
Lecture 15

Explosive Nucleosynthesis
and the r-Process

As the shock wave passes through the star, matter is briefly heated
to temperatures far above what it would have experienced had it burned
in hydrostatic equilibrium. This material expands, then cools nearly 
adiabatically. The time scale for the cooling is approximately the 
hydrodynamic time scale, though a little shorter (because speeds are
faster than free fall).

For (post-helium) burning in hydrostatic equilibrium, recall we had

                         εnuc ≈ εν

For exp losive nucleosynthesis we have instead :

                           τ nuc (Tshock ) ≤ τ HD

                        ρ(t) = ρshock exp(−t / τ HD )

                       T(t) = Tshock exp(−t / 3τ HD )

τ HD = 446 sec

ρshock
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hydrostatic nucleosynthesis
advanced stages of stellar evolution
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Except near the "mass cut", the shock temperature to which the 

explosive nucleosynthesis is most sensitive is given very well by
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This is because of the near constancy of pressure behind
the shock and the dominance of radiation

Example:

Any carbon present inside of 109 cm will burn explosively since:

0.1 tHD



Roughly speaking, everything that is 
ejected from inside 3800 km in the 
presupernova star will come out as
iron-group elements.
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Conditions for explosive burning in one 25  MO model (E0 = 1.2 B):
The amount of iron group synthesis
(56Ni) will depend sensitively upon
the density distribution around the 
collapsed core. Higher mass stars
will synthesize more iron.
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Produced pre-explosively and just ejected in the supernova:

• Helium
• Carbon, nitrogen, oxygen
• The s-process
• Most species lighter than silicon

Produced in the explosion:

• Iron and most of the iron group elements – Ti, V, Cr, Mn, Fe
Co, Ni

• The r-process (?)
• The neutrino process – F, B

Produced both before and during the explosion:

• The intermediate mass elements – Si, S, Ar, Ca
• The p-process (in oxygen burning and explosive Ne burning)

25 Solar Masses; Rauscher et al. (2002), parameterized explosion
KE = 1.2 x 1051 erg at infinity (requires strong successful explosion)

The nucleosynthesis that results from explosive silicon burning
is sensitive to the density (and time scale) of the explosion.

1) High density (or low entropy) NSE, and long time scale:

Either the material is never photodisintegrated even partially to
a-particles or else the a−particles have time to reassemble into
iron-group nuclei. The critical (slowest) reaction rate governing the 
reassembly is a(2a,g)12C which occurs at a rate proportional to r2.

   If as T →0, Xn ,X p ,  and Xα →0 then one gets pretty much the 

unmodified "normal" results of nuclear statistical equilibrium calculated
e.g.,at T9  = 3 (fairly indedendent of ρ).

    Abundant nuclei at η= 0.002− 0.004

  56,57Ni, 55Co, 52,53,54Fe, 48,49,50Cr, 51Mn
Products after all decays are complete:

54,56,57Fe, 55Mn, 48,49Ti, 50,51,52,53Cr, 51V



2) Low density or rapid expansion à the �α-rich� freeze out

   If all the α 's from photodisintegration cannot reassemble on τ HD,  

then the composition will be moditied at late times by α -capture. 
The composition will "freeze out" with free α -particles still present 
(and, in extreme cases, free n's or p's). The NSE composition at low T
willbe modified by reactions like

            54Fe(α ,γ )58Ni 56Ni(α , p)59Cu
56Ni(α ,γ )60Zn 40Ca(α ,γ )44Ti

57Ni(α ,γ )61Zn 58Ni(α ,γ )62Zn etc.

Abundant:
44Ti, 56,57,58Ni, 59Cu, 60,61,62Zn,(64,66Ge)

Produced :
44Ca, 56,57Fe, 58,60,61,62Ni, 59Co,(64,66Zn)

Both  kinds of freeze-out occur in a typical explosion

3) Explosive oxygen burning  (3≤ T9 ≤4)

      Makes pretty much the same products as ordinary oxygen
burning (T9 ≈2)  at low η≈0.002 (Z/Z⊙ )

Principal Products: 
                                      28Si, 32,33,34S, 35,37Cl, 36,38Ar

39,41K, 40,42Ca, 46Ti, 50Cr

4) Explosive neon and carbon burning  (2≤T9 ≤3)

        Same products as stable hydrostatic  buring
         More 26Al,  the p-process or  γ -process.

5) Explosive H and explosive He burning.
         The former occurs in novae; the latter in some varieties 
          of Type Ia supernovae. Discuss later.

