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Implementation of PTOLEMY Filter

The implementation of this technique in PTOLEMY to study the tritium endpoint is described
in the following sections. We assume an estimate for the transverse kinetic energy from the
measurement of the cyclotron radiation emission of single electrons in gyromotion developed
by Project 8 [17]. This estimate is derived from the radio-frequency (RF) signal emitted by
the electron during the slow transport of the electron in a region of constant magnetic field
in advance of the filter, assuming low occupancy in the filter for electrons near the tritium
endpoint. Depending on the measured value of the transverse kinetic energy, the voltage levels
in the filter are adjusted in advance of the electron entering the filter so that for a given initial
transverse kinetic energy and a starting voltage level, the electron drifts along a fixed trajectory
through the filter to within the accuracy of the initial RF measurement and precision of the
voltage steps. We assume for the sake of this paper that the duration of the electron transport
through the RF antenna system, which can be adjusted by lowering the E⇥B drift velocity in
that region, is su�ciently long, on order a millisecond, to provide ample time for the voltages
in the filter to settle before the electron enters the filter. At the exit of the filter, the electron
is guided into a calorimeter to complete the precision energy measurement of the total initial
kinetic energy of the electron emitted from the tritium nuclei. The level of precision and
accuracy required from the RF estimate is set by the dynamic range of the calorimeter and is
assumed here to be a few eV. A diagram of the PTOLEMY layout is shown in Figure 1.
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Figure 1: Diagram of the PTOLEMY layout. Electrons originate in the tritium target, drift
through the RF antennas and enter the transverse drift filter. An example electron trajectory
is shown (red) in the lower right corner, computed with COMSOL software [18]. The transverse
drift filter consists of a set of configurable electrodes to setup the electric fields for E ⇥ B
drift and a set of planar geometry current coils (vertical planes) to provide a magnetic field
gradient in the drift region. The filter element is configured to transport electrons near the
tritium endpoint down the central axis of the filter, to within the accuracy of the estimate of
µ in advance of entering the filter. At the exit of the filter, the electron will be guided into a
calorimeter.

The precision energy measurement of electrons from the tritium endpoint is primarily a combi-
nation of two measurements, the reference electrical potential energy di↵erence from the tritium
target to the calorimeter and the calorimetric measurement of the total kinetic energy of the
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Raffelt, and Weiss, 1994; Giunti and Studenikin, 2015), decay
and annihilation into Majoron-like bosons (Schechter and
Valle, 1982; Gelmini and Valle, 1984; Beacom and Bell, 2002;
Beacom et al., 2003; Pakvasa, Joshipura, and Mohanty, 2013;
Pagliaroli et al., 2015; Bustamante, Beacom, and Murase,
2017; Denton and Tamborra, 2018b; Funcke, Raffelt, and
Vitagliano, 2020), for the CNB large primordial asymmetries
and other novel early-Universe phenomena (Pastor, Pinto, and
Raffelt, 2009; Arteaga et al., 2017), or entirely new sources
such as dark-matter decay (Barger et al., 2002; Halzen and
Klein, 2010; Esmaili and Serpico, 2013; Fan and Reece, 2013;

Feldstein et al., 2013; Agashe et al., 2014; Bhattacharya,
Reno, and Sarcevic, 2014; Higaki, Kitano, and Sato, 2014;
Boucenna et al., 2015; Fong et al., 2015; Kopp, Liu, and
Wang, 2015; Murase et al., 2015; Rott, Kohri, and Park, 2015;
Chianese et al., 2016; Cohen et al., 2017; Chianese et al.,
2019) and annihilation in the Sun or Earth (Silk, Olive, and
Srednicki, 1985; Srednicki, Olive, and Silk, 1987; Ritz and
Seckel, 1988; Kamionkowski, 1991; Cirelli et al., 2005). In
this review we do not explore such topics and instead stay
in a minimal framework, which includes normal flavor
conversion.
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FIG. 1. Grand unified neutrino spectrum (GUNS) at Earth, integrated over directions and summed over flavors.
Therefore, flavor conversion between source and detector does not affect this plot. Solid lines are displayed for neutrinos,
dashed or dotted lines are displayed for antineutrinos, and superimposed dashed and solid lines are displayed for sources of both ν
and ν̄. The fluxes from BBN, Earth, and reactors encompass only antineutrinos and the Sun emits only neutrinos, whereas all other
components include both. The CNB is shown for a minimal mass spectrum of m1 ¼ 0, m2 ¼ 8.6, and m3 ¼ 50 meV, producing a
blackbody spectrum plus two monochromatic lines of nonrelativistic neutrinos with energies corresponding to m2 and m3.
See Appendix D for an exact description of the individual curves. Top panel: neutrino flux ϕ as a function of energy. Line
sources are in units of cm−2 s−1. Bottom panel: neutrino energy flux E × ϕ as a function of energy. Line sources are in units of
eV cm−2 s−1.

