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Introduction

Do neutrinos have sizable self-interactions? (νSI)
(Larger than weak interactions)
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Why should we care?

It is a fundamental question (νSI can be∼1015 stronger than SM!)
It may shed light into the origin of neutrino masses.
Berryman et al, 1802.00009; Chacko et al, 2012.01443; Liu et al, 2110.14665 . . .

Let’s be practical: neutrinos are everywhere!
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Introduction

Cosmic Microwave Background: it is
coupled to neutrino perturbations via gravity.
A self-coupled fluid has different perturbations
than a free-streaming fluid (pressure, sound waves. . . ).
This can bias cosmological parameter inference.
Cyr-Racine, Sigurdson, 1306.1536; Oldengott, Tram, Rampf, Wong, 1706.02123;

Barenboim, Denton, Oldengott, 1903.02036; ACT, 2207.03164 . . .

Dark Matter: Doddelson-Widrow mechanism
(keV sterile neutrino dark matter) critically
depends on the neutrino self-scattering rate.
De Gouvêa et al, 1910.04901

(There are more motivations, with similar parameter space)

Neutrinos are key in upcoming precision astrophysics, cosmology & high-energy astro.
We better understand the interplay with νSI!
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Introduction

Blinov et al, 2019; Brdar et al, 2020; Huang et al, 2017; Bustamante et al, 2020 IE et al, 2021
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νSI and supernovae

There is an environment with huge neutrino densities, where we could
probe νSI: core-collapse supernovae
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νSI and supernovae

Densities . 1036 ν/cm3: a trillion times the nucleon density in water!

Neutrinos carry an energy ∼ 1053 erg ∼ 104Mearth × c2!
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νSI and supernovae

Raffelt, Stars as Laboratories for Fundamental Physics
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νSI and supernovae

Kachelriess et al,
2000; Farzan, 2003;
Heurtier & Yang,
2016; Akita et al,
2022 . . .
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νSI and supernovae

What happens 
to supernovae 

here?

Opportunity!
(Dark Matter,
cosmology. . .)

Liability!
(SN 2023X?)
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νSI and supernovae

In the unexplored region, the main effect is self-scattering.

How can we probe this?
Po-Wen Chang, IE, Beacom, Thompson, Hirata;
Towards Powerful Probes of Neutrino Self-Interactions in Supernovae,
2206.12426
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νSI and supernovae

1 We focus outside the protoneutron star (PNS), where the effects of
baryons are largely reduced.

2 If n ∼ 1033 cm−3 and σ ∼ g2/M2
φ, for Mφ ∼ 10MeV and g ∼ 10−4

Mean free path ≡ λνν ∼ (nσ)−1 ∼ 0.1mm

much smaller than any other scale!
Scattering induces ∼ random motion in all directions.
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νSI and supernovae

λνν ∼ (nσ)−1 ∼ 0.1mm� R ∼ 10 km.

In the rest frame of each fluid element, random motion in all directions.
On the relevant scales, relativistic hydrodynamics of a perfect fluid
∇αT αβ = 0 (energy-momentum conservation), in comoving frame T̃ αβ = diag(ρ,P,P,P); P = ρ/3
∇α(ñUα) = 0 (number conservation)
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νSI and supernovae

A fork in the road: there are 2 analytic regimes for the outflow:

Transient bursts Steady-state wind
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νSI and supernovae

A fork in the road: there are 2 analytic regimes for the outflow:

Transient bursts Steady-state wind

Uniform density (because of pressure),
neutrinos move in all directions (v < c).
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Wind outflow

Unique steady-state solution,
inhomogeneous, boosted neutrinos (v ∼ c)
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νSI and supernovae

A fork in the road: there are 2 analytic regimes for the outflow:

Transient bursts
Generic for initial conditions +
expansion against vacuum

Steady-state wind
Unique steady-state solution, outside
and inside the PNS. Requires constant
energy injection, but diffusive PNS
may relax the system to the wind.

