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weak r process? 
weak s process? 

LEPP? 
νp process? 

s process: 
slow neutron capture 
AGB stars 

r process: 
rapid neutron capture 
site unknown 

p process: 
(γ,n) reactions on preexisting 
heavy nuclei  

ν process:  
7Li, 11B, 19F, 138La, 180Ta, etc. 

Arnould, Goriely 2003 
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e.g., Mathews+12 



r-process nucleosynthesis 

solar system 
r-process 
residuals 

Arnould+2007 
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r-process nucleosynthesis 

Arnould+2007 
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Cowan+2011 

elemental abundances 
from r-process-
enhanced metal-poor 
halo stars  

Roederer, Lawler 2012 



r-process site: core-collapse supernovae? 

e.g., Meyer+1992, Woosley+1994, Takahashi+1994, Witti+1994, Fuller, Meyer 1995, 
McLaughlin+1996, Qian & Woosley 1996,  Hoffman+1997, Otsuki+2000, Thompson
+2001, Terasawa+2002, Liebendorfer+2005, Wanajo 2006, Arcones+2007, 
Huedepohl+2010, Fischer+2010, Roberts, Reddy 2012, Martinez-Pinedo+2014, 
Chakraborty+ 2015, Goriely, Janka 2016,  etc., etc. 

neutrino-driven wind 

PNS 
ν 

€ 

p + ν e ↔ n + e+

n + ν e ↔ p + e−

Eν x > Eνe > Eνe
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     electron fraction Ye 
     entropy s/k                             neutron to seed ratio R 
     dynamic timescale τ	

supernova neutrino-driven wind conditions 

Meyer, Brown 1997 
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oscillations and a supernova r process 

Meyer, Brown 1997 
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No ν for T < 9×109 K 

No oscillations 

Test swap at seed assembly 

Test swap at α assembly 

Duan, Friedland, McLaughlin, Surman 2011 

Collective oscillations: 
talk of K. Scholberg 
and see, e.g., the work of 
Pantaleone, Samuel, Qian and 
Fuller, Balantenkin and Yuksel, 
Dasgupta, Dighe, Raffelt, Lisi, 
Mirizzi, Volpe, Freidland, Duan, 
Kneller, Pehlivan, etc., etc. 

α effect 
(Fuller, Meyer 1995) 

€ 

p + ν e ↔ n + e+

n + ν e ↔ p + e−



14 Arcones et al.: Neutrino-driven supernova outflows

Fig. 8. Time evolution of different quantities for a set of simulations with different progenitor stars, M10-l1-r1, M15-l1-r1, M20-
l1-r1, and M25-l5-r4. Shown are the baryonic mass, Mbar, and gravitational mass, Mgrv (Eq. 7), neutron star radius, neutrino-wind
expansion timescale according to Eq. (15), wind mass-loss rate, electron fraction, and entropy per nucleon (left, from top to bottom),
radius of the supernova shock, radius of the reverse shock, and pressure, density, temperature, and entropy per nucleon downstream
of the reverse shock.

vealing a slightly longer expansion timescale, lower mass-loss
rate, and higher entropy for model M20-l1-r1 with its more

massive neutron star (see also Table 2). The electron fraction
shows a somewhat wider variation because of its strong sensi-

Arcones, 
Janka 07 

supernova neutrino-driven wind conditions 

Meyer, Brown 1997 
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Supernova neutrinos and nucleosynthesis 12
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Figure 4. The left panels show the evolution of neutrino luminosities (upper) and
average neutrino energies (lower) for the different neutrino flavors. The right panels
show the asymptotic values of entropy (lower) and Ye (upper) reached in the ejecta.

The right panels show the evolution of the values of Ye and entropy asymptotically

reached by the ejecta. One sees that the early ejecta is neutron rich with Ye ∼ 0.48.

This value is larger than the one previously found in ref. [69] using the TM1 EoS [85].

The Ye values have been determined using a full nuclear network that includes neutrino

interactions both on nucleons and nuclei and accounts for the so-called α-effect [100].

The mass-integrated nucleosynthesis is shown in figure 5. The upper panel shows
the mass-integrated isotopic abundances normalized to the solar abundances. The lower

panel shows the mass-integrated elemental abundances compared with the observations

of the metal-poor star enriched in light r-process elements HD 122563 [30]. The stellar

observations have been arbitrarily normalized to Zn (Z = 30). Our calculations

reproduce the observed abundance of Zr (Z = 40) and other nuclei around A = 90

within a factor 4. The production of these N = 50 closed neutron shell nuclei is rather
sensitive to Ye. They will be overproduced if Ye ! 0.47 [101]. Our results indicate that

neutrino-driven winds are the site for the production of elements like Sr, Y and Zr. This

is in agreement with the correlation observed in figure 1 as core-collapse supernova are

the main contributors for Fe at low metallicities [102]. In our calculations, the elements

Sr, Y, Zr, Nb, and Mo are produced mainly in the early neutron-rich ejecta by charged-

particle reactions together with some neutron captures. Due to the sudden drop of
alpha and neutron separation energies around N = 50 the production of nuclei with

N > 50 decreases dramatically (see upper panel figure 5). Nuclei with Z > 42 (A > 92)

are mainly produced in the late proton-rich ejecta by the νp-process [103, 104, 105].

However their production is very inefficient due to the low antineutrino luminosities at

late times. The production of elements with A > 64 by the νp-process is very sensitive

Martinez-Pinedo+2014 
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lower than 1:5 ; 109 K. The middle panel of Figure 7 shows nu-
cleosynthesis in such a trajectory. The largest overproductions
have shifted to the heavier p-nuclei of Sn, but the p-nuclei of Ru
andXe have been reduced, and all species are now beingmade as
themselves. Since the only difference between the trajectories rep-
resented by the middle and top panels of Figure 7 is the evolution
of radius with time at low temperatures, all differences in nucleo-
synthesis arise from late-time neutron production. It is seen that a
couple of neutrons produced at the wrong time can be detri-
mental to the synthesis of some p-process isotopes.