Vitagliano, Tamborra, and Raffelt: Grand unified neutrino spectrum at Earth …

Rev. Mod. Phys., Vol. 92, No. 4, October–December 2020 045006-3

Vitagliano, Tamborra, & Raffelt, Rev. Mod. Phys. (2020)	

Grand unified neutrino	
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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)	



Figure 4: Mean shock radii of 2D models. Depicted are the angle-averaged shock radii (in
kilometers) of the 2D model suite calculated for this paper versus time (in seconds) after bounce.
Most of the models explode, while the 12- and 15-M� progenitor structures do not. The top panel
shows the behavior during the first half second after bounce and in the inner 1500 kilometers,
with models exploding (when they do) between t = 0.15 and t = 0.4 seconds. The bottom panel
portrays the shock motion on a larger physical scale (15000 kilometers) and to latter times. Many
of the models were, in fact, carried to ⇠4.5 seconds after bounce. The mean shock speeds become
rather stable, with values between either 10000 or 15000 km s�1 for most of the simulation. The
models were conducted on grids from 30,000 to 100,000 kilometers, with the smaller values for
the smaller-mass progenitors. See the caption to Table 1 for specifics.
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The collapsing core	
of the star bounces	

Burrows & Vartanyan, Nature (2021)	

Figure 2: Inner matter trajectories as the explosion is about to launch. Shown are the interiors
of an explosion only ⇠150 milliseconds after core bounce (vertical physical scale ⇠350 kilome-
ters). At this time the shock wave is at ⇠150 kilometers, just before explosion. The inner ball is
the newly-birthed proto-neutron star (PNS) (rendered as an isodensity surface at 1011 g cm�3, col-
ored by Ye), surrounded by swirling, turbulent matter, most of which will settle onto the PNS. The
trajectories depict the recent 5 milliseconds in the positions of individual accreted matter elements.
They are colored by local entropy. The turbulence of this inner region is manifest.
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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
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density, and r0 ⇡ 2.7⇥1014 g cm�3 the nuclear saturation density. (Figure taken from Janka et al,
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Janka, 1702.08713	

A closer look at the pivotal accretion/revival phase…	

Flavor conversion might occur as neutrinos radiate out from the core.	
Mazurek, Neutrino-79 conference proceedings (1979)	
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).
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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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Origin of the heavy elements in binary neutron-star 
mergers from a gravitational-wave event
Daniel Kasen1,2, Brian Metzger3, Jennifer Barnes3, Eliot Quataert1 & Enrico Ramirez-Ruiz4,5

The cosmic origin of elements heavier than iron has long been 
uncertain. Theoretical modelling1–7 shows that the matter that is 
expelled in the violent merger of two neutron stars can assemble 
into heavy elements such as gold and platinum in a process 
known as rapid neutron capture (r-process) nucleosynthesis. The 
radioactive decay of isotopes of the heavy elements is predicted8–12 
to power a distinctive thermal glow (a ‘kilonova’). The discovery 
of an electromagnetic counterpart to the gravitational-wave 
source13 GW170817 represents the first opportunity to detect and 
scrutinize a sample of freshly synthesized r-process elements14–18. 
Here we report models that predict the electromagnetic emission of 
kilonovae in detail and enable the mass, velocity and composition 
of ejecta to be derived from observations. We compare the models 
to the optical and infrared radiation associated with the GW170817 
event to argue that the observed source is a kilonova. We infer 
the presence of two distinct components of ejecta, one composed 
primarily of light (atomic mass number less than 140) and one of 
heavy (atomic mass number greater than 140) r-process elements. 
The ejected mass and a merger rate inferred from GW170817 imply 
that such mergers are a dominant mode of r-process production in 
the Universe.

