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From Macroscopic to Microscopic
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Where Are Neutrinos Produced? 

Georg Raffelt, MPI Physik, München Physik im Theater, Mainz, 12. Sept 2015 

Wo treten Neutrinos in der Natur auf? 
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Figure from Vitagliano, Tamborra, Raffelt, arXiv: 1910.11878. 

Grand Unified Neutrino Spectrum

10-6 10-3 100 103 106 109 1012 1015 1018
10-36

10-30

10-24

10-18

10-12

10-6

100

106

1012

1018

Energy E [eV]

N
eu
tri
no
flu
x
ϕ
[e
V-

1
cm

-2
s-
1
] CNB

BBN (3H)

BBN (n)

Solar (thermal)

DSNB

Solar (nuclear)

Atmospheric

Cosmogenic

Geoneutrinos

Reactors

IceCube data
(2017)



I Feel Like a Neutrino!
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Ideal Messengers
Escaping unimpeded, neutrinos carry information about sources not otherwise accessible. 
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Energy distribution
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Neutrinos only!

Flavor ratio

Powerful Probes in Astrophysics



Dawn of the Multi-Messenger Era



CORE COLLAPSE SUPERNOVAE



Core Collapse Supernova Explosion

neutrino  
cooling  

by diffusion

Implosion  
(Collapse)

Explosion

Neutrinos carry 99% of the  
released energy (~ 10    erg).53



Supernova Explosion Mechanism

Si

n, p

ν ν

ν

Si

ν

Accretion
O

Shock “revival”:

Stalled shock 
wave must 
receive energy to 
start reexpansion 
against ram 
pressure of 
infalling stellar 
core.

Shock can 
receive fresh 
energy from 
neutrinos!

Shock wave 

Proto-neutron star Neutron star

Shock wave

Shock wave forms within the iron core. It dissipates energy dissociating the iron layer. 
Neutrinos provide energy to the stalled shock wave to start re-expansion. 

Recent reviews: Janka (2017). Mirizzi, Tamborra et al. (2016). 



Neutrinos (and gravitational waves) can probe the explosion mechanism. 

Neutrinos Probe Supernova Dynamics
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Standing accretion 
instability

Neutrino event rate on Earth

Tamborra et al., PRL (2013),  PRD (2014). Walk, Tamborra et al., PRD (2018), PRD (2019). 



Tamborra, Hanke, Janka, Mueller, Raffelt, Marek, ApJ (2014). 
Janka et al., ARNPS (2016). Glas et al., (2018), Vartanyan et al., MNRAS (2019), O’Connor & Couch, ApJ (2018).

Lepton-number emission asymmetry (LESA): Large-scale feature with dipole character. 

⌫e > ⌫̄e

LESA: Neutrino-Driven Instability

2 Tamborra et al.

Figure 1. Lepton-number flux (⌫e minus ⌫̄e) for our 11.2 M� model as a function of direction for the indicated times post bounce. The latitudes and longitudes,
indicated by dotted lines, correspond to the angular coordinates of the polar grid of the numerical simulation. The flux in each panel is normalized to its average,
i.e., the quantity (F⌫e � F⌫̄e )/hF⌫e � F⌫̄e i is color coded. The lepton-number emission asymmetry is a large-scale feature which at later times has clear dipole
character. The black dots indicate the positive dipole direction of the flux distribution, the black crosses mark the negative dipole direction. The dipole track
between 70 and 340 ms is shown as a dark-gray line. Once the dipole is strongly developed, its direction remains essentially stable and shows no correlation with
the x-, y-, and z-axes of the numerical grid. The dipole direction is also independent of polar hot spots, which are persistent, local features of moderate amplitude
and an artifact connected with numerical peculiarities near the z-axis as coordinate singularity of the polar grid.

