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Neutron star merger and  
r-process nucleosynthesis

In a workshop at CCA Nov. 2017 
Jim, “This observation seems to have solved  
the long-standing mystery surrounding the origin  
of r-process elements.”

The merger scenario of r-process: 
Lattimer & Schramm (1974) 
“Black hole neutron star collisions” 

The paper was submitted even before  
the discovery of Hulse-Taylor pulsar.



GW170817 & AT2017gfo

• Kilonova mass estimate: 

• Event rate:

Mej~0.04Msun and Xlan ~ 0.01  
     + ~0.01 Msun and Xlan << 0.01

R = 1540+3200-1220 Gpc-3 yr-1

for the early blue emission.

The host has currently very low star formation. 
A long delay ~ 1 - 10 Gyr.



Solar r-process abundance
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R-process elements in the Sun
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R-process mass ~ 10-7 - 5 x10-7Msun. 
Xlan, solar-r ~ 0.1 (A>100) - 0.025 (A>70)



R-process abundances of r-rich extremely 
low metal stars (2 kinds)– 37 –

Fig. 6.— Observed n-capture abundances in CS 22892-052 and two scaled solar-system

abundance distributions (Burris et al. 2000). Detected elements are shown as solid circles
with complete error bars, and upper limits are denoted with open circles with only the lower
half of an arbitrary-length error bar. The solar-system r-process abundance set (solid line)

is vertically scaled by a single additive constant to match the observed Eu abundance, while
the s-process set (dashed line) is scaled to match the observed Ba abundance.

Sneden + 03

[Fe/H]=-3.1 
[Eu/Fe]=+1.6



R-process abundances of r-rich extremely 
low metal stars (2 kinds)
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Fig. 6.— Observed n-capture abundances in CS 22892-052 and two scaled solar-system

abundance distributions (Burris et al. 2000). Detected elements are shown as solid circles
with complete error bars, and upper limits are denoted with open circles with only the lower
half of an arbitrary-length error bar. The solar-system r-process abundance set (solid line)

is vertically scaled by a single additive constant to match the observed Eu abundance, while
the s-process set (dashed line) is scaled to match the observed Ba abundance.
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CS 22892-052: Sneden et al. (2003)

HD 115444: Westin et al. (2000) 

BD+17°324817: Cowan et al. (2002)

CS 31082-001: Hill et al. (2002)

HD 221170: Ivans et al. (2006)

HE 1523-0901: Frebel et al. (2007)

Individual stellar abundance offsets with respect to Simmerer et al. (2004)

Figure 11
(a) Comparisons of n -capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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R-process abundances of r-rich extremely 
low metal stars (2 kinds)
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Fig. 4.— The abundances of HD 122563 compared to the scaled solar-system r-process

pattern (normalised at Eu).

Honda + 06

[Fe/H]=-2.7 
[Eu/Fe]=-0.83

– 37 –

Fig. 6.— Observed n-capture abundances in CS 22892-052 and two scaled solar-system

abundance distributions (Burris et al. 2000). Detected elements are shown as solid circles
with complete error bars, and upper limits are denoted with open circles with only the lower
half of an arbitrary-length error bar. The solar-system r-process abundance set (solid line)

is vertically scaled by a single additive constant to match the observed Eu abundance, while
the s-process set (dashed line) is scaled to match the observed Ba abundance.
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R-process events have a variation in 1st/2nd peak 
Two different sources for light and heavy r-processes?
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R-process elements in the 
Milky Way

The mass of the Galactic disk ~ 6 x 1010 Msun. 

Assuming that the solar abundance is the typical, 
The mass of r-process (A>69)~ 2.3 x 104 Msun,          
                                      (A>90) ~ 5000 Msun.  

An ejecta mass of 0.01Msun => 500 - 2300 /Gpc^3/yr

(McMillan 2011)

Eichler, Livio, Piran, Schramm 1989

(see also Qian 2001, Bauswein +14, KH+15, Rosswog+17)



Galactic Rate - Mass/event
Total r-process mass ~ Rate x Mass/event x 10 Gyr 
(23000Msun for A>69)

– 10 –

2.1. R-process production rate inferred from r-process measurements

Astrophysical observations and geological measurements provide evidence that

r-process elements are produced in rare events in each one of those a significant amount

of r-process elements (a few percent of solar masses) are produced. These observations

support the merger scenario. In this section, we briefly summarize the observations and

demonstrate their compatibility with each other and with the merger scenario. The results

are summarized in Fig. 2.
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Fig. 2.— The rate of r-process production events in the Milky Way and the mass produced

per event inferred from various measurements (see the text for details). Here, we assume

r-process elements with the solar abundance pattern for A � 69 (left) and 90 (right) are

produced in each event. For GW170817, we take the rate estimated by Abbott et al. (2017b)

with the 90% confidence interval and the mass estimate of ⇡ 0.05M� with an uncertainty

of a factor of 2. To convert the volumetric event rate Gpc�3 yr�1 to the galactic event rate,

we use the density of Milky-Way like galaxies of ⇡ 0.01Mpc�3 (Phinney 1991).

(i) The total mass of r-process elements in the Milky Way: The total mass of r-process

elements in the Milky Way gives a rough estimate for the product of the event rate RMW and

the average mass produced by each event mr: Mtot, r ⇠ tMW ·RMW ·mr, where tMW ⇡ 10 Gyr

is the age of the Milky Way (e.g. Eichler et al. 1989; Bauswein et al. 2014; Hotokezaka et al.