The discovery13 by the LIGO–Virgo experiments of gravitational 
waves from inspiralling neutron stars triggered an extensive campaign 
of follow-up observations, and the detection of counterpart emission 
across the electromagnetic spectrum. At optical and infrared wave-
lengths, the counterpart to GW170817 (originally announced by the 
Swope team18 and called ‘SSS17a’, and hereafter referred to by its IAU 

designation AT 2017gfo) has properties that differ from previously 
known astrophysical transients. A day after the merger, the source was 
optically bright (with luminosity of about 108 times that of the Sun 
at wavelengths of about 0.5 µ m), but it faded rapidly within days14–16. 
Meanwhile, the emission in the infrared (1–3 µ m) remained bright for 
nearly two weeks15–19. The spectra of AT 2017gfo were quasi-blackbody, 
suggestive of a thermal source20,21.

The characteristics of AT 2017gfo—its rapid optical evolution8, long-
lived infrared emission11,12 and luminosity consistent with radioactive 
r-process heating9,10—resemble theoretical predictions for kilonovae. 
To explore this identification, we present here a survey of models of the 
radioactive aftermath of a neutron-star merger. The key parameters of 
the models are the ejected mass M, characteristic expansion velocity vk, 
and the composition of ejected matter. The ejecta is freely expanding  
(radius equal to the product of velocity and time, R =  vt) and the 
 density profile is described by a broken power law (see Methods). We 
synthesize model observables by numerically solving the Boltzmann 
equation for relativistic radiation transport in a radioactive plasma. We 
self-consistently calculate the thermal and ionization/excitation state of 
the ejecta and derive the wavelength-dependent opacity and emissivity 
using atomic-structure model data for multiple ions (see Methods). 
The validity of the transport method has been established by previous 
modelling of supernovae of all types.

We explore models motivated by general-relativistic simulations of 
mergers, which identify two distinct mechanisms for mass ejection 
(see Fig. 1). First, matter may be dynamically expelled on a timescale 
of milliseconds during the merger itself. Tidal forces peel matter from 
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Figure 1 | Schematic illustration of the components of matter ejected 
from neutron-star mergers. Red colours denote regions of heavy 
r-process elements, which radiate red/infrared light. Blue colours denote 
regions of light r-process elements which radiate blue/optical light. During 
the merger, tidal forces peel off tails of matter, forming a torus of heavy 
r-process ejecta in the plane of the binary. Material squeezed into the 
polar regions during the stellar collision can form a cone of light r-process 
material. Roughly spherical winds from a remnant accretion disk can also 

contribute, and are sensitive to the fate of the central merger remnant.  
a, If the remnant survives as a hot neutron star for tens of milliseconds, its 
neutrino irradiation lowers the neutron fraction and produces a blue wind. 
b, If the remnant collapses promptly to a black hole, neutrino irradiation 
is suppressed and the winds may be red. c, In the merger of a neutron star 
and a black hole, only a single tidal tail is ejected and the disk winds are 
more likely to be red.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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NS−NS: A longer-lived remnant	
equals more disk ejecta at higher	
electron fraction.	
	
NS−BH: A single tidal tail, plus	
disk ejecta at low electron fraction.	
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Origin of the heavy elements in binary neutron-star 
mergers from a gravitational-wave event
Daniel Kasen1,2, Brian Metzger3, Jennifer Barnes3, Eliot Quataert1 & Enrico Ramirez-Ruiz4,5

The cosmic origin of elements heavier than iron has long been 
uncertain. Theoretical modelling1–7 shows that the matter that is 
expelled in the violent merger of two neutron stars can assemble 
into heavy elements such as gold and platinum in a process 
known as rapid neutron capture (r-process) nucleosynthesis. The 
radioactive decay of isotopes of the heavy elements is predicted8–12 
to power a distinctive thermal glow (a ‘kilonova’). The discovery 
of an electromagnetic counterpart to the gravitational-wave 
source13 GW170817 represents the first opportunity to detect and 
scrutinize a sample of freshly synthesized r-process elements14–18. 
Here we report models that predict the electromagnetic emission of 
kilonovae in detail and enable the mass, velocity and composition 
of ejecta to be derived from observations. We compare the models 
to the optical and infrared radiation associated with the GW170817 
event to argue that the observed source is a kilonova. We infer 
the presence of two distinct components of ejecta, one composed 
primarily of light (atomic mass number less than 140) and one of 
heavy (atomic mass number greater than 140) r-process elements. 
The ejected mass and a merger rate inferred from GW170817 imply 
that such mergers are a dominant mode of r-process production in 
the Universe.