The �p -� or

g - Process

At temperatures ~2 x 109  K before the explosion 
(oxygen burning) or between 2 and 3.2 x 109 K 
during the explosion (explosive neon and oxygen 
burning) partial photodisintegration of pre-existing 
s-process seed makes the proton-rich elements above 
the iron group.

The p-Process
(aka the γ-process)



p-nuclei

A 25 M Supernova


Problems below
A ~ 130.



Summary: γ−Process

• Makes nuclei traditionally attributed to the �p-process� by 
photodisintegration of pre-existing s-process nuclei. The abundance
of these seeds is enhanced – at least for A < 90 – by the s-process
that went on in He and C burning.

• Partially produced in oxygen shell burning before the collapse of
the iron core, but mostly made explosively in the carbon, neon, and oxygen-
rich shells that experience shock temperatures between 2 and 3.2

billion K.

• Production factor ~100 in about 1 solar mass of ejecta. Enough to make
solar abundances

• A secondary (or tertiary) process. Yield is proportional to abundance
of s-process in the star.

• There remain problems in producing sufficient quantities of p-nuclei
with atomic masses between about 90 and 120, especially 92Mo.

The Neutrino Process
(ν-process)

The neutrino flux from neutron star formation in the 
center can induce nuclear transmutation in the overlying layers
of ejecta. The reactions chiefly involve µ and τ-neutrinos
and neutral current interactions. Notable products are 
11B, 19F. 138La, 180Ta, and some 7Li and 26Al.



Production factor relative to solar normalized to 16O production 
as a function of μ and τ neutrino temperature (neutral current) 
and using 4 MeV for the electron (anti-)neutrinos (for charged current only).
6 MeV is now considered a more likely value for Tµτ

Product

6 MeV 8 MeV 6 MeV 8 MeV

WW95 This 
work WW95 This work WW95 This work WW95 This 

work

11B 1.65 1.88 3.26 3.99 0.95 1.18 1.36 1.85

19F 0.83 0.60 1.28 0.80 0.56 0.32 1.03 0.53

15N 0.46 0.49 0.54 0.58 0.09 0.12 0.15 0.19

138La 0.97 1.10 0.90 1.03

180Ta 2.75 3.07 4.24 5.25

Heger et al,, 2005, Phys Lettr B, 606, 258

Integrated Ejecta

Averaged yields of many supernovae 
integrated either over an IMF or a model
for galactic chemical evolution.

Survey - Solar metallicity:

• Composition – Lodders (2003); Asplund, Grevesse, 
& Sauval (2004)

• 32 stars of mass 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22
23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33
35, 40, 45, 50, 55, 60, 70, 80, 100, 120 
solar masses. 

• Evolved from main sequence through explosion with 
two choices of mass cut (S/NAkT = 4 and Fe-core) and 
two  explosion energies (1.2 B, 2.4 B) – 128 supernova 
models

• Averaged over Salpeter IMF

(Woosley and Heger 2007)

Woosley and Heger, Physics Reports,
442, 269 - 283, (2007)



Isotopic yields for 31 stars 
averaged over a Salpeter
IMF, G = -1.35

Intermediate mass elements
(23< A < 60) and s-process 
(A = 60 – 90) well produced.

Carbon and Oxygen over-
produced.

p-process deficient by a 
factor of ~4 for A > 130 
and absent for A < 130

Sukhbold et al (2016) – 300 supernova models – 2000 nuclei

Ertl and Janka (P-HOTB) Mapped into KEPLER

Successful explosions
in green Fraction of supernovae

green = 
no wind

blue =
with wind

IMF Averages
for 2 Central Engines

IMF Weighted Neutron
Star Birth Function

ejection in many cases. Even if the envelope is still in place
when the iron core collapses, the sudden loss of mass from the
core as neutrinos can lead to the unbinding of the envelope
(Nadezhin 1980; Lovegrove & Woosley 2013).

