
r-process nucleosynthesis 
in AD-BH outflows 

Rebecca Surman 
Union College 

 
Workshop on SNe and GRBs  

Yukawa Institute, Kyoto, Japan 
12 November 2013  



solar system abundances 
R Surman 
Union College 
GRBs Kyoto 2013 

plot courtesy A. Arcones 



solar system abundances 
R Surman 
Union College 
GRBs Kyoto 2013 

Arnould, Goriely (2003) 



R Surman 
Union College 
GRBs Kyoto 2013 r-process nucleosynthesis 

        N=82    
                                       N=126 

   rare earth peak 

N=50 

€ 

(n,γ)

€ 

(γ,n)

€ 

β

abundances from  
Anders and Grevesse (1988) 



r-process site: mergers? 
R Surman 
Union College 
GRBs Kyoto 2013 

e.g., Lattimer & Schramm (1974, 1976), Meyer (1989), Frieburghaus et al (1999), Goriely et al 
(2005), Rosswog (2005), Wanajo & Ishimaru (2006), Oechslin et al (2007), Metzger et al (2010), 
Roberts et al (2011), Goriely et al (2012), Korobkin et al (2012), Tanaka & Hotokezaka (2013), S. 
Wanajo talk 

Korobkin et al  
(2012) 

neutron star-neutron star or black 
hole-neutron star mergers 

Goriely et al (2012) 
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PNS 

ν 

€ 

p + ν e ↔ n + e+

n + ν e ↔ p + e−
late-time ν fluxes from Keil et al (2003) 

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), etc., etc. 

supernova neutrino-driven wind 
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 neutrinos and primary nucleosynthesis 
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 r-process astrophysical site: status 
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Compact object mergers have plenty of neutrons, but do not evolve 
on short enough timescales to explain the halo star data 
 
Core-collapse supernovae evolve on the correct timescale to 
explain the halo star data, but may not produce enough neutrons 

 (but see talk by N. Nishimura for an alternate SNe site...) 
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black hole accretion disks (AD-BHs) 

GRB jet/explosive nucleosynthesis  

e.g., Beloborodov (2003), Nagataki et al 
(2003), 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), Nakamura 
et al (2013) 
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black hole accretion disks (AD-BHs) 

AD-BH outflow nucleosynthesis 

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), Wanajo 
& Janka (2012) 
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black hole accretion disk neutrino emission 

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

n+ e+ ↔ p+νe

p+ e− ↔ n+νe
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positron captures dominate 
in merger disks, so  

fνe > fνe

electron captures dominate 
in collapsar disks, so  

fνe > fνe



Surman, McLaughlin, Ruffert, Janka, Hix (2008) 

nucleosynthesis from a merger black hole accretion disk 
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Surman, McLaughlin, Ruffert, Janka, Hix 
(2008) 
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nucleosynthesis from a merger black hole accretion disk 

Assume an adiabatic wind with  
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Wanajo, Janka (2012) 

nucleosynthesis from a merger black hole accretion disk 
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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
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fields much stronger than those we have considered in Figure 7
are probably unphysical because they could not be self-consistently
anchored to the disk. Our disk wind calculations are summarized in
Table 3.

Figure 7 shows that Ṁ is very large and relatively independent
of ! for !P 60! but that for !k 60! Ṁ decreases rapidly with in-
creasing !. The mass-loss rate also increases with increasing B0,
except for the largest angles, for which Ṁ saturates for sufficiently
large B0, no longer increasing with increasing B0 (as in the PNS
case; see Fig. 4). There is no similar saturation for smaller ! be-
cause the large values of Ṁ preclude the outflow from corotating
out to the sonic point for physical B0.

