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Making the Heaviest Elements in the Universe: A Review of the Rapid Neutron Capture Process 
John J. Cowan, Christopher Sneden, et al.  arXiv:1901.01410

The production of about half the heavy elements (beyond Fe and Ni) found in nature is assigned to a specific astrophysical 
nucleosynthesis process: the rapid neutron capture process (r process). Although this idea has been postulated more than six 
decades ago, the full understanding faces two types of uncertainties/open questions: (a) The nucleosynthesis path in the nuclear 
chart runs close to the neutron-drip line, where presently only limited experimental information is available, and one has to rely 
strongly on theoretical predictions for nuclear properties. (b) While for many years the occurrence of the r process has been 
associated with supernovae, where the innermost ejecta close to the central neutron star were supposed to be neutron-rich, 
more recent studies have cast substantial doubts on this environment. Possibly only a weak r process, not producing the third 
r-process peak, can be accounted for, while much more neutron-rich conditions, including an r-process path with fission-cycling, 
are likely responsible for the majority of the heavy r-process elements. Such conditions could result during the ejection of initially 
highly neutron-rich matter, as found in neutron stars, or during the fast ejection of matter which has prior experienced strong 
electron-captures at high densities. Possible scenarios are the mergers of neutron stars, neutron-star black hole mergers, but 
include also rare classes of supernovae/hypernovae with polar jet ejecta (and possibly also accretion disk outflows in case of 
black hole formation) related to the collapse of fast rotating massive stars with high magnetic fields. The composition of the ejecta 
from each event determines the temporal evolution of the r-process abundances during the “chemical” evolution of the Galaxy. 
Stellar r-process abundance observations, have provided insights into, and constraints on the frequency of and conditions in the 
responsible stellar production sites. One of them, neutron star mergers, was just identified thanks to the observation of the r-
process kilonova electromagnetic transient, AT 2017gfo, following the Gravitational wave event GW170817. These 
observations, increasingly more precise due to improved experimental atomic data and high resolution observations, have been 
particularly important in defining the heavy element abundance patterns of the old halo stars, and thus determining the extent, and 
nature, of the earliest nucleosynthesis in our Galaxy. Combining new results and important breakthroughs in the related nuclear, 
atomic and astronomical fields of science, this review attempts to provide an answer to the question “How Were the Elements 
from Iron to Uranium Made?”    

Some elements are only formed exclusively or almost so in the r process, such as Eu, Os, Ir, Pt, Th and U (see Figure 2). 
Their presence in old very metal- poor Galactic halo stars is a clear indication that this neutron process occurred in some violent 
astrophysical site early in the history of the Galaxy and the Universe (see e.g. Sneden et al., 2008; Thielemann et al., 2017b, and 
references therein).  …  Common r-process elements, like Eu, display an extensive scatter, indicating that they are made in 
rare events which contribute significant amounts of material, when they occur (see Fig. 8). 
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II. OBSERVATIONS

A. Stellar Abundances of Neutron-Capture Elements in
Metal-Poor Stars

Stellar abundance observations over decades have pro-
vided fresh evidence about the nature and extent of heavy
element nucleosynthesis. In the case of the s process there
is direct observational evidence of in situ stellar nucle-
osynthesis with the observation of the radioactive ele-
ment Tc, discovered first by Merrill (1952). Additional
stellar abundance studies have strongly linked this type of
nucleosynthesis to very evolved He shell-burning asymp-
totic giant branch stars (e.g., Busso et al. 1999, Käppeler
et al. 2011, Karakas and Lattanzio 2014). There is no
similar example for the r process, related to nucleosyn-
thesis during stellar evolution; its need for explosive neu-
tron floods ensures that its action is part of the death
thores of massive stars or dynamic events around com-
pact objects. Some elements are only formed exclusively
or almost so in the r process, such as Eu, Os, Ir, Pt, Th
and U (see Figure 2). Their presence in old very metal-
poor Galactic halo stars is a clear indication that this
neutron process occurred in some violent astrophysical
site early in the history of the Galaxy and the Universe
(see e.g. Sneden et al., 2008; Thielemann et al., 2017b,
and references therein).
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FIG. 2 Breakdown of the solar system abundances into the s
and the r process (Cowan and Thielemann, 2004).

Identification of r-process-rich stars began with the dis-
covery of n-capture overabundances in the field red gi-
ant HD 115444 (Gri�n et al., 1982). This was followed
by the identification of an r-process pattern in the well
known bright giant HD 122563, even though its overall
n-capture element level is depressed relative to Fe (Sne-
den and Parthasarathy 1983, see also the more extensive
analysis of Honda et al. 2006). An initial n-capture abun-
dance survey in metal-poor stars (Gilroy et al., 1988)
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FIG. 3 Solar r-process abundances as determined by Cowan
et al. (1991) and Goriely (1999). The largest uncertainties
are clearly visible for A . 100 (weak s process region) and
around lead.

considered 20 red giants, finding a common and eas-
ily spotted pattern of increasing overabundances from
Ba (Z = 56) to Eu (Z = 63) among the rare-earth ele-
ments. With better echelle spectrographic data came dis-
coveries of many more r-process-rich stars, leading Beers
and Christlieb (2005) to sub-classify them as “r-I” with
0.3  [Eu/Fe]  +1.0 and [Ba/Eu] < 0, and as “r-II”
with [Eu/Fe] > +1.0 and [Ba/Eu] < 0.

As discussed in the introduction, in general elements
heavier than iron are formed via various nucleosynthetic
mechanisms, dominantly by the r and s processes. The
most detailed deconvolution of abundances into nucle-
osynthetic contributions exists for the solar system, as we
have accurate abundances down to the isotopic lever as a
result of meteoritic and solar atmospheric measurements
(e.g., Cameron 1959, Asplund et al. 2009, Lodders et al.

2009, see Fig. 1). Identifying the r-process contributions
to the solar system n-capture abundances is usually ac-
complished by first determining the s-process fractions,
(e.g. Käppeler, 1999; Arlandini et al., 1999; Burris et al.,
2000; Käppeler et al., 2011). The remaining (residual)
amount of the total elemental abundance is assumed to
be the solar r-process contribution (see Figures 2 and 3).
Aside from the so-called p process (Arnould and Goriely
2003; Rauscher et al. 2013; Nishimura et al. 2018) that
accounts for the minor heavy element isotopes on the
proton-rich side of the valley of instability, as well as
the ⌫ process (Woosley et al., 1990) and the ⌫p processs
(Fröhlich et al., 2006), only the s and r processes are
needed to explain nearly all of the solar heavy element
abundances.

Early observations of CS 22892-052 (Sneden et al.

1994, Sneden et al. 2003) and later CS 31082-001 (Hill
et al. 2002, Siqueira Mello et al. 2013 and references
therein), indicated a “purely” or “complete” solar sys-
tem r-process abundance pattern (see Figure 4). (The

Making the Heaviest Elements in the Universe: A Review of the Rapid Neutron Capture Process 
John J. Cowan, Christopher Sneden, et al.  arXiv:1901.01410
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I. INTRODUCTION AND HISTORICAL REVIEWS

At present we know of 118 elements from charge num-
ber Z = 1 (H) to Z = 118 (Og). 80 of them have at least
one stable isotope (up to Z = 82, Pb) with Z = 43 (Tc)
and Z = 61 (Pm) being unstable. Another 11 elements
up to Z = 94 (Pu) [with the exception of Z = 93, Np]
are naturally occurring on earth with su�ciently long
half-lives, while the remaining ones with short half-lives
have only been either produced in laboratory or possibly
also astrophysical environments. The question of how
this took place in the Universe is a long-standing one.
Presently we know that of the natural elements/isotopes
only 1,2H, 3,4He and 7Li originate in the Big Bang, with
problems remaining in understanding the abundance of
7Li (Cyburt et al., 2016; Pitrou et al., 2018). All other
elements were synthesized in stars, the first ones form-
ing a few hundred million years after the Big Bang. The
majority of stars, which have long evolutionary phases,
are powered by fusion reactions. During their evolution,
and in explosive end phases, massive stars can synthesize
(among others) elements up to, and including, the iron-
peak elements (e.g., 21  Z  30 from Sc to Zn). Ma-
jor concepts were laid out in the 1950s (Burbidge et al.,
1957; Cameron, 1957), and one of the main conclusions
was that the production of heavier nuclei up to Pb, Bi,
and the actinides requires free neutrons.

A (very) small number of these heavy isotopes are
produced as a result of charged-particle and photon-
induced reactions in explosive nucleosynthesis, the so
called (proton-rich) p process (e.g. Arnould and Goriely,
2003; Travaglio et al., 2018; Nishimura et al., 2018, and
references therein), and possibly a further contribution
results from interactions with neutrinos in such environ-
ments, including the ⌫ process (Woosley et al., 1990;
Sieverding et al., 2018) and ⌫p process (Fröhlich et al.,
2006; Pruet et al., 2006; Wanajo, 2006).

The two main processes involving the capture of free
neutrons are the slow (s) process and the rapid (r) pro-
cess, with the s process taking place during stellar evo-
lution and passing through nuclei near stability with a
process timescale of hundreds to thousands of years. For
many of these nuclei experimental data are available (see
e.g. Käppeler et al., 2011; Karakas and Lattanzio, 2014;
Reifarth et al., 2014). The r process operates (over a
timescale of seconds) far from stability requiring high
neutron densities in regimes where still little experimen-
tal data are known and the quest for its stellar origin in-
volved a large number of speculations for many decades
(e.g. Cowan et al., 1991; Arnould et al., 2007). [There
are also observational indications of intermediate neutron
capture processes between the s and the r process, e.g.,
the i process (Cowan and Rose, 1977), possibly occurring
in super-AGB stars (Jones et al., 2016a).] Fig. 1 gives an
overview of the major contributions to the solar system
abundances. We note, however, that the contributions of

the i, p, ⌫, and ⌫p processes are minor and thus are not
readily apparent in this figure. The focus of this review
will be on the r process and the understanding how the
corresponding isotopes were synthesized in nature.

FIG. 1 Abundances, Yi, of elements and their isotopes in the
solar system as a function of mass number Ai = Zi + Ni,
with a normalization leading to an abundance of 106 for 28Si,
rather than

P
i AiYi = 1, as introduced later in the text.

Element ratios are obtained from solar spectra, the isotopic
rations from primitive meteorites and terrestrial values (As-
plund et al., 2009; Lodders et al., 2009). These values repre-
sent a snapshot in time of the abundances within the gas that
formed the solar system. It formed from contributions of the
Big Bang (light elements H, He, Li and their isotopes 1,2H,
3,4He and 7Li, given in yellow) plus stellar sources, contribut-
ing via winds and explosions to the interstellar medium until
the formation of the solar system. The abundances result
from charged-particle fusion reactions up to the Fe-group in
stellar evolution and explosions (green), and neutron capture
processes. The latter are a superposition of (understood) slow
neutron captures (s process) in helium burning of stars (with
abundance maxima at closed neutron shells for stable nuclei,
blue), and a rapid neutron capture process (r process) leading
to abundance maxima shifted to lighter nuclei in comparison
to the s process (red). The r process and its stellar origins
represent the focus of this article.

Over the years there have been a number of compre-
hensive reviews on this topic (for a selected list see e.g.
Hillebrandt, 1978; Cowan et al., 1991; Qian and Wasser-
burg, 2007; Arnould et al., 2007; Sneden et al., 2008;
Thielemann et al., 2011; Thielemann et al., 2017a,b;
Horowitz et al., 2018, and references therein). In or-
der to get clues on the r process origin, a wide range
of subtopics need to be addressed: (1) nuclear input
to understand the nucleosynthesis path far from stabil-
ity, (2) nucleosynthesis modeling to find out conditions
for neutron densities and temperatures which can repro-
duce the r-process abundances found in nature, (3) deter-
mining whether proposed astrophysical sites can match
such conditions, (4) observations of stellar abundances
throughout galactic history in order to find out which of
these sites can contribute during which period of galac-
tic evolution, (5) in order to do so with good precision
a detailed study of the atomic physics is required for
identifying the strengths of absorption lines needed to
determine abundances, and (6) detections of long-lived

Fig. 1
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Identification of r-process-rich stars began with the dis-
covery of n-capture overabundances in the field red gi-
ant HD 115444 (Gri�n et al., 1982). This was followed
by the identification of an r-process pattern in the well
known bright giant HD 122563, even though its overall
n-capture element level is depressed relative to Fe (Sne-
den and Parthasarathy 1983, see also the more extensive
analysis of Honda et al. 2006). An initial n-capture abun-
dance survey in metal-poor stars (Gilroy et al., 1988)
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FIG. 3 Solar r-process abundances as determined by Cowan
et al. (1991) and Goriely (1999). The largest uncertainties
are clearly visible for A . 100 (weak s process region) and
around lead.

considered 20 red giants, finding a common and eas-
ily spotted pattern of increasing overabundances from
Ba (Z = 56) to Eu (Z = 63) among the rare-earth ele-
ments. With better echelle spectrographic data came dis-
coveries of many more r-process-rich stars, leading Beers
and Christlieb (2005) to sub-classify them as “r-I” with
0.3  [Eu/Fe]  +1.0 and [Ba/Eu] < 0, and as “r-II”
with [Eu/Fe] > +1.0 and [Ba/Eu] < 0.

As discussed in the introduction, in general elements
heavier than iron are formed via various nucleosynthetic
mechanisms, dominantly by the r and s processes. The
most detailed deconvolution of abundances into nucle-
osynthetic contributions exists for the solar system, as we
have accurate abundances down to the isotopic lever as a
result of meteoritic and solar atmospheric measurements
(e.g., Cameron 1959, Asplund et al. 2009, Lodders et al.

2009, see Fig. 1). Identifying the r-process contributions
to the solar system n-capture abundances is usually ac-
complished by first determining the s-process fractions,
(e.g. Käppeler, 1999; Arlandini et al., 1999; Burris et al.,
2000; Käppeler et al., 2011). The remaining (residual)
amount of the total elemental abundance is assumed to
be the solar r-process contribution (see Figures 2 and 3).
Aside from the so-called p process (Arnould and Goriely
2003; Rauscher et al. 2013; Nishimura et al. 2018) that
accounts for the minor heavy element isotopes on the
proton-rich side of the valley of instability, as well as
the ⌫ process (Woosley et al., 1990) and the ⌫p processs
(Fröhlich et al., 2006), only the s and r processes are
needed to explain nearly all of the solar heavy element
abundances.

Early observations of CS 22892-052 (Sneden et al.

1994, Sneden et al. 2003) and later CS 31082-001 (Hill
et al. 2002, Siqueira Mello et al. 2013 and references
therein), indicated a “purely” or “complete” solar sys-
tem r-process abundance pattern (see Figure 4). (The
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FIG. 8 Abundances as a function of metallicity for [Mg/Fe]
(panel a) and [Eu/Fe] (panel b). This is an update of Fig. 14
in (Sneden et al., 2008). Red straight lines are approximate
fits to the averages of halo, thick disk, and thin disk stars.
Black dashed lines in panel (b) highlight the growing star-to-
star scatter in [Eu/Fe] with decreasing metallicity. Individual
data points are taken from Fulbright (2000); Hill et al. (2002);
Reddy et al. (2003); Cayrel et al. (2004); Simmerer et al.
(2004); Cohen et al. (2004); Barklem et al. (2005); Reddy et al.
(2006); François et al. (2007); Bensby et al. (2014); Roederer
et al. (2014); Battistini and Bensby (2016).

sized prior to the formation of these stars. It is evident
that alpha elements (such as Mg) appear early in Galac-
tic evolution at low metallicities, originating from fast
evolving massive stars and core-collapse supernovae as
their final endpoints. Such events occur with a high fre-
quency during galactic evolution and show little scatter.
Common r-process elements, like Eu, display an exten-
sive scatter, indicating that they are made in rare events
which contribute significant amounts of material, when
they occur (see Fig. 8). Such abundance comparisons can
be used to put constraints on the site (or sites) for the
r process and to understand the history of element for-
mation in the Galaxy (i.e., Galactic Chemical Evolution,
GCE). We will return to these issues later in section VIII,
after having presented the nucleosynthesis yields of dif-
ferent astrophysical sites.

The eventual demise of the Hubble Space Telescope,
able to obtain high-quality UV observations, will hamper
future progress in the observation of heavy elements in
low-metallicity stars. The James Webb Space Telescope
(JWST), the scientific “successor” of HST, will have no
UV capability but an IR capability. Identification of n-
capture element lines in the IR region could provide new
avenues for understanding the operation and nature of
the r process (see subsection II.B).

D. The role of long-lived radioactive species

Identification and detailed spectroscopic analysis of a
handful of r-II stars, e.g., CS 22892-052 (Sneden et al.

1994, Sneden et al. 2003) CS 31082-001 (Hill et al. 2002,
Siqueira Mello et al. 2013 and references therein), and
HE 1523-0901 (Frebel et al. 2007) brought forth detec-
tions of the long-lived very heavy n-capture radioactive
elements Th (t1/2 = 13.0 Gyr) in all of these stars,
U (t1/2 = 4.6 Gyr), which can only be made in the
r process, and in addition an n-capture atomic number
range from Z ⇡ 30 to 92, indicating also an r-process
pattern. This makes detailed observation vs. theory r-
process comparisons possible. More Th detections have
been made since then, and more recently U has also been
detected in some halo stars. Due to its shorter half-life,
its abundance is inherently smaller and detections are
di�cult. Shown in Fig. 9 from (Holmbeck et al., 2018a)
is a uranium detection in 2MASS J09544277+5246414,
the most actinide-enhanced r-II star known.

FIG. 9 Synthesis and derived abundance for U in the star
MASS J09544277+524641 from Figure 4 of (Holmbeck et al.,
2018a).

These Th and U discoveries led to cosmochronology
estimates, independent of a cosmological model, based
solely on decay half-lives of involved isotopes. This
method requires Th/U ratios from theoretical predic-
tions for r-process sources plus observed abundance ra-
tios. This made possible estimates on the decay-time
since the birth of a star (when the addition of new mate-
rial from other nucleosynthesis sites stopped) and promis-
ing results were obtained (Cowan et al., 1991; Cowan

Fig. 8 Abundances as a function of metallicity for [Mg/Fe] (panel a) and [Eu/Fe] (panel b). 
This is an update of Fig. 14 in (Sneden et al., 2008). Red straight lines are approximate fits 
to the averages of halo, thick disk, and thin disk stars. Black dashed lines in panel (b) 
highlight the growing star-to-star scatter in [Eu/Fe] with decreasing metallicity. 
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The Origin of r-process Elements in the Milky Way - Benoit Côté, Chris L. Fryer, et al. ApJ, 855, 99, 2018 March 10 

ABSTRACT  Some of the heavy elements, such as gold and europium (Eu), are almost exclusively formed by 
the rapid neutron capture process (r-process). However, it is still unclear which astrophysical site between core-
collapse supernovae and neutron star–neutron star (NS–NS) mergers produced most of the r-process elements in 
the universe. Galactic chemical evolution (GCE) models can test these scenarios by quantifying the frequency 
and yields required to reproduce the amount of europium (Eu) observed in galaxies. Although NS–NS mergers 
have become popular candidates, their required frequency (or rate) needs to be consistent with that obtained 
from gravitational wave measurements. Here, we address the first NS–NS merger detected by LIGO/Virgo 
(GW170817) and its associated gamma-ray burst and analyze their implication for the origin of r-process 
elements. The range of NS–NS merger rate densities of 320–4740 Gpc−3 yr−1 provided by LIGO/Virgo is 
remarkably consistent with the range required by GCE to explain the Eu abundances in the Milky Way 
with NS–NS mergers, assuming the solar r-process abundance pattern for the ejecta. Under the same 
assumption, this event has produced about 1–5 Earth masses of Eu, and 3–13 Earth masses of gold. When 
using theoretical calculations to derive Eu yields, constraining the role of NS–NS mergers becomes more 
challenging because of nuclear astrophysics uncertainties. This is the first study that directly combines nuclear 
physics uncertainties with GCE calculations. If GW170817 is a representative event, NS–NS mergers can 
produce Eu in sufficient amounts and are likely to be the main r-process site. 

