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origin of elements beyond iron	

not fully understood, in particular noble metal, rare earth, actinide	
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understood (big bang, cosmic rays, stellar evolutions, supernovae)	

not understood	
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recipe to calculate nucleosynthesis	

v numerical computations using a 
nuclear reaction network code 
(e.g., ~8000 isotopes and 
~100,000 reactions for r-process) 

v experimental (whenever 
available) or theoretical  
reaction rates 
(compilations available from, 
e.g., REACLIB, BRUSLIB) 

v ρ and T temporal evolutions 
from astrophysical modeling 
(e.g., of supernova explosions or 
neutron-star mergers) 
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reaction channels for the i-th isotope

(a, _) (n, _)

(a, p) (n, p)
`+, ec

(a, n) i (n, a)

(p, n)
`- (p, a)

(_, n) (_, a)

NA

ZA

Shinya	  Wanajo	



SN	  seminar	 Shinya	  Wanajo	 5	



SUPERNOVAE	
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how to cook gold and heavier	
v either of the following is 

needed to obtain  
n/seed > A(3rd) – A(seed)  
~ 100 

v high entropy 
Srad (∝ T 3/ρ) > 200 kB/nuc 
to slow the ααn rate 

v short expansion timescale 
τexp < 10 ms 
to slow the ααn rate 

v  low electron fraction 
(protons per nucleon) 
Ye < 0.2 
to leave free neutrons 
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SN neutrino-driven wind	

v successful r-process in the neutrino-driven winds of Srad~400 kB/nuc 
(1D hydro, 20 M¤ star; Meyer+1992; Woosley+1994) 

v but such high entropy is unlikely 
(~100 kB/nuc; Takahashi+1994; Qian+1996; Otsuki+2000) 
SN	  seminar	 8	

Woosley et al. 1994	
“As a caveat, however, we note that  
this agreement may be too good.” 

by the authors	
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neutrino-driven wind is “proton-rich”	

v Ye > 0.5 in all recent neutrino-transport simulations because of 
similar neutrino energies and luminosities for all !avors (i.e., protons 
are favored due to the p-n-mass difference) 

v but, early convective blobs have some n-rich pockets (< 10 M¤ only) 
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self-consistent explosion of a 9 M¤ star 
Hüdepohl+2009	

νe + n→ p+ e−

νe + p→ n+ e+
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2D supernova simulation 
Wanajo, Janka, Müller 2011	
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supernovae at the low-mass end	

v   2D: production of the 1st 
peak 80Se and up to 90Zr 

v but of nuclei beyond N = 50 
v production factor of ~100  

à ~ 4% of all SNe 
11	

v 2D early convective ejecta: 
Ye, min ≈ 0.40 with 
Srad ≈ 13 kB/nuc 

v 1D ejecta: Ye, min ≈ 0.47 with 
Srad ≈ 20 kB/nuc 

Wanajo, Janka, Müller 2011	

Wanajo+2011	
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no n-rich ejecta from massive SNe !	

v Ye, min ≈ 0.5 for self-consistent 2D SNe of 11, 15 M¤ (Müller+in prep) 
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NEUTRON-STAR MERGERS	
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NS mergers as another posibility	
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v coalescence of binary NSs 
expected ~ 10 – 100 per Myr 
in the Galaxy (also possible 
sources of short GRB) 

v tidal ejection of n-rich matter 
with  Ye < 0.1 
(Goriely+2011) 

v neutrino- (or viscous, MHD) 
winds from the BH accretion 
torus with  Ye ~ 0.2 – 0.4 
(Wanajo & Janka 2011) 
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NS mergers: dynamical components	
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ejection of “pure” n-matter; Ye << 0.1 
v r-process with $ssion cyclyng: 

origin of the “universality”? 
v but only A > 130; another source is 

needed for A < 130 

4 Goriely et al.
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Fig. 2.— Representation of dominant fission regions in the (N,Z)
plane. Nuclei for which spontaneous fission is estimated to be faster
than �-decays are shown by full squares, those for which �-delayed
fission is faster than �-decays by open squares, and those for which
neutron-induced fission is faster than radiative neutron capture at
T = 109 K by diamonds.

