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Burbidge, Burbidge, Fowler, Hoyle (1957), Cameron (1957):

The heavy elements (A > 62) are formed by 
neutron capture onto seed nuclei 

rapid neutron capture (r-process): 
timescale for neutron capture shorter than for !-decay 

slow neutron capture (s-process): 
timescale for neutron capture longer than for !-decay 

speculated that r-process requires explosive 
environment of supernovae
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"It is the stars, The stars above us, govern our conditions";
(Eing Lear, Act IV, Scene 3)

"The fault, dear Brutus, is not in our stars, But in ourselves, "
(Julius Caesar, Act I, Scene 2)
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and aggregates. The 21-cm absorption spectra 
will be investigated for accessible discrete radio 
sources. Studies relating to the spiral structure 
of our galaxy will be limited largely to regional 
surveys for small sections of the sky; we shall 
stress in these studies at all times the close inter- 
connection that exists between radio and optical 
phenomena. Following Heeschen’s successful de- 
tection of 21-cm emission from the Coma cluster 
of galaxies, we shall attempt to study further 
21-cm radiation from beyond our own galactic 
system, but in these studies we shall be limited 
to some extent by our electronic equipment, 
which was designed especially for high-resolution 
work in our own galaxy. 

The new equipment is described in some detail 
in Sky and Telescope for July 1956, and an article 
is in press in Nature, 

Harvard College Observatory, 
Cambridge, Mass. 

Burbidge, G. R. and Hoyle, F. Matter and anti- 
matter. 

The implications of anti-matter, consisting of 
positrons and anti-protons, existing on a cosmic 
scale are discussed. It is shown from a consid- 
eration of the kinetic and magnetic energy of the 
interstellar gas clouds and from the energy of 
cosmic radiation that the ratio of anti-matter to 
ordinary matter in our Galaxy cannot exceed 
about io~7. The importance to radio astronomy 
of such a limit being attained is investigated. It 
appears that the intensities of radio emission 
from galactic and extragalactic sources may be 
quantitatively explained on this hypothesis. The 
relation of these ideas to cosmology is also briefly 
discussed. 

Mount Wilson and Palomar Observatories, 
Carnegie Institution of Washington, 

California Institute of Technology, 
Pasadena, Calif. 

Byram, E. T., Chubb, T. A., Friedman, H. and 
Kupperian, J. E., Jr. Rocket observations of 
extraterrestrial far-ultraviolet radiation. 

An experiment to survey the night-sky radia- 
tion in the far ultraviolet was attempted for the 
first time in Naval Research Laboratory Aerobee 
25 flown from White Sands Proving Ground, 
New Mexico, at 2:00 a.m., MST on November 
ï?» ïQSS- The rocket reached an altitude of 104 
km. Collimated photon counters were used to 
cover the bands 1100Â to 1340Â and 1220Â to 
1340Â. A strong diffuse response was observed 

9 

in the 1100Â to 1340Â detector which included 
the Lyman a line of hydrogen, 1216Â. The 
1220Â to 1340Â tube detected discrete celestial 
sources. Of the region scanned by this tube the 
most significant responses were obtained in the 
Puppis-Vela region. 

Naval Research Laboratory, 
Washington, D. C. 

Cameron, A. G. W. On the origin of the heavy 
elements. 

The inverse correlation between the metal 
abundances and the ages of stars suggests that 
the elements have been formed in stellar interiors. 
An analysis of the cosmic abundances of nuclear 
isobars, and calculations relating to the growth 
of nuclide abundances by neutron capture, show 
that the following three mechanisms are neces- 
sary, and probably sufficient, to produce the 
observed cosmic abundances of the nuclides with 
mass number greater than 70. 

