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SN 1987A evinced the birth & early	
cooling of a hot neutron star. The	
next nearby event will reveal far	
more.	

Arnett, Bahcall, Kirshner, & Woosley,	
Annu. Rev. Astron. Astrophys. (1989)	

iron-peak elements, dominantly nickel, beyond which net
energy is no longer generated through nuclear reactions
[49]. Throughout this evolution, the star is producing
neutrinos through nuclear fusions and beta decays, as well
as thermal pair emission, though the fluxes are far too small
to measure. The only potentially detectable flux occurs
during silicon burning. For the closest presupernova stars,
within 600 pc, the thermal pair flux during silicon burning
may be detectable for a few hours [50–56]. We use the flux
from Ref. [51] in Fig. 1.
As the iron core grows, its main support against gravity

comes from electron degeneracy pressure. When its mass
exceeds the effective Chandrasekhar mass—which can

differ from 1.4 M⊙ due to the effects of thermal pressure,
the surrounding envelope, and neutronization—then the
core starts to collapse. The inner core collapses homolo-
gously, while the outer core collapses supersonically.
Electrons capture on nuclei and produce νe, which gives
rise to a rapidly increasing νe luminosity until the core
reaches densities where neutrinos become trapped
(ρ≃1011 g=cm3). When the central density of the core
reaches nuclear densities, the stiffening of the equation of
state causes the core to bounce. This defines tpost−bounce ¼ 0
in our figures. When the bounce disturbance encounters the
supersonically infalling material in the outer core, it turns
into a shock wave.
The shock wave propagates outward, sweeping through

the outer core, heating the material as it passes through.
Within a few milliseconds, the shock moves to a position in
the star where neutrinos are not trapped and “breaks out” of
the neutrinosphere. Heating due to the shock drastically
increases the rate of neutronization via e−þ p → νe þ n
and gives rise to the “neutronization burst” in the νe
luminosity around 10 ms after bounce. (It is not included
in Fig. 1 because only the ν̄e flux is shown.) Importantly,
despite its name, this burst carries away only ≃1%–3% of
the total energy release and ≃40% of the total lepton-
number release, with the remainders emitted over tens of
seconds. In addition, even the full emission of lepton
number accounts for only ≃5% of the total number of
neutrinos emitted. After breakout, the shock wave loses
energy by neutrino emission and by dissociating nuclei.
These losses eventually cause the shock to stall. At this
point, matter is still falling inward and accreting onto the
PNS (see Fig. 1).
Soon after the bounce, the high-density core reaches

approximate hydrostatic equilibrium, marking the birth of
the PNS. The surface of this PNS is a source of intense
neutrino emission. The production of ν̄e and νe is enhanced
over each of the νx flavors because accretion onto the PNS
creates an extended mantle in which the νe and ν̄e
neutrinospheres are at substantially larger radii than that
of the νx flavors due to the reactions e−þ p ↔ νe þ n and
eþ þ n ↔ ν̄e þ p. It is generally expected that neutrinos
emitted from these outer layers of the PNS will deposit
energy behind the shock and revive it. Once the shock is
revived, it will expel all the material outside, marking a
successful explosion and leaving behind a cooling PNS.
This moment is shown in Fig. 1 as a slight kink around
200 ms. In typical supernovae, the explosion time likely
ranges between ≃0.1 and 1 s, depending on the structure
of the progenitor star and the efficacy of the neutrino
mechanism.

B. Postexplosion: PNS cooling

After the shock wave is revived and a successful
explosion ensues, the PNS enters a cooling phase through
which it eventually becomes a NS. The evolution of the

TABLE I. Key physics opportunities from detecting supernova
neutrinos in different phases.