The discovery13 by the LIGO–Virgo experiments of gravitational 
waves from inspiralling neutron stars triggered an extensive campaign 
of follow-up observations, and the detection of counterpart emission 
across the electromagnetic spectrum. At optical and infrared wave-
lengths, the counterpart to GW170817 (originally announced by the 
Swope team18 and called ‘SSS17a’, and hereafter referred to by its IAU 

designation AT 2017gfo) has properties that differ from previously 
known astrophysical transients. A day after the merger, the source was 
optically bright (with luminosity of about 108 times that of the Sun 
at wavelengths of about 0.5 µ m), but it faded rapidly within days14–16. 
Meanwhile, the emission in the infrared (1–3 µ m) remained bright for 
nearly two weeks15–19. The spectra of AT 2017gfo were quasi-blackbody, 
suggestive of a thermal source20,21.

The characteristics of AT 2017gfo—its rapid optical evolution8, long-
lived infrared emission11,12 and luminosity consistent with radioactive 
r-process heating9,10—resemble theoretical predictions for kilonovae. 
To explore this identification, we present here a survey of models of the 
radioactive aftermath of a neutron-star merger. The key parameters of 
the models are the ejected mass M, characteristic expansion velocity vk, 
and the composition of ejected matter. The ejecta is freely expanding  
(radius equal to the product of velocity and time, R =  vt) and the 
 density profile is described by a broken power law (see Methods). We 
synthesize model observables by numerically solving the Boltzmann 
equation for relativistic radiation transport in a radioactive plasma. We 
self-consistently calculate the thermal and ionization/excitation state of 
the ejecta and derive the wavelength-dependent opacity and emissivity 
using atomic-structure model data for multiple ions (see Methods). 
The validity of the transport method has been established by previous 
modelling of supernovae of all types.

We explore models motivated by general-relativistic simulations of 
mergers, which identify two distinct mechanisms for mass ejection 
(see Fig. 1). First, matter may be dynamically expelled on a timescale 
of milliseconds during the merger itself. Tidal forces peel matter from 
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Figure 1 | Schematic illustration of the components of matter ejected 
from neutron-star mergers. Red colours denote regions of heavy 
r-process elements, which radiate red/infrared light. Blue colours denote 
regions of light r-process elements which radiate blue/optical light. During 
the merger, tidal forces peel off tails of matter, forming a torus of heavy 
r-process ejecta in the plane of the binary. Material squeezed into the 
polar regions during the stellar collision can form a cone of light r-process 
material. Roughly spherical winds from a remnant accretion disk can also 

contribute, and are sensitive to the fate of the central merger remnant.  
a, If the remnant survives as a hot neutron star for tens of milliseconds, its 
neutrino irradiation lowers the neutron fraction and produces a blue wind. 
b, If the remnant collapses promptly to a black hole, neutrino irradiation 
is suppressed and the winds may be red. c, In the merger of a neutron star 
and a black hole, only a single tidal tail is ejected and the disk winds are 
more likely to be red.
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Fig. 6 Longer-lived remnants produce higher Ye disk wind ejecta and bluer kilonovae. Shown here is the
mass distribution by electron fraction Ye of the disk wind ejecta, calculated for different assumptions about
the lifetime, tcollapse, of the central NS remnant prior to BH formation, from the axisymmetric α-viscosity
hydrodynamical calculations of Metzger and Fernández (2014). A vertical line approximately delineates
the ejecta with enough neutrons to synthesize lanthanide elements (Ye ! 0.25) generate a red kilonova from
that with Ye " 0.25 which is lanthanide-poor and will generate blue kilonova emission. The NS lifetime has
a strong effect on the ejecta composition because it is a strong source of electron neutrinos, which convert
neutrons in the disk to protons via the process νe + n → p + e−. This figure is modified from a version in
Lippuner et al. (2017)

2015; Fernández et al. 2015a); see also Kiuchi et al. (2015), who simulated the long-
term evolution of BH–NS disks but without following the electron fraction evolution.
These large disk ejecta fractions and neutron-rich ejecta were confirmed by the first
3D GRMHD simulations of the long-term disk evolution (Siegel and Metzger 2017,
2018; Fernández et al. 2019), with Siegel and Metzger (2017) finding that up to 40%
of the initial torus may be unbound. The velocity and composition of magnetized disk
outflows appears to be sensitive to the strength and geometry of the large-scale net
magnetic flux threading the accretion disk (Fernández et al. 2019; Christie et al. 2019).