(1) Neutron capture on a slow time-scale. 
When helium thermonuclear reactions commence 
in a hydrogen-exhausted stellar core, explosive 
instability forces an expansion of the core, prob- 
ably accompanied by mixing between the core 
and envelope (Hoyle and Schwarzschild 1955). 
Further helium reactions then produce neutrons. 
These are initially captured predominantly by 
the iron abundance peak and eventually large 
abundances of certain heavy nuclides are pro- 
duced. The mean time between neutron captures 
in a typical heavy nucleus is of the order of 10 
to 100 years. The observed cosmic abundances 
correspond to the production and capture by 
heavy nuclides of about 18 neutrons per silicon 
nucleus initially present in the core. 

(2) Neutron capture on a fast time-scale. It 
has been suggested (Hoyle 1946) that in super- 
novae a rapid implosion of the core is accom- 
panied by a thermonuclear explosion in the 
envelope. If the hydrogen abundance in the 
envelope is comparable to the abundance of 
the products of advanced thermonuclear reac- 
tions, the explosion will rapidly exhaust the hy- 
drogen and then produce very high fluxes of 
neutrons by exothermic (a, n) reactions. It has 
been suggested (G. R. Burbidge, F. Hoyle, E. M. 
Burbidge, R. F. Christy and W. A. Fowler, un- 
published) that this is the mechanism involved 
in Type I supernova explosions. The mean time 
between neutron captures in a typical heavy 
nucleus will be of the order of a second, and the 
effects of closed neutron shells are reflected in 
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NS mergers proposed by Lattimer & Schramm 
(1974) but not favored until recently
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The kilonova of GW170817

Daniel Siegel

• red kilonova properties: 

Mej ~ 4-5x10-2Msun

vej ~ 0.08-0.14c
Ye < 0.25
XLa ~ 0.01

Kilpatrick+ 2017
Kasen+ 2017
Kasliwal+ 2017
Drout+ 2017
Cowperthwaite+ 2017
Chornock+ 2017
Villar+ 2017
Coughlin+ 2018
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6 VILLAR ET AL.

Figure 1. Complete UVOIR light curves, along with the models with the highest likelihood scores. Solid lines represent the realizations of
highest likelihood for each model, while shaded regions represent the 1� uncertainty ranges. For some bands there are multiple lines that
capture subtle differences between filters.

The variance parameter � is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.

For each component of our model there are four free pa-
rameters: ejecta mass (Mej), ejecta velocity (vej), opacity (),
and the temperature floor (Tc). We use flat priors for the first
three parameters, and a log-uniform prior for Tc. In the case
of the asymmetric model, we assume a flat prior for the half
opening angle (✓).

For each model, we ran MOSFiT for approximately 24
hours using 10 nodes on Harvard University’s Odyssey com-
puter cluster. We utilized 100 chains until they reached con-
vergence (i.e., had a Gelman-Rubin statistic < 1.1; Gelman
& Rubin 1992). We use the first ' 80% of the chain as burn-
in. We compare the resulting fits utilizing the Watanabe-
Akaike Information Criteria (WAIC, Watanabe 2010; Gel-

man et al. 2014), which accounts for both the likelihood score
and number of fitted parameters for each model.

4. RESULTS OF THE KILONOVA MODELS

We fit three different models to the data: a spherical
two-component model, a spherical three-component model,
and an asymmetric three-component model. The results are
shown in Figures 1–5 and summarized in Table 2.

For the spherical two-component model we allow the opac-
ity of the red component to vary freely. This model has a total
of 8 free parameters: two ejecta masses, velocities and tem-
peratures, one free opacity, and one scatter term. We find
best-fit values of Mblue

ej = 0.019+0.001
-0.001 M�, vblue

ej = 0.257+0.009
-0.007c,

Mred
ej = 0.047+0.002

-0.002 M�, vred
ej = 0.151+0.004

-0.004c, and red = 3.78+0.13
-0.07

cm2 g-1. Although the model provides an adequate fit, it
predicts a double-peaked structure in the NIR light curves
at ⇡ 2 - 5 days that is not seen in the data.