The bottom panel of Figure 7 shows the influence of a great
number of neutrons produced at low temperatures. Again, this was
studied by modifying just the radial profile at temperatures less
than 1.5 billion degrees of the entropy-doubled version of trajec-
tory 6. In this trajectory about 20 free neutrons are created per
heavy nucleus at low temperatures. The radioactive progenitors
of Ru, Pd, and Cd are now all neutron-rich, providing for the
production of the r-only nuclei 110Pd, 116Cd, and 122, 124Sn. It is
perhaps remarkable that some second-peak r-isotopes can be syn-
thesized in these proton-rich environments. Itmay be difficult, how-
ever, to have ejecta that are both cold enough and close enough
to the neutron star to experience the necessary neutrino irradiation.

3.5. Details of the Nuclear Flows

In all trajectory studies, regardless of initial electron fraction
or entropy, nucleosynthesis begins with 12C produced early-on

by the reaction sequence ! (!n, ") 9Be(! , n) 12C. By the time
T9 ! 3 the iron group has already been assembled. Strong (! , ")
and pairs of ( p, ") and (! , p) reactions continue to populate the
even-Z even-N ! -nuclei up to 56Ni and 60Zn. The flow mostly
travels along the Z ¼ N line and does not stray more than two
neutrons from it for any element up to zinc. This continues until
the charged-particle reactions freeze out (T9 ! 1:5).
Characteristics of the nucleosynthesis at lower temperatures

depend sensitively on the influence of neutrino captures. To il-
lustrate the influence of p (#̄e; eþ)n reactions, we beginwith a dis-
cussion of nucleosynthesis in trajectory 6, which is characterized
by the weak production of a few neutrons per heavy nucleus.
Important nuclear flows occurring when material in this trajec-
tory has a temperature T ¼ 2:05 ; 109 K are shown in Figure 8.
It can be seen that the dominant flows (red arrows) are due to
proton-capture ( p, ") reactions. These can proceed until a proton
unbound (denoted by a white square) or small (blue) proton sepa-
ration energy (Sp) is encountered. Unlike the rp-process, here we
have a neutron abundance and, although small, it allows (n, p)
reactions to populate the next lowest isobar. The ( p, ") flow is
governed by the separation energies.
The end result for this trajectory is the production of the light

p-process nuclei from Kr to Pd. The (n, p) reactions can continue
to carry the flow even at low temperatures, because such reac-
tions on targets a few neutrons to the proton side of stability typ-
ically have positive Q values (i.e., no thresholds). The flow to

Fig. 8.—Net nuclear flows in the (Z, N ) plane from zinc to tin when material in the unmodified wind outflow of trajectory 6 has a temperature T9 ¼ 2:05 and density
$ ¼ 2:7 ; 104 g cm$3. The net nuclear flow (in units of s$1) is defined as the product of abundance, density, and reaction rate in the forward (charge or mass increasing)
direction minus a similar quantity for the inverse reaction. Strong and electromagnetic flows begin at the center of a target nucleus and end as an arrow in the product
nucleus. Any flow that starts off center represents weak decay. Net nuclear flows are plotted in three strengths: red (strong), green (intermediate), and blue (weak), with
values that are between a factor of 1.0 to 0.1, 0.1 to 0.02, and 0.02 to 0.01 of the value of the largest flow in the figure, respectively. The largest flow here is 61Zn( p, ")
62Ga(1:75 ; 10$4 s$1). Stable species are represented by a filled black square in the upper left corner. Each nucleus is color coded according to the legend by the value of its
proton separation energy. Proton unbound nuclei are colored white. Nuclei with Sp > 5 MeVare colored gray. A ‘‘T’’ is plotted in the upper right-hand corner for nuclei
whose binding energy was extrapolated from measured masses (Audi & Wapstra 1995). Production factors at the time shown are given in the inset (the stable isotopes
depicted include the abundances of all radioactive progenitors that will eventually decay to them). As discussed in the text, the classical rp-process waiting points (64Ge,
68Se, 72Kr, and 76Sr) are bypassed by (n, p) reactions.

PRUET ET AL.1036 Vol. 644Pruet+2006 

Frohlich+2006 

heavy elements built up by proton 
captures (p,γ) and beta decays; waiting 
points bypassed by (n,p), (n,γ) with 
neutrons produced via 

€ 

p + ν e → n + e+

Frohlich+2006, Pruet+2006, 
Wanajo 2006 



νp process + collective oscillations? 
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lower than 1:5 ; 109 K. The middle panel of Figure 7 shows nu-
cleosynthesis in such a trajectory. The largest overproductions
have shifted to the heavier p-nuclei of Sn, but the p-nuclei of Ru
andXe have been reduced, and all species are now beingmade as
themselves. Since the only difference between the trajectories rep-
resented by the middle and top panels of Figure 7 is the evolution
of radius with time at low temperatures, all differences in nucleo-
synthesis arise from late-time neutron production. It is seen that a
couple of neutrons produced at the wrong time can be detri-
mental to the synthesis of some p-process isotopes.

The bottom panel of Figure 7 shows the influence of a great
number of neutrons produced at low temperatures. Again, this was
studied by modifying just the radial profile at temperatures less
than 1.5 billion degrees of the entropy-doubled version of trajec-
tory 6. In this trajectory about 20 free neutrons are created per
heavy nucleus at low temperatures. The radioactive progenitors
of Ru, Pd, and Cd are now all neutron-rich, providing for the
production of the r-only nuclei 110Pd, 116Cd, and 122, 124Sn. It is
perhaps remarkable that some second-peak r-isotopes can be syn-
thesized in these proton-rich environments. Itmay be difficult, how-
ever, to have ejecta that are both cold enough and close enough
to the neutron star to experience the necessary neutrino irradiation.