An even larger fraction of the disk mass (up to ∼ 90%) is unbound when the
central remnant is a long-lived hypermassive or supramassive NS instead of a BH,
due to the presence of a hard surface and the higher level of neutrino irradiation from
the central remnant (Metzger and Fernández 2014; Fahlman and Fernández 2018). A
longer-lived remnant also increases the electron fraction of the ejecta, which increases
monotonically with the lifetime of theHMNS (Fig. 6).Most of the ejecta is lanthanide-
free (Ye " 0.3) if the NS survives longer than about 300 ms (Metzger and Fernández
2014; Kasen et al. 2015; Lippuner et al. 2017). Even when BH formation is prompt,
simulations with Monte Carlo radiation transport included find that the earliest phases
of disk evolution can produce at least a modest quantity of high-Ye material (Miller
et al. 2019).

The mass ejected by the late disk wind can easily be comparable to, or larger
than, that in the dynamical ejecta (e.g., Wu et al. 2016, their Fig. 1). Indeed, the
total ejecta mass inferred for GW170817 greatly exceeds that of the dynamical ejecta
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Lippuner et al., MNRAS (2017); Metzger, Living Rev. Relativ. (2020)	

NS−NS: A longer-lived remnant	
equals more disk ejecta at higher	
electron fraction.	
	
NS−BH: A single tidal tail, plus	
disk ejecta at low electron fraction.	



Some common themes of CCSNe & NSMs:	

Ø    Matter at high temperatures & extreme densities	
	
Ø    Nucleosynthesis	

Ø    Extreme spacetime curvature & detectable GW emission	

Ø    Powerful & (indirectly) observable neutrino emission	
	
Ø    Neutrinos are dynamically & chemically important	

Ø    Neutrino trapping, self-interactions, & collective oscillations	
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There’s currently a strong push to incorporate	
neutrino mixing—established physics—into	

the theory/simulation of these events.	



e�

⌫e
⌫µ
⌫⌧

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	



Generally, the high densities in SNe & NSMs suppress	
mixing because	
	

    interaction eigenstates  ≅  energy eigenstates.	



Generally, the high densities in SNe & NSMs suppress	
mixing because	
	

    interaction eigenstates  ≅  energy eigenstates.	
	

	
The two main exceptions occur in regions with	
	

u    (avoided) level crossings or	
	

u   flavor instabilities.	

MSW resonance is	
the classic example	

Wolfenstein, PRD (1978); Mikheyev & Smirnov, SJNP (1985)	
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Fig. 22. – Snapshots of SN potentials for different post-bounce times (1.0–7.0 s) for a 27M⊙ SN
progenitor (see sect. 2). The profile at 0.2 s is an illustrative case for a typical condition before
shock revival. The matter potential λr is drawn with thin curves, while the neutrino potential
µr with thick ones. The horizontal bands represent the vacuum oscillation frequencies relevant
for the MSW resonant conversions associated with ∆m2 (ωH) and δm2 (ωL), respectively (see
the text for details).

interaction potentials appearing in the r.h.s. of eq. (33) in fig. 22. We use the data from
a 27M⊙ SN simulation for different post-bounce times (see sect. 2). As from eq. (34),
the neutrino-neutrino potential is
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,

where the number fluxes of the different species να are expressed in terms of the neutrino
luminosities Lνα and of the average energies ⟨Eνα⟩. As shown in fig. 22, the ν-ν potential
decreases as the SN cools.

Matter effects on SN neutrinos (eq. (33)) depend on the potential

λr =
√

2GF ne(r) = 1.9 × 106 km−1 ×
(

Ye

0.5

) (
ρ

1010 g/cm3

)
,(39)

encoding the net electron density ne ≡ ne− − ne+ , where Ye = Ye− − Ye+ is the net
electron fraction and ρ is the matter density. The numerical values of µr and λr from
the previous two expressions are quoted in km−1.