Villar+ 2017

red KN

blue KN• blue kilonova properties: 

Mej ~ 10-2Msun

vej ~ 0.2-0.3c
Ye > 0.25
XLa < 10-4

Kilpatrick+ 2017
Kasen+ 2017
Nicholl+ 2017
Villar+ 2017
Coughlin+ 2018

• two (“red-blue”) or multiple components expected from merger simulations

• single component models might be possible, 
but require fine-tuning

Smartt+ 2017
Waxman+ 2017

heavy r-process elements!
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• blue kilonova properties: 

Mej ~ 10-2Msun

vej ~ 0.2-0.3c
Ye > 0.25
XLa < 10-4

Kilpatrick+ 2017
Kasen+ 2017
Nicholl+ 2017
Villar+ 2017
Coughlin+ 2018

Observed ejecta properties of red kilonova inconsistent 
with known classical ejection mechanisms in NS mergers

heavy r-process elements!

The cosmic origin of the heavy elements

BNS merger simulations



Post-merger accretion disk outflows

Daniel Siegel

Siegel & Metzger 2018a

Siegel & Metzger 2017, PRL
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Disk outflows and the red kilonova
Siegel & Metzger 2017, PRL
Siegel & Metzger 2018
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2nd peak 3rd peak

rare-earth 

1st peak
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FIG. 5. Electron fraction Ye and normalized electron chemical potential ⌘ = µ/⇥ at t = 43ms (left), t = 130ms (center), and
t = 250ms (right), showing a mildly degenerate state and low Ye in the inner parts of the disk as a result of self-regulation
(Sec. IVC).

TABLE II. Characteristics of the outflow as recorded by tracer particles: mean electron fraction, specific entropy, expansion
timescales, computed at t = t5GK and classified into equatorial (30� < ✓ < 150�), polar (✓  30� and ✓ � 150�), and total
outflow. The polar angle ✓ for each tracer particle is measured at the end of the simulation. The initial disk mass Mt,in as
well as the total integrated outflow mass (polar/equatorial and total) are also listed. Corresponding values from Newtonian
alpha-disk simulations by [38] (F15) and [54] (J15) are also shown.

simulation neutrino outflow equatorial outflow polar outflow total outflow
absorption type Mt,in Ȳe s̄ t̄exp Ȳe s̄ t̄exp Ȳe s̄ t̄exp Mpol Mout

[10�2M�] [kB/b] [ms] [kB/b] [ms] [kB/b] [ms] [Meq] [Mt,in]
this work no total 2.02 0.17 28 26 0.19 43 18 0.17 30 25 0.15 0.23
this work no unbound 2.02 0.18 31 24 0.19 39 18 0.18 32 23 0.22 0.16
this work yes unbound 2.02 31 24 39 18 32 23 0.22 0.16
F15 t-a80 yes total 3.00 0.22 21 35 0.31 38 9.4 - - - 0.01 0.17

J15 M3A8m03a2 yes total 3.00 - - - - - - 0.27 30 - - 0.23
J15 M3A8m03a5 yes total 3.00 - - - - - - 0.25 33 - - 0.24

diagram clearly indicates the presence of magnetic cycles
with a period of roughly ⇠ 20ms throughout the entire
simulation time domain. In the disk midplane, magnetic
fields of temporally alternating polarity are generated by
MHD turbulence. These fields slowly migrate o↵ the
midplane by magnetic pressure gradients and buoyancy,
where they are gradually dissipated into heat. This mi-
gration and dissipation of magnetic energy contributes
to establishing a ‘hot’ corona above and below the mid-
plane, as indicated by the middle panel of Fig. 7. This
spacetime diagram of the specific entropy shows strongly
increasing specific entropies o↵ the midplane where ma-
gentic field strengths decrease.

