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r-process “rich” and “poor” stars	

v r-poor: bulk of EMP stars 
v poor agreement with solar r-

process or s-process patterns 
v high Sr-Y-Zr/Ba-Eu, 

downward trend with Z 
2	

v r-rich: a few % of EMP stars 
v good agreement with the solar 

r-pattern for Z > 50 
v not good for Z < 50, slightly 

underproduced? 

Honda, Aoki, Ishimaru, Wanajo, Ryan 2006	

Shinya	  Wanajo	

Sneden, Cowan+2003	



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) 
EMMI-‐JINA	  workshop	 3	

self-consistent explosion of a 9 M¤ star 
Hüdepohl+2009	

νe + n→ p+ e−

νe + p→ n+ e+

Shinya	  Wanajo	

2D supernova simulation 
Wanajo, Janka, Müller 2011	



2D  self-consistently exploding model     
     of a 9 M supernova 

 
     simulation by Bernhard Müller	
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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 
6	

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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NSE+QSE make nuclei A = 64 – 90	

v QSE (quasi nuclear 
equilibrium) 
Ye ≥ 0.45, S ≥ 15 kB/nuc 
α-rich freezeout 
Zn, Sr, Y, Zr 

v NSE (nuclear statistical 
equilibrium) 
Ye ≤ 0.45, S ≤ 15 kB/nuc 
α-de'cient freezeout 
Ge, Se, Kr 
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for all tracer particle;	
Wanajo, Janka, Müller 2011	

NSE ←	 → QSE	



n-rich QSE makes Zn and Sr-Y-Zr	
n-rich QSE (Ye ~ 0.45) 
v α-rich freezeout from NSE  
v  formation of N ~ 28 and 50 

isotopes (e.g., 64Zn, 88Sr, 
89Y, 90Zr) 

v  few N = 35 – 49 isotopes 
(Z ~ 31 – 37) 
because of the strong 
binding at N = 28 and 50 

v cf. not the “α-process” nor 
“charged particle process”!! 
(Meyer+1998) 
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Woosley & Hoffman 1992	

N=28	 N=50	
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Ye = 0.47 
QSE	
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n-rich NSE !lls the gap at A = 74 – 84	
n-rich NSE (Ye ~ 0.4) 
v  formation of A ~ 74 – 84 

isotopes (N = 44 – 50) 
up to 84Se (→ 84Kr) 

v cf. NSE with Ye = 0.5  
56Ni at N = 28 (→ 56Fe) 
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0.50              0.45              0.40              0.35 
Ye	

Hartmann+1985	

T = 3.5×109 K, ρ = 107 g cm-3	

56Fe	
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Ye = 0.40 
NSE	
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weak r-process; missing n-rich ejecta?	
comparison with an r-poor 
star HD 122563 (Honda
+2006; Cowan+2005; 
Roederer+2010) 
v original (Ye, min = 0.40): 

agreement from Ge to 
Sr-Y-Zr 

v Ye, min î 0.30 (mild) 
up to Pd, Ag, Cd 

v Ye, min î 0.20 (extreme) 
up to Pd, Ag, Cd 

v missing tiny amount  
(~ 10-4 M¤) of n-rich 
pockets? 
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Wanajo, Janka, Müller 2011	
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Ye = 0.30 
weak r-process	





NS mergers as another posibility	
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from the talk by N. Prantzos	



NS mergers as another posibility	

EMMI-‐JINA	  workshop	 18	

v coalescence of binary NSs 
expected ~ 10 – 100 per Myr in 
the Galaxy (also possible sources 
for short GRB) 

v tidal ejection of n-rich matter 
with  Ye < 0.1 
(Goriely, Bauswein, Janka 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	

outer crust 
v  formation of trans-Fe nuclei 

up to A ~ 130 (mostly in NSE) 
v but ejecta mass is too small?  

(~ 10-5 M¤) 
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inner crust 
v r-process with 'ssion cyclyng 
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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Fig. 9. Same as Fig. 2 after decompression.