jor role.
The final mass-integrated ejecta composition is shown

in Fig. 4. The A = 195 abundance peak related to
the N = 126 shell closure is produced in solar distri-
bution and found to be almost insensitive to all input
parameters such as the initial abundances, the expansion
timescales, and the adopted nuclear models. In contrast,
the peak around A = 140 originates exclusively from
the fission recycling, which takes place in the A ' 280–
290 region at the time all neutrons have been captured.
These nuclei are predicted to fission symmetrically as vis-
ible in Fig. 4 by the A ' 140 peak corresponding to the
mass-symmetric fragment distribution. It is emphasized
that significant uncertainties still a↵ect the prediction of
fission probabilities and fragment distributions so that
the exact strength and location of the A ' 140 fission
peak (as well as the possible A = 165 bump observed
in the solar distribution) depend on the adopted nuclear
model.
While most of the matter trajectories are subject to a

density and temperature history leading to the nuclear
flow and abundance distribution described above, some
mass elements can be shock-heated at relatively low den-
sities. Typically at ⇢ > 1010 g/cm3 the Coulomb e↵ects
shift the NSE abundance distribution towards the high-
mass region (Goriely et al. 2011), but at lower densities,
the high temperatures lead to the photodissociation of all
the medium-mass seed nuclei into neutrons and protons.
Nucleon recombination may occur during the decompres-
sion provided the expansion timescale of the trajectories
is long enough. For a non-negligible amount of ejected
material, this recombination is indeed ine�cient so that
light species (including D and 4He) are also found in the
ejecta (Fig. 4). The final yields of A < 140 nuclei re-
main, however, small and are not expected to contribute
to any significant enrichment of the interstellar medium
compared to the heavier r-elements.

4. ELECTROMAGNETIC COUNTERPARTS

Radioactive power through �-decays, fission processes
as well as late-time ↵-decays will heat the expanding
ejecta and make them radiate as a “macro-nova” (Kulka-
rni 2005) or “kilo-nova” (Metzger et al. 2010) associ-
ated with the ejection of nucleosynthesis products from
the merger (Li & Paczyński 1998). The time evolu-
tion of the corresponding total mass-averaged energy re-
lease rate available for heating the ejecta (i.e., energy
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Fig. 3.— Time evolution of the total radioactive heating rate
per unit mass, hQi, mass number hAi, and temperature hT i (all
mass-averaged over the ejecta) for the 1.35–1.35M� (solid lines)
and 1.2–1.5M� (dotted lines) NS mergers.
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Fig. 4.— Final nuclear abundance distributions of the ejecta from
1.35–1.35M� (squares) and 1.2–1.5M� (diamonds) NS mergers as
functions of atomic mass. The distributions are normalized to the
solar r-abundance distribution (dotted circles).

escaping in neutrinos is not considered) is plotted in
Fig. 3 for both the 1.35–1.35M� and 1.2–1.5M� bina-
ries. While hQ(t)i and the average temperature evolu-
tion di↵er only slightly between both NS-NS systems, the
ejecta masses M

ej

and mass-averaged expansion veloci-
ties v

exp

di↵er considerably. While we find for the sym-
metric system v

exp

⇡ 0.31c (c being the speed of light)
and M

ej

⇡ 3 ⇥ 10�3 M�, corresponding to a total heat-
ing energy of E

heat

⇡ 2 ⇥ 1049 erg or 3.4MeV/nucleon,
the numbers for the asymmetric case are v

exp

⇡ 0.23c,
M

ej

⇡ 6 ⇥ 10�3 M� and E
heat

⇡ 4 ⇥ 1049 erg (again
3.4MeV/nucleon)1. This must be expected to lead to
significant di↵erences in the brightness evolution of the
kilo-nova because its peak bolometric luminosity scales

with L
peak

/ v1/2
exp

M1/2
ej

and, for free expansion (v
exp

=

const), is reached on a time-scale t
peak

/ v�1/2
exp

M1/2
ej

(Metzger et al. 2010; Arnett 1982).
We calculate an approximation of the light-curves of

1 In the simulations with the LS220 EOS we obtain v
exp

⇡ 0.28c
for the symmetric and v

exp

⇡ 0.24c for the asymmetric binary.
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Figure 1. Histograms of fractional mass distribution of the ejecta for the 1.35–1.35 M! NS merger (upper row) and the 1.2–1.5 M! binary (lower row) as functions
of density ρ (relative to the saturation density ρS " 2.6 × 1014 g cm−3; left) and of electron fraction Ye (middle) that the ejected matter had at its initial NS location
prior to merging. The right panels show the fractional mass distributions as functions of the final entropy S per nucleon when the matter starts its free expansion. In the
inset on the left panels the dots mark positions of mass elements that get ejected later. The locations are given in the projection on the orbital plane at the time when
the stellar collision begins.
(A color version of this figure is available in the online journal.)

