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BBN and the CMB agree on 
the baryon asymmetry: 

⌘ ⌘ nB
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The constraint on lepton number 
is orders of magnitude weaker: 
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Prob. that neutrino 
is in sterile state 

Lepton numbers much larger than the 
baryon asymmetry are utilized in a 
viable production scenario for sterile 
neutrino dark matter. 
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The Standard 
Model struggles; 
leptogenesis is 
promising. 
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A lepton number modifies the way 
neutrino flavor evolves. 
(See next slide.) 

Moreover, BBN is sensitive to both 
lepton number and flavor: 
 
Ø  An asymmetry drives a faster 
       expansion rate. 
 

Ø    

⌫e + n ⌦ p+ e�

⌫̄e + p ⌦ n+ e+

n ⌦ p+ e� + ⌫̄e

Lunardini & Smirnov 2001 
Dolgov et al. 2002 
Abazajian et al. 2002 
Wong 2002 
Pastor et al. 2009 
Gava & Volpe 2010 
Mangano et al. 2011 
Mangano et al. 2012 
Castorina et al. 2012 



Lepton 
asymmetry 
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Neutrinos oscillate even in vacuum. 
But things get more interesting in medium… 

⌫↵
e±

⌫↵
e±

p p p p0

“coherent” “incoherent” 

⇠ GF ⇠ G2
F

i (@t �Hp@p) ⇢ = [H, ⇢] + C
The coherent term is like a 
nonlinear, matrix-structured 
index of refraction: 

H ⇠ H
osc

+

Z
(⇢� ⇢̄)

dominates at 
low temp. 

dominates at 
high temp. 



Our calculations have revealed a menagerie of different behaviors for sub-
constraint lepton asymmetries… 
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Johns and Fuller, PRD 2018 

Suppression of flavor conversion… 

There is an exact mathematical equivalence 
between astrophysical neutrino flavor evolution 
and gyroscopic pendulum motion. 

Ø   Oscillations in vacuum 
   correspond to the top 
   swinging like a pendulum, 
   with gravity set by vacuum 
   mixing parameters.  

 
Ø   A lepton asymmetry 

   corresponds to the spin of 
   the top, which induces 
   precession. 

Luke Johns 

Hannestad et al., PRD 2006 
Duan et al., PRD 2007 
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What happens at MSW? 
 
Nonadiabaticity. dsc.utrgv.edu 



This explains the minimal-transformation regime. 

Pz 

mass and flavor axes that facilitates the growth of the
instability.
Up to this point we have ignored the electrons and

positrons in the background, but the lessons from the
foregoing analysis carry over straightforwardly, for the
following reasons. At some temperature, which we will
denote by TMSW, the refractive contribution from the e!

background transitions from dominant (T ≳ TMSW) to
subdominant (T ≲ TMSW) relative to the contribution from
neutrino mass. At T ≳ TMSW, the principal effect of e! is to
suppress flavor mixing, while at T ≲ TMSW the effects are
negligible. The interesting behavior is thus confined to the
MSW region, T ∼ TMSW, where maximal mixing is
expected to occur in the IH, at least in the absence of
nonlinear neutrino-neutrino coupling.
How does the gyroscopic pendulum evolve through the

MSW region? If the frequency ωeff is fast relative to the
Hubble expansion rate, then significant flavor conversion
occurs as expected. If, however, ωeff happens to be close to
zero at T ∼ TMSW, then conversion is stifled. There is an
intuitive visual explanation for this behavior: Imagine a
rapidly precessing pendulum. Now imagine—and this is
easier said than done—rotating the orientation of gravity. If
the pendulum precesses rapidly enough, it will track the
gravitational field as it rotates. But if the precession is slow
on the scale of the gravity-rotation time scale, then the
pendulum will be left behind.
These considerations suggest that the precession-reversal

mechanism, should it occur close to the MSW resonance,
may impede flavor conversion. It turns out, in fact, that the
reversal is associated with a more general phenomenon that
impairs adiabaticity even when the conditions are not met
for σ to change sign. Inspection of Eq. (10) reveals that,
prior to flavor transformation, the dependence ofωeff on the

