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I.

Neutrinos as quantum many-body systems

In astrophysical settings, we need to
understand neutrino transport in
medium…
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When neutrinos forward scatter on background particles,
they acquire in-medium effective masses.

Neutrinos contribute to their own background. As a result,
forward scattering changes oscillations in a nonlinear way.
Collective
oscillations

e

⌫

Neutrinos also undergo collisions: momentum-changing
scattering (above), absorption, and emission.

Back-of-the envelope estimates of length scales
Consider neutrinos interacting with a medium at an energy
scale of 10 MeV…

Forward scattering:

Vacuum oscillations:

Mean free path:
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Medium-affected quantum coherence
builds up over macroscopic scales

Quantum many-body systems
Interaction
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Phenomena

Quantum kinetic equation for
density matrix ρ(t, r, p):

Dolgov, SJNP (1981)
Stodolsky, PRD (1987)
Notzold & Raffelt, NPB (1988)
Sigl & Raffelt, NPB (1993)
Yamada, PRD (2000)
Strack & Burrows, PRD (2005)
Vlasenko, Fuller, & Cirigliano, PRD (2014)

i (@t + p̂ · @r ) ⇢ = [H, ⇢] + iC
Particle advection

Flavor
mixing

Collisions

By far the most promising venues for testing this many-body
physics are core-collapse supernovae—and in fact we need to
understand the dynamics to advance SN physics.
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Neutrinos as quantum many-body systems
Neutrinos in core-collapse supernovae

The delayed neutrinoheating mechanism
likely explains most
CCSN explosions
Explosion

The collapsing core
of the star bounces

Burrows & Vartanyan 2020

The shock stalls
while neutrinos
attempt to
re-energize it

νe

A closer look at the pivotal accretion/revival phase…
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Anticipated features of the signal:
The neutronization peak (if IH).
¯e luminosity in IH than in NH.
A faster post-bounce rise of ⌫
Signal modulation due to SASI (maybe).
Rapid variation due to turbulent convection.
Successful vs. failed explosion and BH formation.

No collective effects, only adiabatic MSW:
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How does the
many-body neutrino
dynamics play out?

Figure
5. The total, et
all-channel,
event rates (in(2018)
units of s−1 ) in Super-K at 10 kpc for all three oscillation models in 1D (left) and 2D (right) for the 10 M⊙
Seadrow
al., MNRAS
progenitor model (top two plots) and the 19 M⊙ progenitor model (bottom two plots). Note that the 1D models are all here plotted as dashed, while the 2D
models are all solid. The NO case is in red, the NH case is in blue, and the IH case is in green.
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The bulb model of CCSNe

19:0

Duan, Fuller, & Qian 2010

r 2010

The bulb model is significant
in that it’s a self-consistent
model of the SN as a whole.
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And computers can actually
solve it.

Assumptions:

geometric layout of the neutrino bulb model. In this model all neutrinos are emitted half-isotropically
the surface (neutrino sphere) of the protoneutron star (PNS), which has radius R. Spherical symmetry
sotropic emissionØ
on Spherical
the neutrino sphere
imply that all neutrinos with the same initial flavor, energy,
symmetry
mission angle ϑ R have identical flavor evolution histories. The neutrino polarization vector P⃗ω,ϑ R (r) is
Øω,Stationarity
uely determined by
ϑ (or ϑ R ), and r. Here ϑ is the angle at radius r between the neutrino trajectory
tion and the radial
adapted from figure
Ødirection.
SharpFigure
decoupling
with1 of Reference 70. Copyright 2006 by the
rican Physical Society.

isotropic emission

nd the center of the protoneutron star (PNS) (Figure 3). The polarization vectors in this
el obey the EoM
cos ϑ

d ⃗
⃗ + H⃗ νν,ϑ R (r)] × P⃗ω,ϑ R (r),
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12.

Compare: Solar neutrinos & the MSW effect

J. Phys. G: Nucl. Part. Phys. 45 (2018) 014002

K Scholberg

NH
National Geographic

IH

Neutrinos stream outward &
traverse a level crossing set
up by e− forward scattering.

Scholberg,
J. Phys.
G (2018)
Figure
4. Energy levels
in matter
as a function of electron density n e in a three-ﬂavor
context, following [23, 33]. The solid vertical axis indicates zero density; positive n e
corresponds to neutrino states and negative n e corresponds to antineutrino states. The
states n ¢ and n ¢ represent rotations of the n and n states, which diagonalize the mu
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Discussion and outlook
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tron neutrino survival probability is calculated in each HER range
following the procedure described in ref. 24. We obtain Pee(8BHER,
8.1 MeV) = 0.37 ± 0.08, Pee(8BHER-I, 7.4 MeV) = 0.39 ± 0.09, and
Pee(8BHER-II, 9.7 MeV) = 0.35 ± 0.09. These results are summarized
in Fig. 3. For non-monoenergetic components, that is, pp and 8B neu-
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Fig. 3 | Electron neutrino survival probability Pee as a function of
Borexino
Collaboration,
Nature
(2018)of MSW-LMA
neutrino
energy.
The pink band is the
±1σ prediction
with oscillation parameters determined from ref. 19. The grey band is the
vacuum-LMA case with oscillation parameters determined from refs 38,39.
Data points represent the Borexino results for pp (red), 7Be (blue), pep
(cyan) and 8B (green for the HER range, and grey for the separate HER-I

