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e.g., Lattimer & Schramm (1974, 1976), Meyer (1989), Frieburghaus et al (1999), Goriely et al 
(2005), Argast et al (2004), Wanajo & Ishimaru (2006), Oechslin et al (2007), Nakamura et al 
(2011), Goriely et al (2012), Korobkin et al (2012), Rosswog el at (2013), Wanajo et al (2014), Just 
et al (2014), etc., etc.
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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),

r-process ‘kilonova’/’macronova’ 
e.g., Li & Pacznski (1998), Metzger et al 
(2010), Barnes & Kasen (2013) 
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jet (?) 
accretion disk outflows 

e.g., Pruet, Thompson, & Hoffman (2004), Surman & 
McLaughlin (2004), Arai et al (2004), Fujimoto et al 
(2004), Surman, McLaughlin, & Hix (2006), Barzilay 
& Levinson (2008), Metzger, Thompson, & Quataert 
(2008), Kizivat et al (2010), Metzger et al (2011), 
Wanajo & Janka (2012), Perego et al (2014), Just et 
al (2014), Wanajo et al (2014)
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p + ν e ↔ n + e+

n + ν e ↔ p + e−

e.g., Meyer et al (1992), Woosley et al (1994), Takahashi et al (1994), Witti et al (1994), Fuller & 
Meyer (1995), McLaughlin et al (1996), Meyer et al (1998), Qian & Woosley (1996),  Hoffman et al 
(1997),  Cardall & Fuller (1997), Otsuki et al (2000), Thompson et al (2001), Terasawa et al (2002), 
Liebendorfer et al (2005), Wanajo (2006), Arcones et al (2007), Huedepohl et al (2010), Fischer et al 
(2010), Roberts & Reddy (2012), Horowitz et al (2012), Wanajo (2013), Martinez-Pinedo et al (2014)

supernova neutrino-driven wind 
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collapsars/lGRBs  
e.g., Beloborodov (2003), Nagataki et al 
(2003), Surman & McLaughlin (2005), Nagataki 
et al (2006), Fryer et al (2006), Fujimoto et al 
(2007), Fujimoto et al (2008), Tominaga (2009), 
Maeda & Tominaga (2009), Nomoto et al 
(2010), Horiuchi et al (2012), Shibata & 
Tominaga (2012), Malkus et al (2012), 
Nakamura et al (2013), etc.

neutron-rich MHD jets  
e.g., Cameron (2003), Kotake et al (2004), Nishimura et 
al (2006), Fujimoto et al (2008), Winteler et al (2012), 
Mösta et al (2014), etc.
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Key quantities: 
 
     electron fraction Ye 
     entropy s/k                                         neutron to seed ratio R 
     dynamic timescale τ	
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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 and 
Janka (2007) 
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Figure 7: Shows mass fractions of neutrons (solid lines) and alpha particles (dashed lines) as a
function of radius r in km for the three simulations from Fig. 6. In the single-angle calculation,
the flavor transformations occur early and influence the initial free neutron abundance, while in the
multiangle calculation the transformations occur as the alphas are assembling into seeds.

– 23 –

Duan, Friedland, McLaughlin & Surman (2011) 
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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-
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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

Martínez-Pinedo 
et al (2014) 



Neutrino emission from black hole accretion disks (AD-BH) 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 

As a result, antineutrino emission can dominate over neutrino emission close 
to the disk, but neutrino emission can dominate farther out  

_ 

_ 

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

collapsar AD-BH neutrino emission 
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vacuum terms 

matter 

neutrino self interaction 

Malkus, McLaughlin, Kneller, 
Surman (2012) 
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no oscillations 

single angle ν 
oscillation 
calculation 

Malkus, McLaughlin, Kneller, Surman (2012) 
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Surman, McLaughlin, Ruffert, Janka, Hix (2008) 

p+νe ↔ n+ e+

n+νe ↔ p+ e−

positron captures 
dominate in 
merger disks, so  

fνe > fνe

nucleosynthesis from a merger AD-BH 
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Wanajo, Janka (2012) 