In the hot corona powerful outflows are generated.
In these regions of lower density, viscous heating from
MHD turbulence, dissipation of magnetic energy, and
energy release from recombination of free nucleons into
alpha particles exceeds cooling by neutrino emission,
which is strongest in the disk midplane (cf. Fig. 7, lower
panel). This heating-cooling imbalance results in launch-
ing neutron-rich winds from the disk. Above and below
the midplane, the neutrino emissivities decrease as func-
tions of ‘height’ |z| and the weak interactions (and thus
Ye) essentially ‘freeze out’; however, futher mixing in the
(initially turbulent) outflows can still change Ye.

The outflows are tracked by 104 passive tracer particles
that are advected with the plasma. These tracer particles
are of equal mass and they are placed within the initial
torus at t = 0ms with a probability proportional to the
conserved rest-mass density D̂ =

p
�⇢W . We distinguish

between total outflow, defined as the entity of all tracer
particles that have reached a radial coordinate distance
of 103 km from the center of the BH by the end of the
simulation, and unbound outflow, or ejecta, defined as
the entity of tracer particles that are additionally un-
bound according to the Bernoulli criterion �hu0 > 1.
We find that at r = 103 km, (most of) the conversion
of internal to kinetic energy has already been achieved
(h ! 1). Therefore, employing the Bernoulli criterion is
essentially identical to employing the geodesic criterion
�u0 > 1 (non-vanishing escape velocity at infinity), and
our results are not sensitive to the particular choice of a
criterion for unboundness.

Outflows are generated over a wide range of radii. This
is illustrated by Fig. 8, which shows mass histograms of
the outflow tracer particles in terms of their cylindrical
coordinate radii $ =

p
x2 + y2 at the time of ejection

from the disk, $ej ⌘ $(t = tej). We define the time
of ejection from the disk or corona t = tej as the time
after which the radial coordinate position of a tracer
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FIG. 5. Electron fraction Ye and normalized electron chemical potential ⌘ = µ/⇥ at t = 43ms (left), t = 130ms (center), and
t = 250ms (right), showing a mildly degenerate state and low Ye in the inner parts of the disk as a result of self-regulation
(Sec. IVC).

where ⇣ is the Riemann ⇣-function and Q = (mn �

mp)/me = 2.531 the neutron-proton mass di↵erence in
units of the electron mass. A very mild electron degen-
eracy ⌘ ' 1 in hot matter ⇥ ⇡ 1 is therefore su�cient
to generate conditions of neutron richness Ye < 0.5. For
the hot ⇥ & 1 and mildly degenerate conditions ⌘ & 1 of
the inner parts of the disk, the resulting neutron richness
adjusts to an equilibrium value of typically Ye ⇠ 0.1 or
lower (see Fig. 5).

The presence of this self-regulation mechanism to mild
electron degeneracy, which implies a low Ye ⇠ 0.1,
is important to allow for the generation of neutron-
rich outflows that can undergo r-process nucleosynthesis
(Secs. IVD and V); it forces the disk to keep a reservoir of
neutron rich material despite the ongoing protonization
process in the rest of the disk – neutron rich material that
is continuously fed into the outflows to keep the overall
mean electron fraction Ȳe of the outflow rather low over
the lifetime of the disk (Ȳe ⇠ 0.2, see Tab. II of [70] and
Sec. VB). This results in the possibility of generating
a robust second-to-third-peak r-process (cf. Sec. V) and
thus the production of a significant amount of Lanthanide
material in the outflow. Due to their high opacities, this
material can then produce a red kilonova, as observed in
the recent GW170817 event.

D. Magnetic dynamo, disk corona, and generation
of outflows

Magnetic stresses generated by MHD turbulence via
the MRI mediate angular momentum transport and thus
energy dissipation in the disk. Turbulence also dissipates
magnetic energy, which, however, is regenerated through
a dynamo (e.g., [118, 119]). The balance of the two
processes results in a saturated steady-turbulent, quasi-
equilibrium state, which is characterized by a roughly
constant ratio of magnetic to internal energy in the disk.