Figure 2. Representation of dominant fission regions in the (N, Z) plane. Nuclei for which spontaneous fission is estimated to be faster than β-decays are shown by
full squares, those for which β-delayed fission is faster than β-decays by open squares, and those for which neutron-induced fission is faster than radiative neutron
capture at T = 109 K by diamonds.
(A color version of this figure is available in the online journal.)

et al. 2009). The main fission region is illustrated in Figure 2.
The fission fragment distribution is taken from Kodoma &
Takahashi (1975), and the fragment mass and charge asymmetry
are derived from the HFB-14 prediction of the left–right asym-
metry at the outer saddle point. Due to the specific initial condi-
tions of high neutron densities (typically Nn " 1033–1035 cm−3

at the drip density), the nuclear flow during most of the neutron

irradiation will follow the neutron-drip line. For these nuclei at
T ! 2–3 × 109 K, (n, 2n) and (2n, n) reactions are faster than
(γ ,n) and (n,γ ) reactions and must be included in the reaction
network. The (n, 2n) rates are estimated with the TALYS code
and the reverse rates from detailed balance expressions.

For drip-line nuclei with Z " 103, fission becomes efficient
(Figure 2) and recycling takes place two to three times before

3
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NS mergers: wind components	

semi-analytic wind model 
v neutrino-driven wind from 

the BH-accretion torus 
v spherical PNS wind model is 

applied with modi$cations 
SN	  seminar	 18	

weak interactions on n and p 
v case 1: from T = 1 × 1010 K 
v case 2: from T ≈ 6 × 1010 K 

(at the inner boundary) 
Shinya	  Wanajo	
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NS mergers: wind components	

bulk of the wind ejecta has moderate 
v v ~ 0.1 c 
v S ~ 30 kB/nuc 
v τ ~ 100 ms, and 
v Ye ~ 0.3 (case 2; but 0.2 in case 1) 
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Fig. 18.— Histogram of the ejecta-mass distribution ∆mej (nor-
malized by the total ejecta mass, mej) for case 1 (solid lines) and
for case 2 (dotted lines) as functions of Ye,2.5. Different colors cor-
respond to all ejecta and those with all yields having A > 100 and
those with all yields having A > 180, respectively (slightly shifted
in the horizontal direction for visibility).

material for cases 1 and 2, respectively. The mass of
Eu in the ejecta, the element taken as representative of
r-elements in Galactic chemical evolution studies (e.g.,
Ishimaru & Wanajo 1999), is estimated to be

mEu,ej = mej

∑

A=151,153

AYA =

{

6.77× 10−6M"(case 1),
3.98× 10−7M"(case 2).

(22)

Figure 18 shows the ejecta-mass histogram as a func-
tion of Ye,2.5 for case 1 (solid lines) and case 2 (dot-
ted lines). The color coding in Fig. 18 discriminates all
abundances, those with all yields having A > 100 (all
r-abundances), and those with all yields having A > 180
(the third peak abundances and heavier). We find that,
for case 1, all Ye,2.5 values contribute with similar weights
to the total abundances. For case 2, the values of
Ye,2.5 ≈ 0.3–0.4 dominate the total ejecta. Wind tra-
jectories with low Ye are, however, crucial for the pro-
duction of the r-nuclei with A > 100 (Ye,2.5 ! 0.35),
and in particular with A > 180 (Ye,2.5 ! 0.20). This
is due to the presence of modest S and τ in the ejecta
(Figs. 9 and 10), which demands relatively low Ye values
for strong r-processing. Figure 18 also shows that the
later wind outflow with Lν < 1052 erg s−1 (t " 100 ms
and Ye ∼ 0.5), not included in our calculations, would
make no relevant contribution to the r-abundances.