The composition change during the decompression is fol-
lowed with a full network, where in particular the β-decay pro-
cesses have been taken from the updated version of the Gross
Theory (Tachibana et al. 1990) and neutron capture rates are con-
sistently estimated with the TALYS code (Goriely et al. 2008)
on the basis of the nuclear mass model used for the initial con-
ditions. The temperature evolution is followed as described in
Meyer (1989) and Goriely et al. (2005) on the basis of the laws of
thermodynamics and possible nuclear heating through β-decay
processes. The decompression along the above-defined trajec-
tory of both the cold NS outer crust and the outer crust initially
in NSE are studied below.

3.1. The cold NS crust

The final isobaric abundance distribution of the matter ejected
from the cold NS crust initially assumed to be at β-equilibrium
can be expected to remain relatively similar to the one prior to
the ejection, since only β-decay and β-delayed neutron emission
(with the possibility of recapturing the emitted neutrons) may
change the initial composition. The final isobaric abundance dis-
tribution is shown in Fig. 9, the initial composition being given
in Fig. 2 prior to the decompression. Globally, the final dis-
tribution is obviously far from matching the overall solar sys-
tem pattern. Some differences are seen depending on the nuclear
physics ingredients adopted. Interestingly, the decompression of
the cold NS outer crust appears as a potential site for producing
almost exclusively the 115 <∼ A <∼ 124 r-nuclei. In some site-
independent parametrized r-process models, these nuclei have
been found to be underproduced, though this conclusion is ob-
viously subject to large nuclear physics and astrophysics uncer-
tainties (for a review, see Arnould et al. 2007).

3.2. The hot NS crust

As discussed in Sect. 2.2, the outer crust initially in NSE at tem-
peratures around T9 = 7–10 differs considerably from the cold
T = 0 case. In addition, for layers close to the drip density, free
neutrons are present in significant numbers due to the high initial
temperatures. In this case, a few neutrons per seed nucleus are
available and may be captured during the expansion phase so that
the initial NSE mass distribution is modified. The abundance dis-
tributions in a layer with initial pressure P0 = 3 × 10−4 MeV/fm3

and density ρ0 = 2.7 × 1011 g/cm3, initially in NSE at T9 = 8
is shown in Fig. 10. The evolution of the temperature, density as
well as the corresponding radioactive power due to β-decays is
shown in Fig. 11 for the same ejected layer as the one considered

Fig. 10. Abundance distribution before and after decompression of a
layer with initial pressure P0 = 4 × 10−4 MeV/fm3 and density ρ0 =
3.4 × 1011 g/cm3 and initially in NSE at T9 = 8. The calculation was
performed with the HFB-19 masses and corresponding reaction rates.

Fig. 11. Evolution of the temperature, density and radioactive heating
rate per unit mass (Q) resulting from the decompression of the layer
with an initial pressure P0 = 4 × 10−4 MeV/fm3 and density ρ0 =
3.4 × 1011 g/cm3 and initially in NSE at T0 = 8 × 109 K. The initial
radioactive decay heat Q0 amounts to 6.6 × 1018 erg g−1 s−1.

in Fig. 10. In particular, it can be seen that the β-decay heating
slows down the temperature drop already a few ms after ejection.

After decompression, due to the capture of about 5 free neu-
trons per seed nucleus, the distribution is shifted towards the
A $ 130 peak and shaped by the lower temperatures found at
the time of the neutron captures. The final distribution is found
to be independent of the details characterizing the expansion.
In particular for a faster expansion obtained with the value of
τesc = 10−4 s a virtually identical distribution is found.