Figure 19 shows the masses ejected and neutron star remnant
masses for the successful explosions using the Z9.6 and N20
central engines. For those stars that made BHs, the helium core
and envelope masses are indicated and, for all stars, the mass
loss to winds before star death is indicated. A few stars made
BHs by fallback and are also shown. Figure 20 shows the
distribution of BH masses under two assumptions: (a) that only
the helium core accretes, and (b) that the entire pre-SN star falls
into the BH. A distribution of IMF-weighted BH frequency,
calculated just as it was for neutron stars, is given in Table 4.
No subtraction has been made for the mass lost to neutrinos,
that is, the gravitational mass has been taken equal to the
baryonic mass. It is expected that a PNS will form in all cases
and radiate neutrinos until collapsing inside its event horizon.
The amount of emission before trapped surface formation is
uncertain, but unlikely to exceed the binding energy of the

maximum-mass neutron star, about 0.3 :M (O’Connor & Ott
2011; Steiner et al. 2013).
Assuming the entire collapse of any BH-forming star,

including its hydrogen envelope, gives an upper bound to the
mass of the BH formed. This limiting case is not in good
agreement with the existing measurements (Wiktorowicz et al.
2014),5 in terms of range and frequency of observed masses.
The helium core mass seems a better indicator (Zhang et al.
2008; Kochanek 2014, 2015).
In addition to their production by stars that fail to launch a

successful outgoing shock, BHs can also be made in successful
explosions that experience a large amount of fallback. Only a
few cases of this were found in the present survey, and the
resulting BH masses were always significantly less than the
helium core mass. They were made in some of the most
massive stars that exploded. The weakest central engine, W20,
did not produce any BHs by fallback. Cases that might have
had large fallback failed to explode in the first place. The W15
series yielded only one BH with a mass of 4.7 :M produced in
a star that on the main sequence was 60 :M . Series W18
produced BHs by fallback at 27.2 and 27.3 :M with masses of
3.2 and 6.2 :M . The strongest two engines, S19.8 and N20,
gave a few such cases at a slightly higher mass, resulting
inBHs in the range 4.1–7.3 :M . In all cases, the BH mass was
substantially less than the helium core mass, which ranged
from 9.2 to 10.2 :M .
This tendency of neutrino-powered models to either explode

robustly or not at all has been noted previouslyand naturally
accounts for a substantial mass gap between the heaviest neutron
stars and the typical BH mass (Ugliano et al. 2012). In any
successful explosion of a quite massive star (i.e., above 12 :M ),
a few hundredths of a solar mass of photodisintegrated matter
reassembles,yielding a lower bound to the explosion energy of a
few´1050 erg (e.g., Scheck et al. 2006). On the other hand, the
ejection of the hydrogen envelope and collapse of the entire
helium core requirethat the final kinetic energy at infinity be less
than about 1050 erg (E. Lovegrove & S. E. Woosley 2015, in
preparation). Given that the observations favor the implosion of
the helium core, but not of the entire star (Figure 20), it seems
that another mechanism is at work. One natural explanation is
that the hydrogen envelope is ejected during the collapse of these
massive “failures” by the Nadyozhin–Lovegrove effect (Nadez-
hin 1980; Lovegrove & Woosley 2013). The loss in binding
energy due to neutrino emission of the PNS launches a weak
shock that ejects the loosely bound envelope. If so, faint, red
SNe may be a diagnostic of typical BH formation in massive
stars (Lovegrove & Woosley 2013; Kochanek 2014, E. Love-
grove & S. E. Woosley 2015, in preparation).

6. NUCLEOSYNTHESIS

Detailed isotopic nucleosynthesis, from hydrogen to bis-
muth, was calculated using the KEPLER code for all the
models presented in this paper, and they are included in the
electronic edition in a tar.gz package. Sample output for two
SNe with main-sequence masses 14.9 and 25.2 :M in Table 9
gives the ejected masses in solar masses in both the pre-SN
winds and the explosions using the W18 engine.
Rather than discuss the yields of individual stars, however,

this section gives and discusses a summary of the nucleosynth-
esis for the two main explosion series, N20 and W18, averaged

Figure 20. Distributions of BH masses for the explosions calculated using
P-HOTB compared with the observational data from Wiktorowicz et al.
(2014) (see footnote 5) in gray. Theoretical results are shown based on two
assumptions: (1) that only the helium core implodes (green),or (2) that the
whole pre-SN star implodes (blue). Observations are more consistent with just
the helium core imploding. As in Figure 18, this is not a direct comparison to
the observations.

5 http://stellarcollapse.org/bhmasses; retrieved 2015 September 6.

22

The Astrophysical Journal, 821:38 (45pp), 2016 April 10 Sukhbold et al.



with a full model for galactic chemical evolution. Lower-
metallicity massive stars would presumably have diminished
winds and would make less carbon. The isotope 13C is always
underproduced in massive stars and is presumably made in the
winds and planetary nebulae of lower-mass stars.