2.2  r-Process Yields.  In principle, the ratio of third to second r-process peaks from GW170817 may not 
match the solar abundance pattern. The uncertainties in wind versus dynamical ejecta masses for current 
light curve fits to GW170817 shown in Table 1 allow for a wide range of ratios of the r-process peaks…   

5.5. Using Europium as the r-process Tracer. … However, as mentioned in Section 2.2, it is not guaranteed that the 
third to second r-process peak ratio ejected by GW170817 follows the solar distribution. In the case where the second 
peak is overestimated relative to the third peak, using Eu from Table 2 with GCE to quantify the role of NS–NS 
mergers would be irrelevant, as matching Eu would lead to an overestimation of the second peak. On the other hand, 
if the second peak in the GW170817 ejecta is underestimated, matching Eu with GCE would be reliable, but 
additional r-process sites would be needed to generate the missing lighter r-process elements (e.g., neutrino-driven 
winds in CCSNe, Arcones & Thielemann 2013). 



STELLAR CHEMICAL SIGNATURES AND HIERARCHICAL GALAXY FORMATION  Venn et al. 2004 AJ

To compare the chemistries of stars in the Milky Way dwarf spheroidal (dSph) satellite galaxies with stars in the Galaxy, 
we have compiled a large sample of Galactic stellar abundances from the literature. When kinematic information is 
available, we have assigned the stars to standard Galactic components through Bayesian classification based on 
Gaussian velocity ellipsoids. As found in previous studies, the [ ︎/Fe] ratios of most stars in the dSph galaxies are 
generally lower than similar metallicity Galactic stars in this extended sample. Our kinematically selected stars confirm 
this for the Galactic halo, thin-disk, and thick-disk components. …

For completeness we also performed a statistical decom-
position of the elemental abundance patterns from Fulbright’s
(2000, 2002) large sample to optimize the use of abundance
information. After examining the normalized parameter co-
variance matrix and undertaking a principal components anal-
ysis, we concluded that

1. The ! -elements, including Mg, Si, Ca, and Ti, are tightly
correlated (" ! 0:9) with one another. The Eu abundances are
also well correlated ("! 0:75) with these. This is not unex-
pected since all are produced in type II SNe events, although
there are nucleosynthetic details that make an exact one-to-one
correlation with Eu unlikely (e.g., Sneden et al. 2000; Hill et al.
2002; Johnson & Bolte 2002).

2. The next most dominant signal comes from [Na/Fe],
which does not correlate well with [! /Fe] (" ! 0:0) or [Fe/H]
(" ¼ 0:26). Again this is not surprising. Na is thought to form
like the ! -elements (discussed further in x 5), yet the Na yield
is controlled by the neutron excess. The lack of correlation
between [Na/Fe] and [! /Fe] is unlike the results by Fulbright
(2002).

3. The majority of the remaining variance (information) in
the chemical ratios is fairly evenly distributed among the
remaining elements, with no clear statistical signal standing out.

From this we conclude that the combination of probability-
based kinematic classification with metallicity and abundance
ratios offers a promising methodology for investigating stellar

TABLE 3

Velocity Ellipsoids

Galaxy Component #U #V #W U V W Reference

Thin disk .......................... 44 25 20 0 220 0 Dehnen & Binney (1998)

. . . . . . . . . 0 220 0 Gilmore et al. (2002)

Thick disk ........................ 63 39 39 0 180 0 Soubiran et al. (2003)

Halo.................................. 141 106 94 0 0 0 Chiba & Beers (2000)

Fig. 1.—Top left: Toomre diagram showing stellar identifications using kinematic probabilities from velocity ellipsoids (see Table 3); thin disk (red), thick disk
(green), halo (cyan). Two additional kinematic components stand out; an extreme retrograde component (black) and a high-velocity Toomre component (blue). See
Table 1 for data references. The other panels show the variation of [Fe/H], [! / Fe], and [Na /Fe] against rotation velocity, V, demonstrating the range of chemical
variation for each component. Note the large scatter in the thick disk and halo components, and especially the overlap in their metallicities. The extreme retrograde
stars stand out both kinematically and as a function of chemical composition in all of these diagrams.
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may be different from comparable metallicity stars in the
Galaxy.

To examine differences in the r- and s-process ratios in dSph
galaxies, we use the Y, Ba, La, and Eu abundances. Y, Ba, and
La are important because they sample different peaks in the
neutron magic numbers. Y (Z ¼ 39) belongs to the first peak
that builds through rapid captures around neutron magic
number N ¼ 50. Ba (Z ¼ 56) and La (Z ¼ 57) belong to the
second peak that builds around N ¼ 82. Unfortunately, we do
not sample any element from the third peak, which builds
around N ¼ 126. Since these elements may form through either

r- or s-processing, we also examine Eu, an element that is
largely from the r-process in the Sun (95%, Burris et al. 2000).
The ratios of [Y/Fe], [Ba/Fe], [La/Fe], and [Eu/Fe] in the

dSph’s and Galactic stars are shown in Figure 3. The atomic
data and spectral lines of Y, Ba, and Eu were compared be-
tween the data sets. Similar atomic data were used for the Ba ii
(one to five lines) and Eu ii (one line) abundances, while offsets
were found for Y ii (one to six lines). Adjustments were made
to the Y ii abundances to account for mean differences in
adopted oscillator strengths, including adjusting the Nissen &
Schuster (1997) results down by "0.09 dex, adjusting the

Fig. 3.—Ratios of [Y/Fe], [Ba /Fe], [La /Fe], and [Eu /Fe]. These sample elements from the first (Y ) and second (Ba, La) r-process peak. The [Y/Fe] offset in
most of the dSph stars at all metallicities suggests differences in both the r- and s-process contributions (see text). Same symbols as in Figs. 1 and 2. One dSph star,
Scl 982, with ½Fe=H$ ¼ "0:97 (Geisler et al. 2004), is not seen on these plots because each [X /Fe] ratio lies above the plot axes; similarly, the dSph star UMi-K,
with ½Fe=H$ ¼ "2:17 (Shetrone et al. 2001) has a [Ba /Fe] ratio that lies above the plot axis.
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Fig. 3  Stars without kinematic 
information are plotted as 
hollow data points. The dSph 
stars are black squares.
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We derive chemical abundances of Cu, Zn, Sr, Y, Zr, Ba, Ce, Nd, and Eu for a large sample of more than 1000 FGK dwarf stars with high-resolution (R ∼ 115 000) and high-
quality spectra from the HARPS-GTO program. . We find that thick disc stars are chemically disjunct for Zn and Eu and also show on average higher Zr but lower Ba and Y 
than the thin disc stars. We also discovered that the previously identified high-α metal-rich population is also enhanced in Cu, Zn, Nd, and Eu with respect to the thin disc but 
presents lower Ba and Y abundances on average, following the trend of thick disc stars towards higher metallities and further supporting the different chemical composition of 
this population. By making a qualitative comparison of O (pure α), Mg, Eu (pure r-process), and s-process elements we can distinguish between the contribution of the more 
massive stars (SNe II for α and r-process elements) and the lower mass stars (AGBs) whose contribution to the enrichment of the Galaxy is delayed, due to their longer 
lifetimes. The ratio of heavy-s to light-s elements of thin disc stars presents the expected behaviour (increasing towards lower metallicities) and can be explained by a major 
contribution of low-mass AGB stars for s-process production at disc metallicities. However, the opposite trend found for thick disc stars suggests that intermediate-mass AGB 
stars play an important role in the enrichment of the gas from where these stars formed. Previous works in the literature also point to a possible primary production of light-s 
elements at low metallicities to explain this trend. Finally, we also find an enhancement of light-s elements in the thin disc at super-solar metallicities which could be caused by 
the contribution of metal-rich AGB stars. This work proves the utility of homogeneous and high-quality data of modest sample sizes. We find some interesting trends that 
might help to differentiate thin and thick disc population (such as [Zn/Fe] and [Eu/Fe] ratios) and that can also provide useful constraints for Galactic chemical evolution 
models of the different populations in the Galaxy.

A&A 606, A94 (2017)

Fig. 10. Final [X/Fe] ratios as a function of [Fe/H] for stars with Te↵ > 5300 K and S/N > 100. The di↵erent stellar populations are depicted with
di↵erent colours and symbols as explained in the legend. The green bigger triangle is the s-enriched star HD 11397. For Cu and Zn we overplot
the GCE models 1, 4, and 5 (green, blue, and black lines, respectively) from Romano et al. (2010). For the rest of the elements we show the GCE
models from Bisterzo et al. (2017) for the thin disc (black lines) and the thick disc (red dashed lines).

production mostly by weak s-process and a primary contribu-
tion by explosive nucleosyntheis in SNe II at low metallicities
(Romano & Matteucci 2007). The maximum Cu for thick disc
stars is reached at [Fe/H]⇠ –0.4 dex in agreement with the com-
pilation made by Pignatari et al. (2010) to then steadily de-
crease towards lower [Fe/H] and keep more or less constant

at –0.4< [Fe/H]. –0.2. Thick disc stars have, on average,
higher Cu abundances than thin disc stars in the metallicity
region –0.5. [Fe/H]. –0.2 as suggested in Reddy et al. (2006),
Israelian et al. (2014), Yan et al. (2015), Mikolaitis et al. (2017).
Although thick disc stars still present higher mean abundances
on average, for lower metallicities the di↵erences are very small
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Fig. 10. Final [X/Fe] ratios as a function of [Fe/H] 
for stars with Teff >5300K and S/N > 100.  [The full 
figures 10, 11, and 12 have many other elements.]
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Fig. 11. Final [X/Fe] ratios as a function of [Fe/H] for stars with Te↵� ± 300 K. The di↵erent stellar populations are depicted with di↵erent colours
and symbols as explained in the legend. The mean abundances in each metallicity bin of 0.1 dex are shown together with the standard deviation.

and within the errors. On the contrary, thin disc stars present a
very slight increase in abundances for –0.8< [Fe/H]. 0.1, but
at super-solar metallicities there is a steep rise with respect to
iron, which was first reported by Allende Prieto et al. (2004) and
further confirmed here with a larger sample. Also, this increase
in Cu abundances is found in the large sample of the AMBRE
project (Mikolaitis et al. 2017). The h↵mr population presents
the same behaviour as thin disc stars, but interestingly the abun-
dances form an upper envelope to the thin disc, making a con-
tinuation of the thick disc, and the mean values in each metal-
licity bin are totally disjunct. To test whether the di↵erences in
[Cu/Fe] ratios are significant among the di↵erent populations we
have performed several Kolmogorov-Smirnov (K-S) tests whose
results are shown in Table 5. In the case of Cu, the K-S test fails
to reject the hypothesis that thick disc stars and thin disc stars at
[Fe/H]< –0.2 belong to the same population. On the contrary, the
K-S test rejects the hypothesis that Cu abundances of h↵mr stars
and thin disc stars (at [Fe/H]� –0.2) are drawn from the same
parent population with p-values lower than 10�10 both for the

full sample or the subsample of stars with T� ± 300 K. In order to
consider the errors of the abundance ratios, we have created 1000
samples of randomly selected abundances assuming a Gaussian
distribution for each [Cu/Fe] value,where the central value is
given by the abundance ratio and sigma is equal to the error on
the abundance. This test shows that for all the randomly gener-
ated samples the p-value of each K-S test is always lower than
2.5 ⇥ 10�5. We note that the separation among thin disc stars
and h↵mr stars was based on [↵/Fe] ratios by Adibekyan et al.
(2011), who also showed that the h↵mr stars are older on aver-
age than thin disk stars and have intermediate orbits between the
thin and the thick disk stars. Therefore, the tests that we have
performed here serve to show that the h↵mr stars also have dif-
ferent abundances of other elements apart from ↵ elements, but
they do not serve as a probe to distinguish them from thin disc
stars.

In Fig. 10 we show the GCE models using di↵erent yields
computed by Romano et al. (2010). The model that better
matches our abundances is Model 1 (green line), which considers
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Fig. 11. Final [X/Fe] ratios as a function of [Fe/H] for 
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Fig. 11. Final [X/Fe] ratios as a function of [Fe/H] for stars with Te↵� ± 300 K. The di↵erent stellar populations are depicted with di↵erent colours
and symbols as explained in the legend. The mean abundances in each metallicity bin of 0.1 dex are shown together with the standard deviation.

and within the errors. On the contrary, thin disc stars present a
very slight increase in abundances for –0.8< [Fe/H]. 0.1, but
at super-solar metallicities there is a steep rise with respect to
iron, which was first reported by Allende Prieto et al. (2004) and
further confirmed here with a larger sample. Also, this increase
in Cu abundances is found in the large sample of the AMBRE
project (Mikolaitis et al. 2017). The h↵mr population presents
the same behaviour as thin disc stars, but interestingly the abun-
dances form an upper envelope to the thin disc, making a con-
tinuation of the thick disc, and the mean values in each metal-
licity bin are totally disjunct. To test whether the di↵erences in
[Cu/Fe] ratios are significant among the di↵erent populations we
have performed several Kolmogorov-Smirnov (K-S) tests whose
results are shown in Table 5. In the case of Cu, the K-S test fails
to reject the hypothesis that thick disc stars and thin disc stars at
[Fe/H]< –0.2 belong to the same population. On the contrary, the
K-S test rejects the hypothesis that Cu abundances of h↵mr stars
and thin disc stars (at [Fe/H]� –0.2) are drawn from the same
parent population with p-values lower than 10�10 both for the

full sample or the subsample of stars with T� ± 300 K. In order to
consider the errors of the abundance ratios, we have created 1000
samples of randomly selected abundances assuming a Gaussian
distribution for each [Cu/Fe] value,where the central value is
given by the abundance ratio and sigma is equal to the error on
the abundance. This test shows that for all the randomly gener-
ated samples the p-value of each K-S test is always lower than
2.5 ⇥ 10�5. We note that the separation among thin disc stars
and h↵mr stars was based on [↵/Fe] ratios by Adibekyan et al.
(2011), who also showed that the h↵mr stars are older on aver-
age than thin disk stars and have intermediate orbits between the
thin and the thick disk stars. Therefore, the tests that we have
performed here serve to show that the h↵mr stars also have dif-
ferent abundances of other elements apart from ↵ elements, but
they do not serve as a probe to distinguish them from thin disc
stars.

In Fig. 10 we show the GCE models using di↵erent yields
computed by Romano et al. (2010). The model that better
matches our abundances is Model 1 (green line), which considers
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Fig. 8. [Sr/Fe] and [Eu/Fe] as a function of Te↵ .

paragraphs. We can see in this plot that the scatter of abundances
is quite high, especially among the thick disc stars. However,
this scatter is, in general, higher than the 2� errors suggesting
that the spread is real (for the coolest stars the typical 1� errors
are around 0.10 dex, see Table 4). The abundances of Eu show
very high errors, probably overestimated for most of the stars,
due to the strong e↵ect of the continuum placement uncertainty
on the small EWs of the Eu line used here. We note that the
star HD 11397 shows very high abundances ([X/Fe]& 0.7) for
the s-process elements Sr, Y, Zr, Ba, Ce, and Nd. However, it is
not enhanced in the r-process element Eu. This star was already
discussed in Pompéia & Allen (2008) who reported that it has
an abundance profile similar to the mild Ba stars. We also find
three thick disc stars with –0.61< [Fe/H]< –0.32 (HD 126803,
CD-436810 and HD 28701) that show enhanced abundances of
Sr, Y, and Zr when compared to other thick disc stars of similar
metallicity. Two of them also show enhancement of Ba, Ce, and
Nd, although the level of enhancement is not high enough for
them to be considered s-enriched stars.

In Figs. 3–8 we can see that the most evident trends of abun-
dances with Te↵ take place in cool stars. However, at high tem-
peratures some elements also show slight trends with Te↵ . This
is the case of [Cu/Fe], which barely presents positive values
at Te↵ & 6000 K, or [Zn/Fe], which also displays a decreasing
trend for the hotter stars. On the other hand, [Sr/Fe] tends to
increase at higher Te↵ . Therefore, to avoid the systematic ef-
fects associated with the errors on stellar parameters we de-
cided to study the di↵erences in abundances among the di↵erent

Fig. 9. Updated abundances of ↵ elements (mean abundance of Si, Mg,
and Ti) with the new stellar parameters presented in this work. Thin
disc stars (red circles) and thick disc stars (blue stars) are chemically
separated by their ↵ content (thick line). The h↵mr stars are the prolon-
gation of thick disc stars at [Fe/H]> –0.2 dex. The stars with a di↵erent
classification with respect to Adibekyan et al. (2011) are shown as black
squares.

populations by using only stars with T� ± 300 K, as was done
in Adibekyan et al. (2012). This subsample is composed of 328
thin disc stars, 49 thick disc stars, 16 h↵mr stars and 4 halo stars
(see Fig. 11). We also plot the average abundance in each 0.1 dex
metallicity bin for the di↵erent components. The population of
h↵mr stars (shown with red squares) is well mixed with the thin
disc for most of the elements; however, it shows a clear aver-
age enhancement for Cu and Zn following the behaviour of the
thick disc stars. Moreover, they have Y and Ba abundances that
are lower on average than those of thin disc stars. Finally, it is
not surprising that they also show higher Eu on average which is
mainly produced in SNe II as alpha elements.

First elements beyond the iron-peak (Cu, Zn): Copper and
zinc are transition elements between the Fe-peak and the neu-
tron capture elements. Copper was initially thought to be mainly
produced by the weak s-process (Sneden et al. 1991), but this
view has been debated over the years; it has been suggested
that SNe Ia would also contribute to the production of Cu and
Zn (e.g. Matteucci et al. 1993; Mishenina et al. 2002). How-
ever, Romano & Matteucci (2007) ruled out the contribution
from SNe Ia and showed that explosive nucleosynthesis in core-
collapse SNe is only important at very low metallicities, hence
Cu is mostly produced by the weak s-process. Moreover, other
works claim that only 5% of Cu is provided by the main-s com-
ponent and the remaining can be explained by SNe II yields
from di↵erent masses and metallicities, i.e. the weak-s compo-
nent (Travaglio et al. 2004b; Bisterzo et al. 2005). The weak s-
process occurs in massive stars during core He and shell C burn-
ing, where neutrons are provided by the 22Ne(↵, n)25Mg reac-
tion, and partly produces neutron capture isotopes lighter than
A ⇠ 90 (e.g. Pignatari et al. 2010, and references therein). The
weak s-process is considered to be of secondary nature, since the
neutron source, 22Ne, originates from pre-existing CNO nuclei,
and thus depends on the initial metallicity of the star.