3.5. Details of the Nuclear Flows

In all trajectory studies, regardless of initial electron fraction
or entropy, nucleosynthesis begins with 12C produced early-on

by the reaction sequence ! (!n, ") 9Be(! , n) 12C. By the time
T9 ! 3 the iron group has already been assembled. Strong (! , ")
and pairs of ( p, ") and (! , p) reactions continue to populate the
even-Z even-N ! -nuclei up to 56Ni and 60Zn. The flow mostly
travels along the Z ¼ N line and does not stray more than two
neutrons from it for any element up to zinc. This continues until
the charged-particle reactions freeze out (T9 ! 1:5).
Characteristics of the nucleosynthesis at lower temperatures

depend sensitively on the influence of neutrino captures. To il-
lustrate the influence of p (#̄e; eþ)n reactions, we beginwith a dis-
cussion of nucleosynthesis in trajectory 6, which is characterized
by the weak production of a few neutrons per heavy nucleus.
Important nuclear flows occurring when material in this trajec-
tory has a temperature T ¼ 2:05 ; 109 K are shown in Figure 8.
It can be seen that the dominant flows (red arrows) are due to
proton-capture ( p, ") reactions. These can proceed until a proton
unbound (denoted by a white square) or small (blue) proton sepa-
ration energy (Sp) is encountered. Unlike the rp-process, here we
have a neutron abundance and, although small, it allows (n, p)
reactions to populate the next lowest isobar. The ( p, ") flow is
governed by the separation energies.
The end result for this trajectory is the production of the light

p-process nuclei from Kr to Pd. The (n, p) reactions can continue
to carry the flow even at low temperatures, because such reac-
tions on targets a few neutrons to the proton side of stability typ-
ically have positive Q values (i.e., no thresholds). The flow to

Fig. 8.—Net nuclear flows in the (Z, N ) plane from zinc to tin when material in the unmodified wind outflow of trajectory 6 has a temperature T9 ¼ 2:05 and density
$ ¼ 2:7 ; 104 g cm$3. The net nuclear flow (in units of s$1) is defined as the product of abundance, density, and reaction rate in the forward (charge or mass increasing)
direction minus a similar quantity for the inverse reaction. Strong and electromagnetic flows begin at the center of a target nucleus and end as an arrow in the product
nucleus. Any flow that starts off center represents weak decay. Net nuclear flows are plotted in three strengths: red (strong), green (intermediate), and blue (weak), with
values that are between a factor of 1.0 to 0.1, 0.1 to 0.02, and 0.02 to 0.01 of the value of the largest flow in the figure, respectively. The largest flow here is 61Zn( p, ")
62Ga(1:75 ; 10$4 s$1). Stable species are represented by a filled black square in the upper left corner. Each nucleus is color coded according to the legend by the value of its
proton separation energy. Proton unbound nuclei are colored white. Nuclei with Sp > 5 MeVare colored gray. A ‘‘T’’ is plotted in the upper right-hand corner for nuclei
whose binding energy was extrapolated from measured masses (Audi & Wapstra 1995). Production factors at the time shown are given in the inset (the stable isotopes
depicted include the abundances of all radioactive progenitors that will eventually decay to them). As discussed in the text, the classical rp-process waiting points (64Ge,
68Se, 72Kr, and 76Sr) are bypassed by (n, p) reactions.
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but see also Wu+15  
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Figure 2: Relative change Γ of the neutron production rate with
respect to the split energy Es, calculated for the antineutrino spectra
shown in the upper part of Fig. 1.

σν̄e(E) =

{

0, E < ∆

9.3× 10−44
(

E−∆
MeV

)2
cm2, E > ∆

(7)

where ∆ = 1.293 MeV is the neutron-proton mass differ-
ence. This approximation suffices to calculate Γ. However,
for the nucleosynthesis studies we use a cross section which
also considers weak magnetism and nucleon recoil correc-
tions [22]

Our nucleosynthesis calculations are based on the su-
pernova simulations of a 15 M⊙ star [3] and its associ-
ated nucleosynthesis [8, 11]. In particular, luminosities
and spectra parameters for all neutrino flavors are given
in table 1 of ref. [11]. We have approximated these spec-
tra by an α-distribution, see Eq. (3). For the ν̄e spectrum
we find the parameter αν̄e = 2.3 and an average neutrino
energy ⟨Eν̄e⟩ = 14.56 MeV, while for the ν̄µ,τ flavor these
parameters are αν̄µ,τ

= 2.3 and ⟨Eν̄µ,τ
⟩ = 15.44 MeV.

These spectra fν̄e(E) and fν̄µ,τ
(E) are plotted in the up-

per part of Fig. 1. The lower panel shows the modified
ν̄e spectrum including the effect of collective neutrino os-
cillations. We observe the increased flux of ν̄e neutrinos
with E > Es in the modified spectrum. Due to the en-
ergy dependence of the neutrino absorption cross section,
see Eq. (7), this increase of high-energy neutrinos will en-
hance the neutron production rate. This is demonstrated
in Fig. 2 that shows the neutron production rate to be
increased by a factor Γ ≈ 1.4 due to collective neutrino
oscillations. Importantly, we also observe that Γ is rela-
tively insensitive to the unknown split energy Es, in the
range up to 25 MeV. This allows us to describe the effect
of collective neutrino oscillations in νp-process nucleosyn-
thesis studies by scaling the antineutrino absorption rate
by a constant factor Γ. We have considered this scaling for
radii larger than 500 km, corresponding to temperatures
smaller than 3 GK at which the νp process operates.

Adopting Γ = 1.4 from Fig. 2 we have performed a
nucleosynthesis calculation using a sufficiently large nu-
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Figure 3: Comparison of overproduction factors calculated in νp-
process nucleosynthesis studies with Γ = 1.4, hence considering col-
lective neutrino oscillations, and Γ = 1.0. The lower panel shows the
ratio of overproduction factors for the two nucleosynthesis studies as
function of mass number.

clear network considering rates for reactions mediated by
the strong, electromagnetic and weak interaction and in-
volving nuclei in the mass range up to the europium iso-
topes (see ref. [23] for additional details). The evolution
of temperature, density and Ye corresponds to the trajec-
tory labelled “1116 ms” shown in figure 3 of ref. [8]. The
abundance distributions of elements heavier than A = 64
are compared to those obtained in a calculation, in which
we choose Γ = 1.0 and kept all other quantities the same.
This study hence corresponds to a standard νp-process
calculation without consideration of collective neutrino os-
cillations. In Fig 3, we show the calculated ‘overproduc-
tion factors’ for both nucleosynthesis studies defined by
the ratio Mi/(M ejXi,⊙), where Mi is the produced mass
of isotope i and Xi⊙ is its solar mass fraction. The total
mass ejected in the supernova simulation, M ej, is taken
from [8]. The enhanced neutron production due to collec-
tive neutrino oscillations has two interesting consequences.
Firstly, it increases the abundances of nuclei heavier than
A = 80. In particular, the abundances of light p-nuclides
(92,94Mo, 96,98Ru), whose production might be attributed
to the νp process, are enhanced by factors 2–3. The in-
crease becomes more significant for nuclides with A > 96.
This is due to the fact that the enhanced rate for neutron
production increases the number of neutrons that can in-
duce (n, p) reactions on heavy nuclei. In particular, it re-
duces the timescale of this reaction on the N = 50 nucleus
96Pd which acts like a “seed” for the production of nuclei