Phase Physics opportunities

Pre-SN Early warning, progenitor physics
Neutronization Flavor mixing, SN distance, new physics
Accretion Flavor mixing, SN direction,

multidimensional effects
Early cooling Equation of state, energy loss rates,

PNS radius, diffusion time, new physics
Late cooling NS vs BH formation, transparency time,

integrated losses, new physics

FIG. 1. Schematic illustration of the ν̄e emission profile from a
successful core-collapse supernova. The time axis is linear before
0 s, linear from 0 to 10−1 s with a different scale, and logarithmic
after 10−1 s. The different physical phases—pre-SN (red),
accretion/pre-explosion (blue), and cooling (green)—are shaded,
with key periods noted. The labels on the top axis show common
—but not physically motivated—descriptions.

EXCITING PROSPECTS FOR DETECTING LATE-TIME … PHYS. REV. D 103, 023016 (2021)

023016-3

Li, Roberts, & Beacom, PRD (2021)	
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Fig. 5 Six phases of neutrino production and its dynamical consequences (from top left to bottom
right). In the lower halves of the plots the composition of the stellar medium and the neutrino
effects are sketched, while in the upper halves the flow of the stellar matter is shown by arrows.
Inward pointing arrows denote contraction or collapse, outward pointing arrows expansion or mass
ejection. Radial distances R are indicated on the vertical axes, the corresponding enclosed masses
M(r) are given on the horizontal axes. RFe, Rs, Rn , Rg, and Rns denote the iron-core radius, shock
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Mhc the mass of the homologously collapsing inner core (where velocity u µ r), rc the central
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Janka, 1702.08713	

Neutrinos are pivotal in the explosion mechanism…	

Flavor conversion might occur as neutrinos radiate out from the core.	
Wolfenstein, Phys. Rev. D (1979)	
Fuller, Mayle, Wilson, & Schramm, Astrophys. J. (1987)	
Raffelt, Stars as Laboratories for Fundamental Physics (1996)	
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3.1. Asymmetric Model

In addition to the spherically symmetric assumption in the
previous section we also explore a simple asymmetric model in
which the blue component is confined to the polar regions,
while the red component (and purple component in the three-
component model) are confined to an equatorial torus. Such a
model is seen in numerical simulations (see, e.g., Metzger &
Fernández 2014; Metzger 2017). We implement this asym-
metric distribution by correcting the bolometric flux of each
component by a geometric factor: q-( )1 cos for the blue
component and qcos for the red/purple component, where θ is
the half-opening angle of the blue component. Although this
model neglects other important contributions such as changes
in diffusion timescale, effective blackbody temperature, or
angle dependence, it roughly captures a first-order correction to
the assumption of spherical symmetry.

3.2. Fitting Procedure

We model the combined data set using the light curve fitting
package MOSFiT (Guillochon et al. 2017a; Nicholl et al. 2017;
Villar et al. 2017), which uses an ensemble-based Markov
Chain Monte Carlo method to produce posterior predictions
for the model parameters. The functional form of the

log-likelihood is
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where Oi, Mi, and si, are the ith of n observed magnitudes,
model magnitudes, and observed uncertainties, respectively.
The variance parameter σ is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.
For each component of our model there are four free

parameters: ejecta mass (Mej), ejecta velocity (vej), opacity (κ),
and the temperature floor (Tc). We use flat priors for the first
three parameters, and a log-uniform prior for Tc (which is the
only parameter for which we consider several orders of
magnitude). In the case of the asymmetric model, we assume a
flat prior for the half-opening angle (θ).
For each model, we ran MOSFiT for approximately 24 hr

using 10 nodes on Harvard University’s Odyssey computer
cluster. We utilized 100 chains until they reached convergence
(i.e., had a Gelman–Rubin statistic <1.1; Gelman &
Rubin 1992). We use the first �80 % of the chain as burn-in.
We compare the resulting fits utilizing the Watanabe–Akaike
Information Criteria (WAIC; Watanabe 2010; Gelman
et al. 2014), which accounts for both the likelihood score and
number of fitted parameters for each model.

4. Results of the Kilonova Models

We fit three different models to the data: a spherical two-
component model, a spherical three-component model, and an
asymmetric three-component model. The results are shown in
Figures 1–5 and summarized in Table 2.