Figure 6 shows the temporal evolution of the density-
averaged ratio of electromagnetic to internal energy

FIG. 6. Evolution of the density-averaged ratio of the electro-
magnetic to internal energy (top) and of the magnetic-to-fluid
pressure ratio (bottom), indicating a steady turbulent state
of the disk.

heEM/eintiD̂ and of the magnetic-to-fluid pressure ra-
tio hpB/pfiD̂, which are indeed indicative of a disk in a
steady turbulent state. We define the rest-mass density-
average of a quantity � by

h�i
D̂

⌘

R
�D̂d3x

R
D̂d3x

, (55)

where D̂ =
p
�⇢W is the conserved rest-mass density

The cosmic origin of the heavy elements

• Neutron-richness: self-regulation mechanism 
in degenerate inner disk provides neutron 
rich outflows (Ye<0.25)

• Production of full range of r-process nuclei, 
excellent agreement with observed r-
process abundances (solar, halo stars)
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Disk outflows and the red kilonova
Siegel & Metzger 2017, PRL
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averaged ratio of electromagnetic to internal energy

FIG. 6. Evolution of the density-averaged ratio of the electro-
magnetic to internal energy (top) and of the magnetic-to-fluid
pressure ratio (bottom), indicating a steady turbulent state
of the disk.

heEM/eintiD̂ and of the magnetic-to-fluid pressure ra-
tio hpB/pfiD̂, which are indeed indicative of a disk in a
steady turbulent state. We define the rest-mass density-
average of a quantity � by

h�i
D̂

⌘

R
�D̂d3x

R
D̂d3x

, (55)

where D̂ =
p
�⇢W is the conserved rest-mass density

The cosmic origin of the heavy elements

• Neutron-richness: self-regulation mechanism 
in degenerate inner disk provides neutron 
rich outflows (Ye<0.25)

• Production of full range of r-process nuclei, 
excellent agreement with observed r-
process abundances (solar, halo stars)

• Slow outflow velocities (~0.1c)

• Large amount of ejecta (                   )& 10�2M�

v1 ⇡ 0.1c
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But… what about galactic chemical evolution?

late-time galactic r-process enrichment (Eu/Fe decrease) 
inconsistent with NS merger paradigm

6/11

Côté+ 2017, 2018, Hotokezaka+ 2018a

There should be another significant source of r-process enrichment… 

Siegel, Barnes, Metzger 2018

The cosmic origin of the heavy elements

Galactic chemical 
evolution models,

merger-only r-
process enrichment
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GW170817 points to collapsars as main r-process 
source

• Widely accepted model to generate long GRBs and their 
accompanying GRB SNe (hypernovae, broad-lined Type Ic)

• Angular momentum of infalling stellar material leads to 
circularization and formation of accretion disk around the BH

• BH-accretion disk from collapse of rapidly rotating massive 
stars (M > 20 Msun)

“failed explosion” (direct collapse to a BH)

“weak explosion” (proto-NS collapses due to fallback material)