12

Figure 7 also shows that although Ya
e is relatively low ("0.3)

for the high-B0, low-!wind solutions, all of the solutions in Fig-
ure 7 with Ya

e TY "
e ’ 0:51 are unphysical because they have

J̇W > J̇D and thus extract angular momentum at a rate exceeding
that required for accretion through the disk fromwhich the wind’s
boundary conditions were derived; in fact, invoking the criterion
J̇W < J̇D (see eq. [22]), the only physical solutions in Figure 7 are
those with B0 ¼ 1013 G for all ! and B0 ¼ 1014 G for !k 80!.
Also note from Figure 7 that, in addition to having Ya

e " 0:5, all
of the physical solutions for ṀD ¼ 0:2 M$ s%1 are nonrelativis-
tic (# < 1). Because our calculations have thoroughly spanned the

physical parameter space of B0 and !, this conclusion is robust, at
least for ṀD ¼ 0:2 M$ s%1.
For lower ṀD the deneutronizing neutrino luminosity and

neutrino-driven mass-loss rate are lower, and thus relativistic,
neutron-rich outflow may be more likely. To explore this possi-
bility, we have also calculated wind solutions for outflows driven
from an NDAF with ṀD ¼ 10%2 M$ s%1 ’ Ṁign($ ¼ 0:03),
keeping the other parameters identical to those of the higher ṀD

case ($ ¼ 0:03,M ¼ 3M$, R0 ¼ 14Rg). To compute these low-
ṀD solutions, we decreased the neutrino fluxes by a factor of 20
from our ṀD ¼ 0:2 M$ s%1 calculation, left the mean neutrino
energies unchanged (they are not expected to vary strongly with
ṀD; see eq. [9]), and decreased the disk midplane density %0 "
%D / ṀD. We only calculated solutions with B0 P 3 ; 1014 G
because for larger field strengths the magnetic pressure would
exceed the thermal pressure in the disk.
In Figure 7 we show the ṀD ¼ 10%2 M$ s%1 calculations for

B0 ¼ 1014 G with a dotted line for comparison with the higher
ṀD solutions. Although the properties of these low-ṀD winds and
their dependence on ! qualitatively resemble the higher ṀD solu-
tions, Ya

e and Ṁ are generally lower and # is higher than for the
winds driven from themore neutrino-luminous disk.Most notably,
the high-! solutions are now both physical (J̇W < J̇D) and relativ-
istic (# > 1), illustrating that nearly vertically directed outflows
from low-ṀD NDAFs represent plausible GRB central engines.
However, these high-!, relativisticwinds still possess no significant
neutron excess (Ya

e " 0:5); this means that, even for ṀD & Ṁign,
simultaneously neutron-rich and ultrarelativistic outflow appears

Fig. 7.—Mass-loss rate Ṁ , asymptotic electron fraction Y a
e , magnetization# (eq. [21]), and the ratio of thewind to accretion angular momentum loss rates J̇W /J̇D (eq. [22])

for NDAFwinds as a function of the angle ! between the wind’s flux tube and the diskmidplane (see Fig. 6); base poloidalmagnetic field strengthsB0 ¼ 1013 (asterisks), 1014

( plus signs), and 1015 G (diamonds) are considered. The solutions were calculated starting from a location just above the disk midplane at a radius R0 ¼ 14Rg & 6 ; 106 cm
from the centralM ¼ 3M$, nonrotating (a ¼ 0) black hole and employed boundary conditions derived from the$-diskNDAF solution of CB07with$ ¼ 0:03 and accretion
rate ṀD ¼ 0:2 M$ s%1 (solid lines). Also shown arewind solutions for ṀD & 10%2 M$ s%1 andB0 ¼ 1014 G. For !P 60! thewind properties are relatively independent of !,
while for !k 60! Ṁ decreases and # increases rapidly with !. For themost vertical field lines (! ! 90!), alongwhich the outflow experiencesminimal centrifugal support,
Ṁ approaches its purely thermal, neutrino-driven value Ṁth (eq. [24]). Of the solutions shown, only those with J̇W /J̇D < 1 are physical. All of the physical solutions for
ṀD ¼ 0:2 M$ s%1 are nonrelativistic (# < 1) and do not possess an asymptotic neutron excess (Y a

e & Y "
e ’ 0:51).Winds from the ṀD ¼ 10%2 M$ s%1 NDAF have lower

Ṁ and larger # than the winds driven from the higher ṀD disk; however, the solutions for ṀD ¼ 10%2 M$ s%1 with J̇W < J̇D still have Y a
e " 0:5.