Figure 1. UVOIR light curves from the combined data set (Table 3), along with the spherically symmetric three-component models with the highest likelihood scores.
Solid lines represent the realizations of highest likelihood for each filter, while shaded regions represent the s1 uncertainty ranges. For some bands there are multiple
lines that capture subtle differences between filters. Data originally presented in Andreoni et al. (2017), Arcavi et al. (2017), Coulter et al. (2017), Cowperthwaite et al.
(2017), Díaz et al. (2017), Drout et al. (2017), Evans et al. (2017), Hu et al. (2017), Kasliwal et al. (2017), Lipunov et al. (2017), Pian et al. (2017), Pozanenko et al.
(2017), Shappee et al. (2017), Smartt et al. (2017), Tanvir et al. (2017), Troja et al. (2017), Utsumi et al. (2017), and Valenti et al. (2017b).

5

The Astrophysical Journal Letters, 851:L21 (12pp), 2017 December 10 Villar et al.

Villar et al., Astrophys. J. Lett. (2017)	
(see references for original data sets)	

AT2017gfo: An EM counterpart of GW170817	
(UVOIR light curves fit by 3-component models)	

Kilonovae accompanying NSMs inform us about neutrino astrophysics	
even when the neutrinos themselves are not detected.	

A significant amount of the	
ejecta is thought to have	
come from the post-merger	
accretion-disk outflow.	
	
In general, such material is	
irradiated by neutrinos	
from the disk & the central	
remnant (if a NS).	

Recent reviews:	
Baiotti & Rezzolla, RPP (2017); Siegel, EPJA (2019); Metzger, LRR (2020);	
Radice et al., ARNPS (2020); Margutti & Chornock, ARAA (2021); & others	
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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 flavor	
instabilities	



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	
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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	

Slow instabilities. Vacuum oscillation frequencies: 	

Fast instabilities. Neutrino angular distributions:	

Collisional instabilities. Interaction rates:  	

!E⌫ 6= !E⌫̄

g⌫ 6= g⌫̄

�⌫ 6= �⌫̄
Johns, 2104.11369 	

Sawyer, PRD (2005, 2008), PRL (2016)	

Kostelecký & Samuel, PRD (1995)	

Hp,⌫⌫ ⇠ GF

Z
d
3q (1� p̂ · q̂) (⇢q � ⇢̄q)



Flavor mixing exerts two countervailing influences:	
	

1. The reduction in number of electron flavor decreases ν	
    irradiation & energy deposition.	
	

2. The effective heating of electron flavor increases them.	
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1. The reduction in number of electron flavor decreases ν	
    irradiation & energy deposition.	
	

2. The effective heating of electron flavor increases them.	

Nucleo-	
synthesis	

Accretion-disk winds: Enhanced r-process yields.	
	

NS winds: Increased mass & Ye of ejected material.	
≈0.2% of the total ejecta originate from within ≈26° of the
polar axis. For the same reason, νeν̄e annihilation in the
polar regions can be safely neglected, as done here. In
addition to angular dependence, we find a radially depen-
dent Ye profile, which translates into a radial lanthanide
gradient once the r-process proceeds [85] (Fig. 2). This is
the result of decreasing neutrino emission from the disk and
reabsorption of neutrinos in the outflows as the disk
viscously spreads and its midplane density drops over
time; the self-regulated inner disk injects increasingly
neutron-rich material into the outflows. The radial lantha-
nide gradient is more pronounced in the absence of fast
conversions (NFC run), as these suppress the νe and ν̄e
fluxes.
Once the disk reaches a quasistationary state, fast flavor