Nitrogen too is underproduced and needs to be mostly made
elsewhere. Presumably 14N is made by the CNO cycle in
lower-mass stars and 15N is made in classical novae by the hot
CNO cycle.

Oxygen is the normalization point, and both 16O and 18O are
copiously produced, both by helium burning. The yield of 18O
is sensitive to the metallicity, but that of 16O is not directly,
though it is sensitive by way of the mass loss. 17O is not made
owingto its efficient destruction by 17O(p, α)14N. Perhaps it
too is made in classical novae.

Fluorine is somewhat underproduced in the overall ensem-
ble, despite having a very substantial production by the
neutrino process and helium burning in low-mass stars.

The abundance of neon is uncertain in the Sun, but 20Ne and
21Ne are well produced and 22Ne is overproduced. The
synthesis of 22Ne depends on the initial metallicity of the star,
however, since CNO is converted into 22Ne during helium
burning. Lower-metallicity stars would make less, and the
abundance of 22Ne might come down in a full study of galactic
chemical evolution. The yield of 22Ne is also sensitive to mass
loss, more so than 20Ne and 21Ne, and lower metallicity would
imply lower mass loss.

All isotopes of sodium, magnesium, and aluminum are
produced reasonably well by carbon and neon burning.
Magnesium and aluminum are a little deficient, however, and
this is the beginning of a trend that persists through the
intermediate-mass elements. It could reflect a systematic
underestimate of the CO core size due to the neglect of
rotation or inadequate overshoot mixing, since these isotopes
will be produced in greater abundances in larger CO cores, but
increasing the core size might make the stars harder to blow up.
Or it may indicate an incompleteness in the present approach.
Many of the stars that made BHs here would have contributed
to the intermediate-mass elements. Perhaps rotation or other
multidimensional effects on the explosion play a role?

6.4.2. Intermediate-mass Elements—Silicon through Scandium

The major isotopes of the intermediate-mass elements from
silicon through calcium are consistently co-produced in solar
proportions. The total mass of these, however, is about 12% of
that of 16O, which is only half the solar value of 22%. A similar
underproduction was seen by Woosley & Heger (2007) (their
Figure 8), so it is not solely a consequence of the new
approach. Part of the difference might be picked up by SNe Ia,
which, aside from being prolific sources of iron, can also
produce a significant amount of intermediate-mass elements
(Iwamoto et al. 1999, and Section 6.5). Still, the systematic

underproduction of so many species generally attributed to
massive stars is troubling. Better agreement between inter-
mediate-mass element and oxygen productions existed in
earlier studies (Timmes et al. 1995; Woosley et al. 2002),
which used a larger solar abundance for 16O.
Several isotopes with particularly anomalous production in

this mass range warrant mention. 40K is greatly overproduced
compared even with the abundance in the zero-age sun. The
difference presumably reflects the lengthy time in which decay
occurred between the last typical SN and the Sun’s birth. 44Ca
is underproduced in massive stars. Presumably it is made by
sub-Chandrasekhar mass models for SNe Ia (Section 6.5). 48Ca,
along with several neutron-rich iron-group nuclei like 50Ti and
54Cr, is presumably made in a neutron-rich nuclear statistic
equilibrium as might exist in a rare variety of SNe Ia igniting at
high density. 45Sc is due to the s-process, and its under-
production is a portent of problems to come (Section 6.4.4).

6.4.3. The Iron Group

The iron yields here were calibrated to be the maximum
calculated in P-HOTB (Tables 7 and 8), where it was assumed
that the neutrino wind makes an appreciable contribution. This
was one of the agreements forced on the KEPLER recalculation
(Figure 12).
As expected, even taking this upper bound, the iron group is

severely underproduced in massive stars, since most of the iron
in the Sun has been made by SNe Ia. In the next section, we
shall consider the consequences of combining both varieties of
SNe. The ratio of the mass of new iron made here as 56Ni to
new oxygen (neglecting the initial iron and oxygen in the star
because it had solar metallicity) is proportional to the ratio of
(P– 1) for the two species, where P here is the unnormalized
production factor (Section 6). When normalized to the solar
mass fractions, the fraction of solar iron made in core-collapse
SNe is

=
-
-

F
P
P

1
1

. 12Fe
Fe

Ox
( )