KH, et al 15, KH et al in prep.
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R-process in Satellite Dwarf galaxies
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Ji + 16 found an r-process enriched ultra-faint dwarf galaxy, Reticulum 2.   
(see also Roederer + 16)



Eu mass in the Dwarfs
– 11 –
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Fig. 1.— Fe (left) and Eu (right) masses in dwarf galaxies. The horizontal axis shows the

total V-band luminosity of each galaxy. The right vertical axis of the left panel shows the

mass of r-process elements with A � 90 estimated by Eq. (4). Blue and red points depict

the classical dwarfs and UFDs respectively. Open triangles show upper limits on the masses.

galaxy, given an expected number of events NR,i. We assume that the mass of X produced

per event follows a normal distribution with an average of m̃X and a standard deviation of

0.5m̃X . For each N the associated probability is then the Poisson probability of obtaining

N events times the probability that N events would lead to an accumulated mass of element

X in the ith galaxy, MX,i (calculated from the observed values of [X/H] and Mg). Summing

these probabilities over all N ’s we obtain the final probability: Pi(MX,i|R, m̃X). Finally we

write the likelihood function as:

L(R,MX) = ⇧iPi(MX |R, m̃X) . (5)

We maximize, of course, this function over its free parameters.

Ultra-faint dwarfs

Classical dwarfs

Beniamini, KH, Piran 16

      Ji + 16 
 Roederer + 16



R-process rate and Eu mass/event

– 15 –

the likelihood peaks at a Eu mass per event of m̃Eu = 3⇥ 10�5M� (m̃Eu = 2.5⇥ 10�4M�)

and at a rate relative to the SN rate of Rrp/SN = 2⇥ 10�3 (Rrp/SN = 3⇥ 10�4). As expected

the amount of Eu mass per event, is approximately the minimal Eu mass observed in any

galaxy and thus tracks linearly the halo mass. In addition, since Rrp/SN is roughly:

Rrp/SN =
MEum̃Fe

MFem̃Eu

(6)

and since MEu,MFe, m̃Eu are linear in the halo mass, it follows that Rrp/SN is inversely

proportional to this quantity. Most importantly, the conclusion that Rrp/SN ⌧ 1 holds in

all of these cases.
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Fig. 3.— A likelihood analysis for r-process production as a function of the Eu mass per

event m̃Eu and the relative r-process to ccSN event rate, Rrp/SN , for the entire sample of

dwarf galaxies (left) and for UFDs only (right). Also overlaid is the permitted range (between

the dashed lines) and the best fit relation (solid line) inferred from Milky Way observations.

Note: the mass is scaled with the gas mass that contributes the chemical evolution. 
Caveats: the mixing and escape fraction of Eu from a galaxy should be carefully studied.

• An r-process event   
every 10^3 - 10^4 SNe. 

• r-process elements  
~0.008- 0.04 Msun. 

• Some effects of natal kicks 
(the center of mass velocity after the 
Second SN is > 10km/s)
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Abundance of Ret 2
8

Figure 4. Abundance pattern residuals after subtracting r-
process pattern. The scaling is chosen according to Equation 1.
Top panel: Residual from the solar r-process pattern (Burris et al.
2000). Bottom panel: Residual from CS22892-052 (Sneden et al.
2003). Colored squares with error bars indicate Ret II stars. Black
circles indicate r-II stars (Frebel 2010; Roederer et al. 2014b; Aoki
et al. 2007b, 2010; Li et al. 2015).

although the larger samples of Howes et al. (2015) did
not identify additional scandium-poor stars in the bulge.

3.5. Neutron-capture elements

Sr, Ba, La, and Eu have abundances all derived from
synthesis because of hyperfine structure. The abun-
dances of other neutron-capture elements are mostly de-
termined with equivalent widths, though some lines of
Y, Pr, and Dy are synthesized due to blends. We cannot
detect Pb or actinides (Th, U) in our spectra.
Sr, Ba, and Eu are detected or constrained in all of

our stars (Figure 3). The two most metal-poor stars
have only nondetections of neutron-capture elements,
while the other seven have enhanced neutron-capture el-
ements. Six of these stars are considered r-II stars with
[Eu/Fe]⇠ 1.7. The other star (DES J033548�540349,
[Fe/H]= �2.19) has a lower [Eu/Fe]= 0.95. In these
seven stars, all detected elements above Ba follow the
universal r-process pattern (Ji et al. 2016a).
However, this pattern is not necessarily universal for

lighter neutron-capture elements such as Sr, Y, and Zr
(e.g.,Travaglio et al. 2004; Montes et al. 2007). To exam-
ine this in detail, we investigate how the relative abun-
dances of these elements di↵er from the scaled solar r-
process pattern. Rather than using Ba or Eu as represen-
tative elements, we scale the solar pattern to minimize

the square of the residual of the heavy r-process elements
weighted by the inverse abundance error (i.e., the �2):

min
✏offset

X

X

✓
log ✏(Xstar)� (log ✏(X�) + ✏o↵set)

�X

◆2

(1)

where X is all available abundance measurements of
heavy r-process elements (Ba through Dy) for a given
star, log ✏(Xstar) is the abundance of that element in the
star, �X is the standard deviation of that abundance
(Table 3), and log ✏(X�) is the solar r-process residual
(Burris et al. 2000).
The top panel of Figure 4 shows the resulting residuals.