In Fig. 11 we can see that [Cu/Fe] diminishes monotoni-
cally for lower metallicities in the thick disc population and
the few halo stars of our sample (as already seen in halo
stars by Sneden et al. 1991). This is in agreement with a Cu
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Fig. 12. Normalized distributions of several [X/Fe] ratios for stars with T� ± 300 K. The yellow histograms represent the thin disc stars at
[Fe/H]� –0.2 dex when compared to h↵mr stars (red dashed histogram) or at [Fe/H]< –0.2 dex when compared to thick disc stars (blue histogram).

have subsolar abundances, similar to Bensby et al. (2014) and
Zhao et al. (2016), respectively. Thick disc stars tend to increase
their Y and Sr abundances from ⇠–0.1 dex at [Fe/H]= –0.2 to
⇠0.1 dex at [Fe/H]= –1, but the increase is very slight when
compared to Zr. Thin disc stars present a slight rise for Sr and
Y towards a maximum at [Fe/H]⇠ 0.0 dex and then decrease at
super-solar metallicities, while for Zr ii they present a flat trend
until solar metallicity and then also decrease at [Fe/H]� 0 dex.
The group of h↵mr stars also present subsolar abundances along
[Fe/H], as thick disc stars do, very clear for Y abundances. The
K-S test for [Y/Fe] ratios provide p-values lower than 10�6 for
the comparison of thin disc stars and h↵mr stars (see Table 5).
The K-S tests for the random generated samples considering
Gaussian distributions always give p-values lower than 0.05,
demonstrating that Y abundances for both populations proba-
bly do not come from the same parent population. For the case
of [Sr/Fe] we obtain p-values lower than 0.05 in 98.7% of the
tests, although we note that this percentage decreases signifi-
cantly when considering the full sample. In contrast, Zr abun-
dances for h↵mr stars are well mixed with those of thin disc
stars, although they present a rather flat trend in contrast to the
lowering trend of thin disc stars. Finally, the abundances of Zr
for thick disc stars are clearly higher than for thin disc stars, and
for all the 1000 randomly generated samples we can discard the
hypothesis that both groups are drawn from the same popula-
tion. The behaviour of Zr i abundances can be evaluated from
the full sample of cool stars in Fig. A.1. Although the dispersion
is higher we can still see the increasing trend of abundances as
[Fe/H] decreases, similar to the behaviour of Zr ii. This could
imply that at lower metallicities a non-negligible contribution
from massive stars to Zr took place (see further discussion in the
next section).

In Fig. 10 we also plot the GCE models for Y and Zr com-
puted by Bisterzo et al. (2017) and for Sr (Bisterzo et al., priv.
comm.). These models were built considering the contributions
of r-process, s-process, and Lighter Element Primary Process
(LEPP; see Sect. 4.3)8. The r-process contribution is only im-
portant for stars with lower metallicities as shown here. For the
s-process contribution these authors considered AGB yields with
a standard 13C pocket choice. In general, these models reproduce

8 The position of the models in Fig. 10 is di↵erent from those in the
Bisterzo et al. (2017) plots because our solar mean abundances are dif-
ferent from those in Lodders et al. (2009), which are the values used in
the models of Bisterzo et al. (2017).

well our observations for thin disc stars although our maximum
abundances (around solar metallicity) are delayed with respect
to the models (observed at [Fe/H]⇠ –0.25 dex). This delay is
probably caused by the uncertainties on SNe Ia yields (which
a↵ect Fe abundances) and by di↵erent assumptions on the SFR
of the models (which determine the delay of AGB stars contribu-
tion to the elements discussed here) as pointed by Bisterzo et al.
(2017). On the other hand, thick disc models do not match our
observations, especially for Zr where the model is basically flat,
but our [Zr/Fe] ratios clearly increase towards lower metallici-
ties. Bisterzo et al. (2017) also explore the e↵ect of di↵erent 13C
pocket choices for Y abundances, but the di↵erences are not very
great with respect to the standard case in our metallicity range.

Heavy s-process elements (Ba, Ce, Nd): these elements
correspond to the second peak of s-process production, also
known as heavy s-process elements. The main component of
the s-process, namely the production by AGB stars, domi-
nates the synthesis of these elements. In Fig. 11 we can see
a clear fall of Ba abundances for thin disc stars from a max-
imum [Ba/Fe]⇠ 0.25 dex at solar metallicity to [Ba/Fe]< –0.2
at super-solar metallicities, similar to the values reported by
Israelian et al. (2014), Bensby et al. (2014). This decrease in
abundances at high metallicities is also observed for Nd but
not for Ce. The decrease in Ba abundances at super-solar
metallicities seems to be at odds with the overabundances
found in young metal-rich clusters by D’Orazi et al. (2009)
(see also Fig. 4 in Maiorca et al. 2012), although not all our
metal-rich stars are young9. The elements Ba and Ce are
mainly s-process in solar material (>80%) and they show a
very slight reduction in abundances from the maximum to-
wards lower metallicities for the thin disc population. The
work by Mishenina et al. (2013) reports a similar behaviour
for Ce abundances, while other authors show a more flattened
trend (e.g. Reddy et al. 2006; Battistini & Bensby 2016) and
Allende Prieto et al. (2004) present a strong increasing trend as
[Fe/H] decreases. On the other hand, Nd, which is produced in
a similar proportion by r- and s-processes, presents a slight in-
creasing trend as [Fe/H] drops for thin disc stars, also reported by
Allende Prieto et al. (2004), González Hernández et al. (2013),
Mishenina et al. (2013), Battistini & Bensby (2016), which re-
flects the important contribution of massive stars to this element.
The thick disc stars present mostly subsolar abundances of Ba

9 In a forthcoming work we will discuss the abundance trends with
age.
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Fig. 14. Abundance ratios between the ↵ element O and the n-capture el-
ements Eu, Ba, and Y as a function of [Fe/H] for stars with Te↵ > 5300 K
and S/N> 100. Symbols as in Fig. 10.

minimum of these ratios is observed around solar metallicity to
then grow again towards super-solar metallicities for Ba and Nd,
due to the continuous decrease of these heavy-s elements as the
metallicity increases.

Also, by studying di↵erent ratios we can get information
about the masses of the progenitors enriching the ISM at the
formation time of our stars. The work by Travaglio et al. (1999)
showed that the best progenitors for reproducing the r-process
contribution to the enrichment of the Galaxy are SNe II from
stars with masses 8–10 M�. On the other hand, more massive
SNe II of M > 15 M� enriched the ISM with oxygen at ear-
lier times since those massive stars evolve faster. As a conse-
quence we can observe that the ratios of r-process elements
with respect to oxygen are negative for low metallicities. In
Fig. 14 we show the ratios between Eu-Y-Ba and O using the
abundances of the oxygen line at 6158 Å derived for the same
sample by Bertran de Lis et al. (2015). Since we do not have
very metal-poor stars we cannot observe the behaviour of Y
and Ba at very low metallicities, where they are thought to be
mainly produced by the r- and not the s-process. We can see

Fig. 15. Abundance ratios between the ↵ element Mg and the n-
capture elements Eu, Ba, and Y as a function of [Fe/H] for stars with
Te↵ > 5300 K and S/N > 100. Symbols as in Fig. 10.

how [Eu/O] has a less steep decline towards lower metallicities
when compared to Ba and Y. This occurs because Eu is a pure
r-process, whereas Y and Ba at [Fe/H]⇠ –1 dex are mainly pro-
duced by AGB stars, which evolve more slowly than the pro-
genitors of Eu and present an even longer delay with respect
to the more massive progenitors of oxygen. At this point it is
also interesting to compare our heavy elements with Mg, an-
other ↵ element, using the rederived abundances in this work.
In Fig. 15 we can see the same decreasing trends towards lower
metallicities for Y and Ba but less steep than when comparing
oxygen, while [Eu/Mg] is mostly flat. This might be explained
by increasing O/Mg yields for higher mass SNe progenitors (e.g.
Woosley & Weaver 1995; McWilliam et al. 2008, and references
therein). Thus, the production of oxygen would start earlier in
the Galaxy producing higher [O/Mg] at lower [Fe/H]. Moreover,
the [Eu/Mg] is mostly flat suggesting that these two elements re-
ceive an important contribution from SNe progenitors of similar
masses but less massive than oxygen progenitors, as explained
above. However, the study of McWilliam et al. (2008) discarded
the possibility of increasing O/Mg yields for higher mass SNe
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Fig. 14. Abundance ratios between the ↵ element O and the n-capture el-
ements Eu, Ba, and Y as a function of [Fe/H] for stars with Te↵ > 5300 K
and S/N> 100. Symbols as in Fig. 10.

minimum of these ratios is observed around solar metallicity to
then grow again towards super-solar metallicities for Ba and Nd,
due to the continuous decrease of these heavy-s elements as the
metallicity increases.

Also, by studying di↵erent ratios we can get information
about the masses of the progenitors enriching the ISM at the
formation time of our stars. The work by Travaglio et al. (1999)
showed that the best progenitors for reproducing the r-process
contribution to the enrichment of the Galaxy are SNe II from
stars with masses 8–10 M�. On the other hand, more massive
SNe II of M > 15 M� enriched the ISM with oxygen at ear-
lier times since those massive stars evolve faster. As a conse-
quence we can observe that the ratios of r-process elements
with respect to oxygen are negative for low metallicities. In
Fig. 14 we show the ratios between Eu-Y-Ba and O using the
abundances of the oxygen line at 6158 Å derived for the same
sample by Bertran de Lis et al. (2015). Since we do not have
very metal-poor stars we cannot observe the behaviour of Y
and Ba at very low metallicities, where they are thought to be
mainly produced by the r- and not the s-process. We can see

Fig. 15. Abundance ratios between the ↵ element Mg and the n-
capture elements Eu, Ba, and Y as a function of [Fe/H] for stars with
Te↵ > 5300 K and S/N > 100. Symbols as in Fig. 10.

how [Eu/O] has a less steep decline towards lower metallicities
when compared to Ba and Y. This occurs because Eu is a pure
r-process, whereas Y and Ba at [Fe/H]⇠ –1 dex are mainly pro-
duced by AGB stars, which evolve more slowly than the pro-
genitors of Eu and present an even longer delay with respect
to the more massive progenitors of oxygen. At this point it is
also interesting to compare our heavy elements with Mg, an-
other ↵ element, using the rederived abundances in this work.
In Fig. 15 we can see the same decreasing trends towards lower
metallicities for Y and Ba but less steep than when comparing
oxygen, while [Eu/Mg] is mostly flat. This might be explained
by increasing O/Mg yields for higher mass SNe progenitors (e.g.
Woosley & Weaver 1995; McWilliam et al. 2008, and references
therein). Thus, the production of oxygen would start earlier in
the Galaxy producing higher [O/Mg] at lower [Fe/H]. Moreover,
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Figs. 14 & 15. [Eu/O] and [Eu/Mg] vs. [Fe/H] for stars with Teff > 5300 K and S/N > 100. 
Symbols are as in Fig. 10.
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To understand the formation and composition of planetary systems it is important to study their host stars composition since 
both are formed in the same stellar nebula. In this work, we analyze the behaviour of chemical abundances of Cu, Zn, Sr, Y, Zr, 
Ba, Ce, Nd, and Eu in the large and homogeneous HARPS-GTO planet search sample (R ∼ 115000). This sample is composed 
of 120 stars hosting high-mass planets, 29 stars hosting exclusively Neptunians and Super-Earths and 910 stars without detected 
giant planets. We compare the [X/Fe] ratios of such elements in different metallicity bins and we find that planet hosts present 
higher abundances of Zn for [Fe/H] < −0.1 dex. On the other hand, Ba, Sr, Ce, and Zr abundances are underabundant in stars 
with planets, with a bigger difference for stars only hosting low-mass planets. However, most of the offsets found can be 
explained by differences in stellar parameters and by the fact that planet hosts at low metallicity mostly belong to the Galactic 
thick disk. Only in the case of Ba we find a statistically significant (3σ) underabundance of 0.03 dex for low-mass planet hosts. 
The origin of these elements is quite complex due to their evolution during the history of the Galaxy. Therefore, it is necessary 
to understand and characterize the stellar populations to which planet hosts belong in order to do a fair comparison with stars 
without detected planets. This work demonstrates that the effects of Galactic chemical evolution and not the presence of planets 
mostly account for the differences we find.
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planet hosts are shifted towards higher values as compared with

single stars (e.g., Ecuvillon et al. 2006; Bond et al. 2008; Neves
et al. 2009). This can be just a consequence of the Galactic
chemical evolution (GCE), since generally, the abundances
ratios [X/H] increase with [Fe/H] and there is a higher
probability of forming giant planets in chemical enriched
clouds (e.g., Santos et al. 2004b). However, it is more
interesting to compare the [X/Fe] ratios at similar metallicities
to diminish the effects of GCE. In Figure 1 we show the [X/Fe]

Figure 1. Final [X/Fe] ratios as a function of [Fe/H] for stars in or sample. Low-mass planets are depicted with blue triangles; meanwhile, stars with high-mass
planets are shown with red squares. Black dots represent single stars. The two Jupiter-like hosts with a circle around a square are HD 171028 and HD 190984.
(A color version of this figure is available in the online journal.)
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Figure 1. Final [X/Fe] ratios as a function of [Fe/H] for stars in our sample. 
Low-mass planets are depicted with blue triangles; stars with high-mass 
planets are shown with red squares. Black dots represent single stars. 

Figure 2. Final [X/Fe] ratios as a function of [Fe/H] for all the 
stars in our sample. The mean abundances in each metallicity bin 
of 0.1 dex are shown together with the standard error of the mean. 

ratios for all the stars in our sample. We have divided the planet
hosts in two groups, depending on the mass of the heaviest
planet in the system9, following the work by Adibekyan et al.
(2012b): those hosting only Neptunians or Super-Earths
(M< 30M⊕, blue triangles) and those with high-mass
companions (M� 30M⊕, red squares).

From a first look it seems that at super-solar metallicities
the planets hosts are well mixed with the single stars. However,
for lower metallicities it is clear that stars with planets
show abundances of Zn higher on average than single
stars; meanwhile, Ba, Ce, and Sr seem to be underabundant
at [Fe/H]−0.1 dex for planet hosts. In order to better
appreciate these differences we show in Figure 2 the average
[X/Fe] ratios in 0.1 dex metallicity bins together with the
standard error of the mean. Having such small [Fe/H] bins

Figure 2. Final [X/Fe] ratios as a function of [Fe/H] for all the stars in our sample. The mean abundances in each metallicity bin of 0.1 dex are shown together with
the standard error of the mean. Symbols are as in Figure 1. The symbols for planet hosts are slightly shifted in [Fe/H] position inside each bin for the sake of clarity.
(A color version of this figure is available in the online journal.)

9 The planet masses are extracted from The Extrasolar Planets Encyclopaedia,
exoplanet.eu.
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1. Introduction In the last 20 years, the race to search for planets with the radial velocity (RV) method has provided large 
sets of high quality and high-resolution spectra, allowing the scientific community to explore the chemical abundances 
of stars with and without planets and search for possible differences among them. After the first discoveries of 
exoplanets it was soon proposed that stars hosting close-in giant planets present metallicities (defined as iron 
abundance) higher than stars with no detected planets (Gonzalez 1997; Santos et al. 2001). This finding was further 
confirmed with larger samples of planet hosts stars (e.g., Santos et al. 2004b; Fischer & Valenti 2005; Sousa et al. 2008) 
establishing the currently well-known giant planet metallicity [Fe/H] correlation. Interestingly, a recent work by Santos 
et al. (2017) shows that stars hosting planets more massive than 4 MJ tend to be more metal poor and more massive 
than stars hosting planets with mass below this threshold. On the other hand, less massive planets than 4 MJ are 
preferentially found around metal-rich stars, following the aforementioned planet-metallicity correlation. This 
finding might indicate that two different processes of planet formation are at play. On the other hand, more recent 
studies have shown that this correlation does not seem to hold for stars hosting less massive planets, those with 
masses as Neptune or lower (Sousa et al. 2011; Buchhave et al. 2012; Everett et al. 2013; Buchhave & Latham 2015). 
However, other works do find that small planet formation is more probable around metal-rich stars than around 
metal-poor stars though with a lower factor than giant planet formation (Wang & Fischer 2015). Moreover, the 
work by Zhu et al. (2016) claims that the high occurrence rate for low-mass planets and the current small size samples 
of lowmass planet hosts do not allow to detect the planet metallicity correlation which is however recovered by their 
theoretical simulations.  …                                                                                                                                                           
The aim of this study is to extend our previous works in this field towards heavier elements, since they have not been as 
extensively studied in the literature as light, iron-peak, or α elements. …  Our large and homogeneous sample of stars 
with and without detected planets gives us the opportunity to study possible correlations between planet occurrence and 
heavy element abundances in a very detailed way.  

2. Data  The baseline sample used in this work consists of 1111 FGK stars observed within the context of the HARPS-
GTO planet search programs (Mayor et al. 2003; Lo Curto et al. 2010; Santos et al. 2011). The final spectra have a 
resolution of R ∼115000 and high signal-to-noise ratio (S/N) (45% of the spectra have 100 < S/N < 300, 40% of the 
spectra have S/N > 300 and the mean S/N is 380). The total sample is composed by 151 stars with planets (29 stars with 
Neptunian-mass planets, 120 stars hosting Jupiter-like planets) and 960 stars without detected planets (hereafter single 
stars8 ), although the final sample used here is slightly smaller as explained below.
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Fig. 7. [X/Fe] as a function of age for stars with an error in age smaller than 1.5 Gyr. The different stellar populations are depicted with different
colors and symbols as explained in the legend. We note the different size of y axis for oxygen with respect to the rest of elements. The red line is
a weighted linear fit to the thin disk stars to guide the eye on the general behavior of the trends. The coefs. values in each panel are the abscissa
origin and the slope of the fit, respectively, together with the error (�) of each coefficient.

nature and that could explain why we do not see a steep rise
toward older ages where stars are less metallic.

The relations of abundance ratios with [Fe/H] are repre-
sented in Fig. 8 with a color scale to show the ages. This plot
manifestly represents the mixed influence of metallicity and age
on GCE. For the ↵ elements (Mg, Si, Ti), at a given [Fe/H]
the abundances increase as age increases, as also shown in
Fig. 5. The metal poor thin disk ([Fe/H]. –0.3 dex) presents
well mixed ages meanwhile the metal rich counterpart only
has stars younger than ⇠5 Gyr. The h↵mr stars are clearly
older compared to thin disk stars at the same metallicity. The
abundances of oxygen have much larger errors and thus the
separation by ages is not as clear as for the other ↵ elements.
On the other hand, the Ca abundances do not show so clear
separation between the different populations but still we can

distinguish a general trend of increasing age and [Ca/Fe] as
[Fe/H] diminishes.

A second group of elements is formed by Al, Cu and
Zn which present a similar morphology. In this case the ages
increase in a “diagonal” way, not only as the [X/Fe] ratio does but
also with the drop of metallicity rather than at a fixed metallicity
as happened for ↵ elements. For the s-process elements Sr, Y, Zr
and Ba we can see how the thin disk presents a very clear stratifi-
cation of ages, also in a “diagonal” way, but with ages decreasing
as both [X/Fe] and metallicity increases. However, the thick disk
stars present a wider range of abundance ratios despite its narrow
range of ages. The lower abundances of s-process elements in
h↵mr with respect to thin disk stars at the same [Fe/H] could be
caused by their older ages. The peak of abundances of s-process
elements around solar metallicity is formed by the youngest stars
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a weighted linear fit to the thin disk stars to guide the eye on the general behavior of the trends. The coefs. values in each panel are the abscissa
origin and the slope of the fit, respectively, together with the error (�) of each coefficient.

nature and that could explain why we do not see a steep rise
toward older ages where stars are less metallic.

The relations of abundance ratios with [Fe/H] are repre-
sented in Fig. 8 with a color scale to show the ages. This plot
manifestly represents the mixed influence of metallicity and age
on GCE. For the ↵ elements (Mg, Si, Ti), at a given [Fe/H]
the abundances increase as age increases, as also shown in
Fig. 5. The metal poor thin disk ([Fe/H]. –0.3 dex) presents
well mixed ages meanwhile the metal rich counterpart only
has stars younger than ⇠5 Gyr. The h↵mr stars are clearly
older compared to thin disk stars at the same metallicity. The
abundances of oxygen have much larger errors and thus the
separation by ages is not as clear as for the other ↵ elements.
On the other hand, the Ca abundances do not show so clear
separation between the different populations but still we can

distinguish a general trend of increasing age and [Ca/Fe] as
[Fe/H] diminishes.