For the series W18 PFe = 2.17 and POx = 7.16; for the N20
series PFe = 3.09 and POx = 8.38. Both sets of numbers include
the low-mass contributions from the Z9.6 series. In both cases
the implied iron production is 28%. Given the way this was
calculated, using yields normalized to the maximum production
in Table 4, this is probably an upper bound, though not
by much.
While SNe Ia make most of the iron, it is noteworthy that

massive stars do contribute appreciably to many species in the
iron group. 50V is well produced by carbon burning and 58Fe
by the s-process. Cobalt, copper, and the nickel isotopes are
well produced andin the case of 62Niactually overproduced.
All three elements are made mostly by the α-rich freeze-out (as

Table 6
Integrated Statistics (see Section 6.4 for Descriptions; All Masses in :M )

Cal. E (erg) Mb Mg Lower MBH Upper MBH M l,Ni M u,Ni SN% (>12) (>20) (>30)

W15.0 0.68 1.55 1.40 8.40 13.3 0.040 0.049 66 47 8 2
W18.0 0.72 1.56 1.40 9.05 13.6 0.043 0.053 67 48 9 2
W20.0 0.65 1.54 1.38 7.69 13.2 0.036 0.044 55 37 3 0
N20.0 0.81 1.56 1.41 9.23 13.8 0.047 0.062 74 52 13 5
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0; 10 to 100 MZ =


(Heger & Woosley, 2010, ApJ, 724, 341)

Big Bang initial composition, Fields (2002), 75% H, 25% He

10 12M M  = 0.1M

12 17 M M  =  0.2 M

17 - 19 M M  =  0.1 M

19 20 M   M  =  0.2 M

20 - 35 M  M  = 0.5 M

35 - 50 M   M =   1 M

50 - 100 M  M  = 5 M  

− Δ

− Δ
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126 Models
at least 1000 supernovae

Evolved from main sequence to

presupernova and then exploded

with pistons near the edge of the 

iron core (S/N
A
k = 4.0)

Each model exploded with a 
variety of energies from 0.3 to
10 x 1051 erg. 

Survey 

28 metal poor stars in the Milky Way Galaxy
-4 < [Fe/H] < -2; 13 are < -.26

 

Integrated yield of 126 masses 11 - 100 M (1200 SN models), with Z= 0, 
Heger and Woosley (2008, ApJ 2010) compared with  low Z observations  
by Lai et al (ApJ, 681, 1524, (2008)). Odd-even effect due to sensitivity
of neutron excess to metallicity and secondary nature of the s-process.

Cr I and II, non-LTE effects; see also 
Sobeck et al (2007)

KE = Eo (20/M)
Eexp B

and now 17O



The r-Process

The rapid addition of neutrons to iron group nuclei
that produces the most neutron-rich isotopes up to 
uranium and beyond. This is thought to occur either 
in the deepest ejecta of supernovae or in merging 
neutron stars.

The r-Process The r-Process



The r-process path hits the
closed neutron shells for a 
smaller value of A (i.e., a 
lower Z) 

These heavy nuclei cannot be made by the s-process, nor
can they be made by charged particle capture or photodisintegration.

Photodisintegration would destroy them and make p-nuclei.
The temperatures required for charged particle capture would
destroy them by photodisintegration.

Their very existence is the proof of the addition of neutrons
on a rapid, explosive time scale. This requires a high density of 
neutrons.

They were once attributed to the Big Bang (Gamow 1946), but we 
now know the density is far too low.

Still, observations suggest though that the r-process arose or
at least began to be produced very early in the universe,
long before the s-process.

CS 22892-052
Sneden et al, ApJ, 591, 936 (2003)

[Fe/H] ~ -3.1

If neutrons are to produce the r-process nuclei then β-decay 
must be responsible for the increase in proton number along the
r-process path.  Protons would combine with neutrons and
end up in helium.  

The neutron density must be high both because the abundances 
themselves indicate a path that is very neutron-rich (so ρ Yn λnγ must
be >> 1/τβ near the valley of β-stability) and because only very
neutron-rich nuclei have sufficiently short β-decay lifetimes to 
decay and reach, e.g., Uranium, before Yn goes away (τHD) in 
any realistic scenario.



The beta decay lifetimes of nuclei that are neutron-rich become 
increasingly short because of the large Q-value for decay:

• More states to make transitions to. Greater liklihood
that some of them have favorable spins and parities

• Phase space – the lifetime goes roughly as the available
energy to the fifth power

We shall find that the typical time for the total r-process is just
a few seconds. Neutron rich nuclei have smaller neutron capture
cross sections because Qng decreases, eventually approaching zero

   

Take λnγ  104.  One needs ρYn λnγ >>1.

