km
and κ = 25 km. We see that while a relatively small rate
of change of the matter potential is required for trans-
formation to begin, the tracking behavior continues until
the rate of change of the matter potential is considerably
larger than what it was initially. This is true even though
the helicity-mixing term in the Hamiltonian is propor-
tional to the neutrino lepton number and is decreasing
as neutrinos are being converted to antineutrinos.

The final spectra resulting from helicity transformation
in Fig. (4) are shown in Fig. (5). We see that at low en-
ergies, neutrinos are converted into antineutrinos, while
at higher energies the spectra are relatively unchanged.
This is similar to what is seen in linear MSW. However,
with nonlinear feedback, transformation takes place up
to much higher energies than what would be allowed by
adiabaticity conditions in linear MSW.

In conclusion, the QKEs allow the possibility of a level
crossing between neutrinos and antineutrinos, potentially
resulting in ν ⇋ ν̄ transformation. Conditions required
for this level crossing can occur in core collapse super-
novae and compact object mergers.

The primary obstacle to helicity transformation is the
issue of adiabaticity, which arises due to the fact that the
ν ⇋ ν̄ mixing term in the Hamiltonian is suppressed by
a factor of m/E ≈ 10−7 − 10−8. In our toy model, we
find that this issue is somewhat alleviated by nonlinear
feedback due to neutrino-neutrino interactions, although
the derivative of the matter potential at the level crossing
must still be smaller than the generically expected value.

 0

 0.5
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/d
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Initial neutrinos
Final neutrinos

Final antineutrinos

FIG. 5: Initial and final spectra from a model with m = 1 eV,
λ = 1.8× 104 km, κ = 25 km.

In addition, helicity transformation is sensitive to the
value of the neutrino mass and becomes much more likely
if neutrino masses are larger than their minimum values.

Our model may not fully capture the conditions un-
der which ν ⇋ ν̄ transformation can take place. In
a multi-angle system, there may be additional effects.
The Hamiltonian changes at different rates along differ-
ent neutrino emission angles, so it is more likely that adi-
abaticity criteria will be satisfied for some angles, lead-
ing neutrinos on these trajectories to transform. On the
other hand, level crossing for different trajectories oc-
curs at different locations, possibly rendering nonlinear
feedback ineffective unless a large fraction of neutrinos is
nearly collinear. Also, the νe ⇋ ν̄e resonance can occur
when neutrino opacity is not negligible and a significant
fraction of neutrinos is propagating inward. In that case
the full multi-angle QKEs cannot be solved by integrat-
ing outward in r and must instead be solved as a bound-
ary value or a time evolution problem. Additionally, a
multi-flavor model may exhibit different behavior from
the 1-flavor model, as it includes additional resonances
and the possibility of exchange of flavor information, in
addition to particle number, between neutrinos and an-
tineutrinos. Finally, we have not considered the effect of
the evolution of electron neutrino number on Ye, which
could lead to an additional type of feedback [71, 79, 81].

A convincing determination of the extent to which
helicity transformation actually takes place in core col-
lapse supernovae or compact object mergers requires suf-
ficiently realistic multi-angle simulations coupled to the
evolution of the matter background. However, given the
nonlinear feedback in the QKEs, we cannot preclude sig-
nificant helicity transformation, with potentially impor-
tant implications for the physics of compact objects.

This work was supported in part by NSF grant PHY-
1307372 at UCSD, the LDRD Program at LANL, the
University of California Office of the President, the UC
HIPACC collaboration, and by the DOE/LANL Topical
Collaboration.



5

[1] A. Vlasenko, G. M. Fuller, and V. Cirigliano, Phys. Rev.
D 89, 105004 (2014), 1309.2628.

[2] V. Cirigliano, G. M. Fuller, and A. Vlasenko, ArXiv e-
prints (2014), 1406.5558.

[3] Y. Qian, G. M. Fuller, G. J. Mathews, R. W. Mayle, J. R.
Wilson, and S. E. Woosley, Physical Review Letters 71,
1965 (1993).

[4] A. de Gouvea, K. Pitts, K. Scholberg, G. P. Zeller,
J. Alonso, A. Bernstein, M. Bishai, S. Elliott, K. Heeger,
K. Hoffman, et al., ArXiv e-prints (2013), 1310.4340.

[5] M. G. Gilchriese, P. Cushman, K. Heeger, J. Klein,
K. Scholberg, H. Sobel, and M. Witherell, ArXiv e-prints
(2014), 1401.6115.

[6] M. Punturo, M. Abernathy, F. Acernese, B. Allen, N. An-
dersson, K. Arun, F. Barone, B. Barr, M. Barsuglia,
M. Beker, et al., Classical and Quantum Gravity 27,
084007 (2010).

