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Adiabatic conversion
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Neutrino Oscillations 295

Fig. 8.8. Mixing angle, oscillation length, and neutrino dispersion relation
as a function of the electron density. The medium was taken to have equal
numbers of protons and neutrons (Ye =

1
2), the ratio of neutrino masses was

taken to be m1 : m2 = 1 : 2, and sin2 2θ0 = 0.15.

Raffelt (1996)

⌫2 = sin✓⌫e + cos✓⌫µ

P (⌫e ! ⌫e) = sin2✓ <
1
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The Life of a Star
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Gas cloud MS star (Super)giant

White Dwarf
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Supernova

Credits: wikipedia, Pauline Moss, Greg Stewart
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Type Ia
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H0 = 67.8± 0.96 km/s/Mpc
PlanckSNIa

H0 = 70.6± 3.3 km/s/Mpc
Efstathiou (2014) arXiv:1502.01589

http://arxiv.org/abs/arXiv:1502.01589
http://arxiv.org/abs/arXiv:1502.01589


Hendrik Vogel, MPP 21st July 2015, IFIC Valencia

Dark radiation
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Type II
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Janka et al. (2006)



Hendrik Vogel, MPP 21st July 2015, IFIC Valencia

Type II

11

Janka et al. (2006)



Hendrik Vogel, MPP 21st July 2015, IFIC Valencia

Type II
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Janka et al. (2006)

•Why does a supernova explode?
• How are the elements formed?
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State of the Art
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Neutrino-driven explosion of 20 solar mass progenitor in three dimensions 3
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Fig. 2.— Cross-sectional entropy distributions (in kB per nucleon) for the 3D models without (3Dn; upper row) and with strangeness contributions (3Ds;
bottom). The bottom row clearly shows stronger SASI activity in model 3Ds (180 ms, 250 ms), whose traces are still imprinted on the ejecta geometry (530 ms)
after the onset of the explosion (530 ms; note the di↵erent scale).

plied in 3D also by Hanke et al. (2013) and Tamborra et al.
(2013, 2014a,b), in particular the high-density equation of
state (EoS) of Lattimer & Swesty (1991) with a nuclear in-
compressibility of K = 220 MeV. In order to avoid time-step
constraints near the axis of the polar grid, the convectively
stable central core with a radius of 10 km was computed in
spherical symmetry. We used a 1D gravity potential (which
is unproblematic for strongly PNS-dominated gravity fields)
including general relativistic corrections (Marek et al. 2006).
The radial grid had a reflecting boundary condition at the ori-
gin and an inflow condition at the outer boundary of 109 cm.
It had 400 nonequidistant zones initially and was refined in
steps up to >500 zones, providing an increasingly better res-
olution of �r/r ⇠ 0.01 ... 0.004 around the gain radius. For
the neutrino transport 12 geometrically spaced energy bins
with an upper bound of 380 MeV were used. The growth of
non-radial hydrodynamic instabilities was seeded by impos-
ing random cell-to-cell perturbations of 0.1% in density on
the whole computational grid 10 ms after bounce.

3. STRANGENESS CONTRIBUTIONS TO NEUTRINO-NUCLEON
SCATTERING

The lowest-order di↵erential neutrino-nucleon scattering
cross section reads

d�0

d⌦
=

G

2
F✏

2

4⇡2

h
c

2
v(1 + cos ✓) + c

2
a(3 � cos ✓)

i
, (1)

with ✏ being the incoming neutrino energy, ✓ the scattering
angle, GF Fermi’s constant, and cv and ca vector and axial-
vector coupling constants, respectively. The latter are cv =
1
2 � 2 sin2 ✓W ⇡ 0.035, ca = ga/2 ⇡ 0.63 for ⌫p ! ⌫p and
cv = � 1

2 , ca = �ga/2 ⇡ �0.63 for ⌫n ! ⌫n with ga ⇡ 1.26
and sin2 ✓W ⇡ 0.2325. For iso-energetic scattering (✏0 = ✏),
Eq. (1) yields the total transport cross section

�t
0 =

Z

4⇡
d⌦

d�0

d⌦
(1 � cos ✓) =

2G

2
F✏

2

3⇡

⇣
c

2
v + 5c

2
a

⌘
. (2)