The abundance pattern for the outer crust integrated up to
a maximum pressure P is given in Fig. 12 for the initial tem-
perature of T9 = 8. If the whole outer crust is considered
(P ≤ Pdrip = 5 × 10−4 MeV/fm3), an overall agreement with
the solar distribution is obtained in the whole 80 <∼ A <∼ 150
mass region. An overproduction of the A > 140 r-nuclei (rela-
tive to the solar distribution) could be obtained if a sizable part
of the inner crust was ejected at the same time (Arnould et al.
2007). When the mass ejection is restricted to parts of the outer
crust (up to a pressure value P < Pdrip), different r-abundance
distributions are obtained, as shown in Fig. 12. The production
of r-nuclei in such a scenario is clearly sensitive to the thickness
of the outer crust that is ejected and therefore depends on the
ejection mechanism that is invoked.
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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 
EMMI-‐JINA	  workshop	 20	

for 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	

case 1 
v Ye, min ~ 0.2 
v  full (main) r-process 
EMMI-‐JINA	  workshop	 21	

case 2 
v Ye, min ~ 0.3 
v weak r-process 

Shinya	  Wanajo	
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NS mergers: the source of trans-Fe?	

BH-torus winds can be the 
origins of 
v r-rich star abundances 

if Ye, min ~ 0.2 (case 1) 
v r-poor star abundances 

if Ye, min ~ 0.3 (case 2) 
v but, not very good 

agreement (e.g., Ge, Ag) 
because of high entropy  
S ~ 30 kB/nuc 
(not NSE, but QSE) 
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r-process in the wind from a black-hole torus 11
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Fig. 19.— Time-integrated nucleosynthetic abundances for the
entire torus for case 1 (solid line) and case 2 (dashed line). Cases 1
and 2 are compared with the spectroscopic abundances of r-
enhanced (CS 31082-001; filled circles, Sneden et al. 2003) and r-
deficient (HD 122563; open circles, Honda et al. 2006) Galactic
halo stars, respectively. For HD 122563, the Cd and Lu values are
from Roederer et al. (2010) and the Ge value is from Cowan et al.
(2005). For both stars, the abundances are vertically shifted to
match the calculated Eu abundances.

their uniform (solar-like) r-patterns (Sneden et al. 2008).
In Figure 19, the nucleosynthetic abundances for case 1
(solid line; as a function of atomic number) are com-
pared with an r-process enhanced star CS 22892-052 with
[Fe/H] ≈ −3.1 (filled circles; scaled to match the calcu-
lated Eu abundance, Sneden et al. 2003). We find quite
a good agreement of our result with the stellar abun-
dances distribution of CS 22892-052. The good agree-
ment of model and observed abundances is obtained if
our BH-torus wind model represents typical NS-NS (or
BH-NS) merger events, if the minimal Ye,2.5 (at the on-
set of r-processing) is as low as in case 1 (! 0.2), and if
the evolution of Lνe and Lν̄e evolutions in Eqs. (5) and
(6) is appropriate (e.g., α in Eq. (6) is not very differ-
ent from unity and β = 1.3 and the factor of 2 within
the bracket of Eq. (6) are good choices). These should
be tested by future long-time hydrodynamical simula-
tions of NS-NS and BH-NS merging events and of the
evolution of their remnants. Note that, even if the pro-
duction of r-elements heavier than A ∼ 130 is marginal
as found in case 2, our model could be a possible ex-
planation for the abundance distribution found in an r-
process deficient star HD 122563 with [Fe/H] ≈ −2.7
(open circles; scaled to match the calculated Eu abun-
dance, Honda et al. 2006). This suggests that NS-NS
and BH-NS mergers could at least be the origin of some
trans-iron elements up to Z ∼ 50 (A ∼ 120).
For an observational support, future modeling of the

Galactic r-element evolution that is not in conflict with
spectroscopic results of metal-deficient stars will be im-
portant (e.g. Prantzos 2006). In addition, radioactive
decays of r-processed ejecta can lead to faint SN-like
transients (Li & Paczyński 1998; Metzger et al. 2010;
Roberts et al. 2011). Future detections of such signals,
possibly as accompanying events of short GRBs, will
be a direct support for the occurrence of r-processing
in NS-NS and BH-NS mergers. According to the es-
timates by Metzger et al. (2010), a peak luminosity of
∼ 3× 1041 erg s−1 could be expected from the BH-wind
ejecta with mr,ej ∼ 1 × 10−3M" (Roberts et al. (2011),
however, obtained only slightly higher R-band luminosi-