The Astrophysical Journal, 746:180 (15pp), 2012 February 20 Wanajo & Janka
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Figure 19. Nucleosynthetic abundances for case 1 (top) and case 2 (bottom),
mass-integrated between D = 2RS and 10RS, for the values of Lν,0 (in units of
1051 erg s−1) denoted in the legend.
(A color version of this figure is available in the online journal.)

of D) predominantly determines Ah, rather than the modest S
or τ , which both exhibit gradients with distance D (Figures 7
and 8). In the innermost winds (D < 3RS), however, the high S
and short τ play crucial roles. Except for the innermost winds,
Ah ranges from 60 to 220, encompassing nuclei from the trans-
iron to the actinide region, but well below the neutron-induced
fissioning point (A ∼ 290; e.g., Figure 3 in Goriely & Clerbaux
1999). This is a consequence of Ye,2.5 ! 0.17 in the outer winds
(Figure 15), which is still too high to expect fission cycling at
the modest values of S and τ .

4.4. Mass-integrated Abundances

In order to evaluate the net abundances for each Lν,0, the
nucleosynthetic yields are mass-integrated over the entire torus
range between D = 2RS and 10RS. For the jth Lν,0, the
abundance of nuclide A is calculated with Equations (13)
and (14) as

(YA)j = 1
ṁj

∑

i

(YA)i,j ∆ṁi,j . (17)

Figure 19 shows the mass-integrated nucleosynthetic abun-
dances for selected Lν,0 cases. As noted in Section 4.3, the effect
of neutron-induced fission is expected to be negligible. In or-
der to roughly include the effect of spontaneous and β-delayed
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Figure 20. Time-integrated nucleosynthetic abundances for the entire torus for
case 1 (top panel) and case 2 (bottom panel). The calculated abundances for case
1 are in good agreement with the solar r-process distribution (circles; scaled to
match the third and second peak heights for case 1 and case 2, respectively).
The contributions from the inner (D < 5RS; green lines) as well as innermost
(D < 3RS; light-blue lines) winds are sub-dominant for case 1, but important
for case 2.
(A color version of this figure is available in the online journal.)

fissions, we simply added the abundances with A ! 256 (all
expected to decay by fission) such as

YA/2 + 2YA −→ YA/2 (A ! 256). (18)

Actual abundances will depend on the (highly uncertain) decay
chains and the abundance distribution of fission fragments. The
sharp abundance peak at A ∼ 140 for Lν,0 = 2 × 1053 erg s−1

(case 1; solid red line in Figure 19) is formed by fission
fragments. The effect of fission for the other cases is however
unimportant.

The time-integrated yield of nuclei of atomic mass number A
for the entire torus region is calculated as

YA = 1
mej

∑

i,j

(YA)i,j ∆mi,j , (19)

making use of Equations (15) and (16). In Figure 20, the
resulting yields are compared with the solar system r-process
abundances (circles; vertically shifted to match the height of the
third and second r-process peaks for cases 1 and 2, respectively).
For case 1, we find good agreement of the calculated abundances
with the solar r-process distribution over the entire range of the

11

Perego et al (2014) 

20 A. Perego et al.

Tracer Y

e

s [kB baryon] hAifinal hZifinal XLa,Ac

L1 0.213 12.46 118.0 46.2 0.04
L2 0.232 11.84 107.1 42.5 0.009
L3 0.253 12.68 98.0 39.2 7 · 10�5

L4 0.275 12.73 90.2 36.4 1 · 10�7

L5 0.315 13.68 81.7 33.0 3 · 10�12

H1 0.273 13.57 93.0 37.4 8 · 10�7

H2 0.308 14.69 83.3 33.7 6 · 10�11

H3 0.338 15.36 79.4 32.1 < 10�12

H4 0.353 16.40 78.4 31.7 < 10�12

H5 0.373 18.35 76.8 31.0 < 10�12

Table 3. Parameters of representative tracers and corresponding
nucleosynthesis: electron fraction Y

e

, specific entropy per baryon
s, average atomic mass hAifinal and electric charge hZifinal of
the resulting nuclei, and the total mass fractions of Lanthanides
and Actinides in the resulting nucleosynthetic mix. The latter are
important for estimating opacities at the location of the tracers.

parison with our work is di�cult since 1) their simulation
employs a softer EoS, that amplifies general relativistic ef-
fects, and 2) their analysis is limited to the dynamical ejecta
and the influence of neutrinos on it during the first millisec-
onds after the merger.