“Symmetry is the enemy of instability.”
Nigel Goldenfeld
Emitted
neutrinos

We now know that symmetric
models omit crucial physics.
Rν

Rν = neutrinosphere radius

Sawyer, PRD (2005, 2009)
Banerjee, Dighe, Raffelt, PRD (2011)
Raffelt, Sarikas, de Sousa Seixas, PRL (2013)
Izaguirre, Raffelt, Tamborra, PRL (2017)
And many others

Neutrinosphere

Bulb model

Shock

Trapping
region
Protoneutron star

Reality
Trapping
Decoupling

Coherent region
(no collisions)

Gain
region

Vacuum

Increasing radius

Coherent
+
scattering halo

The assumption of a single, sharp emission
surface is woefully inadequate.

Vacuum

In devising a new paradigm, we need to accommodate
the features that the old one left out:
² Flavor instabilities
² Asymmetric environments
² Realistic collisional modeling
And we need to do it in a way that is computationally
tractable.
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Neutrinos as quantum many-body systems
Neutrinos in core-collapse supernovae
Critiquing the old paradigm
Instabilities, asymmetries, & collisions

Three types of instabilities are known, each related to some
kind of asymmetry between neutrinos and antineutrinos.
Collective oscillations are sensitive
to physics that distinguishes between
neutrinos and antineutrinos because

Hp,⌫⌫ ⇠ GF

Z

d3 q (1

p̂ · q̂) (⇢q

Slow instabilities. Vacuum oscillation frequencies:
Kostelecký & Samuel, PRD (1995)

Fast instabilities. Neutrino angular distributions:
Sawyer, PRD (2005, 2008), PRL (2016)

Collisional instabilities. Interaction rates:
Johns, 2104.11369
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Space-time diagram of ELN-angular crossings in CCSNe

200 km

Shock wave

There’s strong evidence
that fast instabilities
occur in SNe.

Type I crossings [Exp-only]
(nucleon-scattering + α 1 + cold matter)

Type II crossings
(neutrino absorption)

Type II crossings [Exp-only]
(asymmetric ν emissions)

Johns & Nagakura 2021
Nagakura & Johns 2021a
Nagakura & Johns 2021b
Nagakura, Burrows, Johns, & Fuller 2021

Any type of crossings (PNS convection)

Time

1s

FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
12M – 100ms – 130km
trajectory of shock wave for exploding models. The thin and dashed line represents the counterpart
of shock trajectory for non-exploding models. The color code for enclosed regions distinguishes types
of ELN crossing. The green, blue, and brown color denote Type I, Type II, and any type of crossings,
ELN
respectively. In each region, we provide some representative characteristics
of ELN-crossings. In the
remark, ”Exp-only” denotes that the ELN-crossing appears only in exploding models. See the text
Crossing
for more detail.
Type I Type II

Fast (in)stability is determined by
various aspects of SN physics:
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(see Sec. II B). We obtain 0.55
G by the di↵erence of ⌫e and
Generation mechanism of ELN crossings

1.

Correlation to ΔGout = - 0.62

⌫¯e ;

Type-II crossings at early post-bounce phase

G = G⌫ e

G⌫¯e ,

(3)

- 0.09
Correlation to ΔGout = 0.73

3.0

ρ9
1.8
Correlation to ΔGout = - 0.59

12.4

s
9.6
Correlation to ΔGout = 0.64

Johns, 2104.11369

The prime region for collisional
instability is where neutrinos are
partially coupled to the fluid.
Neutrino Emission from Supernovae
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Electron flavor (𝝂𝒆 and 𝝂𝒆 )
𝜈𝑒 𝑝 ↔ 𝑛𝑒 +
𝜈𝑒 𝑛 ↔ 𝑝𝑒 −

Thermal Equilibrium

Neutrino sphere

Other flavors (𝝂𝝁 , 𝝂𝝁 , 𝝂𝝉 , 𝝂𝝉 )
𝜈𝑁 ↔ 𝑁𝜈
𝜈𝑒 ↔ 𝜈𝑒
𝑁𝑁 ↔ 𝑁𝑁𝜈𝜈
𝑒 + 𝑒 − ↔ 𝜈𝜈
𝜈𝑒 𝜈𝑒 ↔ 𝜈𝜇 𝜈𝜇

Free
streaming

Scattering Atmosphere
𝜈𝑁 → 𝑁𝜈
Free
streaming

Diffusion
Energy sphere

Transport sphere

Fig. 4 Sketch
of the transport properties of electron-flavor neutrinos and antineutrinos (upper part)
Janka,
1702.08713

compared to heavy-lepton neutrinos (lower part). In the supernova core ne and n̄e interact with
the stellar medium by charged-current absorption and emission reactions, which provide a major
contribution to their opacities and lead to a strong energetic coupling up to the location of their
neutrinospheres, outside of which both chemical equilibrium between neutrinos and stellar matter
(indicated by the black region) and diffusion cannot be maintained. In contrast, heavy-lepton neutrinos are energetically less tightly coupled to the stellar plasma, mainly by pair creation reactions
like nucleon bremsstrahlung, electron-position annihilation and ne n̄e annihilation. The total opacity, however, is determined mostly by neutrino-nucleon scatterings, whose small energy exchange
per scattering does not allow for an efficient energetic coupling. Therefore heavy-lepton neutrinos

To correctly solve the problem of quantum
neutrino transport, instabilities & collisions
must be incorporated into an asymmetric,
global SN model.