While in our SN simulations corrections due to nucleon ther-
mal motions and recoil, weak magnetism, and nucleon cor-
relations at high densities are taken into account (Rampp &
Janka 2002; Buras et al. 2006), Eqs. (1,2) provide good esti-
mates. Strange quark contributions to the nucleon spin modify

Melson et al. arXiv:1504.07631

gsa = �0.2ca =
1

2
(±ga � gsa)
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Neutrino Signal
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400 Chapter 11

Fig. 11.3. Schematic neutrino “lightcurves” during the phases of (1) core
collapse, (2) shock propagation and shock breakout, (3) mantle cooling and
accretion, and (4) Kelvin-Helmholtz cooling. (Adapted from Janka 1993.)

its lepton number during the νe burst at shock break-out. This outer
part settles within the first 0.5−1 s after core bounce, emitting most
of its energy in the form of neutrinos. Also, more material is accreted
while the shock wave stalls. As much as a quarter of the expected total
amount of energy in neutrinos is liberated during this phase (No. 3 in
Figs. 11.1 and 11.3).

Meanwhile, the stalled shock wave has managed to resume its out-
ward motion and has begun to eject the overburden of matter. There-
fore, the protoneutron star after about 0.5−1 s can be viewed as a star
unto itself with a radius of around 30 km which slowly contracts and
cools by the emission of (anti)neutrinos of all flavors, and at the same
time deleptonizes by the loss of νe’s. After 5−10 s it has lost most
of its lepton number, and slightly later most of its energy. This is
the “Kelvin-Helmholtz cooling phase,” marked as No. 4 in Figs. 11.1
and 11.3. Afterward, the star has become a proper neutron star whose
small lepton fraction is determined by the condition of a vanishing
neutrino chemical potential (Appendix D.2), and whose further cooling
history has been discussed in Sect. 2.3.

Immediately after collapse the protoneutron star is relatively cold
(see the t = 0 curve in Fig. 11.2). Half or more of the energy to be ra-
diated later is actually stored in the degenerate electron Fermi sea with
typical Fermi momenta of order 300MeV. The corresponding degener-

Raffelt (1996)
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Formalism
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Sigl, Raffelt (1993)

Density matrices:

Equation of motion (mean-field approximation)

⇢ =

✓
⇢e ⇢eµ
⇢†eµ ⇢µ

◆

(2⇡)3�3(p� k)⇢ij = ha†j(p)ai(k)i

p p
⌫e ⌫µ�s �s

i⇢̇ = [H, ⇢] + coll.
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MSW Hamiltonian
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Beyond Flavor
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Helicity oscillations
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What does helicity do?

18

Dirac Majorana

Flips the helicity 
of a particle/antiparticle

Changes opacity

Converts particle 
into antiparticle

Changes proton to 
neutron ratio
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Helicity oscillations
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Resonant enhancement
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Resonant enhancement
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3

ν ν

ν ν

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-

Vlasenko et al. arXiv:1406.6724
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Pair correlations
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Serreau, Volpe (2014)

(2⇡)3�3(p+ k)(k) = hb(p)a(k)i
(2⇡)3�3(p+ k)†(k) = ha†(p)b†(k)i



Hendrik Vogel, MPP 21st July 2015, IFIC Valencia

Pair correlations
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Serreau, Volpe (2014)

iṘ = [H,R]

(2⇡)3�3(p+ k)(k) = hb(p)a(k)i
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Pair correlations
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Serreau, Volpe (2014)

iṘ = [H,R]

(2⇡)3�3(p+ k)(k) = hb(p)a(k)i
(2⇡)3�3(p+ k)†(k) = ha†(p)b†(k)i
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Goals

• What is the meaning of the pair 
correlations?

• What is the size of the effect?

• How to use the equations?