For comparison, we also plot residuals for r-II halo stars
in black circles. For the elements above Ba, the residu-
als have a relatively small scatter (standard deviation of
0.07�0.18 dex). However, the Sr, Y, and Zr abundances
lie systematically below the zero-residual line by an av-
erage of 0.4 � 0.7 dex (depending on the star). This is
also true of some r-II stars (as found in, e.g., Travaglio
et al. 2004; Montes et al. 2007).
The abundance pattern of the r-II star CS22892�052

is often regarded as a representative r-process pattern for
both heavy and light r-process elements (e.g., Travaglio
et al. 2004). In the bottom panel of Figure 4, we
replace log ✏(X�) in Equation 1 with log ✏(X) from
CS22892�052 (Sneden et al. 2003). The Y abundances
in Ret II match that of CS22892�052 and the other r-II
halo stars well. The Zr abundances are consistent with
that of CS22892�052 but lie at the low end of the abun-
dance range for r-II halo stars. The Sr abundances ap-
pear to still be lower than that of CS22892�052 and the
halo stars. The Sr abundance is derived from two satu-
rated lines whose abundances are sensitive to microtur-
bulence, and the 4077 Å line is blended with La and Dy.
However, the Sr abundances derived from spectra with
higher signal-to-noise ratios in Roederer et al. (2016b)
also display a slightly lower Sr abundance relative to the
CS22892�052 pattern when the pattern is scaled accord-
ing to Equation 1. Additionally, if one assumes [Sr/Fe]
is the same in these seven r-process stars, the average Sr
residual is significantly lower than that of CS22892�052.
We also note that a variety of sources contribute to the r-
II star abundances in Figure 4, and they may use slightly
di↵erent analysis methods resulting in systematic abun-
dance di↵erences. A completely homogeneous analysis
is likely needed to quantify the true extent of the abun-
dance scatter of Sr, Y, and Zr in these stars (the largest
current homogeneous analysis can be found in Roederer
et al. 2014a). Based on the current data, the behav-
ior of the neutron-capture element residuals is certainly
interesting, and we discuss possible implications in Sec-
tion 4.1.
The majority of other UFDs have very low abun-

dances or limits on their neutron-capture abundances
([Ba/H]. �4). An exception is a star in CVn II, which
has extremely high Sr abundance and a low Ba limit
([Sr/Fe]= 1.32, [Ba/Fe]< �1.28 François et al. 2016).
The constraint [Sr/Ba]> 2.60 is one of the most extreme
such ratios known (compare to HD122563 with [Sr/Ba]=
0.78, Honda et al. 2007). As the abundances for the
CVn II star were derived from intermediate-resolution
spectra (R ⇠ 8000 in the bluest arm where the neutron-
capture element lines are found), abundance analysis of a

Ji et al 2016
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Abundance of radioactive elements in the ISM
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Short-lived 244Pu points to compact binarymergers
as sites for heavy r-process nucleosynthesis
Kenta Hotokezaka*, Tsvi Piran* and Michael Paul

The origin of heavy elements produced through rapid neutron
capture (‘r-process’) by seed nuclei is one of the current nu-
cleosynthesis mysteries1–3. Core collapse supernovae (cc-SNe;
ref. 4) and compact binary mergers are considered as possible
sites5–7. The first produces small amounts of material at a
high event rate whereas the latter produces large amounts
in rare events. Radioactive elements with the right lifetime
can break the degeneracy between high-rate/low-yield and
low-rate/high-yield scenarios. Among radioactive elements,
most interesting is 244Pu (half-life of 81 million years), for
which both the current accumulation of live 244Pu particles
accreted via interstellar particles in the Earth’s deep-sea
floor8 and the Early Solar System (ESS) abundances have
been measured9. Interestingly, the estimated 244Pu abundance
in the current interstellar medium inferred from deep-sea
measurements is significantly lower than that corresponding
to the ESS measurements. Here we show that both the
current and ESS abundances of 244Pu are naturally explained
within the low-rate/high-yield scenario. The inferred event
rate remarkably agrees with compact binary merger rates
estimated from Galactic neutron star binaries10 and from
short gamma-ray bursts11. Furthermore, the ejected mass of
r-process elements per event agrees with both theoretical12–14
and observational15–17 macronova/kilonova estimates.

Using the Solar abundance19 as the mean value for stars in the
Galactic disk, the total mass of heavy r-process elements (A�90)
in the Galaxy is Mtot,A�90 ⇡ 5 ⇥ 103M�. These elements show a
consistent abundance pattern in metal-poor stars18, suggesting that
they are produced in a single kind of event. The total mass yields a
relation between the Galactic event rate, R, and the heavy r-process
mass produced in each eventMej,A�90 (see Fig. 1):

hRi⇡50Myr�1
✓Mej,A�90

0.01M�

◆�1

(1)

Here hRi is the rate averaged over the age of the Galaxy and it is not
necessarily the same as the present-day event rate R0. For sources
related to the death of massive stars, the event rate should follow
the star formation rate, which at present is lower than the average
value20. For compact binary mergers, the event rate follows the star
formation rate with some delay. The event rate of short gamma-ray
bursts (SGRBs) (ref. 11) that probably arise from compact binary
mergers6, increases with the cosmological redshift z at least up to
z ⇡0.8. In both cases, R0 may be smaller than hRi by a factor of up
to approximately five.

Using the total mass alone we cannot distinguish between
the high-rate/low-yield and the low-rate/high-yield sources.
Measurements of abundances of short-lived radioactive r-process
nuclides can, however, remove this degeneracy, as these abundances

reflect the r-process production history on timescales comparable
to their lifetimes (modulo the Galactic mixing timescale). Among
the various radioactive nuclides, 244Pu seems most suitable: it is
produced only via the r-process; the half-life of 244Pu, 81Million
years (Myr), is su�ciently short compared to the Hubble time,
although long enough to allow for significant accumulation; and
both current and ESS (⇠4.6Gyr before present; BP) 244Pu abundance
in the interstellar medium (ISM) have been measured.