Which obtains is unclear: as a first step, we focus on bursts.
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νSI and supernovae

What is the phenomenology of bursts?
For a burst outflow, neutrinos form a
fluid ball that expands homogeneously.

When neutrinos decouple (n σ `FS . 1),
they start moving, now freely, in all
directions.

Observed duration ∼ max(10 s, `FS/c).
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νSI and supernovae

What is the phenomenology of bursts?
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Given the timescale of data variation, the sensitivity could be improved by 2 orders of magnitude in g .
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νSI and supernovae

What about winds?
Unique solution, outside and inside the PNS.
Impact on SN astrophysics? Neutrino density profile? New ways of
energy transfer?
Relativistic timing/beaming effects? Bulk Lorentz factors get huge!
(Observed in similar systems)

Is burst/wind regime kept during all the emission?
Shocks and other features during relaxation? (Observed in similar systems)

Further work is needed, but we have a roadmap.
And potential for exquisite sensitivity!
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Conclusions

νSI are not only an open question (15 orders of magnitude stronger than SM!), but
also have a rich phenomenology

Laboratory⇔ Astrophysics⇔ Cosmology

Both an opportunity and a liability. We need a complementary approach!

Supernovae could be the ultimate test, but observables had been lacking.
Liability for the next galactic supernova! We have a roadmap,
• Neutrinos behave as a perfect fluid.
• We already explored one of the two analytic limits, with superb sensitivity.

This is the first step to solving a 36-year-old problem, but there are promising ways
forward. I’m happy to chat!

We are in our way to scrutinize a simple yet unexplored fundamental neutrino
property. In the way, we learn about particle physics, astrophysics, and cosmology.
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Backup
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Backup

Burst decoupling happens far away from the core, after oscillations:
decoupling naturally takes place in mass eigenstates.
In SN1987A, ν̄e (∼ ν̄1 and ν̄2) were detected.
We can place burst-outflow sensitivities on flavor-specific νSI by
requiring ν̄1 and ν̄2 to be tightly self-coupled.
Loophole: only one or none of {ν1, ν2} is affected: striking
signature for SN 2023X!

Ivan Esteban, Ohio State University
ivan-esteban.com, esteban.6@osu.edu

18/18 Supernova: flavor sensitivity

www.ivan-esteban.com


Backup Ivan Esteban, Ohio State University
ivan-esteban.com, esteban.6@osu.edu

18/18 Supernova: flavor sensitivity

www.ivan-esteban.com


Backup

Manohar, 1987 (A limit on the neutrino-neutrino scattering cross section from the supernova):
“The anti-neutrino-anti-neutrino scattering cross section causes the anti-neutrinos to collide with
each other, and hinders their escape from the star.”
Self-bound without gravity? Pressure? Momentum conservation? What if σ →∞?
Scattering with baryons is different, as these are heavy (momentum sink) and
gravitationally bound.
Dicus et al, 1989: “The equations do not depend on σνν . If a neutrino is deflected away from its
course another is deflected into the first neutrino’s direction. Stronger scattering only makes this
replacement process occur more frequently. The neutrinos leave the supernova just as a
pressurized gas leaves a container whose lid is suddenly removed”
We agree. But, for the burst, decoupling sets the observable timing, and decoupling
depends on σνν .
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Backup

We have checked that injecting a neutrino beam in an isotropic
background randomizes the directions of motion of the beam.
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Backup

We introduce a simple model for neutrino-nucleon diffusion.
∇αT αt = 0

∇αT αr =

0 if r > RPNS

−T 0r/λνN if r < RPNS

in steady-state,

1
4

dv
dr

( 1
v 2 − 3

)
+ 1

2rγ2v = 1
λνN(r) .

The wind has dv/dr > 0, so v > 1/
√
3.

Inside the PNS, λ� r , so v < 1/
√
3. There

is only one way to cross v =1/
√
3 smoothly.
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