3



exotic supernovae? 
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collapsars/lGRBs  

e.g., Beloborodov 2003, Nagataki+2003, Surman, McLaughlin 2005, Nagataki
+2006, Fryer+2006, Fujimoto+2007, Fujimoto+2008, Tominaga 2009, 
Maeda,Tominaga 2009, Nomoto+2010, Horiuchi +2012, Shibata, Tominaga 
2012, Malkus+2012, Nakamura+2013, etc. 

neutron-rich MHD jets  
 
e.g., Cameron+2003, Kotake+2004, 
Nishimura+2006, Fujimoto+2008, 
Winteler+2012, Mösta+2014, Shibagaki
+2016, etc. 

Winteler+2012 



collapsar AD-BH neutrino emission 
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Neutrino emission from black hole accretion disks (AD-BHs) is similar 
to that from a PNS, but there are key differences: 

     � primarily νe and νe (vs. all flavors in a PNS) 

     � emission surfaces not spherical 

     � νe emission surface much larger than that for νe 
                   

_ 

_ 

Disk models from Chen and 
Beloborodov 2008, neutrino calculation 
from Surman and McLaughlin 

new type of oscillation 
possible: a matter-neutrino 
resonance (MNR) 
  



collapsar AD-BH outflow nucleosynthesis 
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no oscillations 

single angle ν oscillation 
calculation 

no ν for r > 5×107 cm 

Malkus, McLaughlin, Kneller, 
Surman 2012 
  € 

α
€ 

n



r-process site: compact object mergers? 

e.g., Lattimer, Schramm 1974, 1976, Meyer 1989, Frieburghaus+1999, Goriely+2005, 
Wanajo, Ishimaru 2006, Oechslin+2007, Nakamura+2011, Goriely+2011, Korobkin
+2012, Wanajo+2014, Just+2015, Mendoza-Temis+2015, Eichler+2015, etc., etc.  

cold/mildly heated 
prompt ejecta 

Goriely+2011 

R
 S

u
rm

a
n

 
N

o
tr

e
 D

a
m

e
   

 
T

P
C

 5
-

7
 D

e
c 

16
 

Korobkin+  
2012 



 
Tanvir+2013, Berger 2013:  
observations of a kilonova 
candidate sGRB 130603B 
 
 

electromagnetic signatures of merger events 

16 Barnes et al.

Figure 16. Synthetic bolometric light curves for our fiducial
ejecta model, calculated with Sedona for three di↵erent treatments
of thermalization: full thermalization (blue curve); Sedona’s origi-
nal thermalization scheme, which deposits charged particle energy
but explicitly tracks the deposition of �-ray energy (lime curve);
and the time-dependent f

tot

(t) from our numerical simulations (red
curve). Accounting for time-dependent thermalization e�ciencies
has a significant impact on kilonova luminosity, particularly for
models with lower masses and higher luminosities. For our fiducial
model, the predicted luminosity is lower by a factor of . 2 at peak,
and by 10 days is lower by an factor of 5.

2013; Berger et al. 2013). Tanvir et al. (2013) deter-
mined that the source of the flux had an absolute AB
magnitude in the J -band of -15.35 at t ⇠ 7 days. Having
incorporated f

tot

(t) into kilonova light curve models, we
can more confidently constrain the mass ejected in the
kilonova associated with GRB 130603B.

In Figure 17, we compare the detected flux to J -band
light curves for various ejecta models, and find the ob-
served flux is consistent with 5 ⇥ 10�2M� . M

ej

.
10�1M�. This mass is higher than what is typically pre-
dicted for the dynamical ejecta from a binary neutron
star merger, suggesting that if the kilonova interpreta-
tion is correct, the progenitor of GRB 130603B was per-
haps a neutron star-black hole merger, or that the mass
ejected was significantly enhanced by post-merger disk

100 101
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Figure 17. Absolute (AB) J -band light curves for several ejecta
models. The excess IR flux (gold star) suggests an ejected mass
between 5⇥ 10�2 and 10�1M�.

winds.
Our mass estimate here is an improvement over earlier

work which neglected detailed thermalization, and gives
substantially di↵erent results. For example, Piran et al.
(2014) suggested M

ej

⇠ 0.02M�, less than half our new
value. However, we have not accounted for viewing an-
gle e↵ects. If the ejected material is mainly confined to
the equatorial plane, the emission will be brighter when
the system is viewed face-on (Roberts et al. 2011), which
would reduce the inferred mass somewhat. If the ejecta is
oblate, thermalization will also be more e�cient, which
could have a small impact on mass estimates. Radia-
tion transport simulations in three dimensions with time-
dependent thermalization models will further constrain
M

ej

.

6.4. Late-time light curve

Late time kilonova light curves may probe the history
of r -process nucleosynthesis in CO mergers. At ⇠ 2 days
after merger, fission ceases to be important, and ↵- and
�-decay dominate the kilonova’s energy supply. Energy
from ↵-decay is transferred entirely to fast ↵-particles,
which thermalize fairly e�ciently out to late times. Beta
particles thermalize with similar e�ciency, but carry only
a fraction (⇠ 25%) of the total �-decay energy, with the
rest lost to neutrinos and �-rays. A kilonova’s late-time
luminosity will therefore depend on the relative impor-
tance of ↵- versus �-decay. Because only nuclei with
200 . A . 250 undergo ↵-decay, the late time kilonova
luminosity may diagnose the presence of heavy elements
in the ejecta, and therefore constrain the neutron-rich
conditions required for heavy element formation.

