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3. SOLAR-SYSTEM
ABUNDANCES

Mass known

The Solar-system abundance distribution has been investigated repeatedly for more than a centu
Half-life
The
comprehensive evaluation was done by Suess
& Ureyknown
(1956; see their paper for revie
Pbfirst
(82)
nothing
known
of earlier studies). Figure 3 compares the early work of Cameron (1959) to the recent comp
tion of Lodders (2003). It illustrates isotopic number-density abundances on the meteoritic sc
(NSi = 106 ) as a function of mass number. Additional Solar-system compilations include those
Anders & Grevesse (1989), Grevesse & Sauval (1998), and Grevesse, Asplund & Sauval (200
process
process
The Cameron and Lodders Solar-system abundances agree qualitatively very well, as do the ot
studies. The broad outlines of Solar-system abundances have been understood for decades.
Breakdowns of Solar-system isotopic abundances into s-, r-, and p-process components h
r process
been done by a number of researchers, beginning
with the pioneering study of Cameron (197
Such analyses usually involve first determining the s-process contributions. As discussed in Sect
2, the classical approach is to fit the σ Ns for nuclei lying along the s-process path for nuclides
from neutron-magic nuclei to the Solar-system abundances of s-only nuclei, and then the s-proc
contributions to other nuclei are determined by subtraction of this curve from the total So
system abundances. In this manner, and having first experimentally obtained σ , the s-proc
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further discussion of this issue).

6
4
2
0
–2

Lodders (2003)
Cameron (1959)

–4
0

50

100

Atomic mass

150

200

R Surman
Notre Dame
1 April 16

r-process nucleosynthesis
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Cowan et al (2011)
Arnould et al (2007)

elemental abundances
from r-process-enhanced
metal-poor halo stars

r-process site: core-collapse supernovae?

supernova neutrino-driven wind

Eν x > Eν e > Eν e

PNS
ν

p + ν e ↔ n + e+
n + ν e ↔ p + e−
collapsars/lGRBs
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e.g., Meyer et al (1992), Woosley et al (1994),
Takahashi et al (1994), Witti et al (1994), Fuller &
Meyer (1995), McLaughlin et al (1996), Qian &
Woosley (1996), Hoffman et al (1997), Otsuki et
al (2000), Thompson et al (2001), Terasawa et al
(2002), Liebendorfer et al (2005), Wanajo (2006),
Arcones et al (2007), Huedepohl et al (2010),
Fischer et al (2010), Roberts & Reddy (2012),
Chakraborty et al (2015) etc., etc.

see also talk of S Couch

neutron-rich MHD jets

e.g., Cameron (2003), Kotake et al (2004), Nishimura et al
(2006), Fujimoto et al (2008), Winteler et al (2012), Mösta et
al (2014), Shibagaki et al (2016) etc.

e.g., Beloborodov (2003), Nagataki et al (2003), Surman & McLaughlin (2005),
Nagataki et al (2006), Fryer et al (2006), Fujimoto et al (2007), Fujimoto et al (2008),
Tominaga (2009), Maeda & Tominaga (2009), Nomoto et al (2010), Horiuchi et al
(2012), Shibata & Tominaga (2012), Malkus et al (2012), Nakamura et al (2013), etc.

r-process site: compact object mergers?
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cold/mildly heated prompt ejecta

2

e.g., Lattimer & Schramm (1974, 1976), Meyer (1989),
Frieburghaus et al (1999), Goriely et al (2005), Argast et
al (2004), Wanajo & Ishimaru (2006), Oechslin et al
(2007), Nakamura et al (2011), Goriely et al (2012),
Korobkin et al (2012), Wanajo et al (2014), Just et al
(2015), Mendoza-Temis et al (2015), etc., etc.
A. Perego et al.

Korobkin et al
(2012)

accretion disk ejecta
e.g., Pruet, Thompson, & Hoffman (2004), Surman &
McLaughlin (2004), Arai et al (2004), Fujimoto et al
(2004), Surman, McLaughlin, & Hix (2006), Barzilay &
Figure 1. Left: sketch of the neutrino-driven wind from the remnant of a BNS merger. The hot hypermassive neutron star (HMNS)
Levinson (2008), Metzger, Thompson, & Quataert
and the accretion disc emit neutrinos, preferentially along the polar direction and at intermediate latitudes. A fraction of the neutrinos
is absorbed by the disc and can lift matter out of its gravitational potential. On the viscous time-scale, matter is also ejected along the
(2008), Kizivat et al (2010), Wanajo & Janka (2012),
equatorial direction. Right: sketch of the isotropised ⌫ luminosity we are using for our analytical estimates (see the main text for details).
Perego et al (2014)
decompression of this initially cold and extremely neutronrich nuclear matter had long been suspected to provide
favourable conditions for the formation of heavy elements
through the rapid neutron capture process (the “r-process”)

et al. 2014) for the so-called “macro-” or “kilonovae” (Li
& Paczyński 1998; Kulkarni 2005; Rosswog 2005; Metzger
et al. 2010a,b; Roberts et al. 2011), radioactively powered
transients from the decay of freshly produced r-process

can mergers account for all r-process elements?
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Argast et al
(2004)