12 Because the base of the wind rotates at a slightly sub-Keplerian rate due to
radial pressure support in the disk, even for ! < 60! mass loss would saturate at
Ṁ & 4&R2

0 %0cs;0 " 10Y100 M$ s%1 for sufficiently large B0 ("1016 G; the coro-
tating limit), where cs;0 " 0:1c is the sound speed near the base of the outflow.

METZGER, THOMPSON, & QUATAERT1142 Vol. 676

Metzger et al (2008) 
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general relativistic effects on the neutrino spectra 

Caballero, McLaughlin, Surman 
(2011) 
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nucleosynthesis from a time-dependent merger disk 

Disk model from Just and Janka 
 
Neutrino decoupling surface 
calculation by L. Caballero 

t = 20 ms 

t = 60 ms 
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nucleosynthesis from a time-dependent merger disk 

t = 20 ms 

t = 60 ms 

neutrino-only equilibrium electron fractions 

Surman, Caballero, McLaughlin, Just, Janka, submitted (2013)  
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nucleosynthesis from a time-dependent merger disk: 56Ni 
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Surman, Caballero, McLaughlin, Just, Janka, submitted (2013)  



 r-process in the oldest stars? 

Cowan et al (2011) 
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Fig. 4.— Shows nickel production as a function of
the entropy s/k of the outflowing material and the
mass accretion rate ṁ of the disk from which the
material originates. All trajectories shown have a
starting disk position of r0 = 100 km and wind
parameter β = 0.2, which corresponds to rapid
initial acceleration. The shaded regions indicate
mass fractions of 56Ni in excess of 0.5 (darkest
shaded region), 0.4, 0.3, 0.2, 0.1, 0.05, and less
than 0.05 (unshaded region).

3.1.1. ṁ ≥ 0.2

First we consider the nickel production in out-
flows from the AD-BHs with ṁ ≥ 0.2. In the out-
flow trajectories with s/k ≤ 20, the entropy is not
much higher than in the disk itself and so the ma-
terial retains some of the neutron richness of the
disk. In these cases, the neutron excess remain-
ing after alpha-particle assembly leads to neutron
captures on the alpha-capture chain nuclei, and
heavier isotopes of nickel predominate. Outflow
trajectories with s/k > 20 are sufficiently high in
entropy such that the neutron richness of the disk
is erased by positron capture in the outflow. The
most efficient production of 56Ni occurs just at this
transition between neutron-rich and proton-rich,
where Ye = 0.5; for the trajectories considered in
Fig. 4 this occurs when s/k ∼ 30. At even higher
entropies, the assembly into alphas is shifted to
later times, and the weak reactions on free nucle-
ons have more time to drive the material proton
rich. Therefore as we consider outflow trajectories
with various entropies, we find the higher entropy
cases produce higher Ye and thus less efficient pro-
duction of 56Ni.

3.1.2. ṁ < 0.2

The outflows from AD-BHs with ṁ < 0.2 dif-
fer slightly from the above picture. Disks with
lower mass accretion rates have lower central disk
temperatures and densities. The most important
effect of this for disks with 0.1 ≤ ṁ < 0.2 is that
the outflows have lower starting temperatures and
densities. This means the weak rates are not nec-
essarily fast enough for the electron fraction to
reequilibrate in the outflow prior to nuclear re-
assembly, and so the neutron richness of the disk
is retained to higher entropies. For the lowest
mass accretion rate disks considered in this work,
0.05 ≤ ṁ < 0.1, the central disk temperatures and
densities are sufficiently low that the composition
of the disk remains fairly balanced between neu-
trons and protons, as shown in Fig. 1. The out-
flows from these disks therefore have electron frac-
tions close to a half—and correspondingly strong
56Ni production—at lower entropies.

3.2. Variation with β

While the entropy per baryon in the outflow
plays a central role in setting the electron fraction,
another important ingredient is the time available
for each stage of the nucleosynthesis. In our out-
flow parameterization this is set by the wind pa-
rameter β, which determines the initial accelera-
tion of the outflow material. Fig. 5, similarly to
Fig. 4, shows the final mass fraction of nickel in
the outflowing material as a function of the mass
accretion rate ṁ of the AD-BH and the entropy
s/k in the outflow, for a sample set of trajectories
with starting disk position r0 = 100 km and wind
parameters β = 0.8, 1.4, 2.0, and 2.6. As shown in
Fig. 5, increases in β decrease the overall efficiency
of 56Ni production and, for high values of β, shift
the entropy per baryon s/k of the most efficient
production.