5. BH-TORUS WINDS AS THE ORIGIN OF r-ELEMENTS

In § 4, we found that our fiducial model (case 1) of
BH-torus winds leads to the full r-process with the solar-
like r-pattern for A = 90–210. The ejecta mass of the
r-processed matter (A ≥ 100), mr,ej = 1.30 × 10−3M"

(Eq. (20); case 1), is more than a factor of 10 larger than
that needed for CCSNe to be the dominant source of
the r-process elements in the Galaxy (Mathews & Cowan
1990). More specifically, the ejected mass of Eu (a
nearly pure r-process element), mEu,ej = 6.77× 10−6M"

(Eq. (22); case 1), is a factor of 60 greater than that
needed for CCSNe to be the major source of the Galac-
tic Eu (Wanajo & Ishimaru 2006). Provided that our
fiducial model (case 1) with MBH = 3M" and a torus
mass of Mtorus ∼ 0.1M" (Eq. (11)) is representative of
NS-NS (or BH-NS) mergers, the canonical CCSN event

rate of ∼ 10−2 yr−1 implies that a time-averaged Galac-
tic merger rate of ∼ 2×10−4 yr−1 would be needed. This
is consistent with the upper bound of a merger event rate
between 7 × 10−6 and 3 × 10−4 yr−1 derived by popu-
lation synthesis methods for NS-NS and BH-NS binaries
(at solar-metallicity conditions, Belczynski et al. 2002)
and of statistical results based on binary pulsar surveys
(2×10−5–3×10−4 yr−1, Kalogera et al. 2004). For case 2
(with inclusion of reactions of Eqs. (1)–(4) at T9 > 10),
we find inefficient production of r-elements beyond A ∼
130. However, a similar constraint to the Galactic merger
rate may be applied for this case, owing to the simi-
lar r-processed ejecta mass of mr,ej = 1.16 × 10−3M"

(Eq. (20); case 2).
It is important to note that the actual ejecta mass

of r-abundances could be higher than that we obtained
on the basis of our simplified BH-torus wind model.
The total ejecta mass, mej ≈ 2 × 10−3M" (Eq. (16)),
can be even 10 times smaller than that expected from
hydrodynamical simulations of compact object mergers
(but not of the subsequent BH-torus accretion with its
neutrino-driven outflow; Janka et al. 1999). There will
be additional contributions from the early mass loss
due to the tidal ejection of neutron-rich matter during
the merger event (Freiburghaus et al. 1999; Goriely et al.
2005) and neutrino-driven outflows from HMNSs (for
the NS-NS case, Dessart et al. 2009) or/and magneti-
cally driven outflows from HMNSs (Rezzolla et al. 2011;
Shibata et al. 2011). Moreover, the centrifugal force due
to rapid rotation, which we do not take into account, ef-
fectively reduces the gravity from the central BH. This
could lead to larger mass ejection rates than those ob-
tained here (see Otsuki et al. 2000; Wanajo et al. 2001,
for PNS winds). Magnetic fields, which are not consid-
ered in our models either, could play a significant role for
the mass ejection, producing viscously driven or MHD-
driven outflows in addition to the considered neutrino-
driven ejecta (Metzger et al. 2009). It should also be
noted that the production of heavy r-process elements
beyond A ∼ 130 is marginal if we consider our case 2 to
be representative of NS-NS and BH-NS mergers. Case 2
takes into account νe, ν̄e, e−, and e+ captures on free nu-
cleons also for T9 > 10, resulting in significantly higher
minimal Ye,2.5 (∼ 0.3) than that in case 1 (∼ 0.2). How-
ever, the detailed evolution of Ye will be highly depen-
dent on the density structure and the uncertain neutrino
field in the vicinity of the BH-torus, while we consider
a simplified spherical wind model and do not have neu-
trino transport results for BH-tori at bound. Effects of
magnetic fields noted above would also modify the evo-
lution of Ye. General relativistic effects (which we con-
sider only in the framework of spherically symmetric con-
figurations) can also be important for determining the
exact Ye evolution (Caballero 2011). For all these rea-
sons, the nucleosynthetic outcome of this study should
be regarded only as suggestive. Future detailed multi-
dimensional simulations of NS-NS (or BH-NS) merging,
including the later BH-torus wind phase, are required for
more quantitative results.
Nevertheless, the good agreement of our nucleosyn-

thesis result for case 1 with the solar r-pattern is en-
couraging. Such an agreement is also important when
one considers compact binary mergers as the origin of
early Galactic r-elements in metal-deficient stars with

electron fraction 
at T = 2.5×109 K	



NS mergers: wind components	

case 1 (extreme?) 
v Ye, min ~ 0.2 
v  full (main) r-process 
SN	  seminar	 20	

case 2 (reasonable?) 
v Ye, min ~ 0.3 
v weak r-process 
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SMOKING GUN	
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kilonova?	