This implies that nn = ρ N A Yn >>
N A

λnγ

~ 1020 cm-3

For such large neutron densities neutron capture will go to the 
(T-dependent) neutron drip line and await a beta decay.

for many captures to
happen in a second
1

Y
A

dY
A

dt

⎛
⎝⎜

⎞
⎠⎟
= ρY

n
λ
nγ

t < 1 s⇒

  

The r-process proceeds by rapidly capturing neutrons while
keeping Z constant, until a "waiting  po int" is reached. At the 
waiting point(s), photo-neutron ejection (photodisintegration)
balances neutron capture. At zero temperature, the waiting 
point would be the neutron drip line (Sn ≤0), but the r-process

actually happens at high temperature (a necessary condition  
to obtain the high neutron density).

At the waiting point (or points), beta decay eventually happens
creating Z+1. Neutron capture continues for that new element 
until a new waiting point is found.

  

 •→•→••→••
even             odd          even          odd
(high)           (low)      (high)        (very low)  abundance

β β

Qng small or negative 
from here onwards

  
YA+1λγ n( A+1) = ρYn YAλnγ ( A)

How it works

  

At a waiting point for a given Z:

          
YA+1

YA

= ρYn

λnγ ( A)

λγ n( A+1)

= ρYn 9.89 × 109( )−1 G( A+1)
G( A)

T9
−3/2 ( A+1)

A
exp(11.6045Qnγ / T9 )

The temperature cannot be too high or 

• The heavy isotopes will be destroyed by photo-
disintegration

• (γ,n) will balance (n,γ) too close to the valley of 
β stability where τβ is long

At a waiting point photodisintegration will give YA+1 and YA
comparable abundances – at least compared with abundances 
far from A. Since we only care about log�s anyway …

 
A + n A +1

γ

Ignoring G�s and other less dominant terms

A+1
n 9

A

Y
log 0 log Y 10 5.04 /

Y
n
Q Tγρ − + 

ρ Yn T9 Qlim(MeV)

1 gm cm-3 1                  1.98
2                  3.97
3                  5.94

103 gm cm-3 1                  1.39
2                  2.78
3                  4.17

Therefore the path of the r-process (Qlim) depends upon a combination of 
T9 and nn. Actually both are functions of the time.



Kratz et al. (1988)

Optimal conditions for the r-process

Based upon estimated 
lifetimes and Q-values
along path of the 
r-process.

For example, at T9=2.5,
nn = ρNAYn ~ 1027 cm-3

or ρYn ~ 103.

Sites for the r-process:

All modern scenarios for making the r-process achieve a 
very large density of neutrons and a very high neutron-to-
seed ratio by invoking an explosive event in which the matter
is, at least briefly, in the form of nucleons – neutrons and 
protons – with a large excess of neutrons. The ensuing 
nucleosynthesis then resembles a dense, neutron-rich Big Bang. 

 

Many n + some p  → Some 4He  + many neutrons
→ Heavy elements + 4He   +   many neutrons

This last step would not happen at Big Bang densities
but happens in a stellar environment where the density
is enormously greater.

Three sites have been discussed in the last decade :

• Neutrino-powered winds from proto-neutron stars

• Merging neutron stars and neutron stars merging
with black holes

• Dense accretion disks around black holes 
could be an outcome of merging neutron stars)

Nucleonic wind, 1 - 10 seconds

Anti-neutrinos are "hotter" than
the neutrinos, thus weak equilibrium
implies an appreciable neutron excess,
typically 60% neutrons, 40% protons

* favored

r-Process Site #1: The Neutrino-powered Wind *

Duncan, Shapiro, & Wasserman (1986), ApJ, 309, 141
Woosley et al. (1994), ApJ, 433, 229

T9 = 5 – 10
T9 = 3 - 5

T9 = 1 - 2

e.g., 5% by mass �Fe�
and 20% by mass neutrons
(Ye = 0.4)  implies 200 neutrons
per iron. The other 75% is alphas.



Mass loss rate – neutrino 
driven wind – post SN

After 0.1 s, the luminosities of all flavors
of neutrinos are equal - made by pair annihilation

But the average energy each flavor of neutrino is not the same

Wilson (1994)



Tµτ not as hot as it used to be
Ratio of electron antineutrino and neutrino temperature also less

(2017)

  

1)  low Ye because  Tνe
> Tνe

2)  High entropy                 S ~ T3

ρ
(entropy dominated by radiation)

                                               need S~ 400
                                                For higher entropy the density is lower at
                                                a given temperature. The rates governing the
                                                reassembly of α -particles are proprtional to
                                                ρ2 (the 3α reaction) or ρ3 (the ααn reaction)

3) Rapid time scale - τ ~ R
vwind

~ 100ms.