chemical potentials factors out as Q=D. Having noted
earlier thatD ∼ constant, we now note thatQ is dominated,
except over a small temperature range, either by the
contribution from S or from the part proportional to B.
Using μ ¼

ffiffiffi
2

p
GFT3, ω ¼ jδm2j=4ϵ for a comoving energy

ϵ, and the dependence of S and D on the chemical
potentials (see Supplemental Material [69]), the frequency
scaling in these two limits is found to be ωeff ∝ ωjSj=D ∝
T−1jηe þ ηxj when S-dominated and ωeff ∝ ω2=μD ∝
T−5jηe − ηxj−1 when B-dominated.
The frequency at resonance is thus minimized by the

smallest jηe þ ηxj such that T−5 scaling is pushed below the
MSW region, or, in other words, such that the transition
temperature T trans, at which jSj ∼ j − ðω=μÞBj, is smaller
than TMSW. These temperatures compare as

T trans

TMSW
∼ 1.913

"
δm2ϵ

GFm4
W jη2e − η2xj3cos22θ

#
1=12

; ð11Þ

wheremW is theW bosonmass. For 1–3mixing parameters,

this becomes T trans=TMSW ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5.87 × 10−4=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jη2e − η2xj

pq
.

Incidentally, the coefficient corresponds to a chemical
potential not too far below current constraints. Note that
the choice of mixing channel is virtually immaterial, owing
to the small exponent.
Figure 2 shows, in a manner consistent with Eq. (11), the

influence of ωeff on the flavor transformation of a cosmic
bipolar neutrino system. It is intriguing that, for neutrino
degeneracies that are not very nearly equal in magnitude,
the most profound suppression of flavor conversion occurs
for lepton asymmetries in the neighborhood relevant for
the resonant production of sterile neutrino dark matter
[1,2,5,75–77].

FIG. 2. (Left) Ratio of ωeff to the Hubble rate H as a function of temperature T and chemical potential ηe, calculated using
preoscillation flavor states and the appropriate modification of Eq. (10) needed to accommodate a matter background (as detailed in the
Supplemental Material [69]). The dashed horizontal lines bracket the matter-only MSW resonance width; the vertical lines correspond to
the two solid curves in the plot to the right. (Right) PzðTÞ=PzðTiÞ ¼ ½nνeðTÞ − nνxðTÞ'=½nνeðTiÞ − nνxðTiÞ', for ηx ¼ 0 and ηe ¼ 10−8

(dashed orange), 2.8 × 10−4 (solid purple), and 2 × 10−2 (solid burnt orange). The first of these is indistinguishable from matter-only
MSW conversion, due to the small asymmetry.
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This ωeff phenomenon might also apply to 
compact-object environments… 

Example: 
 
O-Ne-Mg 
supernovae 

would be an important, unprecedented test of stellar mod-
els and, in particular, of the existence of a density step in
the interior of the star. It would be a necessary part of any
data analysis aimed at reconstructing the originally pro-
duced neutrino fluxes (before oscillations) and information
on neutrino masses and mixings.

But what are these signatures?
Very recently Duan, Fuller, Carlson, and Qian have

pointed out [7] that, due to the step in density, for
ONeMg-core supernovae the neutronization peak (a peak
in the !e luminosity at about 10 ms post-bounce) would not
disappear regardless of the value of "13. In contrast, for "13
just below the current bound disappearance due to !e !
!#, !$ conversion is expected for Fe-core supernovae
[3,23,24]. Duan et al. also pointed out how the conversion
pattern is more complex for a ONeMg-core supernova,
because neutrino-neutrino scattering influences the reso-
nant conversion driven by matter. The initial study in [7],
as well as the analytical elaboration in [25], were restricted
to the neutrino flux at the neutronization peak and to
relatively large "13. Beyond these, the subject of neutrino
conversion inside a ONeMg-core supernova remains to be
explored.

Here we give a in-depth—even though far from com-
prehensive—study of neutrino oscillations in ONeMg-core
supernovae. We present the first discussion of shock wave
effects for this type of supernova, using a numerical cal-
culation of the density profile and of the neutrino fluxes, as
they evolve over several hundreds of milliseconds.