expands the shock, increases the gain layer and, again, can
enhance the e�ciency of neutrino-energy deposition (Marek
& Janka 2009) even when convection is weak or its growth
is suppressed because of a small shock-stagnation radius
and correspondingly fast infall velocities in the gain layer
(Foglizzo, Scheck, & Janka 2006; Scheck et al. 2008). This
nonradial instability was first observed in 2D simulations with
a full 180� grid (Janka & Müller 1996; Mezzacappa et al.
1998; Janka et al. 2003, 2004), but not immediately rec-

ognized as a new e↵ect beyond large-scale convection. It
was unambiguously identified in 2D hydrodynamical simu-
lations of idealized, adiabatic (and thus non-convective) post-
shock accretion flows (Blondin, Mezzacappa, & DeMarino
2003). SASI was found to possess the highest growth rates
for the lowest-order (dipole and quadrupole) spherical har-
monics (Blondin & Mezzacappa 2006; Foglizzo et al. 2007;
Iwakami et al. 2008) and to give rise to spiral-mode mass
motions in 3D simulations (Blondin & Mezzacappa 2007;
Iwakami et al. 2009; Fernández 2010; Hanke et al. 2013) or
in 2D setups without the constraint of axisymmetry (Blondin
& Mezzacappa 2007; Yamasaki & Foglizzo 2008; Foglizzo
et al. 2012). The instability can be explained by an advective-
acoustic cycle of amplifying entropy and vorticity perturba-
tions in the cavity between accretion shock and PNS surface
(Foglizzo 2002; Foglizzo et al. 2007; Scheck et al. 2008;
Guilet & Foglizzo 2012) and has important consequences for
NS kicks (Scheck et al. 2004, 2006; Nordhaus et al. 2010b,
2012; Wongwathanarat, Janka, & Müller 2010, 2013) and
spins (Blondin & Mezzacappa 2007; Rantsiou et al. 2011;
Guilet & Fernández 2013), quasi-periodic neutrino emission
modulations (Marek, Janka, & Müller 2009; Lund et al.
2010; Tamborra et al. 2013), and SN gravitational-wave sig-

nals (Marek, Janka, & Müller 2009; Murphy, Ott, & Burrows
2009; Müller, Janka, & Marek 2013).

We here report the discovery of a new type of low-mode
nonradial instability, LESA, which we have observed in 3D
hydrodynamical simulations with detailed, energy-dependent,
three-flavor neutrino transport using the Prometheus-Vertex
code. Our current portfolio of simulated 3D models in-
cludes an 11.2 M� model that shows violent large-scale con-
vection but no obvious signs of SASI activity during the sim-
ulated period of postbounce evolution, a 20 M� model with
a long SASI phase, and a 27 M� model in which episodes of
SASI alternate with phases of dominant large-scale convec-
tion (Hanke et al. 2013; Tamborra et al. 2013). While all
models exhibit LESA, with di↵erent orientations of the emis-
sion dipole, the clearest case is the 11.2 M� model, because
the new e↵ect is not overlaid with SASI activity.

To provide a first impression of our new and intriguing phe-
nomenon we show in Fig. 1 the distribution of lepton-number
emission (⌫e minus ⌫̄e) for the 11.2 M� model over the stel-
lar surface at postbounce (p.b.) times of 148, 169, 210, and
240 ms. In each panel, the lepton-number flux is normalized
to the instantaneous average and the color scale covers the
range from �0.5 to 2.5 of this relative measure. We indicate
the positive dipole direction with a black dot, the negative
direction with a cross. We also show the track of the posi-
tive dipole direction as a dark-gray line, ranging from 70 ms
p.b., where the dipole begins forming, to the end of the sim-
ulation at 340 ms. While at 148 ms the dipole pattern is not
yet strong—a quadrupole component is clearly visible and
the dipole is still building up as we will see later—the subse-
quent snapshots reveal a strong dipole pattern with large am-
plitude: In the negative-dipole direction, the lepton-number
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Sukhbold et al., ApJ (2016). Ertl et al., ApJ (2016). Horiuchi et al., MNRSL (2014). O’Connor & Ott, ApJ (2011). O’Connor, ApJ 
(2015). Kuroda et al., MNRAS (2018).

• Low-mass supernovae can form black holes. 

• Neutrinos reveal black-hole formation. 

• Failed supernovae up to 20-40% of total.  
        

Successful explosions         Failed explosions         
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of SN 1987A on the high-mass side (testing progenitors in the 15–20 M� range) and
of Crab near the low-mass end (⇠9–10 M�) were reproduced with suitable progen-
itor models; in the case of SN 1987A also consistency with constraints set by the
neutrino detection was requested (see Ugliano et al, 2012; Ertl et al, 2016; Sukhbold
et al, 2016).