The inner Solar System continuously accretes interstellar dust
grains21 containing recently produced live radioactive 244Pu.
Wallner et al.8 (see also Paul et al.22) measured the accumulation
of 244Pu in a deep-sea crust sample during the past 25Myr and
estimated the 244Pu flux on the Earth’s orbit as 250+590

�205 cm�2 Myr�1,
where the upper and lower values correspond to 2� limits.
The corresponding mean number density of 244Pu in the ISM
is 6⇥ 10�17 cm�3 and the 2� upper limit is 2⇥ 10�16 cm�3 (see
Supplementary Methods). These values are significantly lower
than the number density in the ISM derived from the ESS 244Pu
abundance: nPu ⇡(244Pu/238U)ESSYU,ESSnISM ⇠6⇥10�15 cm�3. The
relative abundance ratio of (244Pu/238U)ESS ⇡ 0.008 is estimated
from fissiogenic xenon in ESS relics9 (for example, chondritic
meteorites). YU, ESS = 7.3⇥ 10�13 is the number abundance of 238U
relative to hydrogen inferred from meteorites23 (corrected from the
present for 238U decay) and nISM is the mean number density of the
ISM, which is typically approximately 1 cm�3.

The abundance of a radioactive nuclide at a given location
around the solar circle, r�, depends on the event rate density,
R ⌘ ⇢⇤(r�, 0)R/M⇤ ⇡ 0.0015RMyr�1 kpc�3, where ⇢⇤(r , z) is the
stellar mass density in the disk, r and z are the Galactic radius
and height above the Galactic plane, and M⇤ is the total stellar
mass in the disk24. The abundance depends also on the mixing
rate. The most relevant mixing process is turbulent di�usion
(see Supplementary Methods) whose di�usion coe�cient satisfies
D=↵vtH ⇡↵ kpc2/Gyr(vt/7kms�1)(H/0.2kpc), where vt is the
typical turbulence velocity of the ISM, H is the ISM scale height,
and ↵ is the mixing length parameter. Defining ⌧mix as the mean
time between injection events at a given location which satisfies
(4⇡R⌧mix/3)�1/3 ⌘2(D⌧mix)

1/2, we derive:

⌧mix ⇡ 300Myr(R/10Myr)�2/5(↵/0.1)�3/5

⇥(vt/7km/s)�3/5(H/0.2kpc)�3/5 (2)

Themedian number density (the median rather than the average
reflects the density that a typical observer measures) of a short-lived
radioactive nuclide with a mean-life ⌧i is:

hniim ⇡neq,i exp
✓

�⌧mix

2⌧i

◆
(3)

Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel. *e-mail: kenta.hotokezaka@mail.huji.ac.il; tsvi@phys.huji.ac.il
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Radioactive nuclei in Meteorites

workers (17 , 18 ) to question the conclusion of Brennecka et al. (11)
that 247Cm was responsible for U isotope variations. This scatter is
most likely due to isotopic fractionation during condensation, suggest-
ing that better isochronous behavior could be obtained if such frac-
tionation could be corrected.

Implications for the r-process
In addition to the dating implications that large 235U/238U variations
have on the Pb-Pb ages of the CAIs (11, 21), the existence of 247Cm in
the ESS has implications for the nucleosynthesis of r-process elements.
The simplest GCE model that successfully reproduces the metallicity
distribution of G-dwarfs requires infall of gas onto the galactic disk
(10 , 27 , 28 ). In such a model, the abundance ratio of an SLR normal-
ized to a stable nuclide is

NSLR

NStable
¼ PSLR

PStable
⋅ kþ 1ð Þt=T ð1Þ

where N is the abundance, P is the production ratio, t is the mean life
of the SLR (t = 1/l), T is the age of the galaxy at the time when the
ratio NSLR/NStable is to be calculated, and k is a constant that distin-
guishes closed-box (k= 0) versus infall models (typically, k= 2 ± 1)
(8 , 27 –29 ). If T is taken as the presolar age of the galaxy, T* (= TG −
TSS = 8.7 Gy), then the ratio NSLR/NStable in the interstellar medium
(ISM) at the time of isolation of the protosolar molecular cloud from
fresh nucleosynthetic input can be calculated. This value can be com-
pared to the NSLR/NStable ratio in the ESS as obtained from meteoritic
measurements. The difference between the two values is often inter-

preted as a “free-decay interval” (D) between the last nucleosynthetic
event that produced the SLR and the formation of the SS

NSLR

NStable

! "

ESS
¼ NSLR

NStable

! "

ISM
⋅ e %D

tð Þ ð2Þ

At present, the meteoritic abundances of only three short-lived r-nuclides
(129I, 182Hf, and 244Pu) have been estimated, yielding three different D
values (100 ± 7My, ~35My, and 158 ± 85My, respectively) (7 ). The limit
of ourunderstandingof the r-process is illustratedby the fact that therehave
been as many r-processes proposed as short-lived r-nuclides investigated.

Using the value of (247Cm/232Th)ESS = (9.7 ± 2.2) × 10−6 obtained
in this study and the open nonlinear GCE model of Dauphas et al.
(28 ) with k= 1.7, we obtained a free-decay interval of D = 98 ± 14 My.
This value is in agreement with the D value of ~100 My derived from
129I and 244Pu but is much longer than the value of ~35 My obtained from
107Pd and 182Hf (Fig. 3). If 107Pd and 182Hf are indeed pure r-process
isotopes, then amultiplicity of r-process environments is needed to explain
the inconsistent D values (5 , 7 ). This is evident when looking at Fig.
3: 107Pd and 129I have similar (NSLR/NStable)/(PSLR/PStable) ratios but
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Fig. 2. Correlation between U and Yb abundances relative to solar com-
position and the abundance of Nd (a refractory lithophile element).
Circles denote data from different studies (35 –37 ) and this study, and tri-
angles denote data from Brennecka et al. (11). This correlation indicates
that U and Yb have similar behaviors during evaporation/condensation
processes under solar nebula conditions. The Curious Marie CAI plots off
the 1:1 line, with a CI-normalized U/Nd ratio 20 times lower than that of
Yb/Nd. This CAI is extremely altered (see main text and table S1), and such
alteration may have mobilized U, producing a 20-fold U depletion on top
of the 50-fold depletion associated with condensation.