electro-magnetic transients 
(macronova, Kulkarni 2005; 
kilonova, Metzger+2010) 
v heating from β-decay 

and $ssion of r-products 
v Lpeak ~ vexp

1/2 Mej
1/2 

        ~ 1041 – 1042 erg s-1 

v  tpeak ~ vexp
-1/2 Mej

1/2 
       ~ hours 

v absorption lines of  
r-elements to be  
a “smoking gun”? 
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Figure 5. Photon luminosities of the expanding NS merger ejecta caused by radioactive decay heating for the 1.35–1.35 M! (solid lines) and 1.2–1.5 M! (dashed
lines) binaries. The upper, long-duration lines are the bolometric luminosities, the sequences of short-duration peaks correspond to the emission in the blue, visual,
and red wavebands (at wavelengths of 445, 551, 658 nm; from left to right).
(A color version of this figure is available in the online journal.)

neutrons and protons. Nucleon recombination may occur during
the decompression provided the expansion timescale of the tra-
jectories is long enough. For a non-negligible amount of ejected
material, this recombination is indeed inefficient so that light
species (including D and 4He) are also found in the ejecta
(Figure 4). The final yields of A < 140 nuclei remain, how-
ever, small and are not expected to contribute to any significant
enrichment of the interstellar medium compared to the heavier
r-elements.

4. ELECTROMAGNETIC COUNTERPARTS

Radioactive power through β-decays, fission processes, as
well as late-time α-decays will heat the expanding ejecta and
make them radiate as a “macro-nova” (Kulkarni 2005) or “kilo-
nova” (Metzger et al. 2010) associated with the ejection of
nucleosynthesis products from the merger (Li & Paczyński
1998). The time evolution of the corresponding total mass-
averaged energy release rate available for heating the ejecta
(i.e., energy escaping in neutrinos is not considered) is plotted
in Figure 3 for both the 1.35–1.35 M! and 1.2–1.5 M! binaries.
While 〈Q(t)〉 and the average temperature evolution differ only
slightly between both NS–NS systems, the ejecta masses Mej
and mass-averaged expansion velocities vexp differ considerably.
While we find for the symmetric system vexp ≈ 0.31c (c being
the speed of light) and Mej ≈ 3 × 10−3 M!, corresponding to
a total heating energy of Eheat ≈ 2 × 1049 erg or 3.4 MeV
nucleon−1, the numbers for the asymmetric case are vexp ≈
0.23c, Mej ≈ 6 × 10−3 M!, and Eheat ≈ 4 × 1049 erg
(again 3.4 MeV nucleon−1).3 This must be expected to lead
to significant differences in the brightness evolution of the
kilo-nova because its peak bolometric luminosity scales with
Lpeak ∝ v

1/2
expM

1/2
ej and, for free expansion (vexp = const.), is

reached on a timescale tpeak ∝ v
−1/2
exp M

1/2
ej (Metzger et al. 2010;

Arnett 1982).

3 In the simulations with the LS220 EOS we obtain vexp ≈ 0.28c for the
symmetric and vexp ≈ 0.24c for the asymmetric binary.

We calculate an approximation of the light curves of such
events by employing a semi-analytic, simplified one-zone model
of Kulkarni (2005; see also Arnett 1982; Li & Paczyński 1998),
assuming that asymmetries of the emission remain modest
(cf. Roberts et al. 2011). The EOS includes photons as well
as nuclei and electrons, whose recombination fraction with
decreasing temperature is approximated by that of 56Ni (Arnaud
& Rothenflug 1985). The opacity κ = 0.4 Z/A cm2 g−1 for
Thomson scattering is used, taking mass-averaged Z and A
from the nucleosynthesis yields (Figure 3) and ignoring electron
recombination as suggested by Roberts et al. (2011).