Figure 22 shows that the SN electron density profile is non-monotonic, time-depend-
ent, and presents an abrupt discontinuity, corresponding to the position of the forward

Mirizzi et al., Riv. Nuovo Cimento (2016)	
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Flavor instabilities can	
occur just about anywhere	

in or beyond the decoupling	
region, as we’ll see…	



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)
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Time

Any type of crossings (PNS convection)
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(neutrino absorption)

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

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

Shock wave

Space-time diagram of ELN-angular crossings in CCSNe

�
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FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
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,
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
for more detail.

overall trends of crossings observed in our CCSN mod-
els. We note that crossings relevant to PNS convections
and pre-shock region drawn in Fig. 4 are not included in
Fig. 3. There is a technical reason why we do not in-
clude the case with PNS convection in Fig. 3; that will
be discussed later. To facilitate readers’ understanding,
the color in Fig. 4 distinguishes types of ELN-crossings.
Below, we turn our attention to the physical origin of
generating each ELN crossing.

B. Generation mechanism of ELN crossings

1. Type-II crossings at early post-bounce phase

Let us start with analyzing Type-II crossings appear-
ing at the early post-bounce phase (⇠ 100 ms) in all
CCSN models (see the top left panel in Fig. 3). We first
present the result of 12 solar mass model as a represen-
tative case; the progenitor-dependence is discussed later.
In Fig. 5, we show Mollweide projection of the ELN cross-
ing and some important quantities at 130 km for 12 solar
mass model. We find that the Type II crossing has a
rather scattered distribution (see the top left panel). To
see the trend more quantitatively, we show �Gout in the
left middle panel in Fig. 5, which corresponds to the ELN
at µ = 1. More precisely, �Gout (and incidentally �Gin)
is defined as follows. The energy-integrated number of

neutrinos at µ = 1 and �1 are written as

Gout =

Z
d(

"3

3
)fout("),

Gin =

Z
d(

"3

3
)fin("),

(2)

respectively, where " denotes the neutrino energy with
the unit of MeV. We stress that both fout and fin in
Eq. 2 are the basic output for computations of angular
reconstruction complemented by the ray-tracing method
(see Sec. II B). We obtain �G by the di↵erence of ⌫e and
⌫̄e;

�G = G⌫e �G⌫̄e , (3)

where we omit the subscript ”out” or ”in” in Eq. 3. As
shown in Fig. 5, we find that ⌫̄e dominates over ⌫e in some
regions (blue-colored area), and that they are one-to-one
correspondence to the region of Type-II crossings. The
one-to-one correspondence is attributed to the fact that
⌫e always overwhelms ⌫̄e in µ = �1 (incoming) direction.
We find some interesting correlations between the

Type-II crossing and other physical quantities. They
provide useful information to study the physical origin
of the crossing. To quantify the correlation, we define
the correlation function to �Gout by following [51–53],

X =
YAG

YA ⇥YG
, (4)

Sawyer, PRD (2005); Banerjee et al., PRD (2011); Chakraborty et al., JCAP (2016); Izaguirre et al., PRD (2017);	
Capozzi et al., PRD (2017); Dasgupta et al., JCAP (2017); Delfan Azari et al., PRD (2019); Abbar et al., PRD (2020); 	

Glas et al., PRD (2020); Morinaga et al., PRR (2020); Xiong et al., ApJ (2020); Johns & Nagakura, PRD (2021);	
Nagakura & Johns, PRD (2021a); Nagakura & Johns, PRD (2021b); Capozzi et al., PRD (2021);	

Shalgar & Tamborra, Annu. Rev. Nucl. Part. Sci. (2021); Morinaga, PRD (2022); Harada & Nagakura, ApJ (2022); & others	

Fast (in)stability is determined by	
various aspects of the SN physics:	
	

²  Flavor-dependent decoupling	
²  Scattering & absorption in	
      optically thin regions	
²  Fluid entropy & density	
²  Accretion rate	
²  Asymmetric emission (e.g.,	
      LESA, PNS kicks)	
²  PNS convection	
²  Thermal muons	

There’s strong evidence that fast instabilities occur in CCSNe & NSMs.	
(The situation is less clear with slow & collisional.)	