Fig. 3. Meteoritic abundance ratios of extinct radionuclides to stable nu-
clides produced by the same process (for example, 129I/127Ir), normalized
to stellar production ratios versusmean lives (t = t1/2 /ln2). The superscript
“r” refers to the r-process component of the cosmic abundance [obtained after
subtracting the s-process contribution from solar abundances (3)]. When the
normalizing isotope is not stable (for example, X/238U or X/232Th), the R/P ratio
[that is, (NSLR/NStable)/(PSLR/PStable)] is corrected for the decay of the long-
lived isotope by multiplication by the N/P ratio of the normalizing isotope
in the ESS [0.71 for 238U and 0.89 for 232Th, values from Nittler and Dauphas
(10 )]. Triangles denote p-process isotopes, diamonds denote r-process nuclides
with possible large s-process contributions, and circles denote r-process isotopes.
The data are compared to model steady-state abundances in the ISM, using the
model ofDauphas et al. (28 )with k=1.7 andapresolar ageof thegalaxyof 8.7Gy.
Dotted curves showmodel abundances assuming free-decay intervals of 10, 35,
and 100 My, respectively. The abundances of all r-process nuclides can be ex-
plained by a single r-process environment that was active throughout the history
of thegalaxy and fromwhich the solar systemparentmaterialwas isolated about
100MybeforeSS formation, provided that 182Hf and 107Pd inmeteoritesoriginate
from the s-process (6 , 31). See the Supplementary Materials for source data.
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Deep Sea 244Pu measurement

A simple steady-state scenario might represent a simplified
assumption within our local ISM environment. Compared with
the typical size of ISM substructures of B50–100 pc (for example,
LB)27,32–34,57 and life-times of some 10 My, the crust sample
probes, however, the equivalent of B10 such cavities (the 244Pu
life-time coupled with the spatial movement of the SS during the
24.5 My accumulation). Thus, we expect existing ISM
inhomogeneities largely smeared out in our space- and time-
integrated samples, confirming the significance of a ratio o1/100
between measured and expected 244Pu abundance.

Further, we can relate our result to actinide nucleosynthesis
during the recent SN history of the LB32–34,58–59 in which the
SS is embedded now. ISM simulations suggest the LB was
formed by B14–20 SN explosions within the last 14 My
(refs 32–34) with the last one B0.5 My BP (refs 32,58). To
reproduce size and age of the LB, an intermediate density of seven
particles per cm3 (B10 times the mean density of the local
environment now) before the first SN explosion took place, is
required34. The mean mass density of the LB has since
transformed to 0.005 particles per cm3. The series of SNe
explosions has generated the void inside the LB and has
continuously pushed material into space forming an ISM shell.
The SS is now placed inside the LB and thus has passed or passes
the front of accumulated swept-up material including possible
pre-existing 244Pu from nucleosynthesis events prior to the
formation of the LB35,36.

We can distinguish three different scenarios for the recent LB
history: (i) the SN activity transformed the local ISM from a
dense to a low-density medium (LB), and pre-existing ISM
material containing (steady state) old 244Pu was swept-up and
passed the SS35,60; (ii) direct production of 244Pu in the 14–20
SNe and their expected traces left on Earth35; and (iii)
independently, we can compare our data for 244Pu with recent
AMS data of 60Fe influx28,29.

In a simple first order estimate for scenario (i), we assume that
the swept-up material is distributed over a surface with a radius
of 75 pc. Using the pre-LB density of seven particles per cm3

(ref. 34) with 1% of this ISM mass locked into dust, we calculate
with our assumptions of Pu concentration in dust (Table 2) and a
dust penetration efficiency of B6±3% into the SS to Earth orbit,
a 244Pu fluence from swept-up material of (0.4–3)! 106 244Pu
atoms per cm2 (see Table 2).

Our experimental data give a flux of 200þ 800
# 200

244Pu atoms per
cm2 per My for the last 12 My (layers 2 and 3) at Earth
orbit corresponding to a fluence of 2,300 (o12,000) 244Pu atoms
per cm2 during this period. This experimental value for the
fluence is a factor of B170–1,300 lower than the value calculated
above (see Table 2) assuming swept-up material of about half the
diameter of the LB is moved across the SS. We deduce
approximately the same discrepancy as found for a simple
steady-state actinide production scenario.

For LB scenario (ii), in a first order estimation, we take the SN-
rate of 1.1–1.7 SNe/My within the LB34,58 and a mean distance to
the SS for these SN events of 100 pc. From our measured value of
200þ 800

# 200
244Pu atoms per cm2 per My at Earth orbit (with 6%

penetration efficiency into 1 AU), this corresponds to B3,000
(o17,000) 244Pu atoms per cm2 per My unfiltered ISM flux,
spread over a surface area with a radius of 100 pc. We deduce an
average 244Pu yield per SN of (0.6þ 2.4

# 0.6)! 10# 9 Msolar for the last
12 My.

Finally for LB scenario (iii), Knie et al.28 and Fitoussi et al.29

measured a clear 60Fe signal of possible SN origin B2.2 My in the
past in exactly the same crust material (237 KD) as we have used in
this work for the search of 244Pu (using a sample B50 cm distant;
a SN origin for 60Fe is being questioned by some authors61,62,
while several recent studies on 60Fe in deep ocean sediments63,64

and in lunar samples65 confirm the results of Knie et al.28). Thus
we can directly compare the measured fluences of 60Fe and 244Pu
for the same event (using layer 2, 0.5–5 My). These fluence values
can be converted into an atom ratio that is independent of the SS
penetration efficiency and we assume the same incorporation
efficiency for Fe and Pu (refs 63–66). We deduce a 244Pu/ 60Fe
isotope ratio for this event of o6! 10# 5 (similarly, we obtain an
upper limit from the sediment of o10# 4). Clearly, this ratio
depends strongly on the type of explosive scenario. Literature
values for this ratio are highly varying also due to large
uncertainties in the r-process yields.

