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Neutrinos propagating in media undergo flavor and helicity oscillations, where helicity transi-
tions are instigated both by electromagnetic fields and matter currents. In addition, it has been
shown that correlations between neutrinos and antineutrinos of opposite momentum can build
up in anisotropic media. Here, we discuss the physical meaning of the helicity and neutrino-
antineutrino correlations, their potential impact on the supernova dynamics, the conditions under
which they can be generated, and present an order-of-magnitude estimate of their size. Even in the
vicinity of the core both are typically very small, of the order of 10~!!. However, in the presence
of strong matter and neutrino currents parallel to the neutrino momentum, the helicity coherence
can be resonantly enhanced and affect the supernovae dynamics. On the other hand, a resonant

enhancement of the neutrino-antineutrino coherence does not seem to be possible.
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1. Introduction

Supernovae explosions are among the most fascinating and beautiful events in the Universe.
The earliest recorded supernova, SN 185, was viewed by Chinese astronomers in 185 AD. Su-
pernovae SN 1572 and SN 1604, the latest to be observed with the naked eye in the Milky Way
galaxy, had notable effects on the development of astronomy in Europe. Since the invention of the
telescope, the field of supernova discovery has extended to other galaxies, starting with the 1885
observation of a supernova in the Andromeda galaxy. Roughly a century later, another supernova,
SN 1987 A, was, for the first time in the history of humankind, not only observed in photons but
also in neutrinos.

Neutrinos play a crucial role in the explosion of a core-collapse supernova. The explosion
produces about 10°7 neutrinos with 10 MeV average energy, and these take away 99% of the grav-
itational energy. Because of their very weak interaction with usual matter, neutrinos are capable of
leaving the supernova. The neutrino emission results in the neutronization of the supernova core,
leading to a decrease of the pressure in the core and its rapid implosion. With the implosion the
internal pressure inside the core starts to increase dramatically and the collapse abruptly halts giv-
ing place to a violent reexpansion. A strong shock front begins to plow through material that is
still falling inward at roughly sixty thousand kilometers per second. The core bounce accelerates
the infalling material but then quickly stalls. It is the escaping neutrinos that pump energy into the
shock wave and rescue the explosion. Neutrino interactions with the matter of the outer layers are
also believed to be responsible for the production of the heavy elements in the Universe.

In numerical simulations, supernovae currently explode in 2D and first examples of exploding
3D models have recently appeared in the literature [1, 2]. Given the importance of neutrinos for
the supernova physics, the phenomenon of neutrino oscillations plays an important role in the
simulations of the explosion. Neutrino flavor oscillations in supernovae have been investigated in
great detail. Because of the huge neutrino density neutrino-neutrino interactions are not negligible,
which makes the evolution equations non-linear and leads to unstable run-away solutions. The
observation that even very small effects can eventually grow large because of the non-linearity of
the neutrino evolution has recently sourced interest to two additional types of coherence, helicity
coherence and neutrino-antineutrino coherence. Here we explain what these are, what impact they
might have on the supernova physics, how they are produced in a supernova environment, and
present an order-of-magnitude estimate of their size. We argue that while helicity coherence can
in principle be resonantly enhanced and affect the supernova dynamics, the neutrino-antineutrino
coherence is very small and can be neglected.

2. Flavor coherence and oscillations

Before going to the unknown terrain of helicity and neutrino-antineutrino correlations let us
briefly review the well-known phenomenon of flavor coherence, mainly to illustrate two things.
First, what coherence means in the context of neutrino physics. Second, how the coherence can be
described at the technical level.

In a decay of W-bosons, a neutrino is produced in a flavor eigenstate, and its flavor is tagged
by the produced charged lepton, be it the electron, muon, or tauon. A neutrino flavor eigenstate
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is a linear superposition of its mass eigenstates. This leads to the beautiful phenomenon of neu-
trino oscillations. As the neutrino propagates from the production point to the detector, the phases
between the mass eigenstates change and so changes the probability to observe a neutrino of a
particular flavor. In practice, the description of the flavor oscillations typically relies on the use
of the Schrédinger equation. This approach is simple and intuitive, and it is efficient for studying
neutrino propagation in the Sun or neutrino oscillations in terrestrial experiments. In a supernova
environment, however, it does not grasp another important aspect of the problem, namely that in
a dense supernova medium the neutrinos can undergo scattering on matter particles as well as on
other neutrinos. The scattering processes can be described by the Boltzmann equation, but the
Boltzmann equation does not take into account coherence effects.