Why it hasn�t worked so far

Need entropies srad/NAk ~ 400. Most calculations give ~ 100.
Magnetic fields could help – Thompson 2003, ApJL, 585, L33. 

In order for this to work one needs.

If the density is too high, too
many alphas reassemble
and the neutron to seed ratio
is small

Neutrino-powered wind 

Roberts, Woosley and Hoffman (2010)

May happen roughly once
every 105 years* in the Milky
Way galaxy. Eject 0.01 - 0.1
solar masses of r-process.

The currently favored site at least 
for the heavy r-process

r=Process Site #2  - Merging Neutron Stars

*24 My-1 in the Milky Way
Chruslinska et al (2017)



May also jet of neutron rich material after merger
Burrows et al., 2007, ApJ, 664, 416 

Rosswog et al. 2003, MNRAS, 345, 1077 and references therein Merging neutron stars – r-process nucleosynthesis 
Goriely, Bauswein, and Janka (2011)

So many neutrons that “fission recycling” occurs leading
to a robust pattern that fits the solar abundances above 
A = 110.  Also need a “weak” r-process site.

  

0.001 to 0.01 M  ejected

merger rate 10−5  yr−1  

5000 isotope network 
      up to Z = 110; Postprocessing 
      3D SPH calculation of the 
      merger

Wanajo and Janka (2012) 

Neutrino-powered wind from
black hole accretion disk

following neutron star merger

Ge, Zr, and Eu are predominantly r-process elements. At early times
Fe is free from SN Ia supernova contributions  and is solely a massive star 
product. 

The left frame shows that Ge (A = 70 – 76) correlates with iron and is probably
a massive star product.

The center frame shows that no such correlation exists between Ge and 
much heavier Eu (A = 151 – 153), suggesting Eu has a different origin

The right frame suggests that Zr (isotopes 90 – 94) is intermediate. 

Cowan et al (RMP 2019)

Two r-Processes?



“Kilonova” Kasen et al MNRAS (2015)

model is characterized by
time in ms before  a BH forms

Observed light curve GW 170817 vs a two component
model for the r-process (Cowperthwaite et al ApJ, 2017)

fails to reproduce the initial rapid decline in the UV, as well as
the NIR light curves. We therefore conclude that r-process
heating with a single value for the opacity cannot explain
the observed light-curve evolution and colors. The final light
curves for these models can be seen in Figure 3.

Inspired by the multi-component observed SED (Figure 2)
and by the failure of single-component models to capture both
the early rapid decline and the late-time red colors, we explore
two multi-component models: (i) a two-component “blue”
(k = 0.5 cm2 g−1) plus “red” (κ as a free parameter) model;
and (ii) a three-component “blue” (k = 0.5 cm2 g−1) plus
“purple” (k = 3 cm2 g−1) plus “red” (k = 10 cm2 g−1) model.
These values were recently shown by Tanaka et al. (2017) to
roughly capture the detailed opacity from radiative transfer
simulations. For each component, we leave Mej and vej as free
parameters.

First, we explore the two-component model (with eight free
parameters); we vary the ejecta masses, ejecta velocities, and
temperature floors, the red component opacity, and a single
scatter term. We find that the “blue” component has

» :M M0.01ej
blue and »v 0.27cej

blue (with errors of roughly
10%), in good agreement with our inference from the SED at
early times (Section 3.2). The “red” component has a much
larger mass of » :M M0.04ej

red but a slower velocity of
»v 0.12 cej

red . The best-fit opacity of this component is
κ≈3.3 cm2 g−1, lower than expected for lanthanide-rich
ejecta. We find that most of the parameters are uncorrelated,
with the exception of the red component’s opacity and ejecta
velocity, which have a Pearson correlation coefficient of
∼0.67. The resulting parameters and uncertainties from the
MCMC fitting are summarized in Table 1.

For the three-component model (with 10 free parameters) we
find similar values for the “blue” component ( » :M M0.01ej

blue

and »v 0.27 cej
blue ) and the “purple” component ( »Mej

purple

:M0.03 and »v 0.11 cej
purple ). The “red” component is sub-

dominant with » :M M0.01ej
red and »v 0.16 cej

red ); see Table 1.
These ejecta parameters are consistent with those determined
from independent modeling of the optical and NIR spectra
(Chornock et al. 2017; Nicholl et al. 2017).