ties for considerably higher ejecta masses). It will be dif-
ficult to distinguish the wind component from the early,
tidally ejected counterpart. Both could contain similar
amounts of radioactive matter. However, the velocities
as well as the geometry of the r-processed ejecta might
be distinctive between them. Our result implies that the
r-processed BH-wind ejecta reach out widely from the
torus with velocities of ∼ 0.1c (except for the innermost
region, Figs. 5 and 8). In contrast, tidal ejecta come from
the tips of (one or two) spiral arms, and are expected to
achieve larger outgoing velocities (" 0.2c, Roberts et al.
2011). These could lead to some different features in the
light curves (e.g., line profiles or the time of the peak),
potentially distinguishable by observations.

6. SUMMARY

We investigated r-process nucleosynthesis in the
neutrino-driven outflows from a BH accretion torus
(BH-torus winds) formed in NS-NS (or BH-NS) merg-
ers. Different from previous works (Surman et al. 2008;
Metzger et al. 2010) we investigated a time- and space-
dependent semi-analytic model setup. The BH-torus
wind models were constructed by considering spherically
symmetric, general relativistic neutrino-driven wind so-
lutions (Wanajo et al. 2001) with the gravitational po-
tential of a central BH of MBH = 3M". The BH ac-
cretion torus (around a rotating BH) was assumed to
lie between D = 2RS and 10RS (RS = 8.86 km) from
the center. Each wind trajectory reaching away from
the torus was obtained by assuming a hypothetical neu-
trinosphere in the spherical wind model with the radius
Rν = D.
In the innermost wind region (D ∼ 2RS), the effi-

cient energy deposition due to νν̄ pair annihilation to
e−e+ pairs leads to very high entropies (S " 100–1000kB
per nucleon) and short expansion timescales (τ ! 1–
10 ms). This allows for a strong r-process regardless
of Ye (even with Ye > 0.5 when τ < 1 ms, Meyer 2002)
or no production of heavy elements (in the relativistic
winds with S % 1000kB, Lemoine 2002; Beloborodov
2003). However, the small mass ejection from the in-
nermost torus makes this contribution to the total nu-
cleosynthetic abundances essentially negligible. In the
outer wind regions (D > 5RS), on the other hand,
the dominant heating is due to νe and ν̄e captures on
free nucleons as in the case of PNS winds, resulting in
modest entropies (S ∼ 30kB) and expansion timescales
(τ ∼ 100 ms). Low Ye values (! 0.2 at T9 = 2.5) are thus
essential for a strong r-process. The contribution from
outer wind regions dominates the total nucleosynthetic
abundances because of their greater mass ejection rates.
Note that our BH-torus model does not predict a νp-
process (Fröhlich et al. 2006; Pruet et al. 2006; Wanajo
2006a) as suggested in the case of (proton-rich) collapsar
disk winds (Kizivat et al. 2010).
The mass-integrated nucleosynthetic abundances, ob-

tained with a phenomenological time evolution of neu-
trino luminosities, are in good agreement with the solar
r-pattern over the entire r-process range of A = 90−210,
when the neutrino-matter interactions are considered
only for T9 < 10 (case 1). This can be taken as the op-
timal case for strong r-processing in our models. How-
ever, when νe, ν̄e, e−, and e+ captures on free nucle-
ons are taken into account also for T9 > 10 (case 2),
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summary	

v SNe at the low mass end (ECSNe, ONeMg SNe, AGB SNe) 
trans-Fe up to Sr-Y-Zr in 2D (Ye, min ≈ 0.4) 
up to the Pd-Ag-Cd (if Ye, min î 0.3) 

v NS mergers 
weak r-process (wind) and/or main r-process (dynamical ejecta) 
but we should wait re'ned hydro models… 

v nucleosynthesis relevant to trans-Fe elements (in n-rich matter) 
up to Sr-Y-Zr: NSE + QSE (nuclear equilibrium) 
up to Pd-Ag-Cd: weak r-process (incomplete r-process) 

v physical conditions 
low entropy (S ~ 10 – 20 kB/nuc) and  
moderately low electron fraction (Ye, min ~ 0.3 – 0.4) 
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