conversions emerge above the energy-dependent neutrino-
spheres in the disk-corona transition where neutrinos start
to decouple and stream freely (Fig. 1). Such conversions are
ubiquitous, rendering essentially all of the disk vicinity into
an unstable region with typical instability growth times up
to ω−1 ∼ 0.1 ns, in agreement with previous semianalytic
predictions [21,22]. At later times (∼300 ms), the insta-
bility region shrinks overall and expands into the disk as the
density in the disk and outflows decreases, with slower
growth rates on an increasing timescale 1–100 ns. Our
results do not depend on ωcrit as long as it is small enough

to allow an extended instability region to emerge. The
composition of outflows only weakly depends on the radial
size of the instability region, as the neutrino flux and the
composition are mostly set in the densest part deep in the
outflow, whereafter Ye starts to “freeze out.”
Outflow properties are recorded with 105passive tracer

particles initially placed in the disk proportional to
conserved rest-mass density. Trajectories of tracers that
have reached a distance > 700 km by the end of the
simulations and that are unbound according to the
Bernoulli criterion (−hut > 1, where ut is the time
component of the four-velocity and h the specific
enthalpy) are employed as input to nuclear reaction
network calculations with SkyNet [86] to determine the
resulting r-process abundances (ignoring tracers ejected
during the initial relaxation phase). Network calculations
are performed accounting for neutrino absorption, starting
in nuclear statistical equilibrium at T ¼ 7 GK. The net-
work calculations consider 7843 nuclides and 140 000
nuclear reactions, using strong reaction rates from the
JINA REACLIB database [87], with inverse rates derived
from detailed balance, weak rates from Refs. [88–90]
where available and from REACLIB otherwise,

FIG. 2. Snapshots of the proton fraction in the meridional plane
at 300 ms for the FC run (top) and the NFC run (bottom), showing
the emergence of an angular and radially dependent composition
profile of the outflows. Fast flavor conversions lead to signifi-
cantly more neutron-rich outflows.
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FIG. 3. Top: Distribution of proton fraction for unbound tracer
particles at the onset of neutron-capture reactions at 5 GK,
normalized by total ejecta mass. Fast conversions truncate the
high-Ye tail. Bottom: Final nucleosynthetic abundances at 109 s
from reaction network calculations for the FC and NFC runs
compared to solar abundances [96]. Fast conversions boost
lanthanide abundances (atomic mass number 136≲ A≲ 176),
while keeping similar abundances for lighter elements.

PHYSICAL REVIEW LETTERS 126, 251101 (2021)
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Li & Siegel, PRL (2021)	
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Neutrino signals	
MSW: Detectable in neutronization	
burst from CCSN.	
	

Collective effects: Presently unclear	
whether there will be smoking guns.	

Accretion-disk winds: Enhanced r-process yields.	
	

NS winds: Increased mass & Ye of ejected material.	
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Neutrino signals	
MSW: Detectable in neutronization	
burst from CCSN.	
	

Collective effects: Presently unclear	
whether there will be smoking guns.	

Dynamics	
Presently unclear, even qualitatively. 	

Accretion-disk winds: Enhanced r-process yields.	
	

NS winds: Increased mass & Ye of ejected material.	
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Why are the effects of flavor mixing so uncertain?	

Ø  Lack of computing power: We can’t solve the equations exactly.	

Ø  Lack of physical insight: Our approximations are uncontrolled.	

We need a new kind of theory. 	



Time scales & coarse-grainings	

De Broglie	 Oscillations &	
forward	

scattering	

Collisions	 Supernova	

Exact quantum	
many-body	
dynamics	 Quantum	

kinetics	

???	

Hydrodynamics	

tdB ⌧ tosc ⌧ tcoll ⌧ tSN

Computationally infeasible	 Physically incorrect	
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       phenomena occur, and we have suggestions as to their effects.	

	
u   Where might it be going?	
	

u    Implementation of all flavor-mixing physics into simulations &	
       predictions. Dynamics, ν signals, nucleosynthesis, kilonovae.	
	

u    Helicity/chirality mixing (B fields, magnetic moments, quantum	
       anomalies) & beyond-Standard-Model effects (sterile neutrinos,	
       neutrino decay, nonstandard neutrino interactions).	