A second group of elements is formed by Al, Cu and
Zn which present a similar morphology. In this case the ages
increase in a “diagonal” way, not only as the [X/Fe] ratio does but
also with the drop of metallicity rather than at a fixed metallicity
as happened for ↵ elements. For the s-process elements Sr, Y, Zr
and Ba we can see how the thin disk presents a very clear stratifi-
cation of ages, also in a “diagonal” way, but with ages decreasing
as both [X/Fe] and metallicity increases. However, the thick disk
stars present a wider range of abundance ratios despite its narrow
range of ages. The lower abundances of s-process elements in
h↵mr with respect to thin disk stars at the same [Fe/H] could be
caused by their older ages. The peak of abundances of s-process
elements around solar metallicity is formed by the youngest stars
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Fig. 8. [X/Fe] as a function of [Fe/H] for stars with an error in age smaller than 1.5 Gyr. We note the different size of y axis for oxygen with respect
to the rest of elements. The circles, triangles, squares and diamonds are the stars from the thin disk, thick disk, h↵mr and halo.

in the sample. However, the steep decrease of Ba abundances
at supersolar metallicities does not depend on age. Ce and Nd
present more mixed ages in the [X/Fe]–[Fe/H] plane, probably
due to the larger errors of those abundance ratios. Finally, the
abundances of Eu also show higher values as age increases and
metallicity decreases, similar to O, but the ages are more mixed
due to the larger uncertainties on the abundance derivation of
this element.

6. Stellar age estimation using chemical
abundances

As we have seen in previous sections stellar dating using chem-
ical clocks is based on the different galactic chemical evolution
of some species. The different contribution to the chemical evo-
lution of the Galaxy of the SNeII, SNIa, and the low-mass
AGB stars residuals opens the door to the stellar dating using
certain surface chemical abundances (Nissen 2016). The work
by da Silva et al. (2012) was the first exploring the relation
with age of abundances ratios of Y or Sr over Mg, Al, or Zn.

More recently, Nissen (2015, 2016) found that ratios of [Y/Mg],
[Y/Al] or [Al/Mg] are precise age indicators in the case of solar
twins stars. These are the so called chemical clocks and have
been studied in other samples of solar twins (Spina et al. 2016;
Tucci Maia et al. 2016) and very recently, in a bigger sam-
ple of stars within the AMBRE project (Titarenko et al. 2019).
Moreover, these chemical clocks working over solar twin stars
where confirmed using stars dated by asteroseismology (Nissen
et al. 2017). However, Feltzing et al. (2017) and Delgado Mena
et al. (2018) find that, when stars of different metallicities and/or
effective temperatures are included, these simple correlations are
not valid anymore. This can be clearly seen in Fig. 9 where
the slopes of [X/Fe] ratios with age are shown for three metal-
licity groups. For instance, [Ca/Fe] has a mostly flat behavior
with age for stars with –0.6< [Fe/H]< –0.2 dex (black line)
and –0.2< [Fe/H]< 0.2 dex (blue line) but the metal rich stars
([Fe/H]> 0.2 dex, red line) present a negative trend. This is in
contrast with the other ↵ elements in most of the metallicity
bins, which show an increase of abundance ratios with age.
Recent studies report a new kind of supernovae subclass called
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Fig. 8. [X/Fe] as a function of [Fe/H] for stars with an error in age smaller than 1.5 Gyr. We note the different size of y axis for oxygen with respect
to the rest of elements. The circles, triangles, squares and diamonds are the stars from the thin disk, thick disk, h↵mr and halo.
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to the rest of elements. The circles, triangles, squares and diamonds are the stars from the thin disk, thick disk, h↵mr and halo.
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to the rest of elements. The circles, triangles, squares and diamonds are the stars from the thin disk, thick disk, h↵mr and halo.
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Fig. 8. [X/Fe] as a function of [Fe/H] for stars with an error in age smaller than 1.5 Gyr. We note the different size of y axis for oxygen with respect
to the rest of elements. The circles, triangles, squares and diamonds are the stars from the thin disk, thick disk, h↵mr and halo.

in the sample. However, the steep decrease of Ba abundances
at supersolar metallicities does not depend on age. Ce and Nd
present more mixed ages in the [X/Fe]–[Fe/H] plane, probably
due to the larger errors of those abundance ratios. Finally, the
abundances of Eu also show higher values as age increases and
metallicity decreases, similar to O, but the ages are more mixed
due to the larger uncertainties on the abundance derivation of
this element.
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It is also clear from Fig. 7 that thick disk stars present a stronger enrichment in α elements when compared to thin disk stars at similar age. This extra enrichment in thick disk stars is 
also observed for the r-process element Eu, which is mainly produced by neutron star mergers (Drout et al. 2017; Côté et al. 2018) and core-collapse supernovae (Travaglio et al. 
1999). Both elements have massive progenitors, and in turn [Eu/Fe] also shows a rise toward older ages. Therefore, these trends support the results by Snaith et al. (2015) showing that 
the star formation rate was more intense in the thick disk than in the thin disk. … In Fig. 8 Eu is higher values as age increases and metallicity decreases, similar to O, but the ages are 
more mixed due to the larger uncertainties on the abundance derivation of this element. 

In Fig. 7 we show the [X/Fe] ratios of the elements presented in DM17 as a function of age for the different populations in our sample together with a linear fit to thin disk stars. …A 
first look at this figure allows us to see the expected general trends. The ratios of α elements O, Mg, Si, Ca, and Ti respect to Fe show an increasing trend toward older ages with O and 
Mg showing the steepest trends. ... Since the progenitors of SNeII are more massive than the progenitors of SNeIa, the ratios [α/Fe] will be higher at early ages in the Galaxy because 
massive stars have shorter lifetimes. It is also clear from Fig. 7 that thick disk stars present a stronger enrichment in α elements when compared to thin disk stars at similar age. This 
extra enrichment in thick disk stars is also observed for the r-process element Eu, which is mainly produced by neutron star mergers (Drout et al. 2017; Côté et al. 2018) and core-
collapse supernovae (Travaglio et al. 1999). Both elements have massive progenitors, and in turn [Eu/Fe] also shows a rise toward older ages. Therefore, these trends support the results 
by Snaith et al. (2015) showing that the star formation rate was more intense in the thick disk than in the thin disk.

More than 1000 FGK dwarf stars with high-resolution (R ∼ 115 000) and high-quality spectra from the HARPS-GTO 

Adibekyan et al. 2011and 
DM17 revealed the exis- 
tence of a high-α metal-
rich (hereafter hαmr) 
population, with [Fe/H] > 
−0.2 dex and enhanced   
[α/Fe] ratios with respect 
to the thin disk. 
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Fig. 9. [X/Fe] as a function of age for stars with an error in age smaller than 1.5 Gyr. We note the different size of y axis for oxygen with respect
to the rest of elements. The red, blue, and black lines are weighted linear fits to thin disk stars with [Fe/H]> 0.2 dex, –0.2< [Fe/H]< 0.2 dex and
–0.6< [Fe/H]< –0.2 dex, respectively.

calcium-rich gap transients (Perets et al. 2010) which can be an
important contributor to the enrichment of Ca in the Galaxy,
thus it might be the reason of the different evolution of Ca with
time as compared to other ↵ elements. Another interesting ele-
ment is Cu, for which the age-abundance slope increases with
metallicity. The case of most s-process elements is also remark-
able, with a totally different slope for metal-rich and metal-poor
subgroups, especially for Ce and Nd. The higher dispersion of
heavy-s elements at younger ages as compared to light-s ele-
ments is certainly caused by the different metallicity of the
stars. In other words, it seems that the nucleosynthesis chan-
nels producing heavy-s elements at younger ages have a stronger
dependence on metallicity than those producing light-s elements.
On the other hand, for several elements (O, Mg, Si, Ti, Zn, and
Sr) the mix of stars with different metallicities can add dispersion
to the abundance-age relation but without a significant change in
slope.

To quantify the variations of the abundance-age slopes (for
thin disk stars only) at different metallicity ranges we present in

Fig. 10 the slopes of neutron-capture abundance ratios ([X/Fe])
with age, as a function of s-process contribution as shown for
solar twins in Fig. 6 of Spina et al. (2018). In order to have
enough stars with low errors in age within each range we have
selected bins with a 0.4 dex width in [Fe/H] covering the full
metallicity range of thin disk stars. The bin containing the solar
twins (–0.2< [Fe/H]< 0.2 dex) presents a similar result to that
of Spina et al. (2018) except that Nd does not show a correla-
tion with age for solar metallicity stars. These authors showed
how the dependence with age, in other words the slope, is larger
(and negative) as the s-process contribution increases, with
r-process elements such as Eu presenting a negligible correla-
tion with age. The authors conclude that the s-process production
in the thin disk (where their solar twins belong) has been more
active than the production of r-process elements. However, we
note that this might not hold for all the metallicity ranges. At
super-solar metallicities stars in the thin disk have produced less
Ce and Nd in recent times and Y and Zr seem to be produced at
a lower rate than for solar metallicity stars. On the other hand,
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[Figs.9 and 10 show] r-process elements such as Eu presenting a negligible correlation with age. 
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ABSTRACT Accurate stellar parameters and precise elemental abundances are vital pieces to correctly characterize discovered planetary systems, 
better understand planet formation, and trace galactic chemical evolution. We have performed a uniform spectroscopic analysis for 1127 stars, 
yielding accurate gravity, temperature, and projected rotational velocity in addition to precise abundances for 15 elements (C, N, O, Na, Mg, Al, Si, 
Ca, Ti, V, Cr, Mn, Fe, Ni, and Y). Most of the stars in this sample are Kepler Objects of Interest, observed by the California-Kepler Survey, and 
include 1003 stars hosting 1562 confirmed planets. This catalog extends the uniform analysis of our previous catalog, bringing the total number of 
homogeneously analyzed stars to almost 2,700 F, G, and K dwarfs. To ensure consistency between the catalogs, we performed an analysis of our 
ability to recover parameters as a function of signal-to-noise ratio (S/N) and present individual uncertainties as well as functions to calculate 
uncertainties for parameters derived from lower S/N spectra. With the updated parameters, we used isochrone fitting to derive new radii, masses, and 
ages for the stars. We use our abundance analysis to support the finding that the radius gap is likely a result of evolution rather than the result of 
primordial compositional differences between the two populations. 

Figure 8. Comparison of stellar radii from Johnson et al. (2017), compared to
radii derived from isochrone fitting using our newly determined [Fe/H], Teff ,
and glog in conjunction with Gaia DR2 parallaxes (Gaia Collaboration
et al. 2016). The gray dashed line shows the 1:1 line and the thin black line
shows a simple linear fit to the uncertainty weighted mean of the sample. The
rms scatter about this fit is 11%.

Figure 9. Comparison of the probability density functions (PDFs) fit using a
Gaussian kernel density estimate (KDE) of small-planet radii derived in this
work with those derived in Johnson et al. (2017). The solid heavy lines are fit to
the actual radii and the light thin lines are fits to 200 bootstrap realizations of
the data. There is no significant difference between the two sets of radii, though
our analysis seems to slightly favor larger radii.

Figure 10. The distribution of host star Mg/Si ratios for super-Earth-sized
planets (orange) is nearly identical to that of sub-Neptune-sized planets. Plotted
are probability density functions (PDF) for the planets calculated using a
Gaussian kernel density estimator. The fainter lines of each color are PDFs
generated in the same way from 200 bootstrap resamplings with replacement
and the vertical lines mark the median of each distribution. The PDFs are
nearly identical and there does not appear to be any difference in the
composition of these stars that might lead to differing planet radii, lending
support to the idea of post-formation sculpting of the planets by photo-
evaporation. A similar comparison using only hosts and not planets, to avoid
counting the same star twice, yields a qualitatively identical picture.

Figure 11. Planet radius as a function of host star Mg/Si ratio for planets
around dwarf stars with super-Earth and sub-Neptune planets. The contours
represent the two-dimensional PDFs calculated using a Gaussian kernel density
estimator as in the one-dimensional PDFs from Figure 10. There is no apparent
correlation between the Mg/Si ratio of a planet’s host star and the radius of the
planet in either the super-Earth or sub-Neptune samples.

Figure 12. [Fe/H] distributions for dwarf (teal blue and green lines) and
evolved (dark blue and yellow lines) stars in the B16 sample and this work.
Evolved star abundances are slightly higher overall, conforming to our
expectations of higher metallicity in evolved stars due to expanded convective
zones. The bold lines are PDFs from a Gaussian KDE fit to the data and the thin
lines are the same for 200 bootstrap realizations of each sample. The vertical
lines mark the median of each sample.

Figure 13. Si/Fe distributions for the same sub-samples as in Figure 12. If the
evolved stars and dwarfs started with the same abundances, then the Si/Fe ratio
should be similar. The differences in the distributions points to possible
systematic errors in recovering abundances for evolved stars. We see
confirmation of this in the double-peaked distribution of evolved stars
in B16 (dark blue lines). We broke out just those stars with glog < 3.7 in
the B16 evolved star sample (light blue lines) and see that they are almost
entirely low Si/Fe stars. The bold lines are PDFs from a Gaussian KDE fit to
the data and the thin lines are the same for 200 bootstrap realizations of each
sample. The vertical lines mark the median of each sample.
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Figure 14. Light elements [X/Fe], after applying empirical correction from B16, plotted against both temperature and [Fe/H].
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Figure 14.   Light elements [X/Fe], after applying 
empirical correction from B16, plotted against [Fe/H]. 



ABSTRACT The metallicity of exoplanet systems serves as a critical diagnostic of 
planet formation mechanisms. Previous studies have demonstrated the planet–metallicity 
correlation for large planets (RP E ⩾ 4 R ); however, a correlation has not been found for 
smaller planets. With a sample of 406 Kepler objects of interest whose stellar properties 
are determined spectroscopically, we reveal a universal planet–metallicity correlation: 
not only gas-giant planets (3.9 - 22.0 R_Earth) but also gas-dwarf (1.7 - 3.9 R_Earth) 
and terrestrial planets (R_P ⩽ 1.7 R_Earth ) occur more frequently in metal-rich stars. 

further divided the stars with detected planets into three
sub-groups based on planet size: gas-giant planets
( < ⩽R R R3.9 22.0E P E), gas-dwarf planets ( <R1.7 E

⩽R R3.9P E), and terrestrial planets ( ⩽R R1.7P E). The
scatter plot of planet radius and stellar metallicity is shown in
Figure 2.

2.4. Fraction of Stars with Detected Planets

We adopted the following Monte Carlo method to estimate
the fraction of stars with detected planets. For each Kepler star
with no planet detection, we assigned the star with stellar
properties (Teff , log(g), and [Fe/H]) based on the converted,
more representative values. The values are then perturbed
assuming Gaussian distributions with standard deviations that
are equal to the more representative error bars as shown in
Figure 1. For each Kepler planet host star in our sample, we
perturbed the measurements of stellar properties (Teff , log(g),
and [Fe/H]) and planet properties (RP) with the reported
measurement uncertainties. With this set of simulated data, we
counted the number of stars with detected planet candidates
(NP) and the number of searched stars (NS) in each sub-region
as shown in Figure 2. We then calculated the ratio of NP and
NS, a ratio which we refer to as the fraction of stars with
detected planets. We repeated this procedure 1000 times and
calculated the median values and the standard deviations for NP
and NS. Since NP and NS were counted in each iteration, we
considered counting errors which were assumed to follow
Poisson distribution. Therefore, the final uncertainties of NP
and NS are the summation in quadrature of the standard
deviation and the Poisson noise. This approach takes into
account both the statistical uncertainty and the uncertainties of
stellar and planetary properties.

The fractions of stars with detected planets are given in
Table 1. The reported values and uncertainties are the mode
and the 68% credible interval of the N NP S distribution. We
emphasize that measurements of the planet occurrence rates for
planets of different sizes require further information such as
detection sensitivity and survey incompleteness. Thus, the
numbers that we list should not be construed to be the estimates
of the true planet occurrence rates. However, the ratio of N NP S
between two metallicity groups is a measure of the ratio of the
planet occurrence rates of two metallicity groups, i.e., the
relative planet occurrence rate of metal-rich to metal-poor stars.
This is true only if the detection sensitivity and survey

incompleteness affect the two metallicity groups in the
same way.

2.5. Bias against Planet Detection for Metal-rich Stars

At a given photometric precision, it is more difficult to detect a
transiting planet around a larger star, so stellar radius affects the
planet detection sensitivity. To investigate whether detection
sensitivity is the same for stars from two metallicity groups, we
checked the dependence of stellar radius on metallicity. The top
panels in Figure 3 show stars with spectroscopic followup
observations from Buchhave et al. (2014). We limited the
comparison for stars with < ⩽T4800 K 6500eff K and log(g)
⩾ 4.2, which is consistent with our sample selection criteria.
We found that metal-rich stars are ∼20% larger than metal-poor
stars. We performed a two-sided K-S test, with a p value of

´ -1.8 10 5, and a maximum difference of the cumulative
distribution of 0.29. A two-sided Kuiper test, which is more
sensitive to tails of distributions, shows a similar result with a p
value of 7 × 10−4. Next, we checked if the stellar radius
dependence on metallicity is a systematic for the SPC method.
We collected stars with spectroscopically or asteroseismically
determined stellar properties from Huber et al. (2014), but
excluded stars from Buchhave et al. (2012). These stars consist
of a sample whose stellar properties are determined free of the
systematics (if any) of the SPC method. With this sample of 182
stars, we again found that metal-rich stars are larger; the median
radius of the metal-rich sample is ∼5% larger than that for the
metal-poor sample. The K-S test gives a p value of 0.006.
However, the Kuiper test is inconclusive (p = 0.089 ⩾ 0.01).
Finally, we checked all stars whose radii are measured with
asteroseismic and interferometric methods (bottom panels in
Figure 3, Boyajian et al. 2012, 2013; von Braun et al. 2014;
Chaplin et al. 2014). In this case, we found that metal-rich stars
are ∼5% larger than metal-poor stars, but neither the K-S test
(p= 0.14) nor the Kuiper test (p= 0.41) is significant. However,
the maximum difference between the two cumulative distribu-
tions is 0.24, similar to the two previous cases. The smaller
sample size (N = 88) may explain the inconclusive tests.
In a transiting planet survey like the Kepler mission, planet

detection is more difficult around larger stars for a given planet
size, so there is a bias against planet detection for metal-rich
stars whose radii are larger than metal-poor stars. This bias may
not be an issue for large planets, whose signals can be detected
regardless of the 5%–20% stellar radius difference. However,
the detection bias gets stronger for terrestrial planets and small
gas-dwarf planets; the transiting signals of these planets may be
only marginally detected given the Kepler precision. Therefore,
the ratio of the fraction of stars with planets for metal-rich stars
to that for metal-poor stars reflects a lower limit of the relative
planet occurrence rate of metal-rich stars to metal-poor stars.

3. PLANET OCCURRENCE RATE VERSUS
STELLAR METALLICITY

3.1. Result

We found a universal planet–metallicity correlation: not only
gas-giant planets but also gas-dwarf planets and terrestrial
planets occur more frequently in metal-rich stars (Figure 4).
The dependence of the planet occurrence rate on metallicity
decreases with decreasing planet size. The planet occurrence
rates of gas-giant planets, gas-dwarf planets, and terrestrial
planets are -

+9.30 3.04
5.62, -

+2.03 0.26
0.29, and -

+1.72 0.17
0.19 times higher for

Figure 2. Kepler planet candidates on the [Fe/H]–RP plane. The plane is
divided into six sub-regions based on metallicity and planet radius. The dotted
area is the metallicity buffer zone (- ⩽0.05 [Fe/H] ⩽ 0.05). Stars in the buffer
zone are excluded in our analysis.
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Terrestrial planets have -0.5 < [Fe/H] < +0.5 
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Fig. 1.— Correlation between planet and stellar parameters, analysed using the Mclust package. Red crosses and green circles represent
the super-Earth and sub-Neptune sub-populations, respectively, as identified by the clustering analysis. In each panel, the black ellipse
graphically illustrates the covariance matrix within each population. The width of the ellipse represents dispersion in each parameter, while
the slant the direction of maximum variation (the principal component). The super-Earths and sub-Neptunes behave similarly in every
panel. We also list the Pearson correlation coe�cient for each panel. Three panels show statistically significant correlations: panel a), more
massive stars are also more metal rich; panel d), more massive stars host larger planets; panel f), a likely correlation between planet period
and orbit. We observe no correlation between planet radius and stellar metallicity (panel e).