This was the dilemma neutrino physicists faced two decades ago, until Georg Raftelt and Giin-
ter Sigl developed density matrix equations that could simultaneously take into account coherence
and scattering effects [3]

In the language of density matrices flavor coherence means that the density matrix in the flavor
basis has non-zero off-diagonal elements,

p= Pee pe,u ) (22)

Pue Pup
The oscillations are induced by the commutator of the density matrix with the Hamiltonian ma-
trix H, which is not diagonal in the flavor basis. The larger are the off-diagonal elements of the
Hamiltonian, the faster the coherence builds up and the larger is the magnitude of the produced

coherence. Finally, the scattering effects are described by the collision term C[p].

3. Helicity coherence and oscillations

Now that we have introduced the concept of the density matrix, we can jump directly to helicity
oscillations recently studied in refs. [4, 5] using the Kadanoff-Baym formalism and in refs. [6, 7]
using the density matrix formalism.

Helicity is the projection of the neutrino spin on its momentum. A massless neutrino can be
in one of the two pure helicity states: its spin is either aligned with or against its momentum. A
massive neutrino can be in a superposition of the two pure states, in such a case one can speak of
helicity coherence. In the language of the density matrix, helicity coherence means that the density
matrix in the mass basis has non-zero off-diagonal elements,

p—— P—+
p= . 3.1

P+— P++
A nontrivial property of helicity coherence is that it is not Lorentz invariant. By boosting in the
direction opposite to the neutrino momentum one can flip the momentum direction and therefore
the helicity. Similarly, by boosting in a direction orthogonal to the neutrino momentum we create

a superposition of two helicity eigenstates and therefore create helicity coherence. This given, one
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should specify the reference frame, for example the rest frame of the supernova, to speak about a
build up of helicity coherence.

What the helicity coherence does depends on the neutrino nature. If the neutrino is a Majorana
particle then helicity coherence leads to a conversion of a neutrino into an antineutrino. This affects
the neutron-to-proton ratio, which is the key determinant of nucleosynthesis. On the other hand,
if the neutrino is a Dirac particle then helicity coherence converts an active neutrino into a sterile
neutrino. This in turn affects the energy transfer to the outer layers. The impact of the latter effect
depends on the oscillation length.

The next question is what is needed to create helicity coherence and how large it can be. As-
sume that a neutrino is produced in a helicity eigenstate and propagates in a homogeneous medium.
It is known that the neutrino mass term flips the spin. But the mass term alone is not sufficient be-
cause the spin flip changes the total angular momentum of the system. In addition, we need a vector
that is orthogonal to the neutrino momentum and breaks the axial symmetry of the system. In a
supernova, such a vector can be provided by a matter current or by a magnetic field. Thus, we have
two components of the effective Hamiltonian, the matter component and the magnetic component!

VO—V, v, 01

~ )

H~ %VL pO —uB Lol (3.2)
where V' is the potential induced by matter particles and neutrinos, whereas V, and V, are compo-
nents of the matter and neutrino fluxes parallel and orthogonal to the neutrino momentum. Finally,
U is the neutrino magnetic dipole moment and B is the magnetic field. Which of the contributions
dominates ? This depends on where in the supernova we are. Let us assume for definiteness that we
are close to the neutrino-sphere which is a ball of roughly twenty kilometers in diameter in the heart
of the supernova. In this region, the magnetic contribution is a few orders of magnitude smaller
than the matter contribution. The natural order of magnitude for the produced helicity coherence is
of the order of 1011,

1z 1 107!

. ~ 0 (3.3)
2B 0 10-11 0

p~
In other words, in the natural mixing regime the helicity coherence is likely too small to have any
observable impact. This can be traced back to the smallness of the neutrino mass compared to the
typical neutrino energies. The neutrinos are highly relativistic and it is very difficult to flip their
spin.