Applying this neutrino-engine treatment to the progenitor sets for different metal-
licities, a variegated landscape is obtained, with islands of non-exploding stars al-
ternating with intervals of successful explosions (Figs. 12 and 13). This astonishing
result is, on the one hand, connected to the non-monotonic variations of the pre-
collapse structure with the ZAMS mass, which is reflected by the core compactness
(see Sect. 2.1). On the other hand it is also a consequence of the tight competition be-
tween shock-confining ram pressure and shock-pushing neutrino heating, which is
characteristic of the neutrino-driven mechanism and which makes successful explo-
sions sensitive to differences in the time-dependent mass-accretion rate as discussed
in Sect. 3.2. It is reassuring that this result is not specific to the 1D explosion mod-
eling of Ugliano et al (2012) and Ertl et al (2016), but a rugged landscape was also
found by Pejcha and Thompson (2015) for one of their model sets and a different

Fig. 12 NS and BH formation cases as function of progenitor ZAMS mass, based on 1D simu-
lations with a calibrated neutrino “engine” (for more details of the modeling approach, see Ertl
et al, 2016; Sukhbold et al, 2016). The upper row displays results for the compilation of solar-
metallicity progenitors used by Sukhbold et al (2016), the middle row ultra metal-poor (10�4 solar
metallicity) models (set u2002) between 11.0 M� and 75.0 M� from Woosley et al (2002), and
the bottom row zero-metallicity models (set z2011) between 9.6 M� and 100.0 M� from Heger
and Woosley (2010) for the stars above and including 10.3 M� and from A. Heger (2015, private
communication) for the stars with lower masses. Red vertical bars indicate successful explosions
with NS formation, black bars BH formation without SN explosion, and blue bars fallback SNe
where BHs form due to massive fallback, which leads to more than 3 M� of baryonic matter in the
compact remnant. The rugged landscape of alternating intervals of NS and BH formation events is
a consequence of non-monotonicities in the pre-collapse structure of the progenitors as discussed
in Sect. 2.1. (Figure courtesy of Thomas Ertl)
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Figure 10. Neutrino observables from a failed CCSN simulation of a 40 M� progenitor star from Woosley & Heger (2007) evolved with the LS220 EOS. We
show the neutrino luminosity (left panel) and the neutrino average energy (right panel). In both panels, the curves corresponding to electron neutrinos are shown
as solid black lines, electron antineutrino curves are shown as dashed red lines, and heavy-lepton neutrino curves are shown as a dashed-dotted blue line. Note the
luminosities and average energies presented here are those as measured in the lab frame at 500 km. The lapse function at 500 km is ↵⇠0.99, therefore very little
additional redshifting will take place as the neutrinos travel to infinity. This is different than Fig. 6 where the luminosities are measured in the fluid (or comoving)
frame for the sake of comparison. In order to compute the neutrino average energy in the lab frame we use the fluid frame value (where the energies are defined)
and convert to the lab frame via h✏ilab = h✏ifluidW (1 + v). Protoneutron star collapse to a black hole occurs at ⇠537 ms, due to the finite neutrino transport time,
the last ⇠1.7 ms of the neutrino signal has not yet reached the observer at 500 km.

the neutrino energies also increase.
With GR1D’s neutrino leakage scheme we found a black