2 survey, metallicities and stellar parameters for many
stars in the Kepler field are also obtained. Before we
adopt these as our non-transiting sample, we further re-
move any known planet hosts, and limit ourselves to
FKG dwarfs with the same magnitude limit and the same
e↵ective temperature range as for the CKS-VII sample.
Furthermore, metallicity measurements from CKS and
from LAMOST are known to have some o↵sets. We
modify the LAMOST values based on the calibration
performed in Petigura et al. (Appendix A of 2018). This
leaves us with a large sample of 21, 962 stars.
One important issue for our study is the possible pres-

ence of selection e↵ects. For instance, more massive stars
have larger stellar discs, potentially making it more dif-
ficult to detect small transiting planets. Detection com-
pleteness for the Kepler pipeline has been well character-
ized by Burke et al. (2015); Fulton et al. (2017); Chris-

2 http://dr4.lamost.org/

tiansen et al. (2016). Based on a simple signal-to-noise
argument, Wu (2019) also showed that the planet detec-
tion completeness, at a given planet radius and period, is
roughly invariant for di↵erent types of stars. This is be-
cause the Kepler mission probes stars out to the edge of
the Milky Way disk, and is essentially a volume-limited
sample. So while a given planet causes a shallower tran-
sit on a bigger star, such a star is not only intrinsically
brighter, but also brighter in apparent magnitude, lead-
ing to a comparable signal-to-noise ration as that when
the same planet transits a smaller (and dimmer) star.

3. RADIUS-METALLICITY RELATION

Each Kepler planet in our sample is quantified by four
parameters: host star mass, host star metallicity, planet
radius, and orbital period. We employ a clustering anal-
ysis to investigate the relationships between all these pa-
rameters. We then focus on the e↵ect of stellar metallic-
ity.

Fig. 1 (excerpt)— Correlation between planet 
and stellar parameters. … Red crosses and 
green circles represent the super-Earth and 
sub-Neptune sub-populations. They have the 
same [Fe/H] distributions.

Fig. 3 Cumulative fraction of stars with & 
w/o transiting planets. 
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Fig. 2.— Further analysis of the radius-Z correlation. Top
panel: real data, with the black filled circles indicating the mean
host metallicity across five radius bins. Grey error bars show the
standard deviation and black error bars show the standard error.
Although the binned averages increase slightly with size, they are
all consistent with zero within 1�.
Bottom: same analysis but for our first mock catalogue, where
planet radii are assumed to correlate with stellar mass (eq. 3),
while stellar mass with metallicity (eq. 2). This correctly repro-
duces the observed data.

For the first mock catalogue, we assume that planet
mass is intrinsically correlated with the stellar mass (eq.
3) with the dependence as described by the variance
matrix. We then perform the same GMM analysis to
quantify the resultant dependence between planet radius
and Z. This mock sample is displayed in Fig. 2, along
with the real CKS-VII sample. Both exhibit similar be-
haviour: the median Z at di↵erent size bins all agree
with zero to within 1�. In detail, the median Z for the
CKS-VII sample lifts o↵ from zero slightly for the largest
size bin, as is reported in Buchhave et al. (2012, 2014);
Petigura et al. (2018), this is also present in our mock
data. As is for the real sample, the GMM analysis yields
an insignificant correlation coe�cient, ⇢i,j = 0.10± 0.08,
between planet size and Z.
For the second mock catalogue, we assume that planet

size is intrinsically correlated with Z as

Rp / Z
↵+�↵

, (5)

where the index ↵ and �↵ are determined by the analysis
in Fig. 1 to be 0.06 and 0.22. As more metal-rich stars
tend to be more massive, this should introduce a cor-
relation between planet size and stellar mass, which we

Fig. 3.— We compare the cumulative metallicity distribution of
stars with (black line) and without (yellow line) transiting plan-
ets. The former, comprising of 582 planet hosts, are more metal-
rich and are statistically di↵erent from the latter with a p-value
of 0.0047. In contrast, hosts of sub-Neptunes and super-Earths
are statistically indistinguishable from each other (p-values marked
comparison with the black line). Stars that host both types of plan-
ets are counted once in each group.

use GMM analysis on the resulting catalogue to obtain
a weak correlation coe�cient of ⇢i,j = 0.02± 0.07, and a
weak trend of Rp / M

0.01±0.05
⇤ . Both are incompatible

with the observed sample.
In summary, the radii of planets are determined by

stellar mass, and are not influenced by stellar metallicity.

4. THE OCCURRENCE-Z RELATION

We now turn to the question of whether Kepler planets
are preferentially formed around more metal-rich stars,
the occurrence-Z relation. Many previous studies have
failed to take into account a number of complicating fac-
tors, warranting a new visit. The factors that may po-
tentially influence our conclusion are:

1. It has been suggested that multiplicities in plan-
etary systems depend on stellar metallicity (Zhu
2019). To remove this e↵ect, we count each star
only once, regardless of the number of transiting
planets it has.

2. More massive stars (which tend to be more metal
rich) are larger and it may be harder to detect tran-
siting planets around them due to the shallower
transit depth. This selection e↵ect, if present, may
skew the planet hosts toward the more metal poor
side. Wu (2019) showed that, while a planet causes
a shallower transit on a larger star, a larger star
(which is more massive) also tends to be brighter.
So this selection e↵ect is likely minimal.

3. For a given orbital period, planets around a more
massive star has a smaller semi-major axis. This
increases the transit probability for these planets.
To account for this, we implement a forward model
below.

4. The sample of stars that have no transiting planets
may also contain planets (that are not transiting).
This needs to be modelled (see below).

Revealing a Universal Planet-Metallicity Correlation 
for Planets of Different Sizes Around Solar-type 
Stars - Ji Wang & Debra Fisher - AJ 2015
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Oxygen fugacities of extrasolar rocks: Evidence for
an Earth-like geochemistry of exoplanets
Alexandra E. Doyle1*, Edward D. Young1*, Beth Klein2, Ben Zuckerman2, Hilke E. Schlichting1,2,3

Oxygen fugacity is a measure of rock oxidation that influences planetary structure and evolution.
Most rocky bodies in the Solar System formed at oxygen fugacities approximately five orders of
magnitude higher than a hydrogen-rich gas of solar composition. It is unclear whether this oxidation of
rocks in the Solar System is typical among other planetary systems. We exploit the elemental
abundances observed in six white dwarfs polluted by the accretion of rocky bodies to determine the fraction of
oxidized iron in those extrasolar rocky bodies and therefore their oxygen fugacities. The results are
consistent with the oxygen fugacities of Earth, Mars, and typical asteroids in the Solar System, suggesting
that at least some rocky exoplanets are geophysically and geochemically similar to Earth.

E
stimating the composition of extrasolar
planets fromhost-star abundances or from
planetmass-radius relationships is difficult
and unreliable (1, 2). The elemental abun-
dances in some white dwarfs (WDs) pro-

vide an alternative, more direct approach for
determining the compositionof extrasolar rocks.
WDs are the remnant cores left behind when
a star ejects its hydrogen-rich outer layers after
the red giant phase. These remnant cores are
~0.5 M⊙ (solar masses) and about the same
radius asEarth, are no longer powered by fusion,
and slowly cool over time. Because of their high
densities, and thus strong gravitational fields,
elements heavier thanhelium rapidly sink below
their surfaces, becoming unobservable. None-
theless, spectroscopic studies show that the
atmospheres of up to half of WDs with effec-
tive temperatures <25,000 K are “polluted” by
elements heavier than He (3–5). The source of
these heavy elements is exogenous, coming from
accretion of debris from rocky bodies that pre-
viously orbited the WDs (6–9). We exploit this
pollution to measure the elemental constituents
of extrasolar rocky bodies. We collated observa-
tions from the literature of polluting elements
in six WDs: SDSS J104341.53+085558.2 (10),
SDSS J122859.92+104033.0 (9), SBSS 1536+520
(11), GD 40 (8, 12), SDSS J073842.56+183509.6
(13), and LBQS 1145+0145 (14) (hereafter, SDSS
J1043+0855,WD1226+110,WD1536+520,GD40,
SDSS J0738+1835, and WD 1145+017, respec-
tively). Their coordinates are listed in table S1.
The bulk compositions of the bodies polluting
these WDs resemble those of rocky bodies in
the Solar System (15, 16) (Fig. 1).

We use the relative abundances of rock-
forming elements in pollutedWDs to determine
the effective partial pressure of oxygen, i.e., the
oxygen fugacity ð fO2Þ of the accreted rocks.
Oxygen fugacity is a measure of the degree of
oxidation in the rocks. It corresponds to the
effective partial pressure of gaseous oxygen that
would be in thermodynamic equilibrium with

thematerial of interest. In combination with
other factors, the intrinsic oxygen fugacity of
a planet will determine the relative size of its
metallic core, the geochemistry of its mantle
and crust, the composition of its atmosphere,
and the forces responsible formountain build-
ing (17, 18). Oxygen fugacity is also thought to
be among the parameters that determine the
habitability of a planet (19). In practice, fO2 is
usually expressed as the nonideal partial pres-
sure of oxygen relative to a convenient refe-
rence value.
Oxygen fugacities of rocky planets are often

reported relative to the reference Iron-Wüstite
(IW) equilibrium reaction Fe (Iron) + ½ O2 =
FeO (Wüstite), such that DIW ≡ logð fO2 Þ#
logð fO2ÞIW (16). When expressed this way,
differences in oxygen fugacity are nearly inde-
pendent of temperature and pressure (16). The
initial oxidation state of a rocky body with at
least some Fe metal at the time of its forma-
tion is recorded by the concentration of oxi-
dized iron (hereafter denoted as FeO, although
it may include other oxides of iron) in the rock
and the concentration of Fe in the metal

DIW ¼ 2log
xrockFeO

xmetal
Fe

! "
þ 2log

grockFeO

gmetal
Fe

! "
ð1Þ
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Fig. 1. Bulk compositions by mass for six white dwarfs compared with Solar System bodies. Bulk
compositions of the six rock-forming elements Al, Ca, Si, Mg, Fe, and O are indicated by the colored bars.
The six white dwarfs are shown in the right-most columns. Shown for comparison are Solar System
objects: the Sun, Comet Halley (1P/Halley), Earth, the Moon, Vesta, Mars, Mercury, three types of meteorites
(enstatite chondrite, ordinary L chondrite, and carbonaceous CI chondrite), and three terrestrial igneous
rock types [mid ocean ridge basalt (MORB), lherzolite (representing Earth’s mantle), and bulk silicate
Earth (BSE)] (16). The relatively high abundances of Fe in bulk Mercury and bulk Earth are due to their
metal cores. The compositions of the white dwarfs are similar to the Solar System rocks. The large amount of
O in WD 1145+017 is highly uncertain. Values are listed in data S1.
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an Earth-like geochemistry of exoplanets
Alexandra E. Doyle1*, Edward D. Young1*, Beth Klein2, Ben Zuckerman2, Hilke E. Schlichting1,2,3

Oxygen fugacity is a measure of rock oxidation that influences planetary structure and evolution.
Most rocky bodies in the Solar System formed at oxygen fugacities approximately five orders of
magnitude higher than a hydrogen-rich gas of solar composition. It is unclear whether this oxidation of
rocks in the Solar System is typical among other planetary systems. We exploit the elemental
abundances observed in six white dwarfs polluted by the accretion of rocky bodies to determine the fraction of
oxidized iron in those extrasolar rocky bodies and therefore their oxygen fugacities. The results are
consistent with the oxygen fugacities of Earth, Mars, and typical asteroids in the Solar System, suggesting
that at least some rocky exoplanets are geophysically and geochemically similar to Earth.

E
stimating the composition of extrasolar
planets fromhost-star abundances or from
planetmass-radius relationships is difficult
and unreliable (1, 2). The elemental abun-
dances in some white dwarfs (WDs) pro-

vide an alternative, more direct approach for
determining the compositionof extrasolar rocks.
WDs are the remnant cores left behind when
a star ejects its hydrogen-rich outer layers after
the red giant phase. These remnant cores are
~0.5 M⊙ (solar masses) and about the same
radius asEarth, are no longer powered by fusion,
and slowly cool over time. Because of their high
densities, and thus strong gravitational fields,
elements heavier thanhelium rapidly sink below
their surfaces, becoming unobservable. None-
theless, spectroscopic studies show that the
atmospheres of up to half of WDs with effec-
tive temperatures <25,000 K are “polluted” by
elements heavier than He (3–5). The source of
these heavy elements is exogenous, coming from
accretion of debris from rocky bodies that pre-
viously orbited the WDs (6–9). We exploit this
pollution to measure the elemental constituents
of extrasolar rocky bodies. We collated observa-
tions from the literature of polluting elements
in six WDs: SDSS J104341.53+085558.2 (10),
SDSS J122859.92+104033.0 (9), SBSS 1536+520
(11), GD 40 (8, 12), SDSS J073842.56+183509.6
(13), and LBQS 1145+0145 (14) (hereafter, SDSS
J1043+0855,WD1226+110,WD1536+520,GD40,
SDSS J0738+1835, and WD 1145+017, respec-
tively). Their coordinates are listed in table S1.
The bulk compositions of the bodies polluting
these WDs resemble those of rocky bodies in
the Solar System (15, 16) (Fig. 1).

We use the relative abundances of rock-
forming elements in pollutedWDs to determine
the effective partial pressure of oxygen, i.e., the
oxygen fugacity ð fO2Þ of the accreted rocks.
Oxygen fugacity is a measure of the degree of
oxidation in the rocks. It corresponds to the
effective partial pressure of gaseous oxygen that
would be in thermodynamic equilibrium with

thematerial of interest. In combination with
other factors, the intrinsic oxygen fugacity of
a planet will determine the relative size of its
metallic core, the geochemistry of its mantle
and crust, the composition of its atmosphere,
and the forces responsible formountain build-
ing (17, 18). Oxygen fugacity is also thought to
be among the parameters that determine the
habitability of a planet (19). In practice, fO2 is
usually expressed as the nonideal partial pres-
sure of oxygen relative to a convenient refe-
rence value.
Oxygen fugacities of rocky planets are often

reported relative to the reference Iron-Wüstite
(IW) equilibrium reaction Fe (Iron) + ½ O2 =
FeO (Wüstite), such that DIW ≡ logð fO2 Þ#
logð fO2ÞIW (16). When expressed this way,
differences in oxygen fugacity are nearly inde-
pendent of temperature and pressure (16). The
initial oxidation state of a rocky body with at
least some Fe metal at the time of its forma-
tion is recorded by the concentration of oxi-
dized iron (hereafter denoted as FeO, although
it may include other oxides of iron) in the rock
and the concentration of Fe in the metal
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Fig. 1. Bulk compositions by mass for six white dwarfs compared with Solar System bodies. Bulk
compositions of the six rock-forming elements Al, Ca, Si, Mg, Fe, and O are indicated by the colored bars.
The six white dwarfs are shown in the right-most columns. Shown for comparison are Solar System
objects: the Sun, Comet Halley (1P/Halley), Earth, the Moon, Vesta, Mars, Mercury, three types of meteorites
(enstatite chondrite, ordinary L chondrite, and carbonaceous CI chondrite), and three terrestrial igneous
rock types [mid ocean ridge basalt (MORB), lherzolite (representing Earth’s mantle), and bulk silicate
Earth (BSE)] (16). The relatively high abundances of Fe in bulk Mercury and bulk Earth are due to their
metal cores. The compositions of the white dwarfs are similar to the Solar System rocks. The large amount of
O in WD 1145+017 is highly uncertain. Values are listed in data S1.
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SCALING THE EARTH: A SENSITIVITY ANALYSIS OF TERRESTRIAL EXOPLANETARY INTERIOR MODELS 

C. T. Unterborn, E. E. Dismukes, and W. R. Panero  - ApJ 2016

ABSTRACT An exoplanet’s structure and composition are first-order controls of the planet’s habitability. We explore which aspects of bulk terrestrial 
planet composition and interior structure affect the chief observables of an exoplanet: its mass and radius. We apply these perturbations to the Earth, 
the planet we know best. Using the mineral physics toolkit BurnMan to self-consistently calculate mass–radius models, we find that the core radius, 
the presence of light elements in the core, and an upper mantle consisting of low-pressure silicates have the largest effects on the final calculated mass 
at a given radius, none of which are included in current mass–radius models. We expand these results to provide a self-consistent grid of 
compositionally as well as structurally constrained terrestrial mass– radius models for quantifying the likelihood of exoplanets being “Earth-like.” We 
further apply this grid to Kepler- 36b, finding that it is only ∼20% likely to be structurally similar to the Earth with Si/Fe = 0.9 compared with the 
Earth’s Si/Fe = 1 and the Sun’s Si/Fe = 1.19. 

Simplified two-layer planet models with a core mass fraction identical to the Earth overpredict the Earth’s total mass by ∼13% (Zeng & 
Sasselov 2013). Applying such a simplified model to the Earth would therefore predict a smaller core. Such a difference will erroneously lead 
to a planet model with more rapid heat loss from the core, limiting the lifetime of a magnetic field and affecting the viability of plate 
tectonics at the surface assuming a heat budget equal to that of the Earth. These two dynamic processes are likely required to sustain liquid 
water and life on Earth (Driscoll & Barnes 2015; Foley 2015). While still within the uncertainty of most planet mass measurements, as 
observational techniques improve, the consequences of these “spherical cow” models will become more and more evident. Here we present a 
systematic sensitivity analysis of how uncertainties in material properties, core composition, major  element chemistry (Mg, Fe, Si, O), and 
structural transitions in mantle silicates affect the mean density of an Earth-sized, terrestrial planet.

DISCUSSION  Of the parameters modeled here we find that core size, the density reduction due to the inclusion of an upper mantle, and 
the presence of light elements in the core have the largest effects on the final mass of an Earth-radius planet.  …  As the ratio of mantle to 
core dominates our determination of mass within mass–radius models, we adopt Si/Fe as a primary compositional constraint on planetary 
structure. … For a 1 REarth planet we find that the core density shifts the calculated mass with relatively small changes in Si/Fe. … In this 
simple “spherical cow” approach to the modeling of an Earth-sized planet interior, we find that there are three major parameters required 
to account for measured density and composition: the presence of light elements in the core, the radius of the core, and the inclusion of an 
upper mantle.  …The chief difference between the Earth and the other terrestrial planets in our solar system is that the Earth is a habitable 
dynamic planet with plate tectonics that create a deep water and carbon cycle. These cycles regulate surface C abundances (Sleep & 
Zahnle 2001), and thus a long-term climate, as well as provide a flux of water into the surface hydrosphere, all of which are vital to Earth 
being habitable. The driving force behind plate tectonics is the convection of the mantle. The fact that the Earth transports its interior heat 
via convection is due to a confluence of many factors, including composition, internal budget energy, and planetary structure. 

CONCLUSION … As we expand our definition of “Earth-like” beyond one merely of composition toward one based more on chemical 
and dynamic states, we can begin to limit which of these composition/structure solutions produce planets dynamically unlike Earth, i.e., 
lacking a mantle convection and the potential for plate tectonics (Unterborn et al. 2014, 2015). Further degeneracy can be reduced by 
eliminating those core compositions that exceed the amount of light elements soluble in Fe, a topic of great interest in the mineral physics 
community. 