Our experimental results indicate that SNe, at their standard rate
of B1 to 2 per 100 years in the Galaxy, did not contribute
significantly to actinide nucleosynthesis for the past few hundred
million years and actinide nucleosynthesis, as mapped through live
244Pu, seems to be very rare. Our data may be consistent with a
predominant contribution of compact-object mergers, which are 102

to 103 less frequent than core-collapse SNe1. A recent observation
indicates indeed that such mergers may be sites of significant
production of heavy r-process elements10,11. Our experimental work
is also in line with observations of low-metallicity stars12,14,
indicating splitting into a rare and a more frequent r-process
scenario allowing an independent evolution of the r-process
elements Eu/Th over time3,4. In addition, we must conclude from
our findings that, given the presence of short-lived actinide 244Pu
(and 247Cm) in the ESS, it must have been subject to a rare heavy r-
process nucleosynthesis event shortly before formation.

Methods
Details on the chemistry of the crust samples. Quantitative extraction of Pu
was required from the 2.3 kg crust sample. The sample potentially contained some
106–107 atoms of 244Pu, which correspond to an atom-concentration of
(0.5–5)! 10# 19 relative to the bulk material. No stable isobar to 244Pu exists in
nature and molecular interference in the measurements is excluded. The FeMn
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Figure 3 | Comparison of the measured 244Pu flux at Earth orbit with
models. The ISM 244Pu flux at Earth orbit was determined from the
concentrations measured in a deep-sea crust and a deep-sea sediment
sample (note the logarithmic scale). Our results are compared with previous
measurements (deep-sea crust41 and sediment40) and to models of galactic
chemical evolution18,50 assuming steady-state conditions and taking into
account filtration of dust particles when entering the heliosphere31. The
arrows and error bars represent upper levels (2s, 95% confidence levels)
from the measurements. The green area indicates the data range deduced
from the steady-state models. The crust data suggest a 244Pu flux, which is a
factor between 80 and 640 lower than inferred from the models.
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• Half life = 81 Myr 
• Produced by r-process 
• No 244Pu currently survives  
from the early solar system. 

• 244Pu is accreted on Earth 
from ISM. 

• The flux is less than the 
expectation by a factor of 100.

A stationary model



Galactic Rate - Mass/event
Total r-process mass ~ Rate x Mass/event x 10 Gyr 
(5000Msun for A>90)

– 10 –

2.1. R-process production rate inferred from r-process measurements

Astrophysical observations and geological measurements provide evidence that

r-process elements are produced in rare events in each one of those a significant amount

of r-process elements (a few percent of solar masses) are produced. These observations

support the merger scenario. In this section, we briefly summarize the observations and

demonstrate their compatibility with each other and with the merger scenario. The results

are summarized in Fig. 2.
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Fig. 2.— The rate of r-process production events in the Milky Way and the mass produced

per event inferred from various measurements (see the text for details). Here, we assume

r-process elements with the solar abundance pattern for A � 69 (left) and 90 (right) are

produced in each event. For GW170817, we take the rate estimated by Abbott et al. (2017b)

with the 90% confidence interval and the mass estimate of ⇡ 0.05M� with an uncertainty

of a factor of 2. To convert the volumetric event rate Gpc�3 yr�1 to the galactic event rate,

we use the density of Milky-Way like galaxies of ⇡ 0.01Mpc�3 (Phinney 1991).

(i) The total mass of r-process elements in the Milky Way: The total mass of r-process

elements in the Milky Way gives a rough estimate for the product of the event rate RMW and

the average mass produced by each event mr: Mtot, r ⇠ tMW ·RMW ·mr, where tMW ⇡ 10 Gyr

is the age of the Milky Way (e.g. Eichler et al. 1989; Bauswein et al. 2014; Hotokezaka et al.

KH, et al 15, KH et al in prep.
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Fig. 8.— Same as Figure 7, but using a power-law delay-time
distribution function for NS-NS mergers in the form of t�� , applied
from 10Myr to 10Gyr, with di↵erent values for � (di↵erent line
styles).

reproduce the Eu trend when � = 1 (solid lines), which
is, however, a value motivated by the work of Dominik
et al. (2012). Our predictions are worst when � = 0.5
(dot-dashed lines), since NS-NS mergers are further de-
layed compared to the case where � = 1. We reason-
ably reproduce observations when � = 2.0 (dashed lines),
since this abruptly decreasing power-law brings our im-
plementation closer to the constant coalescence timescale
assumption (see Figure 7).
The small variations seen in Figure 8 at [Fe/H] > 0

are caused by di↵erent amount of Eu lost by galactic
outflows, which are more powerful at the beginning of
our simulations. More Eu is thus kept in the system
when NS-NS mergers mainly occur at later times (dot-
dashed lines).

4.2.1. Non-Uniform Mixing

As opposed to OMEGA, cosmological zoom-in hydro-
dynamic simulations (S15, van de Voort et al. 2015)
and semi-analytical models of galaxy formation within
a cosmological context (Komiya & Shigeyama 2016)
can reproduce metal-poor stars, at least down to
[Fe/H]⇠ �3, with � = 1. This highlights major di↵er-
ences between one-zone models and more sophisticated
simulations. In particular, hydrodynamic simulations
self-consistently follow the non-uniform mixing of metals
at early time, which generates significant scatter in
the age�metallicity relation (see also Kobayashi et al.
2011; H15). S15 compared their original results with an
homogeneous-mixing version of their simulations, which
is similar to our one-zone model. They found that Eu
can only be recycled in very-low metallicity stars when
stellar and NS-NS merger ejecta are not uniformly mixed
within the galactic gas (see their Figure 7). However,
non-uniform mixing is not the only important ingredient
to consider in order to address the early evolution of
our Galaxy. Inhomogeneous chemical evolution models,
such as the ones of C15 and W15, still have di�culties
to reproduce the Eu abundances at [Fe/H] . �2 with
reasonable coalescence timescales when considering
NS-NS merger as the exclusive r-process site.