I.
II.
III.
IV.
V.

Neutrinos as quantum many-body systems
Neutrinos in core-collapse supernovae
Critiquing the old paradigm
Instabilities, asymmetries, & collisions
Constructing a new paradigm

Neutrino flavor pendula
Spin

Pendulum

⇥¨
+ ˙ +g⇥
µ
This equation applies (with different meanings) to…
² Slow collective oscillations in SNe
Hannestad et al. 2006
Duan et al. 2007

² Fast collective oscillations in SNe
Johns et al. 2020
Padilla-Gay, Tamborra, Raffelt 2022

² Collective oscillations in the early universe
Johns & Fuller 2018
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IN vs.
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ANGULAR
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PHYS. REV. D 101, 043009 (2020)
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FIG. 1. Representative ELN distributions gv defined in
Eqs. (6a) and (6b) for the shown values of a and b.

Flavor conversion vs. time

1.0

t1

t2

0.8

= D1z /D1

Johns
et al.n ν2020
FIG.
2. Left:
(red) and n ν̄e (blue and black) as functions of propagation angle θ, with arbitrary normalization.
The angular
e
t3
distributions are drawn at 200 ms postbounce from a spherically symmetric FORNAX simulation
0.6[64,65] of the 16 M⊙ progenitor from
Ref. [66]. M1 closure is used to provide the radiative pressures and radiative heat fluxes [67], and α ¼ n ν̄e =n νe is treated as a free
parameter in order to trigger instability. Middle and right: Snapshots of Pv;z color-coded by time (going from blue to red) and spanning
0.4
t
the descent phase of a single dip in D1;z . The normalization is such that Pv¼1;z ¼ 1. To isolate the fast mode, ω4 is assigned an artificially
small value.
cos

Caution:

These analyses are exact
only in restricted set-ups.

It remains for us to understand how the predilection of
D01 for pendulum motion is expressed through the individual polarization vectors. Ultimately our interest is in the
projection onto the flavor axis,
P_ v;z ¼ −μvðD1 × Pv Þz :

ð7Þ

Writing the vectors in terms of their angular coordinates (θv

0.2

D
C
B
A
cos

over many cycles of0.0ϕ1 , then θv can grow to a size
min
unsuppressed by the vacuum mixing angle.
As the instability grows,
down and150
is
0 Eq. (9)
50 breaks 100
200
250
300
replaced by the collective motion seen in Fig. 1. Pv;z dips
in
t[100/µ]
proportion to v sinðϕv − ϕ1 Þ and is reflected in—and
driven by—peaks
in D
(which are for
imperceptibly
small Tamborra,
FIG.
2.1;zSolutions
the
z-component
(flavor direction)
of the
Padilla-Gay,
Raffelt 2022
z
in the upper panel
because
the
angular
distributions
are
very
lepton-number flux D1 (t) for the
cases A–D specified in Fig. 1,
nearly isotropic). As Fig. 2 illustrates, there are two
where Case A has no instability. We show the normalized
qualitatively different outcomes as a function of v.
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RICHERS, WILLCOX, and FORD
Richers, Willcox, Ford, PRD (2021)

If all symmetries are broken,
results like these are more
typical.

Without axial symmetry, there
are three fast pendula.
Johns et al., in prep

Contrast the periodic dynamics
of a single pendulum with the
chaotic dynamics of a double
pendulum.
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Johns, Nagakura, Fuller, & Burrows, PRD (2020)

The picture that’s emerging: unstable, chaotic dynamics at low l
relaxes by coupling to an infinite sequence of oscillators at higher l.
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Oscillator
energy vs. phase
Violent relaxation

105

t=0

t = 1/4

t=1

t=2

t=6

t = large

How does a system made up of many
oscillators evolve in phase space?
It undergoes collisionless relaxation
by developing small-scale structure:
Ø Violent relaxation in grav. systems
Ø Filamentation in plasmas
Ø Turbulence in fluids
We’re still developing the techniques
to describe this process as it occurs in
neutrino flavor fields.
Johns, Nagakura, Fuller, & Burrows, PRD (2020)

Fig. 2

D. Lynden-Bell, MNRAS (1967)

(ii) If we use only a finite resolution then the distribution function appears to

Summary

u

SN neutrinos are a natural laboratory for quantum
many-body physics. The theory, however, is
incomplete.

u

The MSW-inspired paradigm—solving the
Schrödinger equation exactly—needs to be left
behind.

u A new approach, based on flavor-field relaxation,
is being developed.