hole formation time of 561 ms and a maximum protoneutron
star gravitational (baryonic) mass of ⇠ 2.31M� (⇠2.44 M�)
(O’Connor & Ott 2011). With our neutrino transport
methods we find a black hole formation time of ⇠537 ms
(⇠24 ms before the leakage calculation) and a maximum pro-
toneutron star gravitational (baryonic) mass of ⇠2.251 M�
(⇠2.377 M�). These results are remarkably close and confirm
our previous work that the progenitor structure, and not details
of the neutrino physics, is the determining factor in black hole
formation properties (O’Connor & Ott 2011). Our leakage
scheme was unable to reliably predict the total neutrino emis-
sion. However, with our transport scheme we can make a reli-
able prediction on the total energy and neutrino number emit-
ted from this particular failed supernova (i.e. for a progeni-
tor matching the 40 M� star from Woosley & Heger (2007)
with the LS220 EOS). We find a total neutrino number emis-
sion of ⇠ 2.56⇥ 1057, ⇠ 2.33⇥ 1057, and ⇠ 4.03⇥ 1057, for
electron neutrino, electron antineutrino, and all four heavy-
lepton neutrinos, respectively. The total energy emission is
⇠ 54.4⇥1051 erg, ⇠ 47.6⇥1051 erg, and ⇠ 80.6⇥1051 erg for
electron neutrino, electron antineutrino, and all four heavy-
lepton neutrinos, respectively. Summed, this corresponds to
⇠ 182.6⇥1051 erg or equivalently ⇠ 0.102M� of mass. The
remaining difference between the gravitational mass and the
baryonic mass (⇠ 0.02M�) was present in the initial progen-
itor model. We note that while this simulation corresponds to
a failed supernova, it only radiates ⇠50% of the energy ex-
pected to be radiated in successful CCSNe. The rest of the
binding energy released during the collapse is still trapped in
the matter (either as thermal energy or trapped neutrinos) at
the point when the protoneutron star begins its collapse.

6. CONCLUSIONS

Neutrinos play a crucial, if not dominant, role in reviving
the stalled accretion shock that forms after the iron-core col-
lapse of an evolved massive star. In order to achieve an accu-
rate and self-consistent treatment of neutrinos in core collapse

simulations one has to consider several important aspects of
the problem. Deep in the protoneutron star, the mean free
path of neutrinos is very small. However, by the time the neu-
trinos reach 50-130 km, the opacity has decreased enough so
that the neutrinos are essentially decoupled from the matter
and are free streaming. This transition region is between the
optically thick and optically thin region and is very important
to capture correctly since it is where the net neutrino heating
takes place. Another critical aspect of the problem that must
be considered is the strong energy dependence of the neutrino
interaction rates. This leads to neutrinos of different energies
decoupling at different densities and radii and therefore any
self-consistent treatment must be done in an energy depen-
dent way.

For the hydrodynamic evolution in the CCSN problem we
do not have to deal with these issues because the matter par-
ticles are always in thermodynamic equilibrium. We can
completely ignore the momentum dependence of the parti-
cles (other than the net value) and just solve the hydrody-
namic conservation laws for mass, energy, momentum in one,
two, or three spatial dimensions (plus time). Since neutri-
nos in CCSNe are not always in thermodynamic equilibrium,
we cannot apply the same techniques for neutrino transport.
This makes the symmetry free problem not three dimensional
(plus time) but rather a six dimensional problem (plus time).
Simulating this six dimensional system at the resolution we
need to capture all the essential physics of the CCSN cen-
tral engine is not feasible with current computational power,
so some approximations must still be made. In this paper,
we reduced the dimensionality of the problem by removing
the angular dependence from the neutrino distribution func-
tion and instead evolved moments of the neutrino distribution
function–the total energy, and the total momentum. In this
sense, our approximation is very much like the approximation
made to derive the hydrodynamic equations. The equivalent
to the matter pressure is the Eddington tensor. We applied an
analytic closure in order to derive this Eddington tensor. We
retained the energy dependence of the neutrino distribution
function. This reduces the symmetry free problem to four di-

BH-forming Supernova (40 M     )                

abrupt termination                  

sun

Neutrinos Probe Black Hole Formation 



Neutrino Alert

Network to alert astronomers of a burst 
(neutrinos reach us earlier than photons).

SuperNova Early Warning System (SNEWS).
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Determination of supernova direction with neutrinos. 

Crucial for vanishing or weak supernova.



• Independent test of the local supernova rate. 

• Constraints on the fraction of black hole forming supernovae. 

Neutrinos Probe Global SN Population

Moller, Suliga, Tamborra, Denton, JCAP (2018).
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Neutrino Interactions
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COMPACT BINARY MERGERS



Nucleosynthesis
        Supernovae and compact mergers

Ni Cu Zn Ag
Au

Hg Pb

+ ⌫e pe�n +

+p n+⌫̄e e+

Synthesis of new elements could not happen without neutrinos.



dyn

⌫ � driven

visc

BH torus

jet

vdyn ⇠ 0.2c

vvis ⇠ 0.05c

v⌫ ⇠ 0.1c

Mvis ⇠ 10�2M�

Mdyn ⇠ 10�2M�

M⌫ ⇠ 10�3M�

  Wu, Tamborra, Just, Janka, PRD (2017). Wu & Tamborra, PRD (2017).