We describe a variety of conversion effects that could
appear at different times depending on the value of "13 and
on whether the detector is shielded by the Earth when the
neutrino burst reaches it. We also address the question of
what features could be observable and how. A first goal is
to outline what combination of signatures one should look
for to test models of ONeMg-core supernovae; another
purpose is to describe the phenomena that should be taken
into account when analyzing neutrino data from a ONeMg-
core supernova.

The paper opens with generalities on ONeMg-core
supernovae and details on our numerical model (Sec. II).
In Sec. III we give a discussion of conversion effects,
followed by our results in Sec. IV. A discussion on the
implications of our findings closes the paper in Sec. V.

II. OXYGEN-NEON-MAGNESIUM-CORE
SUPERNOVAE: THE MODEL

The interior structure of stars in the range !8–10M"
(M" ¼ 1:99$ 1030 kg is the mass of the Sun) is distinc-
tively different from that of more massive supernova pro-
genitors: their ONeMg core is surrounded by a thin carbon
and oxygen shell and an even thinner helium layer. The
density gradient in this surface region of the core (at
around 1000 Km) is extremely steep; the density can
drop by nearly 7 orders of magnitude within only

300 Km. This is visible from Fig. 1, where the line corre-
sponding to time t ¼ 0 displays the electron number den-
sity profile of the innermost region of the 8:8M" progenitor
star used as initial model for the core-collapse and super-
nova simulations this work is based on (baryon densities in
the core and its surface layer can be obtained by multi-
plication by a factor of 2). The ONeMg core of this star was
evolved to the onset of collapse by Nomoto [26,27] and
was more recently extended outside of the thin He shell by
a hydrostatic hydrogen envelope [28].
The updated progenitor model was followed through

collapse and explosion with the neutrino-hydrodynamics
code VERTEX [29,30]. Details of the employed input phys-
ics and information about the supernova dynamics can be
found in the works by Kitaura et al. [12] and Janka et al.
[9,10]. Figure 1 provides an overview of the evolution of
the electron density (ne) profile in steps of 50 ms until
700 ms after the start of a spherically symmetric (1D)
simulation. The core bounce happens at t ¼ 53:6 ms and
the explosion sets in at about 130 ms (to be recognized
from positive velocities developing in the post-shock
layer).
For t ¼ 100 ms the step in density induced by the shock

is visible at r! 130 Km. The shock front advances out-
ward rapidly, reaching r! 500 Km at t & 150 ms and
meeting the base of the He shell (at r! 1100 Km and ne !
4$ 1026 cm%3) less than 10 ms later. At this point, the
shock accelerates even more and travels essentially with
the speed of light until it is gradually decelerated again by
running into the flatter density profile of the hydrogen
envelope and sweeping up matter from the progenitor

100 1000 104 105 106
1016

1020

1024

1028

1032

r km

cm
3

FIG. 1 (color online). Snapshots of the electron density profile
at t ¼ 0; 50; 100; . . . ; 700 ms (lines from top to bottom at their
left end, except for the inverted curves for t ¼ 0 and t ¼
50 ms). The positions of the supernova shock for t & 200 ms
coincide essentially with the lower right footprints of the pro-
files. For t ¼ 300 ms we also plot the effective number density
of neutrinos [dashed curve, see Eq. (4)], which is responsible for
the effects of neutrino-neutrino forward scattering. The two
horizontal lines represent the densities corresponding to the
two MSW resonances for a neutrino of 20 MeV energy.

C. LUNARDINI, B. MÜLLER, AND H.-TH. JANKA PHYSICAL REVIEW D 78, 023016 (2008)
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Lunardini, Muller, Janka, PRD 2008 
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CONCLUSION 

Luke Johns 

Ø  Lepton asymmetries are associated with a rich array 
 of flavor phenomena.  This talk emphasized a 
 new one, which can suppress resonant flavor 
 conversion. 

 
 
Ø  Ongoing project: Realistic coupling of neutrinos, nuclides, 

 and plasma over the weak-decoupling / BBN epoch. 
 (Building on Grohs et al., PRD 2016.) 

 
 
Ø  Open questions: How does this relate to compact objects? 

 Or to flavor instabilities? (e.g., Shalgar et al., PLB 2017.) 
 