core collapse

BH formation

accretion disk
Formation

jet punches through infalling 
material, generates GRB

Siegel, Barnes, Metzger 2018
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Ṁ2
<latexit sha1_base64="dIy8pM9Rwkwg90dsRSqE5hOEvdE=">AAAB8HicdVBNSwMxFMzWr1q/qh69BIvgQcpuKdTeCl68CBVsrbRLyabZNjTJLslboSz9FV48KOLVn+PNf2O6XUFFBwLDzBvy3gSx4AZc98MprKyurW8UN0tb2zu7e+X9g66JEk1Zh0Yi0r2AGCa4Yh3gIFgv1ozIQLDbYHqx8G/vmTY8Ujcwi5kvyVjxkFMCVrobjCJIr+bD2rBccavNDHhJGvWcND3sVd0MFZSjPSy/2yxNJFNABTGm77kx+CnRwKlg89IgMSwmdErGrG+pIpIZP80WnuMTq4xwGGn7FOBM/Z5IiTRmJgM7KQlMzG9vIf7l9RMIz/2UqzgBpujyozARGCK8uB6PuGYUxMwSQjW3u2I6IZpQsB2VbAlfl+L/SbdW9dyqd12vtM7yOoroCB2jU+ShBmqhS9RGHUSRRA/oCT072nl0XpzX5WjByTOH6Aect094sZDK</latexit><latexit sha1_base64="dIy8pM9Rwkwg90dsRSqE5hOEvdE=">AAAB8HicdVBNSwMxFMzWr1q/qh69BIvgQcpuKdTeCl68CBVsrbRLyabZNjTJLslboSz9FV48KOLVn+PNf2O6XUFFBwLDzBvy3gSx4AZc98MprKyurW8UN0tb2zu7e+X9g66JEk1Zh0Yi0r2AGCa4Yh3gIFgv1ozIQLDbYHqx8G/vmTY8Ujcwi5kvyVjxkFMCVrobjCJIr+bD2rBccavNDHhJGvWcND3sVd0MFZSjPSy/2yxNJFNABTGm77kx+CnRwKlg89IgMSwmdErGrG+pIpIZP80WnuMTq4xwGGn7FOBM/Z5IiTRmJgM7KQlMzG9vIf7l9RMIz/2UqzgBpujyozARGCK8uB6PuGYUxMwSQjW3u2I6IZpQsB2VbAlfl+L/SbdW9dyqd12vtM7yOoroCB2jU+ShBmqhS9RGHUSRRA/oCT072nl0XpzX5WjByTOH6Aect094sZDK</latexit><latexit sha1_base64="dIy8pM9Rwkwg90dsRSqE5hOEvdE=">AAAB8HicdVBNSwMxFMzWr1q/qh69BIvgQcpuKdTeCl68CBVsrbRLyabZNjTJLslboSz9FV48KOLVn+PNf2O6XUFFBwLDzBvy3gSx4AZc98MprKyurW8UN0tb2zu7e+X9g66JEk1Zh0Yi0r2AGCa4Yh3gIFgv1ozIQLDbYHqx8G/vmTY8Ujcwi5kvyVjxkFMCVrobjCJIr+bD2rBccavNDHhJGvWcND3sVd0MFZSjPSy/2yxNJFNABTGm77kx+CnRwKlg89IgMSwmdErGrG+pIpIZP80WnuMTq4xwGGn7FOBM/Z5IiTRmJgM7KQlMzG9vIf7l9RMIz/2UqzgBpujyozARGCK8uB6PuGYUxMwSQjW3u2I6IZpQsB2VbAlfl+L/SbdW9dyqd12vtM7yOoroCB2jU+ShBmqhS9RGHUSRRA/oCT072nl0XpzX5WjByTOH6Aect094sZDK</latexit><latexit sha1_base64="dIy8pM9Rwkwg90dsRSqE5hOEvdE=">AAAB8HicdVBNSwMxFMzWr1q/qh69BIvgQcpuKdTeCl68CBVsrbRLyabZNjTJLslboSz9FV48KOLVn+PNf2O6XUFFBwLDzBvy3gSx4AZc98MprKyurW8UN0tb2zu7e+X9g66JEk1Zh0Yi0r2AGCa4Yh3gIFgv1ozIQLDbYHqx8G/vmTY8Ujcwi5kvyVjxkFMCVrobjCJIr+bD2rBccavNDHhJGvWcND3sVd0MFZSjPSy/2yxNJFNABTGm77kx+CnRwKlg89IgMSwmdErGrG+pIpIZP80WnuMTq4xwGGn7FOBM/Z5IiTRmJgM7KQlMzG9vIf7l9RMIz/2UqzgBpujyozARGCK8uB6PuGYUxMwSQjW3u2I6IZpQsB2VbAlfl+L/SbdW9dyqd12vtM7yOoroCB2jU+ShBmqhS9RGHUSRRA/oCT072nl0XpzX5WjByTOH6Aect094sZDK</latexit>

a c

b
Ye

degeneracy

accretion rate nucleosynthesis in disk outflow
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Ye ~ 0.5
outflows produce 56Ni