THORIUM ABUNDANCES IN SOLAR TWINS AND ANALOGS: IMPLICATIONS FOR THE HABITABILITY OF 
EXTRASOLAR PLANETARY SYSTEMS Cayman T. Unterborn, Jennifer A. Johnson, and Wendy R. Panero  -  ApJ (2015)

ABSTRACT We present the first investigation of Th abundances in solar twins and analogues to understand the 
possible range of this radioactive element and its effect on rocky planet interior dynamics and potential habitability. 
The abundances of the radioactive elements Th and U are key components of a planet’s energy budget, making up 
30%–50% of the Earth’s Radiogenic heat drives interior mantle convection and surface plate tectonics, which sustains 
a deep carbon and water cycle and thereby aides in creating Earth’s habitable surface. Unlike other heat sources that 
are dependent on the planet’s specific formation history, the radiogenic heat budget is directly related to the mantle 
concentration of these nuclides. As a refractory element, the stellar abundance of Th is faithfully reflected in the 
terrestrial planet’s concentration. We find that log �Th varies from 59% to 251% that of solar, suggesting 
extrasolar planetary systems may possess a greater energy budget with which to support surface to interior 
dynamics and thus increase their likelihood to be habitable compared to our solar system. 

4. CONCLUSION 

The measurements presented here are the first measurements of a planetary system’s potential energy budget and 
potential for planetary interior dynamics. Mantle convection, as the underlying mechanism driving plate tectonics on 
the Earth, recycles and regenerates crustal, oceanic, and atmospheric material (Crowley et al. 2011; Korenaga 2011). 
This surface- to-interior process regulates the global carbon and water cycles, which in turn, aid in creating a 
habitable surface (Sleep & Zahnle 2001). We find that some stellar systems possess a greater Th abundance 
compared to solar and due to the refractory nature of Th, this increase will be reflected in the mantles and 
crusts of any resulting terrestrial planets. Planetary systems with higher Th/Si ratios at t = 0 Ga than solar 
suggest that these systems possess larger energy budgets. This supports interior dynamics and increases the 
likelihood for carbon and water cycling between the surface crust and planetary interior, thus broadening the 
range of planets which may support habitable surfaces. 

Thorium in solar twins: implications for habitability in rocky planets - Botelho et al. MNRAS 482, 1690 (2019)  
See also:



I found a recent abstract from the Iceland conference: American Astronomical Society, Extreme Solar 
Systems 4, id. 331.14. Bulletin of the American Astronomical Society, Vol. 51, No. 6, August 2019:

A Matter of Time: The Coupled Role of Stellar Abundances, Exoplanet Radiogenic Heat Budgets and 
Climatic Evolution
• Unterborn, Cayman; Foley, Bradford; Young, Patrick; Vance, Greg; Chieffle, Lee; Desch, Steve

Abstract
A planet's heat budget is a complex combination of the heat of formation, the energy released during core 
formation, and decay of the long-lived radionuclides U, Th and 40K. A planet's radiogenic heat budget is 
solely a function of the total amount of these elements present. Observations of Solar twins show a range 
of Th abundances between 60 and 250% of the Sun's (Unterborn et al., 2015). We show similar ranges are 
expected for U and K. If this range is indicative of the span of exoplanet radiogenic heat budgets, an 
exoplanet's thermal and chemical evolution may be quite different from the Earth’s.

We present results of geodynamical models from Foley & Smye 2018 [arXiv:1712.03614v1] for stagnant lid 
planets with varying radiogenic heat budget. We compile a range of observed radionuclide abundances 
reported from the literature, adopting a Monte-Carlo approach for determining input abundances in 
individual models. We focus on stagnant lid planets, as stagnant lid convection is likely to be more common 
than plate tectonics. We show that changes in a planet's radiogenic heat budget affect the rates of 
volcanism, surface weathering, and volatile degassing from the interior. This allows us, through the 
measurement of the host star's abundances of radionuclides, to constrain a planet's thermal history and 
quantify the timescale over which it can maintain a temperate climate.

In general we find those stagnant lid planets with a greater starting abundance of radionuclides are 
temperate for a longer period of time. We calculate a conservative estimate of degassing lifetimes for a 1 
Earth mass stagnant-lid planet of 1.6±0.6 Gyr across our observationally constrained range of radionuclide 
abundances. We argue those non-tidally-locked planets orbiting stars older than this are unlikely to be 
actively degassing in the absence of plate tectonics, including both TRAPPIST-1 (7.6±2.2 Gyr; Burgasser & 
Mamajek, 2017) and Kepler 444 (10±1.5 Gyr; Mack et al., 2018). These planets therefore are unlikely to 
have temperate climates, and instead likely lie in a snowball climatic regime, limiting their potential to be 
habitable and "Earth-like."

https://ui.adsabs.harvard.edu/#search/q=author:%22Unterborn%2C+Cayman%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Foley%2C+Bradford%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Young%2C+Patrick%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Vance%2C+Greg%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Chieffle%2C+Lee%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Desch%2C+Steve%22&sort=date%20desc,%20bibcode%20desc


Finding "Earth-like" Exoplanets: An Observationally-oriented Exogeoscience Perspective         
Unterborn, C. T. (Arizona State University, Tempe, AZ) — AAS Bulletin January 2020 American 
Astronomical Society meeting #235, id. 356.01., Vol. 52, No. 1 

Abstract In our search for "Earth-like" planets, we have discovered more than 4000 exoplanets to date with the rate of 
discovery ever increasing in the current TESS era. In the most idealistic case, we can learn much about an individual 
exoplanet: its radius, mass, orbital parameters and atmospheric composition. These observations combined with mass-
radius models reveal a wide diversity of exoplanets from water worlds to super-Earths, with most being unlike anything in 
our Solar System. More recent mass-radius work, however, shows that these models are able to at best characterize an 
exoplanet being broadly rocky, watery or gassy. Given that Venus is nearly the same mass and radius at the Earth, a more 
detailed understanding of an exoplanet's geology and evolution is necessary to truly characterize a planet as "Earth-like." 
Critically important parameters for a rocky exoplanet being "Earth-like," such as its composition, structure, mineralogy and 
thermal state are unknown and unlikely to ever be directly observed. Instead, we must turn to other observables such as 
host-star composition, system age and lab measurements, and combine them with geophysical models to quantify 
a planet's potential geochemical and geodynamical state. In this talk, I will provide an overview of the recent work in 
this new field of exogeoscience. I will pay particular attention to how these direct and indirect observables can provide a 
useful metric for target selection in future observation campaign when viewed in a geophysical context. I will further argue 
that it is only through an interdisciplary approach, combining astronomy, astrophysics and geoscience, that we will truly 
quantify whether a rocky exoplanet is at all Earth-like, habitable and, indeed, hosting life.

see also 

Habitability of Earth-like Stagnant Lid Planets: Climate Evolution and Recovery from Snowball States 
• 	Foley, Bradford J.  2019ApJ...875...72F  —  cited: 2


Scaling the Earth: A Sensitivity Analysis of Terrestrial Exoplanetary Interior Models  Unterborn, C. T.; Dismukes, E. E.; Panero, W. 
R. -  2016ApJ...819...32U - cited: 28 

Before Biology: Geologic Habitability and Setting the Chemical and Physical Foundations for Life   
                Unterborn, Cayman Thomas - 2016PhDT........12U 
and articles listed on the next page
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The Devil in the Dark: A Fully Self-Consistent Internal Seismic Model for Venus  Unterborn, C. T.; Schmerr, N. C.; Irving, J. C. 
E.  —  2018LPI....49.1768U 

Venus: The Making of an Uninhabitable World 
• 	 Kane, Stephen R.; Arney, Giada; Crisp, David and 6 more


2018arXiv180103146K - cited: 1

  

The Star-Planet Connection. I. Using Stellar Composition to Observationally Constrain Planetary Mineralogy for the 10 Closest 
Stars  Hinkel, Natalie R.; Unterborn, Cayman T. 
2018ApJ...853...83H - cited: 10

To understand the interior of a terrestrial planet, the stellar abundances of planet-building elements (e.g., Mg, Si, and Fe) can be used as a 
proxy for the planet’s composition. We explore the planetary mineralogy and structure for fictive planets around the 10 stars closest to the 
Sun using stellar abundances from the Hypatia Catalog. Although our sample contains stars that are both sub- and super-solar in their 
abundances, we find that the mineralogies are very similar for all 10 planets…   Nothing about radio…, heating, Th or U.


Redefining "Earth-Like:" Habitable Planet Composition and the Case for Moving Beyond the Mass-Radius Diagram 
• 	 Unterborn, C. T.


ExoPlex: A Code for Calculating the Mineralogy and Mass-Radius Relationships for Rocky Planets 
• 	 Lorenzo, A. M.; Desch, S. J.; Unterborn, C. and 2 more


2017LPICo2042.4107U


Stellar Chemical Clues as to the Rarity of Exoplanetary Tectonics 
• 	 Unterborn, C. T.; Hull, S. D.; Stixrude, L. and 3 more


2017LPICo2042.4034U - cited: 3
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Compositions of Small Planets & Implications for Planetary Dynamics  Johnson, Jennifer; Teske, Johanna; Souto, 
Diogo; Cunha, Katia M. L.; Unterborn, Cayman T.; Panero, Wendy; 
2017AAS...22941306J  Abstract only — no paper


The Potential for Plate Tectonics about Sun-like Stars in the Galaxy as Controlled by Composition  Hull, S. D.; Unterborn, C. 
T.; Stixrude, L. P.; Panero, W. R. 
2016AGUFM.P41B2077H  This is a conf proceeding abstract — no paper

Based on a survey of 1111 Sun-like stars spanning a wide range of refractory element composition, we find that the silica content of the 
resulting mantle is a controlling factor in the likelihood for exoplantary crusts to sink through combined thermal and compositional factors. 
Therefore, we estimate that as few as 0.6% of all Sun-like stars are likely to hosting planets that undergo steady-state surface-to-interior 
crustal cycling. This approach therefore provides a method for identifying the most important planets for time-intensive follow up of 
atmospheric properties.


BurnMan: Lower mantle mineral physics toolkit 
• 	 Cottaar, S.; Heister, T.; Myhill, R.; Rose, I.; Unterborn, C.


2016ascl.soft10010C


Scaling the Earth: A Sensitivity Analysis of Terrestrial Exoplanetary Interior Models  Unterborn, C. T.; Dismukes, E. E.; Panero, W. 
R. 
2016ApJ...819...32U - cited: 28  No mention of heating, radio…, etc.


Before Biology: Geologic Habitability and Setting the Chemical and Physical Foundations for Life 
• 	 Unterborn, Cayman Thomas


2016PhDT........12U
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Thorium in solar twins: implications for habitability in rocky planets - Botelho et al. MNRAS 482, 1690 (2019)  
ABSTRACT  We have investigated the thorium (Th) abundance in a sample of 53 thin disc solar twins covering a wide range of 
ages. These data provide constrains on the mantle energy budget of terrestrial planets that can be formed over the evolution of the 
Galaxy’s thin disc. We have estimated Th abundances with an average precision of 0.025 dex (in both [Th/H] and [Th/Fe]) through 
comprehensive spectral synthesis of a Th II line present at 4019.1290 Å, using very high resolution (R = 115 000) high quality 
HARPS spectra obtained at the ESO La Silla Observatory. We have confirmed that there is a large energy budget from Th decay 
for maintaining mantle convection inside potential rocky planets around solar twins, from the Galactic thin disc formation 
until now, because the pristine [Th/H]ZAMS is super-solar on average under a uniform dispersion of 0.056 dex (varying from 
+0.037 up to +0.138 dex based on linear fits against isochrone stellar age). Comparing to neodymium (Nd) and europium (Eu), two 
others neutron-capture elements, the stellar pristine abundance of Th follows Eu along the Galactic thin disc evolution, but it does 
not follow Nd, probably because neodymium has a significant contribution from the s-process (about 60 per cent). 

Thorium in solar twins 1695

Table 3. Thorium abundance measured in this work relatively to the Sun
for 58 solar twins (Sun included as well). Full table online.

Star ID [Th/H] Error [Th/Fe] Error SNR χ2
min/ν

(dex) (dex) (dex) (dex)

Sun +0.005 0.021 +0.005 0.021 439 6.144
HIP 003203 +0.120 0.034 +0.170 0.033 319 0.041
HIP 004909 +0.180 0.023 +0.132 0.022 534 10.978
HIP 006407 +0.004 0.081 +0.062 0.081 121 1.901
HIP 007585 +0.193 0.018 +0.110 0.018 454 3.796
– – – – – – –
HIP 118115 +0.009 0.026 +0.045 0.026 295 0.071

The final step for measuring the Th abundance is to check the
quality of spectral synthesis of the whole analysed absorption blend
on a star-by-star basis (sample of 67 stars). First of all, the fit is
very unsatisfactory in the cases of HIP 65708 and HIP 83276 (the
later certainly due to an unidentified problem in the data reduction).
Results are not acceptable due to the low spectral SNR at the studied
30 Å-wide region for HIP 6407, HIP 81746, and HIP 89650 (roughly
for SNR! 130 and/or σ [Th/Fe]" 0.070 dex). The blend has not
been reproduced well for other four stars: HIP 10303, HIP 14501,
HIP 30037, and HIP 115577 (two of them are alpha-rich old so-
lar twins and there is nothing special related to the two others).
Three out of these nine eliminated stars (HIP 14501, HIP 65708,
and HIP 115577) were also excluded from the fits made in the
chemical evolution study of Bedell et al. (2018) because they were
supposed to belong to the thick disc (ages above 8 Gyr and a visible
enhancement in α-elements).

For 15 cases (HIP 3203, HIP 7585, HIP 18844, HIP 22263,
HIP 25670, HIP 28066, HIP 30476, HIP 34511, HIP 40133,
HIP 42333, HIP 73241, HIP 74432, HIP 79672, HIP 101905, and
HIP 104045), we have improved the automated spectral synthesis
fit by slightly changing the continuum level. We have also revised
the spectral synthesis fit of the Th II blended feature for a few very
young stars of our sample (four stars in total) by modifying the
rotational velocity in order to better globally reproduce the feature
(decrease by about 8–20 per cent in V.sin(i)). They are HIP 3203,
HIP 4909, HIP 38072, and HIP 101905, having, respectively, a de-
crease of 8, 10, 20, and 13 per cent in V.sin(i). Despite of few cases,
for which the rotational broadening had to be modified, we can state
that the Th abundance is more sensitive to the continuum level than
the rotational broadening.

We have investigated for several cases the impact of changing
the abundance of Fe in order to get a better spectral synthesis fit
since the blended feature is dominated by an Fe line, specially at
the blue wing. We conclude that the derived Th abundance is just
slightly modified within its error, even when the log ε(Fe) increases
or decreases up to 5–10 times its error. The same conclusion is
reached by changing the abundances of Ni, Mn, and/or Ce, whose
lines shape the blended red wing. Consequently, their derived Th
abundances are not updated upon the effects of changing the Fe, Ni,
and Mn individual abundances.

In order to be consistent with the work of Bedell et al. (2018), we
have decided to exclude from our analysis HIP 28066, HIP 30476,
HIP 73241, and HIP 74432 because they are α-rich old solar twins,
as well as HIP 64150 because it exhibits anomalous s-process ele-
ment abundances likely due to a past contamination from a close
binary companion ( dos Santos et al. 2017; Bedell et al. 2018; Spina
et al. 2018).

Figure 3. [Th/H]observed and [Th/Fe]observed as a function of [Fe/H]: A
statistically robust linear fit is shown in each plot (blue solid line). The
fitting equation with coefficients and their errors inside parenthesis are also
displayed. The fit corresponds to 53 thin disc solar twins only (black filled
circles). Data of excluded stars are plotted together for illustration purposes
only (red empty triangles: four α-rich old stars, and magenta empty square:
the chemically anomalous in s-elements HIP 64150). Sun’s data are also
plotted as reference at the coordinates origin (green solar standard symbol),
although are consistent with the fits.

In total, we have measured and make available Th abundance for
58 solar twins. However, just 53 thin disc solar twins are adopted
in our analysis of correlations of the Th abundance as function
of [Fe/H] and isochrone stellar age (one chemically anomalous
in s-elements and four α-rich old stars are excluded). The Sun is
not included in the analysis too. Table 3 shows the derived Th
abundances in 58 solar twin stars.
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Figure 5. [Th/H]ZAMS versus [Fe/H] and [Th/Fe]ZAMS versus [Fe/H]: A
statistically robust linear fit is shown in each plot (blue solid line). The
fitting equation with coefficients and their errors inside parenthesis are also
displayed. The fit corresponds to 53 thin disc solar twins only (black filled
circles). Data of excluded stars are plotted together for illustration purposes
only (red empty triangles: four α-rich old stars, and magenta empty square:
the chemically anomalous in s-elements HIP 64150). Sun’s data are also
plotted as reference at the coordinates origin (green solar standard symbol),
although are consistent with the fits.

note that all four α-rich stars are richer in Th on average than the
other Galactic thin disc stars of similar ages; exactly as found for
Nd, Sm and Eu in Spina et al. (2018).

(iii) Th/FeZAMS shows no correlation with the isochrone age.
Note that the relative error of the slope is greater than 100 per cent.
[Th/Fe]ZAMS has likely kept super-solar during the Galactic thin
disc evolution, showing an average of +0.086 ± 0.008 dex

(rms = 0.047 dex). Super-solar Th/Fe ratios for youngest stars
could be due to an increased production of Th relatively to Fe, per-
haps due to neutron star mergers. Spina et al. (2018) also found that
the slope of [X/Fe]–age for stable n-capture elements (in dex Gyr−1

unity) seems to be anticorrelated with the solar s-process contribu-
tion percentage taken from Bisterzo et al. (2014) (see fig. 6 in Spina
et al. 2018), such that the r-process elements Eu, Gd, Dy, and Sm
(showing s-process contributions smaller than about 35 per cent)
have the smallest slopes in modulus like Th, which exhibits a statis-
tically null slope even after removing one borderline 3σ threshold
outlier (HIP 101905 that is a young star relatively poor in Th for its
metallicity). The slope of [Th/Fe]–age becomes −0.0025 ± 0.0015
without HIP 101905, which is not significantly different from zero
(presenting a confidence level of about 1.7σ ). See Fig. 6 and
Table 4.

(iv) There are uniform real dispersions of [Th/H]ZAMS and
[Th/Fe]ZAMS over the whole isochrone age scale on average (rms
close to 0.056 and 0.047 dex, respectively).

By comparing Th against neodymium (Nd) and europium (Eu),
two other n-capture elements that are otherwise stable nuclei in-
deed, we have noticed that [Th/Nd]ZAMS decreases with the stellar
age, but [Th/Eu]ZAMS has kept constant around solar ratio over the
Galactic thin disc evolution. Whilst [Th/Nd]ZAMS has a linear de-
crease from +0.104 dex 8.6 Gyr ago up to −0.077 dex now on
average (fitting rms = 0.046 dex), the average of [Th/Eu]ZAMS os-
cillates around +0.014 dex with a standard deviation of 0.045 dex.
The slope of the relation [Th/Nd]ZAMS–age has a 12.4σ of signif-
icance, and the relation [Th/Eu]ZAMS–age has just 2.4σ of signifi-
cance. In case of removing one borderline outlier slightly beyond
3σ (HIP 101905 that is a young star relatively poor in Th for its
metallicity), the slope of [Th/Eu]–age is even more compatible
with zero (1.6σ of significance). See Fig. 6 and Table 4. These
results confirm that Th follows Eu during the Galaxy’s thin disc
evolution. However, it does not follow Nd. In fact, the contribution
of s-process for the abundance Nd in the Solar system is estimated
to be 57.5 ± 4.1 per cent, while for Eu it is 6.0 ± 0.4 per cent (Bis-
terzo et al. 2014; Spina et al. 2018). The decrease of [Th/Nd]ZAMS

with time may be explained by an increasing contribution from the
s-process due to low-mass AGB stars in the Galactic thin disc as
discussed by Spina et al. (2018). Therefore, our observations are in
line with Nd not being a pure r-process element, but likely having an
important s-process contribution, as already suggested by Bisterzo
et al. (2014).