Our results for the bolometric light curves Lbol(t) and the B-,
V-, and R-band luminosities νLν(t) are displayed in Figure 5.
While we expect significant emission in the chosen wavelength
bands up to (νLν)peak ≈ 4 × 1041 erg s−1 for about one day
in the case of a 1.35–1.35 M! merger, the 1.2–1.5 M! system
produces sizable BVU-radiation nearly twice as long.

5. CONCLUSIONS

Using relativistic NS merger models to determine the
nucleosynthesis-relevant conditions self-consistently, we con-
firm that decompressed NS matter ejected dynamically dur-
ing the stellar collision and shortly afterward is an extremely
promising site for robust, strong r-processing. Matter from the
inner crust of the coalescing NSs, which dominates the ejecta
by far, produces an r-abundance distribution very similar to the
solar one for nuclei with A > 140. Nuclei with A < 140 with
solar distribution could originate from the outer crust (Goriely
et al. 2011), but too little of such matter gets ejected to explain
the solar proportion of light-to-heavy r-process material. How-
ever, significant amounts of A < 140 nuclei might be produced
in the outflow of a BH-torus system formed after the NS merger
(Wanajo & Janka 2011).

The underlying nuclear mechanisms differ significantly from
those at action in SN scenarios. In particular, fission plays a
major role in recycling heavy material. The similarity between
predicted and solar abundance patterns as well as the robustness
of the prediction against variations of input parameters, which
we have shown in Goriely et al. (2005), have demonstrated here
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kilonova?	

how can we $nd kilonovae? 
v  follow-up of GW surveys 
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~ 6 – 89 events yr-1 
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v blind optical/NIR surveys 
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most promising? 
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may be crucial for identifying these events. In fact, of the variable
sources from the Sloan Digital Sky Survey characterized by Sesar
et al. (2007), only a small fraction are as red as we predict kilo-
novae from NS–NS/NS–BH mergers to be at peak light (U − V
! 2 following peak brightness; compare our results in Fig. 5 with
fig. 4 of Sesar et al. 2007). This suggests that a promising search
strategy for detecting kilonovae is to trigger on anomalously red
events of duration ∼thinsp;hour–day for more detailed follow-up
observations.

5.3.1 Implications for the origin of r-process elements

The astrophysical origin of the r-process elements remains one of
the great mysteries in nuclear astrophysics (see Qian & Wasserburg
2007 for a recent review), with the two chief candidates being core-
collapse supernovae (e.g. Meyer et al. 1992) and NS–NS/NS–BH
mergers (Freiburghaus et al. 1999; see Fig. 2). Since the luminosity
of merger transients is directly related to their nucleosynthetic yield
(equation 4), this implies that the detection of, or constraints on the
rate of, kilonovae from NS mergers directly probes the origin of
r-process elements.

As a concrete example, if one assumes that NS mergers are the
dominant source of r-process elements in our Galaxy, then the
mean mass ejected per event M̄ej and merger rate Ṅmerge are related
by Ṅmerge = 10−4 yr−1(M̄ej/10−2 M#)−1, where we have assumed
a Galactic r-process production rate of 10−6 M# yr−1 (e.g. Qian
2000). Since the kilonova luminosity Lpeak ∝ M1/2

ej , the rate of de-
tected transients ∝ L3/2Ṅmerge ∝ M̄

−1/4
ej ∝ Ṅ 1/4

merge. Fig. 7 shows
the expected detection rates versus Ṅmerge (or, equivalently, M̄ej)
with present and upcoming transient surveys if one assumes that
NS–NS/NS–BH mergers are the dominant r-process source. Note
that within the current uncertainties in Ṅmerge, current transient sur-
veys should detect a few events per year if mergers are indeed the
dominant source of the r-process, independent of M̄ej. In reality, the
detection efficiency for low M̄ej may be somewhat lower than this
simple estimate due to the shorter transient duration tpeak ∝ M1/2

ej
(equation 3).

Figure 7. Rates of detected kilonovae from NS–NS/NS–BH mergers with
present and upcoming surveys as a function of the merger rate Ṅmerge (bot-
tom axis) or the average ejecta mass M̄ej (top axis), calculated under the
assumption that NS–NS/NS–BH mergers are the primary source of r-process
elements in the Galaxy. Also shown are the NS–NS merger rate estimates
(95 per cent confidence interval) from Kalogera et al. (2004).