4.2.2. Cosmological Context

Another reason why our one-zone model fails to repro-
duce the Eu trend at early time, when using a power
law for the DTD function for NS-NS mergers with � = 1
and 0.5, is because we ignore the hierarchical nature of
how galaxies form in a cosmological context. One-zone
models consider a single gas reservoir associated with
one galaxy while in reality, massive galaxies such as the
Milky Way are the results of many galaxy mergers (e.g.,
Vogelsberger et al. 2014; Schaye et al. 2015; Gri↵en et
al. 2016). Within this framework, the early evolution of
the Milky Way should therefore be represented by many
low-mass progenitor galaxies.
Recently, H15 shown with hydrodynamic simulations

that NS-NS mergers can enrich stars at [Fe/H] . �3
in dwarf galaxies when the star formation e�ciency is
lowered compared to more massive systems, which slows
down the evolution of [Fe/H] at early time (see also I15).
Although H15 assumed a constant coalescence timescale
instead of a power law for the DTD function of NS-NS
mergers, they were able to reproduce metal-poor stars
even when no NS-NS merger occurred before 100Myr
(see their Figure 7). This is not possible with simpler
models, as shown by the dot-dashed lines in our Figure 7
(see also Argast et al. 2004; M14; C15; W15). Komiya
& Shigeyama (2016) also demonstrated, using a semi-
analytical model within a cosmological context, that Ba
and Eu are better reproduced with NS-NS mergers if
the star formation e�ciency decreases with the mass of
progenitor galaxies.

4.2.3. Shape of Numerical Predictions

As shown in Figure 7 and 8, the shape of numerical
predictions are di↵erent when assuming a constant co-
alescence timescale or a power law for the distribution
of NS-NS mergers as a function of time. When using a
power law with an index of �1 or �0.5, it is di�cult to
recover the knee observed at [Fe/H] ⇠ �1 in the evolu-
tion of Eu. Even if our GCE model is relatively simple,
this lack of decreasing trend above this metallicity is also
seen in the hydrodynamic simulations of S15. The knee
is visible in the simulations of van de Voort et al. 2015,
but only at [Fe/H] ⇠ 0. This di�culty is also reported
by Komiya & Shigeyama (2016). On the other hand, the
knee can easily be reproduced when using coalescence
timescales after which all NS-NS mergers occur in a stel-
lar population (see Figure 7 and M14; C15; W15). If
NS-NS mergers are actually the main source of r-process
elements, this suggests that NS-NS mergers need to occur
on short timescales.

4.3. Constraints for Neutron Star Mergers

As discussed in the previous sections, it seems like non-
uniform mixing and a proper treatment of how galaxies
assemble in the early Universe are essential ingredients
to reproduce low-metallicity stars and to understand how
NS-NS merger ejecta can be recycled in the early stage
of our Galaxy. However, at higher [Fe/H], GCE simu-
lations in general are less sensitive to those aspects and
simple models like OMEGA can provide valuable insights
(see also Figure 6 in S15). Although our one-zone model
is not suited to reproduce metal-poor stars, our predic-
tions always end roughly at [Eu/Fe] ⇠ 0, regardless of the

Cote+ 171 zone model

A problem on r-production history of the MW

Delay time distribution ~ Δt-γ,  

but 1540+3200-1220 Gpc-3 yr-1 with  Δt ~ 1 - 10Gyr

#r-process event 
#ccSNe + SNe Ia



Heating rate

The original Li & Paczinski: 
Many (β-unstable) nuclear spices => dN/dt ~ 1/t => Q ~ f/t 

Lifetime (decay probability) of beta decay: 
phase space volume of e- and ν ~ pe3 pν3 + energy conservation 

A correction is needed: 
      Lifetime ~ E-5  (E>me)    => Q ~ t-1.2 

                               ~ E-3.5  (E<me)  => Q ~ t-1.29 

                               ~ E-3 (Zα>β2)   => Q ~ t-1.33

Q ~ t-1.3R-process heating rate:

KH, Sari, Piran 17

(Metzger et al 10, Goriely et al 11, Roberts et al 11, Korobkin et al 12 
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Heating rate & Composition
10 Lippuner and Roberts
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Figure 6. Slices of constant expansion timescale showing the lanthanide and actinide mass fraction XLa+Ac and the heating rate M✏ at
1 day with M = 10�2 M�. At ⌧ = 0.10ms, there are no lanthanides at high entropies because the neutrons have no time to capture on the
light seed nuclides. At ⌧ = 500ms, there are no lanthanides at low entropies because the heavy, neutron-rich seed nuclei lead to substantial
late-time heating, which restarts the r-process at Ye ⇠ 0.3, which is not neutron-rich enough to produce lanthanides. In all cases, there is a
fairly uniform lanthanide cuto↵ as Ye goes beyond a critical value. The heating rate at 1 day only shows structure at high Ye where certain
individual nuclides dominate the heating.