Neutrino may play a major role especially for element production around the polar region.

Neutrinos Affect Nucleosynthesis



Diagnosing BH formation with kilonovae 3445

Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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  Figures taken from: Metzger & Fernandez, MNRAS (2014); Kasen et al., Nature 2017.
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dioactive decay of heavy elements synthesized in the merger ejecta
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Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
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telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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Blue kilonova (n/p < 3)

Red kilonova  
(n/p > 3)



Wu, Tamborra, Just, Janka, PRD (2017). Wu & Tamborra, PRD (2017).

Neutrino flavor conversions affect element production. 

Neutrinos Affect Nucleosynthesis
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Neutrinos from Cosmic Accelerators



IceCube Collaboration, Science (2013), PRL (2014), PRD (2015). IceCube Collaboration, ApJ (2015);  PRL (2015). Ahlers & 
Halzen, Prog. Part. Phys. (2018). 

★ IceCube observed O(100) events in the TeV-PeV range. 
★ Zenith Distribution compatible with isotropic flux. 
★ Flavor distribution consistent with                                   .⌫e : ⌫µ : ⌫� = 1 : 1 : 1

     Evidence for astrophysical flux 

2013 2019

Upper Limit on Neutrino Emission

IceCube Preliminary

Figure 7: Unfolded spectrum for six years of HESE neutrino events starting inside the detector. The yellow and

red bands show the 1� uncertainties on the result of a two-power-law fit. Superimposed is the best fit to eight years

of the upgoing muon neutrino data (pink). Note the consistency of the red and pink bands. Figure from Ref. [28].

analysis that has lowered the threshold of the starting-event analysis [35] and by a variety of other

analyses. The astrophysical flux measured by IceCube is not featureless; either the spectrum of

cosmic accelerators cannot be described by a single power law or a second component of cosmic

neutrino sources emerges in the spectrum. Because of the self-veto of atmospheric neutrinos in the

HESE analysis, i.e., the veto triggered by accompanying atmospheric muons, it is very difficult to

accommodate the component below 100 TeV as a feature in the atmospheric background.

In Figure 8 we show the arrival directions of the most energetic events in the eight-year upgoing

⌫µ+⌫̄µ analysis (�) and the six-year HESE data sets. The HESE data are separated into tracks (⌦)

and cascades (�). The median angular resolution of the cascade events is indicated by thin circles

around the best-fit position. The most energetic muons with energy Eµ > 200 TeV in the upgoing

⌫µ + ⌫̄µ data set accumulate near the horizon in the Northern Hemisphere. Elsewhere, muon

neutrinos are increasingly absorbed in the Earth before reaching the vicinity of the detector because

of their relatively large high-energy cross sections. This causes the apparent anisotropy of the

events in the Northern Hemisphere. Also HESE events with deposited energy of E
dep

> 100 TeV

suffer from absorption in the Earth and are therefore mostly detected when originating in the

Southern Hemisphere. After correcting for absorption, the arrival directions of cosmic neutrinos

are isotropic, suggesting extragalactic sources. In fact, no correlation of the arrival directions of

13



Where Are These Neutrinos Coming From?

★ New physics? 

★ Galactic origin [sub-dominant contribution] 

★ Extragalactic origin 
• Star-forming galaxies 
• Gamma-ray bursts 
• Active galactic nuclei, blazars 
• Low-power or choked sources

Denton, Tamborra, JCAP (2018), ApJ (2018). Feyereisen, Tamborra, Ando, JCAP (2017).  
Mertsch, Rameez, Tamborra JCAP (2017).

 More statistics needed! No strong preference so far.



Conclusions

Neutrinos:

Fundamental in most energetic phenomena in our Universe.

Ideal messengers.

Carry imprints of the engine behind astrophysical sources.

Affect element formation in astrophysical sources.

Being a neutrino-like scientist helps to see things others don’t see!



Thank you!