Both sets of models are shown in Figure 1 and are
essentially indistinguishable. Both provide a much better fit to
the data than the single-component models described above,
capturing both the initial blue colors and rapid decline, as well

as the later redder colors and NIR light curves. Their similar
WAIC scores suggest that neither model is statistically
preferred. The two models differ most drastically at 15 days
in the Ks-band, where the two-component model is double-
peaked, while the three-component model is single peaked.
While neither model fully captures every feature of the light
curves, it is remarkable that these simplified semi-analytic
models produce such high-quality fits over a wide range of
wavelength and time.

5. Implications

In the multi-component models, we can interpret each
component as arising from distinct physical regions within the
merger ejecta. In both models, the high velocity of the blue KN
ejecta suggests that it originates from the shock-heated polar
region created when the neutron stars collide (e.g., Oechslin
et al. 2007; Bauswein et al. 2013; Sekiguchi et al. 2016). This
dominant blue component is also seen in early-time optical
spectra (Nicholl et al. 2017). By contrast, the low velocity red
KN component in our three-component model could originate
from the dynamically ejected tidal tails in the equatorial plane
of the binary (e.g., Rosswog et al. 1999; Hotokezaka et al.
2013), in which case the relatively high ejecta mass » :M0.01
suggests an asymmetric mass ratio of the merging binary
( 1q 0.8; Hotokezaka et al. 2013).
In both multi-component models we find that the

κ≈3 cm2 g−1 ejecta dominates by mass. The lower velocity
of this component suggests an origin in the post-merger
accretion disk outflow. Our inferred ejecta mass is consistent
with that expected for a massive ∼0.1 :M torus (e.g., Just et al.
2015; Siegel & Metzger 2017). Similarly, the disk outflow
composition is predicted to be dominated by ~Y 0.3e matter
that produces the k » 3 cm2 g−1 component of the KN
emission (Tanaka et al. 2017) as we observe. The fitted opacity
indicates that the hyper-massive neutron star remnant is
relatively short-lived (∼30 ms; Fernández & Metzger 2013;
Just et al. 2015; Kasen et al. 2015). We additionally find that in
both models the total kinetic energy is roughly

´( – )1 2 1051 erg.
The fact that our multi-component models fit the data well

provides strong evidence for the production of both light and
heavy r-process nuclei, addressing one of the long-standing
mysteries in astrophysics (Burbidge et al. 1957; Cameron

Table 1
Kilonova Model Fits

Model Mej
blue vej

blue
kblue Mej

purple vej
purple

kpurple Mej
red vej

red
kred f Ni WAIC

( :M ) (c) ( -cm g2 1) ( :M ) (c) ( -cm g2 1) ( :M ) (c) ( -cm g2 1)

2-Comp -
+0.014 0.001

0.002
-
+0.266 0.002

0.007 (0.5) L L L -
+0.036 0.002

0.001
-
+0.123 0.014

0.012
-
+3.349 0.337

0.364 L −102
3-Comp -

+0.014 0.001
0.002

-
+0.267 0.011

0.006 (0.5) -
+0.034 0.002

0.002
-
+0.110 0.010

0.011 (3.0) -
+0.010 0.001

0.002
-
+0.160 0.025

0.030 (10.0) L −106

56Ni -
+0.008 0.001

0.007
-
+0.260 0.031

0.034 (0.1) L L L L L L -
+0.749 0.203

0.214 17
Blue -

+0.032 0.004
0.002

-
+0.180 0.002

0.002 (0.1) L L L L L L L 17
Red L L L L L L -

+0.026 0.008
0.010

-
+0.271 0.002

0.008 (10) L 153
1-Comp L L L -

+0.040 0.007
0.002

-
+0.274 0.093

0.007
-
+0.817 0.135

0.146 L L L L 11

Note. Model parameters and WAIC scores. Numbers in parentheses indicate fixed parameters of the model. The errors represent the 1σ confidence interval. Both the
2-component (“2-Comp”) and 3-component (“3-Comp”) models have significantly smaller WAIC scores (indicating better fits) compared to the four single-
component models.
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Kilonova model compared to the 
AT 2017gfo spectra. X-shooter spectra 
(black line) at the first four epochs and 
kilonova models: dynamical ejecta 
(Ye = 0.1 − 0.4, orange), wind region 
with proton fraction Ye = 0.3 (blue) and 
Ye = 0.25 (green). The red curve 
represents the sum of the three model 
components.

Pian et al  (Nature 2017)