5.2 Nucleosynthesis in neutrino-driven winds

During our simulation, we have computed trajectories of rep-
resentative tracer particles (Lagrangian particles, passively
advected in the fluid during the simulation). The related
full nucleosynthesis will be explored in more detail in future
work. To get a first idea about the possible nucleosynthetic
signatures, we have selected ten tracers, extrapolated and
post-processed with a nuclear network. These tracers are
equally distributed between the high and the low latitude
region (5+5). Inside each region, we have picked the parti-
cles that represent the most abundant conditions in terms
of entropy and electron fraction in the ejecta at t ⇡ 90ms.
Table 3 lists parameters of the selected tracers.
For the nucleosynthesis calculations we employ the Win-
Net nuclear reaction network (Winteler 2012; Winteler
et al. 2012), which represents an update of BasNet network
code (Thielemann et al. 2011). The ingredients for the net-
work that we use are the same as described in Korobkin
et al. (2012). We have also included the feedback of nuclear
heating on the temperature, but we ignore its impact on
the density, since previous studies have demonstrated that
for the purposes of nucleosynthesis this impact can be ne-
glected (Rosswog et al. 2014a). In this exploratory study, we
also do not include neutrino irradiation. Instead we use the
final value of electron fraction from the tracer to initialise
the network. In this way, we e↵ectively take into account
the final neutrino absorptions. Our preliminary experiments
show that neutrino irradiation has an e↵ect equivalent to
vary Y

e

by a few percent, which is a correction that will be
addressed in future work. It is also worth mentioning that
the situation is even less simple if one takes into account
neutrino flavour oscillations, which may alter the composi-
tion of the irradiating fluxes significantly, depending on the
densities and distances involved (Malkus et al. 2014).
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Figure 20. Summed final mass fractions for representative trac-
ers. Top and bottom panels correspond to high-latitude (H1-
H5) and low-latitude (L1-L5) tracers, respectively (see Table 3
for parameters of individual tracers). Solar r-process abundances
(scaled) are also shown for comparison.

Fig. 20 shows the resulting nucleosynthetic mass fractions,
summed up for di↵erent atomic masses, and Table 3 lists
the averaged properties of the resulting nuclei. As expected,
lower electron fractions lead to an r-process with heavier el-
ements, and for the lowest values of Y

e

even the elements
up to the third r-process peak (A ⇠ 190) can be synthe-
sised. However, due the high sensitivity to the electron frac-
tion, wind nucleosynthesis cannot be responsible for the ob-
served astrophysical robust pattern of abundances of the
main r-process elements. On the other hand, it could suc-
cessfully contribute to the weak r-process in the range of
atomic masses from the first to second peak (70 . A . 110).
Fig. 20 also illustrates that heavier elements tend to be syn-
thesised at lower latitudes, closer to the equatorial plane.
This has important consequences for directional observabil-
ity of associated electromagnetic transients. Material, con-
taminated with Lanthanides or Actinides is expected to have
opacities that are orders of magnitudes larger than those of
iron group elements. Therefore, the corresponding electro-
magnetic signal is expected to peak in the infrared. Kasen
et al. (2013) estimates that as little as XLa,Ac & 0.01 per
cent of these “opacity polluters” could be enough to raise
the opacities by a factor of hundred. Table 3 lists also the

c� year RAS, MNRAS 000, 1–25
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r-process Light Curves 7

Fig. 8.— Bolometric light curves for models that include two
components: r-process material (from tidal tails) and 56Ni (from a
disk wind). We plot the light curve of the fiducial r-process ejecta
model (Mrp = 10−2 M⊙, black line) along with two models of
pure 56Ni with different masses (Mni = 10−2 M⊙ and 10−3 M⊙,
green and purple solid lines). The dashed lines give the combined
two-component light curves.