6 C O N C L U S I O N S

In their seminal paper on nucleosynthesis, Burbidge et al. (1957,
B2FH) proposed that SNe are powered by the radioactive decay of
254Cf (cf. Burbidge et al. 1956). Although we now appreciate that
most supernovae are powered by 56Ni and 56Co, the B2FH picture of
‘r-process-powered’ SNe still holds relevance for the neutron-rich
ejecta from NS–NS/NS–BH mergers.

In this paper we have presented the first calculations of the ra-
dioactively powered transients from NS–NS/NS–BH mergers that
self-consistently determine the radioactive heating using a nuclear
reaction network and which accurately model the light curve and
colour evolution with a radiative transfer calculation. Our main
conclusions are summarized as follows.

(i) The radioactive heating Ė on time-scales tpeak ∼ hours–days
results (in approximately equal parts) from the fission and β-decays
of heavy nuclei, which are produced by the r-process at much earlier
times (t " 1 s; see Fig. 1). Our results for Ė at t ∼ tpeak are relatively
insensitive to the precise electron fraction and early-time expansion
of the ejecta (e.g. whether it is dynamically ejected or wind driven),
and to details of uncertain nuclear physics such as the theoretical
nuclear mass model.

(ii) The net heating rate decreases approximately as a power law
Q̇ ∝ t−α with α ∼ 1.1–1.4 for t ∼ hours–days, similar to the
assumption Q̇ ∝ t−1 in the LP98 model. The total heating rate is
∼3 × 1010 erg s−1 g−1 at t ≈ 1 d. By calibrating the LP98 model
using our results, we find an effective ‘f’ parameter ∼3 × 10−6

which is generally much lower than previously assumed.
(iii) β-decay electrons (Section 3.2.1) and fission daughter nu-

clei (Section 3.2.2) both thermalize with the plasma on time-scales
∼tpeak, while only a portion of the γ -rays likely thermalize. We
estimate that the net thermalization efficiency is εtherm ∼ 0.5–1
(Section 3.2).

(iv) For an ejecta mass Mej ∼ 10−2 to 10−3 M# we predict a
transient that peaks on a time-scale ∼1 d at a bolometric and V-
band luminosity ∼1042 erg s−1 (MB = −16) and ∼3 × 1041 erg s−1

(MV = −15), respectively (Figs 4 and 5).
(v) We argue that the transition metal r-process elements are

likely to have UV absorption due to line blanketing (like Fe peak
nuclei). As a result, we predict that NS merger transients will
be relatively red (and redden in time; see Figs 5 and 6), a pre-
diction not captured by assuming single-temperature blackbody
emission. More detailed models of the colour evolution of NS
merger transients will require a better understanding of the UV
and IR spectral lines of second and third r-process peak elements
(Section 4.1). The presence of absorption lines due to heavy r-
process elements is one ‘smoking gun’ prediction of NS merger
transients.

(vi) Because NS merger transients are isotropic, they can in prin-
ciple be detected in three independent ways: in coincidence with
a detected GW source; following a short-duration GRB and with
blind optical/NIR transient surveys.

(vii) Given the low luminosities and rapid evolution of kilonovae
from NS mergers, their detection will require close collaboration
between the GW and astronomical communities. Given the unique
observational signature of kilonovae, the real-time follow-up of GW
detections with sensitive, wide-field telescopes could improve the
effective sensitivity of LIGO/Virgo.

(viii) For an average ejecta mass M̄ej ≈ 10−2 M#, current sur-
veys such as PTF should ‘blindly’ detect ∼ one NS merger transient
per year if the merger rates lies at the high end of present estimates;
LSST should detect ∼1000 yr−1 under the same assumptions.
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summary	

v SNe are not very promising; NS mergers show some promise 
but astrophysical models are still premature 

v survey of kilonovae to be a smoking gun (with GWs, sGRBs)? 
v key roles of computational physics include those of 

nuclear physics (masses, n-capture, β-decay, $ssion, EOS, …) 
astrophysical modeling (SNe and in particular NS mergers) 
nucleosynthesis calculations of r-process including $ssion 
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