Nagakura, Burrows, Johns, & Fuller, PRD (2021)	
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FIG. 6. Relative amounts of net ELN density integrated over
ELN positive and negative directions (Equation 27). A value
of 1 indicates that I+ = I� (i.e., complete flavor transforma-
tion is possible), while a value of 0 indicates that either I+
or I� is very small (i.e., little flavor transformation is possi-
ble). The ME test (bottom panel) qualitatively predicts the
locations of large crossing ratio in the Monte Carlo data (top
panel).

are much faster than the relevant advection or collisional
timescales. While it is in general possible to integrate
I+ and I� for ME distributions, we instead approximate
Equation 23 in a way that is more straightforward to
evaluate in the context of a global two-moment radiation
hydrodynamics simulation. We evaluate the ME distri-
bution in the direction of the net ELN flux (purple vector
in Figure 3) and in the opposite direction. Specifically, if
~I1 is oriented with angle ✓I1 , we evaluate

fME
⌫e,+ = fME(N,Z, ✓I1 � ✓F )

fME
⌫̄e,+ = fME(N̄ , Z̄, ✓I1 � ✓F̄ )

fME
⌫e,� = fME(N,Z, ✓I1 � ✓F + ⇡)

fME
⌫̄e,� = fME(N̄ , Z̄, ✓I1 � ✓F̄ + ⇡)

(25)

Using, �fME = fME
⌫e

� fME
⌫̄e

, We can then approximate
the crossing depth as

=(!)
p
2GF (n⌫e + n⌫̄e)

⇡

q
�(�fME

+ )(�fME
� )

fME
⌫e,+ + fME

⌫e,+ + fME
⌫̄e,� + fME

⌫̄e,�
(26)

This is plotted in the bottom panel of Figure 5. Once
again, the ME test reproduces the actual crossing depth
rather well within the accretion disk. However, the ME
test over-predicts the crossing depth in the polar regions,
which is again expected due to the known problems of an-
alytic closures in this region. However, since the growth
rate everywhere is faster than other timescales, the par-
ticular growth rate is not as important is the presence of
instability and the net flavor change it produces.

Finally, the total amount of eventual flavor change is
related to the relative amount of electron neutrino and
antineutrino excess (i.e. the relative sizes of I+ and I�).
That is, if either the blue or red shaded regions in Fig-
ure 3 is small, there is not significant freedom for the fast
flavor instability to transform overall flavor [22, 56, 57].

We evaluate the crossing ratio as

Rcrossing = min

✓
|I+|

|I�|
,
|I�|

|I+|

◆

⇡ min

✓
|�fME

+ |

|�fME
� |

,
|�fME

� |

|�fME
+ |

◆ (27)

These are plotted on the top and bottom panels, respec-
tively, in Figure 6. For the case of the direct MC data
(top panel), the ratio is close to unity (indicating pos-
sible significant flavor transformation) near the contour
of n⌫e � n⌫̄e = 0 (black curve). The ME test predicts a
large crossing ratio at similar locations, but at smaller
radii. This estimate would likely be improved by a full
angular integral of the ME test, but such an approach is
likely too expensive to implement in global simulations
of neutron star mergers.
Overall, the ME closure is quite good at predicting

where ELN crossings are present and o↵ers the ability
to estimate qualitative details of the crossings. These
details (crossing width, crossing depth, and crossing ra-
tio) are approximately correct within the disk out to
⇠ 200 km where most of the flavor transformation is ex-
pected to occur, but rather inaccurate in polar regions
and at large radii.

C. Polynomial Test

The polynomial test of [39] states that if two di↵erent
positive-weighted angular integrals of the ELN distribu-
tion G(⌦) have opposite sign, then the ELN itself must
carry positive and negative values. Specifically, for two
di↵erent positive semidefinite functions F±(⌦), the inte-
grals are

I± =

Z
d⌦F±G . (28)

Note that the definitions of I± are di↵erent from those
in Section II. The distribution is unstable if

I+I�  0 . (29)

The weighting functions can then be chosen such that
the integrals I± are combinations of the known moments
by using the form

F±(⌦) = a+ bi⌦
i + cij⌦

i⌦j + dijk⌦
i⌦j⌦k + ... (30)

resulting in corresponding integrals of the form

I± = aI0 + biI
i
1 + cijI

ij
2 + dijkI

ijk
3 + ... (31)

Following this process, one must search through all coef-
ficients a, bi, etc. that make F± positive for all ⌦ to see
if any two combinations yield I± of di↵erent signs. With
moments up to rank 3, this is a 40-dimensional param-
eter space that is not practical to fully search. Instead,

Richers, 2206.08444	

Fast instabilities appear almost everywhere surrounding merger	
remnants, largely due to protonization of neutron-rich matter.	