We gauge the relative strength of late-time kilonova
light curves for di↵erent Y

e,0 by estimating the percent
of energy from the decay of r -process elements emitted
as fission fragments, ↵-, and �-particles, time-averaged
over t = 10 � 100 days. (Note that while all energy from
↵-decay emerges as ↵-particles, �-particles receive only
25-30% of the energy from �-decay.) The results for our
representative SPH trajectory, for a range of Ye,0 and
two nuclear mass models, are shown in Figure 18. The
curves suggest that systems with Y

e,0 . 0.17 have more
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FIG. 2.—Absolute magnitude versus rest-frame time based on our ground-based observations fromMagellan (§2), on Gemini data (Cucchiara et al. 2013b), and
on ourHST photometry (§2; blue: F606W; red: F160W). Also shown is an afterglow model with a single power law decline of Fν ∝ t−2.6, required by the ground-
based observations. This model underpredicts the WFC3/F160W detection by about 3.5 mag. The thick solid and dashed lines are kilonova model light curves
generated from the data in Barnes & Kasen (2013) and convolved with the response functions of the ACS/F606W and WFC3/F160W filters (solid: Mej = 0.1
M⊙; dashed: Mej = 0.01 M⊙). Finally, we also plot the light curves of GRB-SN 2006aj in the same filters (thin dashed; Ferrero et al. 2006; Kocevski et al. 2007),
demonstrating the much fainter emission in GRB130603B, and ruling out the presence of a Type Ic supernova (§3).

PSF to add fake sources of varying magnitudes at the after-
glow position with the IRAF addstar routine, followed by
subtraction with ISIS, leading to a 3σ limit of mF606W ! 27.7
mag. Finally, to obtain a limit on the brightness of the source
in the second epoch of WFC/F160W imaging we add fake
sources of varying magnitudes at the source position and per-
form aperture photometry in a 0.15′′ radius aperture and a
background annulus immediately surrounding the position of
the source to account for the raised background level from
the host galaxy. We find a 3σ limit of mF160W ! 26.4 mag.
We note that our detection of the near-IR source was subse-
quently confirmed by an independent analysis of theHST data
(Tanvir et al. 2013). At the redshift of GRB 130603B, the re-
sulting absolute magnitudes at 9.4 days areMH ≈ −15.2 mag
andMV ! −13.3 mag.

3. AN R-PROCESS KILONOVA
In principle, the simplest explanation for the near-IR emis-

sion detected in theHST data is the fading afterglow. To assess
this possibility we note that our Magellan optical data at 8.2
and 32.2 hr require a minimum afterglow decline rate of α "
−2.2 (Fν ∝ tα); r-band data from Gemini (Cucchiara et al.
2013b) require an even steeper decline of α " −2.6. Simi-
larly, the Gemini gri-band photometry at 8.4 hr indicates a
spectral index of β ≈ −1.5 (Cucchiara et al. 2013b), leading
to inferred magnitudes in the HST filters of mF606W ≈ 21.6

mag and mF160W ≈ 20.0 mag (see Figure 2). Extrapolat-
ing these magnitudes with the observed decline rate to the
time of the first HST observation we find expected values of
mF606W ! 30.9 mag and mF160W ! 29.3 mag. While the in-
ferred afterglow brightness in F606W is consistent with the
observed upper limit, the expected F160W brightness is at
least 3.5 mag fainter than observed. Moreover, the afterglow
color at 8.4 hr ismF606W−mF160W ≈ 1.6 mag, while at 9.4 days
it is somewhat redder,mF606W −mF160W ! 1.9 mag, suggestive
of a distinct emission component.
The excess near-IR flux at 9.4 days, with a redder color

than the early afterglow, can be explained by emission from
an r-process powered kilonova, subject to the large rest-frame
optical opacities of r-process elements (Figure 2). In the mod-
els of Barnes & Kasen (2013), the expected rest-frame B − J
color at a rest-frame time of 7 days (corresponding to the ob-
served F606W−F160W color at 9.4 days) is exceedingly red,
B − J ≈ 12 mag, in agreement with the observed color. As
shown in Figure 2, kilonova models with a fiducial velocity
of vej = 0.2c and ejecta masses ofMej = 0.01−0.1M⊙ bracket
the observed near-IR brightness, and agree with the optical
non-detection.
In Figure 3 we compare the observed F160W absolute mag-

nitude to a grid of models from Barnes & Kasen (2013), cal-
culated in terms of Mej and vej. The grid is interpolated
from the fiducial set of models in Barnes & Kasen (2013),
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Enrichment of r-process elements in dSphs 11

Eu in Figure 11 (a) and (b) are produced by NSMs with
tNSM = 10 Myr (mt10) and 500 Myr (mt500), respec-
tively. Although mt10 has a slightly smaller fraction of
stars in −3 < [Fe/H] < −2 than model m000, the global
relative abundance ratio is similar to m000 (tNSM = 100
Myr). Contrary to the models m000 and mt10, the model
with much longer merger time such as 500 Myr in mt500
shows large scatters in [Eu/Fe] at higher metallicity and
cannot account for the observed scatters in [Fe/H]∼ −3.
Figure 12 shows [Fe/H] as a function of the substantial

galactic age, i.e., the elapsed time from the rise of the ma-
jor star formation. As shown in Figure 3, we can regard
that the major star formation arises from 600 Myr from
the beginning of the calculation. The average metallicity
of stars is almost constant during the first ∼ 300 Myr.
Due to low star formation efficiency of the galaxy, spatial
distribution of metallicity is highly inhomogeneous in !
300 Myr. In this epoch, since most of gas particles are
enriched only by a single SN, metallicity of stars is mainly
determined simply by the distance from each SN to the
gas particles which formed the stars. Therefore, NSMs
with tNSM ∼ 100 Myr can account for the observation of
EMP stars, as well as those with tNSM ∼ 10 Myr. In con-
trast, metallicity is well correlated with the galactic age
after ∼ 300 Myr, irrespective of the distance from each
SN to the gas particles. Because SN products have al-
ready been well mixed in a galaxy, the stellar metallicity
is determined by the number of the SNe, which enriched
the stellar ingredients. Therefore, if the merger time of
NSMs is much longer than ∼ 300 Myr, it is too long to
reproduce observations.