Mathews & Cowan (1990), Argast et al (2004): No, merger timescale too slow
Matteucci et al (2014), Ishimaru et al (2015): Yes, if coalescence time is ~ 1 Myr
Wanderman & Piran (2014): delay times for sGRB ~3 Gyr

can mergers account for all r-process elements?
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Enrichment of r-process elements in dSphs

11

Eu in Figure 11 (a) and (b) are produced by NSMs with
tNSM = 10 Myr (mt10) and 500 Myr (mt500), respectively. Although mt10 has a slightly smaller fraction of
stars in −3 < [Fe/H] < −2 than model m000, the global
relative abundance ratio is similar to m000 (tNSM = 100
Myr). Contrary to the models m000 and mt10, the model
with much longer merger time such as 500 Myr in mt500
shows large scatters in [Eu/Fe] at higher metallicity and
cannot account for the observed scatters in [Fe/H]∼ −3.
Figure 12 shows [Fe/H] as a function of the substantial
galactic age, i.e., the elapsed time from the rise of the major star formation. As shown in Figure 3, we can regard
that the major star formation arises from 600 Myr from
the beginning of the calculation. The average metallicity
of stars is almost constant during the first ∼ 300 Myr.
Due to low star formation eﬃciency of the galaxy, spatial
distribution of metallicity is highly inhomogeneous in !
300 Myr. In this epoch, since most of gas particles are
enriched only by a single SN, metallicity of stars is mainly
determined simply by the distance from each SN to the
gas particles which formed the stars. Therefore, NSMs
with tNSM ∼ 100 Myr can account for the observation of
EMP stars, as well as those with tNSM ∼ 10 Myr. In contrast, metallicity is well correlated with the galactic age
after ∼ 300 Myr, irrespective of the distance from each
SN to the gas particles. Because SN products have already been well mixed in a galaxy, the stellar metallicity
is determined by the number of the SNe, which enriched
the stellar ingredients. Therefore, if the merger time of
NSMs is much longer than ∼ 300 Myr, it is too long to
reproduce observations.
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kasen+2015
Hubble data
point

Advanced LIGO:
will determine merger rate

Tanvir et al (2013), Berger (2013):
observations of a radioactive
‘kilonova’
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mass model comparisons
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Mumpower, Surman, McLaughlin,
Aprahamian, PPNP (2016)

mass uncertainties and the r-process pattern
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Monte-Carlo mass variations within: mass model σRMS (wide light-shaded band)
100 keV
(narrow dark-shaded band)
Mumpower, Surman, Aprahamian, EPJ (2015)
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SKM*
SKP-3
SLY4
SV-MIN
UNEDF0
UNEDF1
FRDM
see talk of
N Schunck

r-process calculations by Mumpower, McLaughlin, Surman;
masses from massexplorer.frib.msu.edu, Olsen, Nazarewicz

See also Martin et al
arXiv:1512.03158
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2012 AME

+ extrapolated

+ FRIB reach

Surman, Mumpower,
Aprahamian, APP B (2016)

reaction
decay timescales for hot winds
β-decayand
rates
Marketin et al (2016)
D3C*
even-even
odd-Z
odd-N
odd-odd
total

r̄
-0.037
0.054
-0.086
0.089
0.011

0.331
0.328
0.387
0.582
0.436

r̄
0.333
-0.128
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-0.179
0.019

0.226
0.288
0.436
0.409
0.409

FRDM
even-even
odd-Z
odd-N
odd-odd
total

T. Marketin (Uni Zagreb)

Monte Carlo variations of β-decay rates
Schafer et al, in preparation

Edinburgh, May 2015
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Hauser-Feshbach:
TALYS, NONSMOKER, CoH, etc.
Experimental approaches:
(d,p) reactions, e.g. Kozub et al (2012)
β-Oslo technique, e.g. Spyrou et al (2015)

see also talk of E Litvinova
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Reaction rates for 68Ni

Nikas, Perdikakis, et al,
in preparation
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Monte Carlo variations of
neutron capture rates
Liddick et al, submitted

example: the rare earth peak
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Forms at the late stages of the r
process, during freezeout from
(n,γ)-(γ,n) equilibrium

N=82

rare earth peak

N=126

Surman, Engel, Bennett, Meyer, PRL (1997)

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

Mumpower, McLaughlin, Surman, PRC (2012)
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rare-earth abundances
after application of the
Metropolis algorithm
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andmasses
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rare-earth
and the r-process
site

Mumpower, McLaughlin, Surman, Steiner
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summary
The site of the r process remains one of the greatest mysteries of
nuclear astrophysics

The
Number
of Isotopes
FRIB and its capability to reach
extremely
neutron-rich
nuclei for Availabl
the
first time will open up a promising new approach to thisat
mystery
FRIB
Once nuclear physics
uncertainties are
reduced, we can exploit
details of the r-process
abundance pattern to
constrain the
astrophysical conditions
and, ultimately,
determine the r-process
astrophysical site

see also talk of B Sherrill
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