23
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Weyl neutrino
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Kartavtsev, Raffelt, HV (2015)
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Weyl neutrino
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Pair creation
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Pair correlations
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(2⇡)3�3(p+ k) = hb(p)a(k)i

⌫�
p

⌫̄+
�p

Jn, B

|00i

|11i

Vacuum

pair⌫�⌫̄

�s �s

Serreau, Volpe (2014)
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Order of magnitude
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Self-consistency
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Using a cut-off
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Resonant enhancement

32

Vk

E
⇠ 10�9

Resonance?
Vk

E
⇠ 1

Typical supernova

Kartavtsev, Raffelt, HV (2015)
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Initial conditions
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How to use the 
equations?
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Lorentz invariance
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p01p02
p

⌫⌫̄

back� to� back not back� to� back

boost

? p

(2⇡)3�3(p+ k) = hb(p)a(k)i
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Particle number?
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Lorentz boosts and 
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Lorentz boosts and 
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Particle number?
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neutron flux

⌫⌫̄

boost

i̇ ⇡ 2E�GF~✏
⇤ · ~J

no neutron flux

i̇0 ⇡ 2E00

 ! ⇢

 ! 0?

H⌫⌫̄ / |J |
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Possible solutions
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1. Use propagation eigenbasis

2. Equations only work in one frame

3. Go beyond forward-scattering formalism
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Oscillations
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Conclusion
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We need to understand neutrinos transport 
to understand supernovae

Helicity 
oscillations

Pair 
correlations

Typical 
magnitude

Resonance?

Possible

No

Vlasenko, Fuller, Cirigliano (2014)

Kartavtsev, Raffelt, HV (2015)

⇢�+ ⇠ 10�11

 ⇠ 10�11
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SN Explosion
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4 Melson et al.
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Fig. 3.— Explosion diagnostics for model 3Ds (thick lines) compared to the non-exploding model 3Dn (thin lines) as functions of post-bounce time tpb. Top

left: Angle-averaged shock radius (black), gain radius (red) and NS radius (blue; defined by a density of 1011 g cm�3); top right: diagnostic energy (positive
total energy behind the shock). Gray lines display the corresponding 2D models without (2Dn, thin) and with strangeness contributions (2Ds, thick); middle

left: mass-accretion rate (Ṁ) ahead of the shock (red) and baryonic NS mass (blue); middle right, bottom left and right: mass, non-radial kinetic energy, and
time-integrated neutrino-energy deposition in the gain layer, respectively.

ca according to

ca =
1
2
�±ga � g

s
a
�
, (3)

where the plus sign is for ⌫p and the minus sign for ⌫n scatter-
ing (see, e.g., Horowitz 2002; Langanke & Martı́nez-Pinedo
2003). Since g

s
a  0, the cross section for ⌫p-scattering is

increased and for ⌫n-scattering decreased. The best current
value of g

s
a = �0.15 ± 0.09 comes from ⌫p elastic scatter-

ing experiments (Ahrens et al. 1987), but the correction could
be considerably larger (e.g., g

s
a = �0.4+0.5

�0.3 was recently con-
cluded from MiniBooNE data; Golan et al. 2013).

Employing Eq. (2) with g

s
a = �0.2, Horowitz (2002) es-

timates 15, 21, 23% reduction of the neutral-current opac-
ity for a neutron-proton mixture with electron fractions Y

e

=
0.2, 0.1, 0.05, which are typical values for the layer be-
tween neutrinosphere (at density ⇢ ⇠ 1011 g cm�3) and ⇢ ⇠

1013 g cm�3 for hundreds of milliseconds after bounce. Since
strangeness does not a↵ect charged-current interactions and
NS matter is neutron-rich, the reduced scattering opacity al-
lows mainly heavy-lepton neutrinos (⌫

x

⌘ ⌫µ, ⌫̄µ, ⌫⌧, ⌫̄⌧) to
leave the hot accretion mantle of the PNS more easily. This
was found to enhance the expansion of the stalled SN shock
in 1D models, although not enough for successful shock re-
vival (Liebendörfer et al. 2002; Langanke & Martı́nez-Pinedo
2003). However, below we will show that the situation can be
fundamentally di↵erent in 3D simulations.

4. RESULTS

We compare 2D and 3D core-collapse simulations of the
20 M� star with strangeness corrections in neutrino-nucleon
scatterings, using g

s
a = �0.2 (models 2Ds, 3Ds), to corre-

sponding simulations without strange quark e↵ects (gs
a = 0;

models 2Dn, 3Dn) as in all SN simulations of the Garching

Melson et al. arXiv:1504.07631