4.5. The rate of neutron star mergers

The yields of r-process elements in our models are re-
lated to the NSM rate as already mentioned in §2.2,
though the Galactic rate of NSMs is highly uncertain.
The estimated Galactic NSM rate is 10−6 to 10−3 yr−1

based on three observed binary pulsars (Abadie et al.
2010a). Table 5 lists yields of models discussed here. Fig-
ure 13 shows predicted [Eu/Fe] as a function of [Fe/H]
assuming different NSM rate. Figure 13 (a) and (b)
represent models with the NSM fractions fNSM = 0.001
(mr0.001) and fNSM = 0.1 (mr0.1), respectively. The cor-
responding NSM rate in a MW-like galaxy is∼ 10−5 yr−1

(mr0.001) and ∼ 10−3 yr−1 (mr0.1). Model mr0.001
predicts larger scatter and a smaller number of stars at
[Fe/H] < −3 than m000. Model mr0.001 has [Eu/Fe]
dispersion by more than 3 dex at [Fe/H] = −2. In ad-
dition, there remains ∼ 1 dex dispersion even for stars
with [Fe/H] > −2. In contrast, model mr0.1 predicts
smaller scatter than m000, though it does not seem to
be inconsistent with observations. Such tendencies are
also seen in Argast et al. (2004), Komiya et al. (2014)
and van de Voort et al. (2015).
Our fiducial model, m000, reproduces the observed

r-process ratio as discussed in §4.2. The NSM rate
of m000 for a MW-like galaxy is ∼ 10−4 yr−1. The
total mass of r-process elements produced by each
NSM corresponds to ∼ 10−2M⊙. The value is consis-
tent with recent nucleosynthesis calculations: 10−3M⊙

to 10−2M⊙ (e.g., Goriely et al. 2011; Korobkin et al.
2012; Hotokezaka et al. 2013; Bauswein et al. 2013;
Wanajo et al. 2014).

Fig. 11.— [Eu/Fe] as a function of [Fe/H] with different merger
time of NSMs. (a): mt10 (tNSM = 10 Myr). (b): mt500 (tNSM =
500 Myr). Symbols are the same as Figure 5.

Argast et al. (2004) construct an inhomogeneous
chemical evolution model of the MW halo. Their model
is difficult to reproduce [Eu/Fe] by NSMs with the Galac-
tic NSM rate of 2×10−4 yr−1 due to high star formation
efficiency. [Eu/Fe] produced in their model is similar to
that of mExt (Figure 10).
From the discussion above, NSM rate of ∼ 10−4 yr−1

in a MW size galaxy is preferred to reproduce the ob-
served [Eu/Fe]. This rate is consistent with the esti-
mated galactic NSM rate from the observed binary pul-
sars (Abadie et al. 2010a). Near future gravitational de-
tectors, KAGRA, advanced LIGO, and advanced VIRGO
(Abadie et al. 2010b; Kuroda & LCGT Collaboration
2010; Accadia et al 2011; LIGO Scientific Collaboration
2013) are expected to detect 10 – 100 events per year of
gravitational wave from NSMs.

5. SUMMARY

 

 
Figure 2: Chemical abundances of stars in Reticulum II. 
Panels a-b: Abundances of neutron-capture elements Ba and Eu for stars in Ret II (large red 
points) compared to halo stars23 (small gray points) and UFD stars in Segue 1, Hercules, Leo IV, 
Segue 2, Canes Venatici II, Bootes I, Bootes II, Ursa Major II, and Coma Berenices (medium 
colored points, see references in refs. [11,14,15]). Arrows denote upper limits. The notation 
[A/B] = log10(NA /NB) – log10(NA/NB)sun quantifies the logarithmic number ratio between two 
elements relative to the solar ratio. The [Eu/Fe] ratios of the Ret II stars are comparable to the 
most r-process enhanced halo stars known. All other UFDs have very low neutron-capture 
abundances.  
Panel c: Neutron-capture abundance patterns of elements in the main r-process for the four 
brightest Eu-enhanced stars in Ret II compared to the scaled solar r and s process patterns9 
(purple and yellow lines, respectively). Solar abundance patterns are scaled to Ba. Each star’s 
abundances are offset by multiples of 5. All four stars clearly match the universal r-process 
pattern. The [Eu/Ba] ratios for the three fainter stars are also consistent with the universal r-
process pattern. We used spectrum synthesis to derive abundances of Ba, La, Pr, and Eu. Other 
neutron-capture element abundances were determined using equivalent widths of unblended 
lines. Error bars indicate the larger of 1) the standard deviation of abundances derived from 
individual lines accounting for small-number statistics; and 2) the total [Fe/H] error (including 
stellar parameter uncertainties). Stellar parameter uncertainties for Teff, log g, and 
microturbulence were 150K, 0.3 dex, and 0.15 km s-1 respectively. For the 7th and 9th stars in 
Table 1, the temperature errors were 200K due to low signal-to-noise and few iron lines. !
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(relevant for kilonova emission) are also obtained from the nu-
cleosynthesis calculations (Section 4).

2. MERGER MODEL

The hydrodynamical evolution of a NS–NS merger is fol-
lowed with a recently developed three-dimensional (3D) full-
GR code (Y. Sekiguchi et al. 2014, in preparation), which is
updated from the previous version (Sekiguchi 2010; Sekiguchi
et al. 2011a, 2011b). Neutrino transport is taken into account
based on the Thorne’s moment scheme (Thorne 1981; Shibata
et al. 2011) with a closure relation. For neutrino heating, absorp-
tion on free nucleons is considered. The gravitational masses (in
isolation) are taken to be 1.3 M⊙ for both NSs.

We adopt an equation of state (EOS) of dense matter devel-
oped in Steiner et al. (2013, SFHo), which has a maximum NS
mass sufficiently greater than the largest well-measured mass
(≈2 M⊙, Demorest et al. 2010; Antoniadis et al. 2013). This
EOS gives the radius ≈12 km for a cold NS, which is in the
range constrained from nuclear experiments, nuclear theory,
and astrophysical observations, 10.7–13.1 km for a 1.4 M⊙ NS
(Lattimer & Lim 2013). Note that the EOS of Shen et al. (1998)
adopted in many previous simulations gives ≈14.5 km for a
1.4 M⊙ NS, which is substantially greater than the upper bound
of this constraint.

At the beginning of simulation (t = 0), each NS consists of
matter with Ye ≈ 0.06 in the (neutrino-less) β-equilibrium with
a constant temperature of 0.1 MeV. The background medium
is placed with the same temperature, density decreasing from
105 g cm−3 (in the central region) to 103 g cm−3, and Ye = 0.46.
The merging of NSs starts at t ∼ 3 ms with increasing density
at the origin of the coordinate axis, ρ0 (Figure 1). This leads to
the steep rises of masses (t ∼ 5.5 ms) outside 150 km (from the
center) coming from the contact interface region.