In order to understand the decrease in efficiency
with increasing β, consider that the most robust
56Ni production occurs when the outflow condi-
tions evolve (1) sufficiently rapidly at early times
to prevent the material from becoming too proton-
rich and (2) sufficiently slowly at late times to fa-
cilitate the complete conversion of alphas to 56Ni.
Small values of β correspond to rapid initial accel-
eration where the material quickly attains coast-
ing speed, while outflows with large values of β

5

nucleosynthesis from lower accretion rate/collapsar disks: 56Ni  

Surman, McLaughlin, 
Sabbatino (2011) 
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collapsar disk with trapped neutrinos and antineutrinos  

Neutrino emission similar to a protoneutron star (PNS) in a typical core-
collapse event, except: 

 � 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 

_ 

_ 
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neutrino oscillations 
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neutrino oscillations 
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black hole accretion disk neutrino oscillations 
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AD-BH neutrino oscillations: consequences for nucleosynthesis 

no oscillations 

single angle ν 
oscillation 
calculation 

Malkus, McLaughlin, Kneller, 
Surman (2012) 
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AD-BH neutrino oscillations: consequences for nucleosynthesis 

Malkus, McLaughlin, Kneller, Surman (2012) 
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summary (I) 

Neutrinos play a key role in heavy element synthesis in GRB 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 this environment 
 

R Surman 
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r-process astrophysical site: a new approach? 
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GRBs Kyoto 2013 

With the next generation of radioactive beam facilities + theoretical efforts 
to develop improved models, we will know the nuclear physics properties 
of nuclei populated in the late stages of the r-process 
 
With the current and planned stellar surveys + follow-up spectroscopy, we 
will know the r-process abundance pattern (and all of its variations) in 
unprecedented detail 
 

 we can use these details to get at the hydrodynamic conditions that 
must have existed during the late stage of the r-process 
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        N=82    
                                       N=126 

   rare earth peak 

N=50 

•  Forms at the late stages of the r-
process, during freezeout from 
(n,γ)-(γ,n) equilibrium 

  

Surman, Engel, Bennett, Meyer (1997) 
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        N=82    
                                       N=126 

   rare earth peak 

N=50 

•  Forms at the late stages of the r-
process, during freezeout from 
(n,γ)-(γ,n) equilibrium 

•  The formation mechanism is 
sensitive to both the astrophysical 
conditions of the late phase of the 
r-process and the nuclear physics 
of the nuclei populated at this 
time  

Surman, Engel, Bennett, Meyer (1997) 



rare earth peak formation: nuclear data uncertainties 
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Mumpower, McLaughlin, Surman, PRC (2012) 

FRDM                                                        HFB-21 



experimental prospects 
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CARIBU (figure from F. Montes) 

FRIB (figure from G. Bollen) 

+ RIKEN + ARIEL + FAIR  



Parameterized wind based on Meyer 
(2002): 
 
 
with τ=80 ms, Ye=0.3, FRDM masses 
Vary 50<s/k<400, 0<n<10 

using the rare earth peak to constrain r-process conditions 
R Surman 
Union College 
GRBs Kyoto 2013 

Mumpower, McLaughlin, Surman, ApJ 
(2012) € 
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using the rare earth peak to constrain r-process conditions 
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Mumpower, McLaughlin, Surman, ApJ 
(2012) 

 
match with rare earth region 
 
match with ratio of the A~195 main peak to 
rare earth peak 
 
minimal late time neutron capture 



summary (II) 
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The rare earth peak offers unique insight into the nuclear physics and the 
astrophysics of the r-process.  Its formation seems to require: 

 a deformation maximum in the rare earth region  

 the ‘right amount’ of neutron capture at late times in the r-process 

 

 

 

 

 

 

Once the nuclear physics uncertainties are clarified by experiments at the next 
generation of radioactive beam facilities, the rare earth peak will become an 
even more powerful probe of the r-process astrophysical environment.  