Fig. 9.— A comparison of select broadband light curves for a
pure r-process transient (solid lines) and an r-process transient
combined with a 56Ni-powered outflow (dashed lines). The bluer
SED from the 56Ni shifts the magnitudes of the bluer bands of the
combined SED upward relative to a pure r-process model. This
plot is for Mni = Mrp = 10−2M⊙.

thanides may be produced in these events. While the
material dynamically ejected in the merger itself (the
tidal tails) is thought to undergo robust r -process nu-
cleosynthesis, it is plausible that a comparable amount
of mass may subsequently be blown off in winds from an
accretion disk surrounding the merged remnant. Though

the physical properties of the disk winds remain uncer-
tain, neutrino irradiation may drive the electron frac-
tion to Ye ! 0.4, in which case the nucleosynthesis
may not extend past Z ∼ 50 (Surman et al. 2006, 2008;
Metzger et al. 2008; Darbha et al. 2010). If Ye is very
close to 0.5, the composition will be primarily 56Ni. In
this case, the EM signature of a merger may be a super-
position of a 56Ni- and a r -process-powered transient.
To address this possibility, we consider a simplified sce-

nario where 10−3−10−2M⊙ of pure 56Ni is blown off in a
wind immediately post-merger. Consistent with our use
of spherical symmetry thus far, we model this wind as
a spherical outflow, with βchar = 0.1 and the same bro-
ken power law density profile with (n, δ) = (1, 10). We
consider the tidal tails and disk wind to be two separate,
non-interacting components, which is perhaps not unrea-
sonable given that the winds are likely collimated in the
polar regions, while the tidal tails are largely confined to
the orbital plane. Ignoring viewing angle effects, we take
the two component light curve to simply be the superpo-
sition of the individual 56Ni-powered and the r -process
powered light curves.
Figure 8 shows the two component light curves, for

two different ratios of the 56Ni wind mass (Mni) to the
r -process tidal tail mass (Mrp). For Mni ≪ Mrp, the
primary effect of the 56Ni wind is to raise the early-time
luminosity, creating a very short peak at t ∼ 1 day, which
blends into the long, flat, r -process light curve. The cu-
mulative light curve thus appears to have a faster rise
time and longer plateau. If Mni ≈ Mrp, the 56Ni emis-
sion dominates the r -process emission for the first ∼ 5
days post merger, with the two components contributing
roughly equally thereafter. The net effect is a gradually
declining light curve, with the long r -process plateau ob-
scured by the 56Ni-powered light curve.
The addition of a 56Ni component also affects the

SED of the transient, as shown in Figure 9 for the case
Mni = Mrp = 10−2M⊙. Given the much lower iron group
opacities, the SED of the 56Ni ejecta is much bluer than
that of the r -process ejecta. The emission in the op-
tical bands (U,B,V,R) is relatively bright and set by
56Ni mass, while the r -process material establishes the
behavior in the infrared bands. Such an unusual SED
may serve as an EM fingerprint that could improve the
prospects for positively identifying a NSM. In particular,
as shown in Figure 10, the spectrum of a two compo-
nent outflow is, to first approximation, the superposition
of two blackbodies – a sharply peaked bluer blackbody,
corresponding to the 56Ni ejecta, and a lower, redder one,
corresponding to the r -process material.
The aggregate light curve model we present here

glosses over some of the more complex physical processes.
Our model assumes spatially distinct regions of pure 56Ni
and pure r -process material. In reality, the nucleosyn-
thetic yields are highly sensitive to the conditions in
the wind, and it is possible that disk outflows contain
some elements heavier than 56Ni. Contamination of the
outflows with even a small mass fraction of lanthanides
(∼ 10−3) can significantly increase the opacities and the
optical line blanketing. Even if our simplified compo-
sitions turn out to be reasonable, our model does not
account for the geometry of the ejecta and any possible
mixing of the wind and tidal tail components. Given

Barnes & Kasen (2013) 
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Neutrinos play a key role in heavy element synthesis in supernovae and 
collapsar and merger black hole accretion disk outflows.  Neutrinos can: 

•  set the initial neutron-to-proton ratio 

•  determine free nucleon availability for capture after seed formation 
 
A careful treatment of the neutrino physics – including oscillations and general 
relativistic effects – is therefore essential to accurately predict nucleosynthetic 
outcomes in these environments 
 