A hypermassive NS (HMNS) forms at t ∼ 4.5 ms. The
second phase of mass ejection follows in response to the
interaction between the inner atmospheric material (originating
from the shear interface) and the rapidly rotating, quasi-radially
oscillating HMNS (from t ∼ 7.5 ms). We find that the total
ejecta mass is dominated (∼60%) by this second phase. The
simulation ends at t = 13.7 ms with the distributions of
density, temperature, Ye, and entropy (per nucleon; S/kB, kB is
Boltzmann’s constant) shown in Figure 2.5 At this time, the bulk
of ejecta (total mass of Mej ≈ 0.01 M⊙) are freely expanding
with the velocities ∼ (0.1–0.3)c (c is the speed of light).

The behavior of mass ejection described here is in qualitative
agreement with the previous full GR (Hotokezaka et al. 2013a,
for soft EOSs) and approximate GR (Bauswein et al. 2013, for
the same SFHo EOS) works. As pointed out in these studies, the
mass ejection is due to shock-heating and tidal torque; neutrino-
heating plays a subdominant role.

As the HMNS forms, temperature near its surface gets as high
as ∼10 MeV (∼100 GK), giving rise to copious e−e+ pairs that
activate the weak interactions n+e+ → ν̄e +p, p +e− → νe +n,
and their inverses. The e+ and νe captures convert some part
of neutrons to protons; the ejecta Ye values increase from the
initial low values.6 The first outgoing ejecta from the contact
interface region are away from the HMNS when it forms and

5 Animations of the simulation are available from
http://cosnucs.riken.jp/movie.html.
6 The fast moving NSs and subsequent merger ejecta in the background
medium make shocks that can increase temperature and thus Ye. However, the
mass suffering from these artifacts is negligibly small compared to the total
ejecta mass (Figure 1).
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Figure 1. Temporal evolutions of ejecta mass fractions outside 150 km from the
origin of the coordinate axis for the x–y, x–z, and y–z planes in the (2000 km)3

cube (see Figure 2; with the width ≈13 km for each plane). The ejecta mass
ratio at the end of simulation is ∼5:2:3 for these planes. The masses at t = 0
are due to the background medium, the fractions of which are sufficiently small
compared to the total masses. Also shown is the temporal evolution of density at
the origin. The middle and bottom panels display, respectively, the luminosities
and angle-averaged mean energies for νe , ν̄e , and heavy-lepton neutrinos. Note
that the neutrinos of ∼10 MeV at t ! 4 ms are unimportant because of the low
luminosities.
(A color version of this figure is available in the online journal.)

thus neutrino capture is subdominant. As a result, the Ye values
are relatively low (∼0.1–0.2; blue-cyan spiral arms in Figure 2).
The outer ejecta with higher Ye (∼0.2–0.3) are unimportant in
the total ejecta mass because of their low densities.

In the second phase of mass ejection, neutrinos coming from
the HMNS surface play a crucial role. The luminosities and
mean energies are only slightly greater for ν̄e than those for
νe (Figure 1). The asymptotic Ye (after sufficient time) with
these values is expected to be Ye,a ∼ 0.5 (e.g., Equation (77)
in Qian & Woosley 1996). However, neutrino absorption in the
fast outgoing ejecta freezes before Ye reaches Ye,a, resulting in
Ye ∼ 0.3–0.4 (yellow–orange spiral arms in Figure 2).

The ejecta mass distributions in Ye and S/kB at the end of
the simulation are displayed in Figure 3 for the x–y, x–z, and
y–z planes. We find that the Ye values widely vary between
0.09 and 0.45 with greater amounts for higher Ye, in which
the initial β-equilibrium values (≈0.06) have gone. Non-orbital
ejecta have higher Ye values because of the shock-heated matter
escaping to the low-density polar regions (Hotokezaka et al.
2013a). The shock heating results in S/kB up to ≈26 and 50
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(A color version of this figure is available in the online journal.)

slows the temperature drop around 1 GK (e.g., Korobkin et al.
2012). The effect is, however, less dramatic than those found
in previous works because of the higher ejecta entropies in our
result.

Figure 4 (top) displays the final nuclear abundances for
selected trajectories. We find a variety of nucleosynthetic
outcomes: iron-peak and A ∼ 90 abundances made in nuclear
quasi-equilibrium for Ye ! 0.4, light r-process abundances for
Ye ∼ 0.2–0.4, and heavy r-process abundances for Ye " 0.2.
In contrast to previous works, we find no fission recycling;
the nuclear flow for the lowest Ye (=0.09) trajectory reaches
A ∼ 280, the fissile point by neutron-induced fission, only at the
freezeout of r-processing. Spontaneous fission plays a role for
forming the A ∼ 130 abundance peak, but only for Ye < 0.15.

Figure 4 (bottom) shows the mass-averaged nuclear abun-
dances by weighting the final yields for the representative
trajectories with their Ye mass fractions on the orbital plane
(Figure 3). We find a good agreement of our result with the
solar r-process abundance distribution over the full-A range of
∼90–240 (although the pattern would be somewhat modified
by adding non-orbital components). This result, differing from
the previous works exhibiting the production of A ! 130 nu-
clei only, is a consequence of the wide Ye distribution predicted
from our full GR, neutrino transport simulation. Note also that

fission plays a subdominant role for the final nucleosynthetic
abundances. The second (A ∼ 130) and rare-Earth-element
(A ∼ 160) peak abundances are dominated by direct produc-
tion from the trajectories of Ye ∼ 0.2. Our result reasonably
reproduces the solar-like abundance ratio between the second
(A ∼ 130) and third (A ∼ 195) peaks as well, which is difficult
to explain by fission recycling.

Given that the model is representative of NS–NS mergers, our
result gives an important implication; the dynamical ejecta of
NS–NS mergers can be the dominant origin of all the Galactic
r-process nuclei. Other contributions from, e.g., the BH-torus
wind after collapse of HMNSs, as invoked in the previous
studies to account for the (solar-like) r-process universality,
may not be needed. The amount of entirely r-processed ejecta
Mej ≈ 0.01 M⊙ with present estimates of the Galactic event rate
(a few 10−5 yr−1, e.g., Dominik et al. 2012) is also compatible
with the mass of the Galactic r-process abundances as also
discussed in previous studies (Korobkin et al. 2012; Bauswein
et al. 2013).