But the situation is not hopeless, as has been pointed out in ref. [6]. The smallness of the
produced helicity coherence can be traced back to the smallness of the off-diagonals of the Hamil-
tonian compared to its diagonals. The rotation angle needed to diagonalize this matrix is very small
and so is the mixing between the helicity eigenstates. However, let us recall the MSW effect. If the
difference of the diagonal elements vanishes, then there is a resonant enhancement of the mixing.
Applied to helicity coherence, that means that, if there is a strong matter current parallel to the
neutrino momentum, then the diagonals of the Hamiltonian vanish [see eq. (3.2)] and the build up

IThe spin-flavor conversion induced by the magnetic field was first addressed in works of A. Studenikin and collab-
orators [8, 9].
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of the helicity coherence is resonantly enhanced. In this case, the effect may well be large and play
a role in the supernova dynamics. The question is, of course, if this resonance condition is ever
fulfilled in a supernova and if the transition is adiabatic. According to the estimates and numerical
analysis performed in ref. [6] the former is the case, at least in or near the proto-neutron star in a
core-collapse supernova, whereas the fulfillment of the adiabaticity condition is unclear.

Before moving to even more exotic neutrino-antineutrino oscillations let us summarize this
section. First, helicity coherence means that the neutrino is in a superposition of its two helicity
eigenstates. Second, the natural size of the induced helicity coherence is of the order of 10~!'! and
is likely negligibly small. And third, in certain regions of supernovae with strong matter currents
an analogue of MSW effect can occur and the helicity correlations can become large.

4. Neutrino-antineutrino coherence and oscillations

We are now ready to move to neutrino-antineutrino coherence. This type of correlations has
recently been “exported” to neutrino physics from solid state physics in refs. [7, 10, 11]. In solid
state physics similar correlations are essential for the description of superconductors. In particle
physics, on the other hand, they are very exotic. What does neutrino-antineutrino coherence mean
in the context of neutrino physics? It is not, as the name misleadingly suggests, a correlation
between a neutrino and antineutrino. Instead, it is a correlation between a vacuum state and a state
with one neutrino and one antineutrino with opposite momenta. It is worth mentioning, that for
producing neutrino-antineutrino coherence, we do not even need a neutrino mass — it arises already
for a massless Weyl neutrino. In this case, neutrino-antineutrino coherence is parametrized by
off-diagonal elements of the generalized density matrix

p K

R =
kF1-p

4.1

What neutrino-antineutrino oscillations do follows from what neutrino-antineutrino coherence
is. A nonzero particle-antiparticle coherence changes the definition of the true vacuum state and
results in production of neutrino-antineutrino pairs with opposite momenta. Loosely speaking,
the effect is similar to the Klein paradox. A neutrino beam enters a dense medium, neutrino-
antineutrino coherence builds up, and a small beam of antineutrinos flowing in the opposite di-
rection is generated. To make things even more confusing, even if initially there are no neutrinos
or antineutrinos, in a dense medium a nonzero neutrino-antineutrino coherence is produced by the
matter current. The generated neutrino-antineutrino coherence, in turn, leads to a production of
neutrino-antineutrino pairs out of the vacuum. This can be seen as a shift of the Fermi sea and is
somewhat similar to the sphaleron processes in the early Universe.

The next question is how the neutrino-antineutrino correlations build up and what we need
to create them. Because we create a neutrino-antineutrino pair with opposite momenta, the total
angular momentum of the system changes and we need a matter flow orthogonal to the neutrino
momentum to break the axial symmetry of the system. This is the same condition as for helicity
coherence. Therefore, for a massive neutrino, both helicity and neutrino-antineutrino coherencies
are produced simultaneously.
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Knowing the corresponding effective Hamiltonian,

10 vi—v, —v,

HeE
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we can estimate the size of the produced neutrino-antineutrino coherence. Its natural size is given
by the mixing angle, that is by the angle of the unitary transformation that diagonalizes the Hamil-
tonian. Using V| ~ V°B and substituting the typical supernovae densities and maximal matter flow
velocities B ~ 1072 we again arrive (see ref. [12]) at a tiny number of the order of 107! |

0
P p 107
R o 2 I~ ] (4.3)
8 p 10°1 1-p

As compared to the case of helicity coherence the neutrino mass in the mixing angle has been
replaced by the neutrino potential, but numerically the latter lies in the same ballpark as the neutrino
mass.