bution. At very high entropies, the initial composition
includes a large fraction of free neutrons and ↵ particles.
At high entropies, production of seed nuclei via neutron
catalyzed triple-↵ is suppressed (Ho↵man et al. 1997),
which reduces the number of seed nuclei and thereby in-
creases the neutron-to-seed ratio. These conditions allow
for the production of the r-process nuclei. With Ye & 0.3,
lanthanides are not produced at any entropy and ex-
pansion timescale combination, since the ejecta is not
neutron-rich enough. In Section 2.2 we discussed in de-
tail how the final lanthanide and actinide mass fractions
depend on Ye.
The lower row of panels in Figures 4 to 6 shows the

heating rate (actuallyM✏ whereM = 10�2 M�) at 1 day.
For 0.04 . Ye . 0.35 all the Ye slices are very similar to
the lower middle panel of Figure 4, with virtually no
structure. At Ye = 0.01, the high-s/small-⌧ corner has
significantly less heating because the initial density is
very low (⇢0 ⇠ 8⇥105 g cm�3) and this, coupled with the
rapid expansion timescale (⌧ = 0.1ms) and the fact that
the initial composition contains few seed nuclei (98% of
the mass is neutrons), means there is little opportunity
for neutron capture. For larger expansion timescales, the
initial conditions remain the same (low initial density and
98% of the mass is neutrons), but because the density de-
creases more slowly, there is su�cient time for neutrons

to capture on the few seed nuclei available and make a full
r-process. At lower initial entropies, the initial density
is larger (e.g. 4 ⇥ 106 g cm�3 at s = 32 kB baryon�1) so
that the density remains higher even with a rapid expan-
sion, giving the neutrons a better chance to capture on
seed nuclei—of which there are slightly more available—
leading to a moderate r-process. This is reflected in the
low-Ye/small-⌧ corner of the lower right panel in Figure 5
and in the low-Ye/high-s corner of the lower left panel in
Figure 6.
For Ye & 0.35 we start to see large variations in the

heating rate at 1 day as a function of Ye, which can be
seen in all lower panels in Figures 5 and 6. But the heat-
ing is still quite insensitive to s and ⌧ , as the lower right
panel of Figure 4 shows. This variation as a function of
Ye at high Ye can also be seen in Figure 3. There is a pro-
nounced peak in the heating rate at 1 day at Ye = 0.425
in all but the s = 100 kB baryon�1 cases. This peak is
due to the decay of 66Cu (half-life of 5minutes) which
comes from the decay of 66Ni, which has a half-life of
55 hours. 66Ni has 28 protons and 38 neutrons and so
its electron fraction is 28/66 ⇡ 0.424, which is very close
to Ye = 0.425, the initial electron fraction of the mate-
rial. Thus the initial NSE distribution contains a larger
quantity of 66Ni at Ye = 0.425 than at di↵erent Ye, which
leads to excessive heating via the decay chain described

Lippuner & Roberts 15



Caveat: Heating rate depends on the composition
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type MeV/decay εth (1week) comment

α ~5 ~0.5 A>~200

β ~1 ~0.5 -

γ ~1 <0.1 -

ν ~1 0 -

fission ~100 ~0.8 A>~230
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Figure 1. Energy generation rate in each type of particles (left) and its fraction to the total one (right) for NSM-solar (90 6 A 6 238),
NSM-fission (90 6 A 6 280), and NSM-wind (90 6 A 6 140) from the top to the bottom. Each curve shows the total rate (black long-
dashed), those in the forms of �-rays (red solid), neutrino (green dashed), electrons (blue dotted), fission fragments (violet dash-dotted),
and ↵ particles (magenta dash-two dotted).

Brennecka et al. 2010) and 244Pu is found in the Earth’s
material at present (Wallner et al. 2015). Furthermore, nu-
cleosynthesis studies of merger ejecta show that very heavy
nuclei up to mass numbers of ⇠ 280 exist at the r-process
freezeout (see, e.g., Goriely et al. 2013; Eichler et al. 2015).
The spontaneous fission of such very heavy nuclei is also
suggested to a↵ect the heating rate (Metzger et al. 2010;
Wanajo et al. 2014). In this work, we study three cases:
r-process nuclear distributions of (i) NSM (Neutron Star
Merger)-solar: 90 6 A 6 238 (fiducial), (ii) NSM-fission:
90 6 A 6 280, and (iii) NSM-wind: 90 6 A 6 140. The last
case, NSM-wind corresponds to the conditions within a pos-

sible lanthanide-free composition (from the wind, see below).
For NSM-fission, we add transuranic nuclei by assuming a
constant YA of 3.6 · 10�4 for 206 6 A 6 280. This value is
taken so that the solar abundance of 209Bi is reproduced af-
ter nuclear decay. Note that the bulk of 206,207,208Pb, 209Bi,
232Th, and 235,238U are the (↵ and �) decayed products of
actinides with 209 < A < 254. The reaction network in-
cludes the channels for (�-delayed and spontaneous) fission
and ↵-decay in addition to �-decay for this mass region.

To study the heating e�ciencies and resulting �-ray line
fluxes, one needs to specify the ejecta properties, e.g., the
mass Mej and expansion velocity v. In this work, we con-

c� 2015 RAS, MNRAS 000, 1–??

• alpha decay and spontaneous fission 
may be important.  

• Given inefficient heating of gamma rays and 
Electrons, and uncertainties in alpha, fission, 
We should use the early light curve to estimate  
The ejecta mass.

KH+16, Barnes+16, Wollaeger +17

Decay products: Transuranium elements



Summary
• The amount, Xlan, and rate inferred from GW170817 suggest 

that neutron star mergers have produced the solar 
abundance r-process elements for stars in the Milky Way 
disk. (including the 1st peak) 

• These are consistent with dwarfs and 244Pu measurements.   

•   Xlan of r-rich extreme metal poor stars fluctuates. 

• The heating rate of the material Xlan << 0.1 may different 
from a widely used one 1.0e10 erg/s/g (t/day)-1.3.

What does Xlan really mean ?  
Can be some lanthanides hidden in slow ejecta?