4. RADIOACTIVE HEATING

The r-processing ends a few 100 ms after the merging. The
subsequent abundance changes by β-decay, fission, and α-decay
are followed up to t = 100 days; the resulting radioactive
heating is relevant for kilonova emission. Figure 5 displays the
temporal evolutions of the heating rates for selected trajectories
(top left) and those mass-averaged (top right). For comparison,
the heating rate for the nuclear abundances with the solar
r-process pattern (for A # 90, q̇solar−r ; the same as that used in
Hotokezaka et al. 2013b; Tanaka et al. 2014), β-decaying back
from the neutron-rich region, is also shown in each panel. The
short-dashed line indicates an analytical approximation defined
by q̇analytic ≡ 2 × 1010 t−1.3 (in units of erg g−1 s−1; t is time
in day, e.g., Metzger et al. 2010). The lower panels show the
heating rates relative to q̇analytic.

Overall, each curve reasonably follows q̇analytic by ∼1 day.
After this time, the heating is dominated by a few radioactivities
and becomes highly dependent on Ye. Contributions from the
ejecta of Ye > 0.3 are generally unimportant after ∼1 day. We
find that the heating for Ye = 0.34 turns to be significant after
a few tens of days because of the β-decays from 85Kr (half-life
of T1/2 = 10.8 yr; see Figure 4 for its large abundance), 89Sr
(T1/2 = 50.5 days), and 103Ru (T1/2 = 39.2 days). Heating rates
for Ye = 0.19 and 0.24, the abundances of which are dominated
by the second peak nuclei, are found to be in good agreement
with q̇solar−r . This is due to a predominance of β-decay heating
from the second peak abundances, e.g., 123Sn (T1/2 = 129 days)
and 125Sn (T1/2 = 9.64 days) around a few tens of days.

Our result shows that the heating rate for the lowest Ye
(=0.09) is the greatest after 1 day with a few times larger values
than those in previous works (with Ye ∼ 0.02–0.04 in Goriely
et al. 2011; Rosswog et al. 2014). In our case, the radioactive
heating is dominated by the spontaneous fissions of 254Cf and
259,262Fm. It should be noted that the heating from spontaneous
fission is highly uncertain because of the many unknown half-
lives and decay modes of nuclides reaching to this quasi-stable
region (A ∼ 250–260 with T1/2 of days to years). In fact,
tests with another set of theoretical estimates show a few times
smaller rates after ∼1 day (because of diminishing contributions
from 259,262Fm), being similar to the previous works. It appears
difficult to obtain reliable heating rates with currently available
nuclear data when fission plays a dominant role.

4
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13

FIG. 5: Top Panel: Neutrino capture rates from the multi disk models as a function of position along the outflow
trajectory. Middle Panel: Neutron mass fraction as a function of position along the outflow trajectory. Bottom

Panel: Alpha particle mass fraction as a function of position along the trajectory. All Panels The multi disk model
with no oscillations is shown in black. The multi disk model with oscillation that includes no initial mu and tau

neutrinos is shown in dark blue. Oscillation calculations where mu and tau neutrinos are included at 5% are shown
in light blue, at 10% in green, at 20% in yellow and at 65% in red.
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12

FIG. 4: Nucleosynthesis resulting from the multi disk models. The vertical axis shows abundance and the horizontal
axis shows the A = neutron + proton number of elements produced. Both Panels: The black plusses show the solar
abundance. Top Panel: Production from the multi disk model with no oscillations is shown in black. Bottom Panel:

Production from the multi disk model with oscillation that includes no initial mu and tau neutrinos is shown in dark
blue. Oscillation calculations where mu and tau neutrinos are included at 5% are shown in light blue, at 10% in

green, at 20% in yellow and at 65% in red.

Malkus, McLaughlin, 
Surman 2016 
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the MNR above realistic disks 4
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FIG. 2: Solid(dashed) lines are neutrino(anti-neutrino) surfaces for energies of 10.67 MeV, 16.22 MeV, 24.66 MeV;
green arrow: trajectory 1, test neutrino originating from Cartesian coordinates of (0,0,18) km with a direction of
(0,

√
2, 3) ; orange arrow: trajectory 2, test neutrino from (0,0,18) km with a direction of (0,1,3).

.

(ρ >∼ 1012 g cm−3) and small electron fraction inside the MNS favor the presence of a larger number of trapped ν̄es
than νes [20]. The former diffuse out on a smaller timescale, due to their lower opacity. Thus, the MNS emits more
electron antineutrinos than neutrinos. On the other hand, the emission from the hot disk, powered by the accretion
process, happens mostly at lower densities and higher electron fractions. Under these conditions, a larger number of
softer electron neutrinos is emitted from a wider portion of the disk, compared with electron antineutrinos.
The combination of both of these factors determines the non-trivial spatial dependence of the neutrino densities

above the remnant, which is presented in Fig. 3. The more intense ν̄e fluxes coming from the MNS and the more
compact ν̄e surfaces lead to the presence of more abundant electron antineutrinos in the funnel above the MNS. At
larger distances from the rotational axis, the disk neutrinos play an increasingly important role, altering the ratio of
neutrinos and antineutrinos. The larger absorption provided by the disk on νe smooths the transition between the
two different regimes.

FIG. 3: Profiles of the electron neutrino density (left, logarithmic scale) and of the ratio between the electron neu-
trino and antineutrino densities (right, linear scale) above the outermost neutrino surface; cut is at ρ = 1010 g cm−3.

Frensel, Wu, Volpe, 
Perego 2016 
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summary 

Neutrinos play a key role in heavy element synthesis in 
supernovae, and in collapsar and merger accretion disk outflows.  
Neutrinos can: 

-> set the initial neutron-to-proton ratio 
-> determine free nucleon availability for capture after seed  
          formation 
 
In order to build a full picture of the origin of heavy elements we 
need: 
 
•  precise neutrino mixing parameters and mass ordering 

•  as much spectral information as possible from the next galactic 
supernova/merger 

 
 