Wu & Tamborra, PRD (2017); Wu et al., PRD (2017); George et al., PRD (2020); Li & Siegel, PRL (2021);	
Padilla-Gay et al., JCAP (2021); Just et al., PRD (2022); Fernández et al., 2207.10680	

Indicative of the	
extent of flavor	

conversion	
(white = stable)	



Solving the neutrino quantum kinetic equations (QKEs)	
as part of a radiation/hydrodynamics simulation is not	
computationally feasible.	



Solving the neutrino quantum kinetic equations (QKEs)	
as part of a radiation/hydrodynamics simulation is not	
computationally feasible.	
	
But by using reasonable approximations we get a sense	
of the possible effects of oscillations.	



Solving the neutrino quantum kinetic equations (QKEs)	
as part of a radiation/hydrodynamics simulation is not	
computationally feasible.	
	
But by using reasonable approximations we get a sense	
of the possible effects of oscillations.	

            Approximations	
	

²  Enforce flavor equilibrium in	
     unstable regions:	
	

o  Flavor equipartition	
o  Other analytic prescription	
o  Local numerical solution	

	

²  Solve moments of the QKEs	

Raffelt & Sigl, PRD (2007); Duan & Shalgar, JCAP (2014); Johns et al., PRD (2020a); Johns et al., PRD (2020b);	
Padilla-Gay et al., JCAP (2021), Dasgupta & Bhattacharyya, PRL (2021); Xiong & Qian, PLB (2021);	

Padilla-Gay et al., PRL (2022); Myers et al., PRD (2022); Just et al., PRD (2022); Nagakura & Zaizen, 2206.04097;	
Nagakura, 2206.04098; Grohs et al., 2207.02214; & others	
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FIG. 2. Momentum-space angular power spectra of neutrino flavor for the same set of calculations presented in Fig. 1. The
power ⇧l in angular moment l is defined in Eq. (25). From darkest to lightest, the curves show log10 ⇧l at t = 0.2, 0.4, 0.6, 0.8,
and 1.0, in units of !�1. FFC enhances cascade and hastens relaxation. All cases show interesting features at angular scales
intermediate between the expanding front of nonzero power and the low-l scales directly involved in fast and bipolar collective
oscillations.

FIG. 3. Flavor composition Pv,z plotted as a function of propagation angle v = cos ✓, for the ↵ = 0.90, NH calculation of the
previous figures. The curves are color-coded by time, beginning at the top of a fast-oscillation dip (blue), lasting a duration of
⇠ 10�3, and ending at the bottom of the dip at time tf (red). As usual, times are given in units of !�1. Finite-! e↵ects—the
disruption of the fast pendulum and the cascade of power to smaller angular scales—become increasingly apparent at later
times.

monopole. C. Transfer at small angular scales

Further insight into the momentum-space dynamics is
gained by observing the evolution of an initially isolated
seed in the angular power spectrum. An experiment of
this kind allows us to focus in on transfer without the

Cascade of power to smaller angular scales	

Early time	 Late time	

Johns, Nagakura, Fuller, & Burrows, PRD (2020b)	

Legendre	
moment	

in	
momentum	

space	

Flavor equilibration occurs through	
the development of small-scale features	
in phase space.	

Sawyer, PRD (2005)	
Raffelt & Sigl, PRD (2007)	
Mangano et al., PRD (2014)	
Mirizzi et al., PRD (2015)	
Johns et al., PRD (2020b)	
Bhattacharyya & Dasgupta, PRL (2021)	

Similar phenomena occur in other systems—violent relaxation in grav.	
systems, filamentation in plasmas, turbulence in fluids—but we’re still	

developing the theory for neutrino flavor fields.	
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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.
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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
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Neutrino signals	
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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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u    Many-body corrections (or at least many-body foundations) &	
       quantum computing.	 Friedland & Lunardini, PRD (2003); Bell et al., PLB (2003);	

Pehlivan et al., PRD (2011); Patwardhan et al., PRD (2019);	
Rrapaj, PRC (2020); Roggero, PRD (2021); Martin et al., PRD (2022);	
Xiong, PRD (2022); & many others	