[7] G. Raffelt and G. Sigl, Astroparticle Physics 1, 165
(1993), arXiv:astro-ph/9209005.

[8] G. Sigl and G. Raffelt, Nuclear Physics B 406, 423
(1993).

[9] G. Raffelt, G. Sigl, and L. Stodolsky, Physical Review
Letters 70, 2363 (1993), arXiv:hep-ph/9209276.

[10] B. H. J. McKellar and M. J. Thomson, Phys. Rev. D 49,
2710 (1994).

[11] R. F. Sawyer, Phys. Rev. D 72, 045003 (2005),
arXiv:hep-ph/0503013.

[12] P. Strack and A. Burrows, Phys. Rev. D 71, 093004
(2005), arXiv:hep-ph/0504035.

[13] C. Y. Cardall, Phys. Rev. D 78, 085017 (2008),
0712.1188.

[14] M. Herranen, K. Kainulainen, and P. Matti Rahkila,
Journal of High Energy Physics 9, 032 (2008), 0807.1435.

[15] M. Herranen, K. Kainulainen, and P. M. Rahkila, Nu-
clear Physics B 810, 389 (2009), 0807.1415.

[16] J. Gava, J. Kneller, C. Volpe, and G. C. McLaughlin,
Physical Review Letters 103, 071101 (2009), 0902.0317.

[17] C. Volpe, D. Väänänen, and C. Espinoza, ArXiv e-prints
(2013), 1302.2374.

[18] K. Enqvist, K. Kainulainen, and J. Maalampi, Nuclear
Physics B 349, 754 (1991).

[19] R. Barbieri and A. Dolgov, Nuclear Physics B 349, 743
(1991).

[20] S. Dodelson and L. M. Widrow, Physical Review Letters
72, 17 (1994), arXiv:hep-ph/9303287.

[21] X. Shi, Phys. Rev. D 54, 2753 (1996), arXiv:astro-
ph/9602135.

[22] R. Foot and R. R. Volkas, Phys. Rev. D 55, 5147 (1997),
arXiv:hep-ph/9610229.

[23] N. F. Bell, R. R. Volkas, and Y. Y. Y. Wong, Phys. Rev.
D 59, 113001 (1999), arXiv:hep-ph/9809363.

[24] A. D. Dolgov, S. H. Hansen, G. Raffelt, and D. V.
Semikoz, Nuclear Physics B 590, 562 (2000), arXiv:hep-
ph/0008138.

[25] R. R. Volkas and Y. Y. Y. Wong, Phys. Rev. D 62,
093024 (2000), arXiv:hep-ph/0007185.

[26] K. Abazajian, G. M. Fuller, and M. Patel, Phys. Rev. D
64, 023501 (2001), arXiv:astro-ph/0101524.

[27] A. D. Dolgov and S. H. Hansen, Astroparticle Physics
16, 339 (2002), arXiv:hep-ph/0009083.

[28] A. Kusenko, S. Pascoli, and D. Semikoz, Journal of High

Energy Physics 11, 28 (2005), arXiv:hep-ph/0405198.
[29] D. Boyanovsky, Phys. Rev. D 76, 103514 (2007),

0706.3167.
[30] D. Boyanovsky and C. M. Ho, Phys. Rev. D 76, 085011

(2007), 0705.0703.
[31] D. Boyanovsky and C.-M. Ho, Journal of High Energy

Physics 7, 30 (2007), arXiv:hep-ph/0612092.
[32] C. T. Kishimoto and G. M. Fuller, Phys. Rev. D 78,

023524 (2008), 0802.3377.
[33] A. Kusenko, Physics Reports 481, 1 (2009), 0906.2968.
[34] V. Cirigliano, C. Lee, M. J. Ramsey-Musolf, and S. Tulin,

Phys. Rev. D 81, 103503 (2010), 0912.3523.
[35] V. Cirigliano, C. Lee, and S. Tulin, Phys. Rev. D 84,

056006 (2011), 1106.0747.
[36] P. S. Bhupal Dev, P. Millington, A. Pilaftsis, and

D. Teresi, ArXiv e-prints (2014), 1404.1003.
[37] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978).
[38] S. P. Mikheyev and A. Y. Smirnov, Yad. Fiz. 42 (1985).
[39] H. Duan, G. M. Fuller, and Y.-Z. Qian, Annual Review of

Nuclear and Particle Science 60, 569 (2010), 1001.2799.
[40] G. M. Fuller, R. W. Mayle, J. R. Wilson, and D. N.

Schramm, Astrophys. J. 322, 795 (1987).
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