On the other hand, [Th/Si]ZAMS has likely had a tempo-
ral increasing evolution from +0.045 dex 8.6 Gyr ago up to
+0.149 dex now on average (over the super-solar regime). The
anticorrelation [Th/Si]ZAMS–age has a slope with a relative uncer-
tainty of 15 per cent only or about 7σ of significance (under a
rms = 0.053 dex; see Fig. 6 and Table 4). Silicon (Si) is one of the
most abundant refractory elements in a terrestrial planet and its plan-
etary abundance is closely related to the mantle mass (McDonough
2003). Thus, the abundance ratio Th/Si provides comparison of the
Th abundance among telluric planets with different silicate mantle
thickness (Unterborn et al. 2015). A higher [Th/Si]ZAMS can indi-
rectly indicate a higher probability of having a convective mantle in
a terrestrial planet due to a higher radioactive energy budget from
the Th decay.

Thus, our results suggest that most solar twins in the Galactic
thin disc have the same capability as the Sun to have rocky planets
with convective mantles, and perhaps suitable for life.
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Figure 4. [Th/H]observed and [Th/Fe]observed as a function of the isochrone stellar age: A statistically robust linear fit is shown in each plot (blue solid line). The
fitting equation with coefficients and their errors inside parenthesis are also displayed. The fits correspond to 53 thin disc solar twins only (black filled circles).
Data of excluded stars are plotted together for illustration purposes only (red empty triangles: four α-rich old stars, and magenta empty square: the chemically
anomalous in s-elements HIP 64150). Sun’s data are also plotted as reference (green solar standard symbol), although are consistent with the fits.

4 TH O R I U M A BU N DA N C E R AT I O S V E R S U S
METALLICITY A ND ST E LLAR AGE

We have analysed the derived Th abundances for 53 thin disc solar
twins as a function of both metallicity and isochrone age. In this
section, we compile our results.

We have verified that the current (observed) Th abundance [Th/H]
in solar-twin stars follows the Fe abundance over the very restricted
metallicity interval of them. There is no (anti)correlation between
the observed values of [Th/Fe] and [Fe/H]. Fig. 3 shows the observed
[Th/H] and [Th/Fe] as a function of [Fe/H], in which linear fitting
curves are drawn for illustration purposes only. The fitting procedure
is further described in this section.

The observed strong anticorrelations [Th/H]–age and [Th/Fe]–
age (current [Th/H] and [Th/Fe] ratios) are partially explained by the
radioactive decay of Th, because after correcting the Th abundances
by this effect, the anticorrelation [Th/H]–age keeps existing rather
than being erased. Fig. 4 shows the observed [Th/H] and [Th/Fe] as
a function of the isochrone stellar age, in which linear fitting curves
are drawn for illustration purposes only.

The correction we have applied to transform the current values
of [Th/H], [Th/Fe], [Th/Nd], [Th/Eu], and [Th/Si] into the pristine
values on the zero-age main sequence (ZAMS) are those given in
Frebel et al. (2007) and Cayrel et al. (2001) adopting 14.05 Gyr
as half lifetime of 232Th (τ 1/2(Th)), i.e. [Th/X]ZAMS = [Th/X]now

+ (ln(2).log(e)/τ 1/2(Th)).(tstar - tSun), where [Th/X]ZAMS is the cor-
rected abundance ratio relative to the Sun, [Th/X]now means the ob-
served current [Th/X], X is a stable element, t is the star isochrone
age in Gyr, and tSun = 4.56 Gyr. We have estimated the uncertainties
in [Th/X]ZAMS through the propagation of the errors in [Th/X]now

and isochrone age as well.
The pristine (corrected) [Th/H]ZAMS correlates well with [Fe/H]

along the short metallicity scale of solar twins, making [Th/Fe]ZAMS

not correlated with [Fe/H] (see Fig. 5, in which we plot both
[Th/H]ZAMS and [Th/Fe]ZAMS as a function of [Fe/H]).

We have fitted [Th/X] as a function of [Fe/H] (observed and
ZAMS values for H and Fe) and also [Th/X] as a function of
isochrone stellar age (observed and ZAMS values for H and Fe,
and ZAMS values only for Nd, Eu, and Si) through a linear fitting
approach that minimizes the orthogonal distance of the data points
to the fitting curve that accounts for the uncertainties in both vari-
ables (it is an orthogonal distance linear regression with variance

weighting in both x and y). All fits to the data have been performed
using the Kapteyn kmpfit package.2

Fig. 6 shows plots of [Th/X]ZAMS versus isochrone age (X: H,
Fe, Nd, Eu, and Si). Table 4 presents the results of the statistically
robust linear fits of [Th/X]observed and [Th/X]ZAMS as a function of
both [Fe/H] (where X: H and Fe only) and isochrone age t (i.e.
[Th/X]ZAMS = a.[Fe/H] + b and [Th/X]ZAMS = a.t + b).

The four main results about [Th/H]ZAMS and [Th/Fe]ZAMS in solar
twins as a function of [Fe/H] and isochrone age are as follows.

(i) Th/HZAMS correlates very well with [Fe/H] and the slope of
this correlation is smaller than the unity (+ 0.671 ± 0.049). It is not
a surprise that [Th/Fe]ZAMS decreases with [Fe/H] over the restrict
metallicity range of solar twins. Note that the relative uncertainty
of the slope a makes the linear correlations [Th/H]ZAMS–[Fe/H] and
[Th/Fe]ZAMS–[Fe/H] statistically significant (about 14 and 7 σ of
significance, respectively). See Fig. 6 and Table 4. This suggests
that the abundance of Th in the interstellar medium keeps growing
in some way during the Galactic thin disc evolution, despite the
natural radioactive decay of Th and the iron production driven by
the contribution from SNIa relatively to SN-II. We refer the reader
to the temporal increase of abundance ratios relative to iron of stable
r-process elements such as Nd, Sm, Eu, Gd, and Dy, as reported by
Spina et al. (2018) (see fig. 5 in their paper).

(ii) The pristine Th abundance in the sample solar twins seems to
have been super-solar on average during the evolution of Galactic
thin disc and it has certainly become super-solar since the epoch
of the Sun formation. There are no stars with [Th/H]ZAMS < 0 dex
with ages smaller than the solar one. We have obtained for the entire
sample an average of [Th/H]ZAMS = +0.080 dex with a standard
deviation of 0.058 dex. It ranges from −0.117 up to +0.257 dex
(from 76 to 181 per cent of the ZAMS solar value), showing a linear
temporal increase from +0.037 dex 8.6 Gyr ago up to +0.138 dex
now (8.6 Gyr is the isochrone age of the oldest star in our analysed
sample). Note that the uncertainty of the slope a of the relation
[Th/H]ZAMS–age corresponds to only 13 per cent of its value (about
8 σ of significance). See Fig. 6 and Table 4. The Sun at ZAMS
seems to be somehow deficient in Th when compared against twin
stars, specially for stars younger than itself. It is also interesting to

2https://www.astro.rug.nl/software/kapteyn/index.html
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Figure 6. [Th/X]ZAMS as a function of the isochrone stellar age (where X: H, Fe, Nd, Eu, and Si): a statistically robust linear fit is shown in each plot (blue
solid line). The fitting equation with coefficients and their errors inside parenthesis are also displayed. The fits correspond to 53 thin disc solar twins only (black
filled circles). Specifically for the plots [Th/Fe]ZAMS–age and [Th/Eu]ZAMS–age, an additional fit is also shown (red solid line) by excluding one borderline
3σ outlier (HIP 101905, a 1.2 Gyr old star relatively poor in Th), but the results do not change significantly. Data of excluded stars are plotted together for
illustration purposes only (red empty triangles: four α-rich old stars, and magenta empty square: the chemically anomalous in s-elements HIP 64150). Sun’s
data are also plotted as reference (green solar standard symbol), although are consistent with the fits.

5 C O N C L U S I O N S

We have confirmed that there is a large energy budget from the
Th decay for keeping the mantle convection and thickness of po-
tential rocky planets around Sun-like stars, since the Galactic thin
disc formation until now, because we have measured [Th/H]ZAMS as
super-solar on average during the Galactic thin disc life. Whilst the
observed [Th/H] varies from −0.117 up to +0.257 dex (from 76
up to 181 per cent of the current observed solar value), [Th/H]ZAMS

seems to have linearly changed on average from +0.037 dex 8.6 Gyr
ago up to +0.138 dex now (from 109 up to 137 per cent of the ZAMS
solar value), showing a uniform dispersion of about 0.056 dex (lin-
ear fitting rms), such that [Th/H]ZAMS seems to have certainly be-
come super-solar for all analysed solar twin stars since the epoch
of Solar system formation. [Th/Fe]ZAMS has kept nearly constant
and super-solar as well during the Galactic thin disc evolution
(around +0.086 ± 0.008 dex under a linear fitting rms equal to
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Figure 6. [Th/X]ZAMS as a function of the isochrone stellar age (where X: H, Fe, Nd, Eu, and Si): a statistically robust linear fit is shown in each plot (blue
solid line). The fitting equation with coefficients and their errors inside parenthesis are also displayed. The fits correspond to 53 thin disc solar twins only (black
filled circles). Specifically for the plots [Th/Fe]ZAMS–age and [Th/Eu]ZAMS–age, an additional fit is also shown (red solid line) by excluding one borderline
3σ outlier (HIP 101905, a 1.2 Gyr old star relatively poor in Th), but the results do not change significantly. Data of excluded stars are plotted together for
illustration purposes only (red empty triangles: four α-rich old stars, and magenta empty square: the chemically anomalous in s-elements HIP 64150). Sun’s
data are also plotted as reference (green solar standard symbol), although are consistent with the fits.
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(around +0.086 ± 0.008 dex under a linear fitting rms equal to

MNRAS 482, 1690–1700 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/482/2/1690/5134163 by U
niversity of C

alifornia, S
anta C

ruz user on 02 D
ecem

ber 2019

1698 R. B. Botelho et al.

Figure 6. [Th/X]ZAMS as a function of the isochrone stellar age (where X: H, Fe, Nd, Eu, and Si): a statistically robust linear fit is shown in each plot (blue
solid line). The fitting equation with coefficients and their errors inside parenthesis are also displayed. The fits correspond to 53 thin disc solar twins only (black
filled circles). Specifically for the plots [Th/Fe]ZAMS–age and [Th/Eu]ZAMS–age, an additional fit is also shown (red solid line) by excluding one borderline
3σ outlier (HIP 101905, a 1.2 Gyr old star relatively poor in Th), but the results do not change significantly. Data of excluded stars are plotted together for
illustration purposes only (red empty triangles: four α-rich old stars, and magenta empty square: the chemically anomalous in s-elements HIP 64150). Sun’s
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Th decay for keeping the mantle convection and thickness of po-
tential rocky planets around Sun-like stars, since the Galactic thin
disc formation until now, because we have measured [Th/H]ZAMS as
super-solar on average during the Galactic thin disc life. Whilst the
observed [Th/H] varies from −0.117 up to +0.257 dex (from 76
up to 181 per cent of the current observed solar value), [Th/H]ZAMS

seems to have linearly changed on average from +0.037 dex 8.6 Gyr
ago up to +0.138 dex now (from 109 up to 137 per cent of the ZAMS
solar value), showing a uniform dispersion of about 0.056 dex (lin-
ear fitting rms), such that [Th/H]ZAMS seems to have certainly be-
come super-solar for all analysed solar twin stars since the epoch
of Solar system formation. [Th/Fe]ZAMS has kept nearly constant
and super-solar as well during the Galactic thin disc evolution
(around +0.086 ± 0.008 dex under a linear fitting rms equal to
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Our results suggest that solar twin stars in the Galactic thin disc are as probable as the Sun to host rocky planets with convective mantles,
and perhaps with suitable geological conditions for habitability. 



The origin and evolution of r- and s-process elements in the Milky Way stellar disk
Battistini & Bensby, A&A 2016

ABSTRACT  Using spectra of high resolution (42 000 ︎ R ︎ 65 000) and high signal-to-noise (S /N ︎ 200) obtained 
with the MIKE and the FEROS spectrographs, we determine Sr, Zr, La, Ce, Nd, Sm, and Eu abundances for a 
sample of 593 F and G dwarf stars in the solar neighborhood. 

We present abundance results for Sr (156 stars), Zr (311 stars), La (242 stars), Ce (365 stars), Nd (395 stars), 
Sm (280 stars), and Eu (378 stars). … Europium is almost completely produced by the r-process …

A&A 586, A49 (2016)
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Fig. 2. Elemental abundance trends with Fe as the reference element. The number of stars for which the abundance has been derived is indicated
in each plot.

subsolar [Zr/Fe] for [Fe/H] < �0.6. On the other hand, the trend
found by Mashonkina et al. (2007) is similar to what we find
and has an increasing trend from a solar [Zr/Fe] value for solar

metallicity stars to [Zr/Fe] ⇡ 0.3 for [Fe/H] ⇡ �1.5. Recently,
Mishenina et al. (2013) have observed F, G, and K dwarf stars in
the Galactic disk and find a similar trend to ours, even though the
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Fig. 7. [X/Fe] for neutron-capture elements compared to age. Only stars with age uncertainties less than 3 Gyr are plotted. The vertical dotted line
at 8 Gyr indicates an approximate age separation between thin and thick disk. Blue dots represent young thin disk stars, while red dots are for old
thick disk stars. The blue and red lines indicate the best fit for thin and thick disk stars. The errors on the ages are from Bensby et al. (2014). The
average error on the abundance ratio is indicated in black.

building up of the thick disk that ended around 8 Gyr ago. The
decrease is then due to a reduction of r-process production with,
at the same time, the beginnings of s-process production. The ba-
sically flat [X/Fe] in thin disk for La, Ce, Nd, Sm, and Eu can be
explained as a combination by the contribution from low- and
intermediate mass stars in AGB phase becoming more impor-
tant, but this contribution is similar to Fe production from SN Ia,
meaning a flattening in the ratio. In addition to this, since the
s-process in the AGB phase requires seed nuclei of iron-group
elements, the increase in metallicity of younger stars produces
an increase in the yields of neutron-capture elements.

Interestingly, for Sr and Zr we see in Figs. 7a and b that abun-
dances increase for younger thin disk stars. This phenomenon
can be explained, as before, by the fact that the s-process is

what is mainly responsible for enrichment in the thin disk, but
with the addition that these two elements present the highest s-
process rate among the other neutron-capture elements in this
study (70% for Sr and 65% for Zr, as derived by Bisterzo et al.
2014). Unfortunately, at this moment we cannot explain the high
spread in [Zr/Fe] for the very old stars.

Considering the results in Figs. 4–6, neutron-capture ele-
ments can be paired because they seem to share similar prop-
erties. For this reason we investigated how the abundance ratios
of these element pairs change at di↵erent ages. The results are
shown in Fig. 8 with the addition of the [Eu/Ba] ratio.

As expected for elements that share the same production
sites, the trends are almost flat within the uncertainties. For
[Sr/Zr] in Fig. 8a, there are indications of higher Zr production

A49, page 11 of 24

thin disk stars thick disk stars

C. Battistini and T. Bensby: r- and s-process elements in the Milky Way stellar disk

age [Gyr]

0 2 4 6 8 10 12 14 16

[S
r 

/ 
H

]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
(a)

age [Gyr]

0 2 4 6 8 10 12 14 16

[Z
r 

/ 
H

]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
(b)

age [Gyr]

0 2 4 6 8 10 12 14 16

[L
a

 /
 H

]
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
(c)

age [Gyr]

0 2 4 6 8 10 12 14 16

[C
e

 /
 H

]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
(d)

age [Gyr]

0 2 4 6 8 10 12 14 16

[N
d

 /
 H

]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
(e)

age [Gyr]

0 2 4 6 8 10 12 14 16

[S
m

 /
 H

]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
(f)

age [Gyr]

0 2 4 6 8 10 12 14 16

[E
u
 /
 H

]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
(g)

Fig. 9. [X/H] for neutron-capture elements compared to age. Only stars with age uncertainties less than 3 Gyr are plotted. The vertical dotted line
at 8 Gyr indicates an approximate age separation between thin and thick disks. Blue dots represent young thin disk stars, while red dots indicate
old thick disk stars. The errors on the ages are from Bensby et al. (2014). The average error on the abundance ratio is indicated in black.

a constant production in time, thanks to production in AGB
stars in the mass range 1�8 M�. Models from Travaglio et al.
(2004) cannot explain our Sr trend, since it is expected to be
basically flat around solar [Sr/Fe] down to [Fe/H] ⇡ �2. On
the other hand, the same models can fit our Zr data, even if
we observe subsolar [Zr/Fe] at solar metallicity. The discrep-
ancies could be due to uncertainties in the model on yields
for stars in the 1�8 M� range at di↵erent metallicities.

– Lanthanum and cerium are basically flat with solar
[La,Ce/Fe]. This flat trend at solar value is basically con-
served also when La and Ce are compared to Ba, a typical
s-process element. When compared to Eu, some thick disk
stars show pure r-process abundance, and it is possible to see

a turn in [Ce/Eu] when the s-process become the more im-
portant enrichment process at [Fe/H] ⇡ �0.5. In Travaglio
et al. (1999), r-process La and Ce productions come from
SN II from stars of 8�10 M�, while s-process production
comes from stars in the range 2�4 M�. This creates a gap
in the production of La and Ce and then a fast decrease as
soon as AGB stars are actively involved in chemical enrich-
ment, since Eu is basically not produced via this channel.

– Neodymium and samarium are produced via both the s- and
r-processes. For Nd the two processes are almost equally re-
sponsible for its enrichment, while for Sm, the r-process is
the main productive channel (70%). Even if they are pro-
duced in di↵erent ways, they share a similar trend as an
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Summary … For the thick disk, there is a 
decrease in the abundance as age decreases that 
can be explained by the decrease in SN II events, 
while Fe production from SN Ia increases.  … 
[The reason for the increase in [Eu/H] in the thin 
disk] is not completely clear. In theory younger 
stars should not present such high abundance in 
Eu, since Eu is almost completely produced in 
SN II at the beginning of star formation. … 

 



The GALAH Survey: Temporal Chemical Enrichment of the Galactic Disk -  Jane Lin, Martin Asplund, et al. MNRAS 2019
We present isochrone ages and initial bulk metallicities ([Fe/H]bulk, by accounting for diffusion) of 163,722 stars from the 
GALAH Data Release 2, mainly composed of main sequence turn-off stars and subgiants (7000K > Teff > 4000K and logg > 3 
dex). The local age-metallicity relationship (AMR) is nearly flat but with significant scatter at all ages; the scatter is even higher 
when considering the observed surface abundances. After correcting for selection effects, the AMR appear to have intrinsic 
structures indicative of two star formation events, which we speculate are connected to the thin and thick disks in the solar 
neighborhood. We also present abundance ratio trends for 16 elements as a function of age, across different [Fe/H]bulk bins. In 
general, we find the trends in terms of [X/Fe] vs age from our far larger sample to be compatible with studies based on small (∼ 
100 stars) samples of solar twins but we now extend it to both sub- and super-solar metallicities. The α-elements show differing 
behaviour: the hydrostatic α-elements O and Mg show a steady decline with time for all metallicities while the explosive α-
elements Si, Ca and Ti are nearly constant during the thin disk epoch (ages < ∼ 12 Gyr). The s-process elements Y and Ba show 
increasing [X/Fe] with time while the r-process element Eu has the opposite trend, thus favouring a primary production 
from sources with a short time-delay such as core-collapse supernovae over long-delay events such as neutron star 
mergers.  13

Figure 13. [Eu/Fe] trends over time, across four [Fe/H]bulk bins:
[�0.5, �0.1] (red), [�0.1, 0] (orange), [0, 0.1] (gold), [0.1, 0.5] (yellow),
fitted linearly and separately for thin/thick disks (above and
below 12Gyr). Points are colour-coded according to [Fe/H]bulk.
We do not have enough stars with good [Eu/Fe] abundances
to make a density plot similar to other elements in Figure 11.
Intercepts and gradients of the thin-disk trends are listed in
Appendix A.

for them, with ⇠ 80% of ages having relative uncertainty less
than 30%. One caveat in using MIST isochrones is that due
to di↵erent solar abundances, lack of alpha enrichment and
potential abundance scale mismatches between MIST and
GALAH, our ages scale is more extended compared to that
of literature. Further more, uncertainties in stellar parame-
ters are also contributing factors for older ages among some
stars. Hence it is important to consider everything in a rel-
ative chronology, instead of absolute ages.