Neutron-richness:

GW170817 points to collapsars as main r-process 
source Siegel, Barnes, Metzger 2018
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GW170817 points to collapsars as main r-process 
source Siegel, Barnes, Metzger 2018
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Ye

degeneracy

Ye ~ 0.1
degenerate electrons

outflows produce r-process nuclei

accretion rate nucleosynthesis in disk outflow
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The cosmic origin of the heavy elements

r-process mass in the Galaxy, mr, may be crudely estimated by the ratio
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⇡ 4 � 30, (25)

where we have used the local z ⇡ 0 rates of short GRBs of RSGRB(z = 0) ⇡ 4.1+2.3
�1.9 Gpc�3

yr�1 (e.g., ref. 108) and long GRBs of RLGRB(z = 0) ⇡ 1.30.6
�0.7 Gpc�3 yr�1 (e.g., ref. 109). This

approximation gives a conservative lower limit on the ratio because the ratio of long to short GRBs
increases with redshift; long GRBs approximately track star formation, which peaks at z ⇡ 2 � 3,
while short GRBs are consistent with a sizable delay time (e.g., refs. 108, 110). This estimate
suggests that collapsars could well contribute more total r-process production in the Galaxy than
neutron star mergers (see Extended Data Fig. 6 for a schematic summary).

We also perform a rough absolute estimate of the r-process ejecta mass needed per collapsar
in order to explain their solar system abundances. Depending on whether one is considering abun-
dances which extend in atomic mass number down to the 1st or 2nd r-process peak, the Solar mass
fraction of r-process nuclei is Xr = 4 ⇥ 10�7 or 6 ⇥ 10�8, respectively111 (see also Sec. 7). The
r-process mass per burst needed to explain the solar system abundances is given by

mr,coll ⇠
Xr

R
tZ  ̇SF dt

VMW

R
t(z=0)

Ṅcoll dt

, (26)

where  ̇SF is the galactic star formation rate in mass per unit time (see Sec. 7), Ṅcoll = RLGRB/fb

is the volumetric rate of collapsar events, with fb being the long GRB beaming fraction, and VMW is
the volume of Milky-Way equivalent galaxies (Sec. 7). Furthermore, tZ denotes the characteristic
time after which long GRBs no longer occur in the Milky Way due to their suppression above a
metallicity threshold (see below). If the rate of long GRBs tracks the star formation rate, then
the r-process mass per burst needed to explain the solar system abundances may be very roughly
approximated as

mr,coll ⇠ Xrf
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where ⇢̇SF(z = 0) ⇡ 2 ⇥ 107
M� yr�1 Gpc�3 is the local star-formation rate (e.g., ref. 112),

fb ⇡ 5 ⇥ 10�3 is a recent estimate of the long GRB beaming fraction113, and the prefactor fZ =R
tZ  ̇SF dt/

R
t(z=0)

 ̇SF dt is a conservative limit on the fraction of star formation in the Milky
Way that occurred below the critical metallicity threshold required for collapsars (see below). As
previous GRMHD simulations show that a fraction fw ⇡ 0.3� 0.4 of the matter inflowing through
the inner few tens of gravitational radii of the BH is unbound in winds9, 33, 56, we conclude that a
total mass mr,acc = mr,coll/fw . 0.2 � 1M� must be accreted per collapsar to explain their solar
system abundances. This is well within the range predicted by theoretical models (e.g., ref. 10;
Sec. 4).

The prefactor fZ < 1 in Eq. (27) accounts for the fact that host galaxy studies show that
long GRBs may occur preferentially below a certain stellar metallicity (e.g., ref. 31) and thus may
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Relative r-process contribution:

Independent absolute r-process estimate:

• assume accreted mass proportional to gamma-ray energy (same physical 
processes in both types of bursts, similar observational properties!)