We can ask ourselves if there is a chance to get a resonant MSW-like enhancement, as it
occurs for helicity correlations. Formally yes. If the component of the neutrino potential V,, would
be equal to the kinetic neutrino energy, then we would have a resonance. But in reality there are at
least two reason why such a resonance should not be considered. First, a typical neutrino energy in
a supernova is roughly 10-20 MeV. This is to be compared to the neutrino potential induced by the
weak interactions, which is roughly 0.1 eV. There are eight to nine orders of magnitude difference
and under no circumstances can the weak interactions become strong enough to bridge this huge
gap. Apart from this numerical argument, there is also a conceptual one. A resonant enhancement
of neutrino-antineutrino coherence would mean that the usual perturbative vacuum would no longer
be an adequate expansion point and the usual perturbative definition of a particle would be rendered
meaningless. From the practical point of view this means that neutrino-antineutrino correlations
are always small.

This brings us to another intermediate summary. First, a nonzero neutrino-antineutrino co-
herence means that there is a superposition of vacuum and neutrino-antineutrino states. Second,
natural size of the induced neutrino-antineutrino coherence is of the order of 10~!! and is likely
negligibly small. And third, unlike for helicity coherence, neutrino-antineutrino coherence cannot
be resonantly enhanced.

5. Summary

Neutrino flavor conversion is important in supernovae, yet a full understanding remains elu-
sive, largely because of neutrino-neutrino refraction and concomitant self-induced flavor conver-
sion, an effect caused by run-away modes of the interacting neutrino gas. The difficulties in de-
veloping a robust phenomenological understanding of even this relatively simple case explains the
reluctance to add further complications. Here, we have addressed two additional types of neutrino
oscillations, the helicity and neutrino-antineutrino ones, that have recently attracted a renewed in-
terest.
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As the name suggests, helicity oscillations describe transitions between two helicity eigen-
states of a massive neutrino. It is known, that a neutrino mass term flips the spin. However, this
alone is not sufficient to instigate the helicity oscillations because the spin flip changes the total
angular momentum. In addition, one needs a vector orthogonal to the neutrino momentum that
breaks the axial symmetry of the system. In a supernova, such a vector can be provided by a matter
current or by a magnetic field. For typical supernova parameters, the natural size of the induced he-
licity coherence is of the order of 10~!! and is likely negligibly small. However, in certain regions
of a supernova with strong matter currents, an analogue of MSW effect can occur, and the helic-
ity oscillations might potentially become important. Their impact on supernova physics depends
on the neutrino nature. If the neutrino is a Majorana particle, then helicity oscillations lead to a
conversion of a neutrino into an antineutrino, thereby affecting the neutron-to-proton ratio. On the
other hand, if the neutrino is a Dirac particle then helicity oscillations convert an active neutrino
into a sterile neutrino thus affecting the energy transfer to the outer layers.

Helicity oscillations can be complicated in detail, but they are conceptually straightforward.
The situation with the neutrino-antineutrino oscillations is more complicated. In the simplest case
of massless neutrinos, the correlations are between neutrinos and antineutrinos of opposite mo-
menta, and the oscillations are between the vacuum state and the one filled with a neutrino and
antineutrino. A creation of such a neutrino-antineutrino pair out of the vacuum violates the total
angular momentum. Thus, similarly to helicity oscillations, to instigate the neutrino-antineutrino
oscillations one needs a matter flow orthogonal to the neutrino momentum to break the axial sym-
metry of the system. For typical supernova parameters, the natural size of the induced neutrino-
antineutrino coherence is again of the order of 10~!! and likely negligibly small. Furthermore, a
resonant enhancement of neutrino-antineutrino oscillations cannot take place in a realistic super-
nova environment.

The ultimate ambition of fully understanding neutrino propagation in dense environments and
strong magnetic fields requires a more complete development of its theoretical underpinnings. Our
contribution is meant as a step towards this overall goal.
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