• assume collapsars as main contribution to Galactic r-process:

r-process mass in the Galaxy, mr, may be crudely estimated by the ratio
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⇠
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where we have used the local z ⇡ 0 rates of short GRBs of RSGRB(z = 0) ⇡ 4.1+2.3
�1.9 Gpc�3

yr�1 (e.g., ref. 108) and long GRBs of RLGRB(z = 0) ⇡ 1.30.6
�0.7 Gpc�3 yr�1 (e.g., ref. 109). This

approximation gives a conservative lower limit on the ratio because the ratio of long to short GRBs
increases with redshift; long GRBs approximately track star formation, which peaks at z ⇡ 2 � 3,
while short GRBs are consistent with a sizable delay time (e.g., refs. 108, 110). This estimate
suggests that collapsars could well contribute more total r-process production in the Galaxy than
neutron star mergers (see Extended Data Fig. 6 for a schematic summary).

We also perform a rough absolute estimate of the r-process ejecta mass needed per collapsar
in order to explain their solar system abundances. Depending on whether one is considering abun-
dances which extend in atomic mass number down to the 1st or 2nd r-process peak, the Solar mass
fraction of r-process nuclei is Xr = 4 ⇥ 10�7 or 6 ⇥ 10�8, respectively111 (see also Sec. 7). The
r-process mass per burst needed to explain the solar system abundances is given by
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R
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, (26)

where  ̇SF is the galactic star formation rate in mass per unit time (see Sec. 7), Ṅcoll = RLGRB/fb

is the volumetric rate of collapsar events, with fb being the long GRB beaming fraction, and VMW is
the volume of Milky-Way equivalent galaxies (Sec. 7). Furthermore, tZ denotes the characteristic
time after which long GRBs no longer occur in the Milky Way due to their suppression above a
metallicity threshold (see below). If the rate of long GRBs tracks the star formation rate, then
the r-process mass per burst needed to explain the solar system abundances may be very roughly
approximated as
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where ⇢̇SF(z = 0) ⇡ 2 ⇥ 107
M� yr�1 Gpc�3 is the local star-formation rate (e.g., ref. 112),

fb ⇡ 5 ⇥ 10�3 is a recent estimate of the long GRB beaming fraction113, and the prefactor fZ =R
tZ  ̇SF dt/

R
t(z=0)

 ̇SF dt is a conservative limit on the fraction of star formation in the Milky
Way that occurred below the critical metallicity threshold required for collapsars (see below). As
previous GRMHD simulations show that a fraction fw ⇡ 0.3� 0.4 of the matter inflowing through
the inner few tens of gravitational radii of the BH is unbound in winds9, 33, 56, we conclude that a
total mass mr,acc = mr,coll/fw . 0.2 � 1M� must be accreted per collapsar to explain their solar
system abundances. This is well within the range predicted by theoretical models (e.g., ref. 10;
Sec. 4).

The prefactor fZ < 1 in Eq. (27) accounts for the fact that host galaxy studies show that
long GRBs may occur preferentially below a certain stellar metallicity (e.g., ref. 31) and thus may
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consistent with relative estimate, using r-process yield from GW170817 (~0.05 Msun)

dominant contribution to Galactic r-process relative to mergers
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Dominant contribution to the Galactic r-process from collapsars 
dramatically improves evolution of r-process enrichment at high 

metallicity (MW disk)!
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Conclusions

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

• Collapsars help alleviate observational challenges of merger models

• NS mergers inconsistent with r-process enrichment 
of Milky Way disk

reproduce r-process enrichment at high metallicity
(track star formation history)

• GW170817: heavy elements & red kilonova most likely originate 
from outflows of post-merger accretion disk

• Collapsars likely provide dominant contribution to Galactic r-
process

similar physics as in NS post-merger disks

lower event rate overcompensated by higher yield
(calibrated relative to GW170817)

11/11The cosmic origin of the heavy elements

can produce entire range of r-process nuclei

ubiquitous phenomenon

don’t require very short delay times and small kicks to 
explain enrichment in UFDs
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GW170817 points to collapsars as main r-process 
source
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