We employ a simple method of modelling the selection
e↵ects introduced by the survey selection function, as well
as limitations in the stellar parameter pipeline. Using the
resulting observational probabilities, we are able to correct
for the selection e↵ect on the AMR. Without correction, we
obtain an AMR similar to that which is widely reported in
literature: flat, with large scatter in metallicity for all ages
before ⇠12 Gyr, then a slight downward trend for the oldest
stars. With correction, we find the age distribution displays
a secondary peak near 13Gyr. One possible explanation is
that this secondary peak is a manifestation of the thick disk,
as its constituent stars are older, more metal-poor and high
in [Mg/Fe]. This is consistent with a two phase star forma-
tion scenario, one for each disk (Fuhrmann 1998), also found
in smaller studies (e.g., Casagrande et al. 2016; Rendle et al.
2019). However we caution that the secondary peak is on the
threshold of detection. It is possible to verify this observa-
tion by performing a more statistically robust inference by
constructing a hierarchical model which folds in both the ob-
served data and GALAH selection cuts. A potential follow
up of this study would be to combine such a model with the
next GALAH data release, which will encompass more stars
and more robust parameters/abundances. Using this model,
it is possible to forward model the observed distribution by
including also the target selection e↵ect to constrain the in-

trinsic AMR, allowing us to determine if the double peaked
solution is the only unique solution which fits the observed
data.

We also find the GALAH abundance-age trends for so-
lar twins to be compatible with the high precision di↵er-
ential analysis literature (Bedell et al. 2018). Analysing the
abundance-age trends of di↵erent [Fe/H]bulk bins we find
most trends behaving according to stellar nucleosynthesis
predictions. Our trends agree with trends in surface metal-
licity ([Fe/H]surf)-bins presented in Delgado Mena et al.
(2019), despite the di↵erences in sample resolution and size.
Our Eu trends show a lack of time-delay features, indicative
of non-neutron merger contribution. However we caution our
Eu measurements are few compared to other elements, hence
GALAH DR3 will be a good sample to test this conclusion.
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Figure 13. [Eu/Fe] trends over time, across four [Fe/H]bulk bins:
[�0.5, �0.1] (red), [�0.1, 0] (orange), [0, 0.1] (gold), [0.1, 0.5] (yellow),
fitted linearly and separately for thin/thick disks (above and
below 12Gyr). Points are colour-coded according to [Fe/H]bulk.
We do not have enough stars with good [Eu/Fe] abundances
to make a density plot similar to other elements in Figure 11.
Intercepts and gradients of the thin-disk trends are listed in
Appendix A.

for them, with ⇠ 80% of ages having relative uncertainty less
than 30%. One caveat in using MIST isochrones is that due
to di↵erent solar abundances, lack of alpha enrichment and
potential abundance scale mismatches between MIST and
GALAH, our ages scale is more extended compared to that
of literature. Further more, uncertainties in stellar parame-
ters are also contributing factors for older ages among some
stars. Hence it is important to consider everything in a rel-
ative chronology, instead of absolute ages.

We employ a simple method of modelling the selection
e↵ects introduced by the survey selection function, as well
as limitations in the stellar parameter pipeline. Using the
resulting observational probabilities, we are able to correct
for the selection e↵ect on the AMR. Without correction, we
obtain an AMR similar to that which is widely reported in
literature: flat, with large scatter in metallicity for all ages
before ⇠12 Gyr, then a slight downward trend for the oldest
stars. With correction, we find the age distribution displays
a secondary peak near 13Gyr. One possible explanation is
that this secondary peak is a manifestation of the thick disk,
as its constituent stars are older, more metal-poor and high
in [Mg/Fe]. This is consistent with a two phase star forma-
tion scenario, one for each disk (Fuhrmann 1998), also found
in smaller studies (e.g., Casagrande et al. 2016; Rendle et al.
2019). However we caution that the secondary peak is on the
threshold of detection. It is possible to verify this observa-
tion by performing a more statistically robust inference by
constructing a hierarchical model which folds in both the ob-
served data and GALAH selection cuts. A potential follow
up of this study would be to combine such a model with the
next GALAH data release, which will encompass more stars
and more robust parameters/abundances. Using this model,
it is possible to forward model the observed distribution by
including also the target selection e↵ect to constrain the in-

trinsic AMR, allowing us to determine if the double peaked
solution is the only unique solution which fits the observed
data.

We also find the GALAH abundance-age trends for so-
lar twins to be compatible with the high precision di↵er-
ential analysis literature (Bedell et al. 2018). Analysing the
abundance-age trends of di↵erent [Fe/H]bulk bins we find
most trends behaving according to stellar nucleosynthesis
predictions. Our trends agree with trends in surface metal-
licity ([Fe/H]surf)-bins presented in Delgado Mena et al.
(2019), despite the di↵erences in sample resolution and size.
Our Eu trends show a lack of time-delay features, indicative
of non-neutron merger contribution. However we caution our
Eu measurements are few compared to other elements, hence
GALAH DR3 will be a good sample to test this conclusion.
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Eu (a r-process element) shows an increase in abundance 
ratio at higher ages in the thin disk, in contradiction with the 
other two s-process elements Y and Ba. Some studies have 
advocated the main production site for r-process elements 
are neuron star mergers (e.g., Freiburghaus et al. 1999; 
Wanajo et al. 2014). This should mean that [Eu/Fe] has 
time-delay features similar to Y and Ba, which is not 
observed in our data (Figure 13). It has been suggested that 
production channels with short time-delays have played a 
role in producing Eu, in addition to neutron star mergers, 
such as core-collapse SNe (e.g., Ting et al. 2012). 

 [Eu/Fe] decreases with [Fe/H] increasing, as in Mena+18 
Note: > 0.5 dex spread in [Eu/Fe] at < 5 Gyr, and 

Thick Disk

Sun



Abundance ratios in GALAH DR2 and their implications for nucleosynthesis  Emily Griffith, Jennifer A. Johnson, and David H. 
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Abstract Using a sample of 70,924 stars from the second data release of the GALAH optical spectroscopic survey, we construct median 
sequences of [X/Mg] versus [Mg/H] for 21 elements, separating the high-α/“low-Ia” and lowα/“high-Ia” stellar populations through cuts in 
[Mg/Fe].  …   The separation of the [Eu/Mg] sequences implies that at least ∼30% of Eu enrichment is delayed with respect to star formation.

We adopt the same division as Weinberg+2019 (W19), defining the low-Ia population by 

stars to the full population. We first divide the stars roughly
into thirds with the temperature groups Teff<5000, 5000�
Teff� 6000, and Teff>6000. For each element in the three
groups, we calculate the median for the low-Ia and high-Ia
populations and compare the trends to the entire data set. We
adopt the same division as W19, defining the low-Ia population
by
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We then calculate the median absolute deviation between the

median trend of a sub-sample and that of the full population to
be

- -median sub sample median full sample median . 2(∣ ∣) ( )
We find that the middle temperature range (5000� Teff�
6000) best resembles the full population, while the hotter and
cooler stars show noticeable deviations for some elements. To
better isolate stars on the tail ends of the temperature
distribution, we shift the divisions to Teff<4500, 4500�
Teff�6200, and Teff>6200. These boundaries make physical
sense because the lower bound removes cool dwarfs whose
spectra are afflicted by molecular line blending (B19) and the
upper bound removes stars beyond the Kraft break (Kraft 1967)
whose broad lines may be poorly modeled in the GALAH
analysis. With these boundaries, 80% of stars in the high-Ia
population and 87% of stars in the low-Ia population fall within
the middle range.

Figure 1 plots the median absolute deviation between the
[X/Mg] medians of each temperature group and the full sample
medians, for the low-Ia and high-Ia populations. Elemental
temperature groups for which there are no bins with >40 stars

are not plotted. While it is not surprising that the middle
temperature range is closest to the population median, the
cooler stars still show deviations for many elements. Though
the hotter stars better trace the full population, they too show
some differences. As we have a very large stellar sample, we
decided to cut both the hot and cool stars to minimize the
potential impact of temperature-dependent abundance systema-
tics on our derived element ratio trends.
Our cuts leave 70,924 stars. Figure 2 shows their location in

[Mg/Fe] versus [Fe/H] space alongside the median values
from APOGEE (W19). The bimodality between GALAH’s
high-Ia and low-Ia population is less defined than that of
APOGEE, perhaps because of differences in relative fractions
of thin and thick disk stars. Nonetheless, Equation (1) appears
to provide a reasonable separation of these populations, and
once it is made then the median sequences of [Fe/Mg] versus
[Mg/H] are very similar between APOGEE and GALAH (seen
in Figures 2 and 5).
As the division between high-Ia and low-Ia populations was

derived for a separate survey, we test whether misclassified
stars near the boundary could skew our results. For each
element in the full sample, we calculate the median [X/Mg]
value in [Mg/H] bins of 0.1 dex for both the high-Ia and low-Ia
sequences. We then re-calculate each, excluding stars within
±0.05 dex of the division. To compare the two samples, we
find the average difference between the binned medians,
defined in Equation (2). We find that all elemental average
differences between these two samples are less than 0.07 dex,
with most around 0.03 dex. This shows that there are no major
differences between median high-Ia and low-Ia sequences of
the full sample and the sample excluding stars near the
boundary. Therefore, possibly misclassified stars near the
boundary do not skew the median abundance trends.

Figure 1. Deviations from the population median [X/Mg] of the low-α/high-Ia (blue) and high-α/low-Ia (red) sequences when stars are subdivided into three
temperature groups. The median absolute deviation of median abundance ratios is defined in Equation (2). The legend quotes the number of stars with unflagged Fe
abundances for each temperature group. We do not plot points for elements where there are no bins with >40 stars. The 4500�T�6200 bin tracks the total
population well, with very small differences for all elements. Given the large difference between full sample and the high/low-temperature groups for some elements,
we remove all stars with Teff>6200 and Teff<4500.
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We then calculate the median absolute deviation between the median trend of a sub-sample and that of the full population to be                                      
median(∣sub - sample median - full sample median∣). Result for Eu is 100% High-α /Low-Ia for 4500<T<6200, which tracks the total population well.  

(W19 is based on the APOGEE survey, which did not include Eu.) 

3. Stellar Abundances

In the following subsections we examine the median
abundance trends of stars in the GALAH catalog after
implementing the quality cuts to the data described in
Section 2. Figures 3–8 plot the [X/Mg] versus [Mg/H] trends
for the high-Ia and low-Ia sequences. We plot contours at the
10th, 25th, 50th, 75th, and 90th percentiles to show the spread
in the data, which comes from a combination of observational
error and intrinsic scatter. Contours are not shown for
endpoints whose adjacent bins have <40 stars. In this section,
we use stellar abundances as reported by GALAH. We will
include zero-point offsets in the Section 4 analysis. Figure 18 in
the Appendix replots all of the median trends in Figures 3–8
adjusted for these offsets. We also include median trends from
APOGEE for those elements studied in W19.

3.1. Comparison to APOGEE

We first compare abundance trends for elements measured
by both GALAH and APOGEE. Our statements about
theoretical yield predictions are based mainly on the models
of Andrews et al. (2017, hereafter AWSJ17), who use CCSN
yields from Chieffi & Limongi (2004) and Limongi & Chieffi
(2006), SN Ia yields from Iwamoto et al. (1999), and AGB
yields from Karakas (2010). Results from the yield models
incorporated in Chempy (Rybizki et al. 2017; see further
discussion in Section 5) are qualitatively similar. While
APOGEE observes in the near-IR and GALAH in the optical,
both surveys observe neutral lines for all elements except for
the following: O, where APOGEE observes molecular features;
Fe, where both surveys use neutral and singly ionized lines;
and Cr, where GALAH uses neutral and singly ionized lines
(B18; S. Buder & K. Lind 2019, personal communication) and
APOGEE uses only neutral lines.

α-elements. The GALAH and APOGEE median abundance
trends for O, Si, and Ca are plotted in Figure 3. For O, trends
for the low-Ia and high-Ia populations are nearly superposed in
both surveys. However, the GALAH trends are strongly sloped
while the APOGEE trends are nearly flat. GALAH O
abundances are similar to those of Bensby et al. (2014), who
also see a negatively sloped trend in their optically derived O
abundances of F and G dwarf stars in the solar neighborhood.
Close agreement of the low-Ia and high-Ia sequences is
theoretically expected, as O and Mg yields are both dominated
by CCSNe with a negligible SN Ia contribution (AWSJ17).
The disagreements on the metallicity dependence likely arise

from the difficulty of deriving O abundances from both optical
and near-IR spectra. B19 derive abundances from the O triplet,
O I 7772, O I 7774, and O I 7775Å, lines that are strongly
affected by 3D non-local thermodynamic equilibrium (non-
LTE) effects (Kiselman 1993; Asplund et al. 2009; Amarsi
et al. 2015, 2016). They apply 1D non-LTE corrections in an
attempt to account for these effects. The APOGEE abundances
come principally from IR molecular features (e.g., OH, CO),
which are stronger and much less sensitive to non-LTE effects,
though there could be other systematics in modeling these
molecular features (e.g., Collet et al. 2007; Hayek et al. 2011).
The flat APOGEE trend agrees better with theoretical
expectations, as O and Mg yields have only weak metallicity
dependence at fixed stellar mass (AWSJ17, Figure 9). A
metallicity-dependent, IMF-averaged yield could arise if the
IMF or the mass dependence of black hole formation changes
with metallicity. However, such changes would have qualita-
tively similar effects on O and Mg production, so it is not clear
that they could cause a metallicity trend in [O/Mg].
Si and Ca median trends both show greater sequence

separation than O, suggestive of an increased SN Ia contrib-
ution. Both also show a shallow metallicity dependence, with
Ca having a steeper slope than the APOGEE medians. Ca is
predicted to have a larger SN Ia contribution than Si

Figure 2. Distribution of 70,924 stars with S/N�40 and 4500 K�
Teff�6200 K in [Mg/Fe] vs. [Fe/H] space. The dividing line between the
high-Ia and low-Ia populations is taken from W19. Black and red markers
represent the GALAH and APOGEE median trends, respectively, for high-Ia
and low-Ia populations.

Figure 3. GALAH α-element median abundances of the high-Ia (blue circles)
and low-Ia (red squares) populations with contours at the 10th, 25th, 50th, 75th,
and 90th percentiles. Data are binned by 0.1 dex in [Mg/H]. Median values are
shown for bins with >40 stars. APOGEE median abundances from W19 are
included where applicable (black markers). The GALAH and APOGEE
median trends for Si and Ca are similar, but O has a much steeper metallicity
dependence in GALAH.
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and aIa for the GALAH elements. For elements for which the
dominant non-CCSN production is likely to come from AGB
stars rather than SNe Ia (e.g., C, Y, Ba, La, and maybe Na and
P), the model parameters should be regarded as only qualitative
indications, since the time profile of AGB enrichment will not
match that of SNe Ia.

To derive the best RIa
X, acc, and aIa values for our population,

we perform an unweighted, least-squares fit of the two-process
model. We simultaneously fit the high-Ia and low-Ia median
sequences of each element, requiring the same parameters for
both populations. Because the model is almost certainly too
simple to describe these sequences within the tiny statistical

Figure 8. Left: same as Figure 3 but for neutron capture elements with the y-axis range expanded. All neutron capture elements show some separation between the
high-Ia and low-Ia sequences, suggesting a combined contribution from a prompt and a delayed process. All also have metallicity dependent trends, with those of Y,
Ba, and La taking a nonlinear form. Right: median high-Ia and low-Ia sequences for neutron capture elements plotted against [Fe/H]. The peaks in median sequences
are offset in [Mg/H] but line up in [Fe/H].

Figure 9. Top left: distribution of Eu abundances in 378 dwarf stars from Battistini & Bensby (2016). Stars classified as high-Ia and low-Ia (Equation (1)) are colored
teal and orange, respectively. Top right: distribution of Eu abundances in 570 FGK stars from Delgado Mena et al. (2017) with green high-Ia and magenta low-Ia stars.
Bottom left and right: median abundances of the high-Ia (filled teal/green circles) and low-Ia (filled orange/magenta squares) populations. GALAH median trends
(bottom left panel of Figure 8) are added for comparison.
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Figure 9. Top left: distribution of Eu abundances in 378 
dwarf stars from Battistini & Bensby (2016). Stars 
classified as high-Ia and low-Ia are colored teal and 
orange, respectively. Top right: distribution of Eu 
abundances in 570 FGK stars from Delgado Mena et al. 
(2017) with green high-Ia and magenta low-Ia stars. 
Bottom left and right: median abundances of the high-Ia 
(filled teal/green circles) and low-Ia (filled orange/
magenta squares) populations. GALAH median trends 
(bottom left panel of Figure 8) are added for comparison. 

Eu differs from the other neutron capture elements 
included in GALAH as the r-process dominates its 
production (Arlandini et al. 1999; Battistini & Bensby 
2016). We see some separation between the high-Ia and 
low-Ia sequences in Figure 8, suggesting that some Eu is 
produced by a time-delayed source.

Eu is usually regarded as a nearly pure r-process element, 
but the separation of [Eu/Mg] in GALAH data implies that 
some Eu enrichment occurs with a significant time delay 
relative to star formation ( fcc = 0.70). As emphasized by 
Schönrich & Weinberg (2019) who focused on abundance 
ratios in lower-metallicity stars, some of this time delay 
could be associated with injection into the hot ISM phase 
rather than genuinely delayed elemental production. 
Nonetheless, the gap between the low-Ia and high-Ia [Eu/
Mg] sequences suggests that there may be two distinct 
contributions to Eu enrichment, perhaps one associated 
with massive star collapse explosions (Siegel et al. 2019) 
and one with neutron star mergers (Smartt et al. 2017).  
Neutron star mergers with a short minimum delay time but 
a power-law DTD (Hotokezaka et al. 2018) might 
effectively mimic a prompt and delayed combination. 

My summary:  The High-Ia stars have about 0.2 dex higher [Eu/Mg] than the low-Ia stars, but both show decreases of [Eu/Mg] by ~0.25 dex 
from [Mg/H] ~ -0.5 to +0.4.  From Figs 8 and 9, the 10 to 90 percentile range in [Eu/Mg] is -0.3 to + 0.3 for [Mg/H] > -0.3.
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Figure 8. Left: Same as Figure 3 but for neutron capture elements with the y-axis range expanded. All neutron capture
elements show some separation between the high-Ia and low-Ia sequences, suggesting combined contribution from a prompt and
a delayed process. All also have metallicity dependent trends, with Y, Ba, and La’s taking a non-linear form. Right: Median
high-Ia and low-Ia sequences for neutron capture elements plotted against [Fe/H]. The peaks in median sequences are o↵set in
[Mg/H] but line up in [Fe/H].

(e.g., C, Y, Ba, La, and maybe Na and P), the model
parameters should be regarded as only qualitative indi-
cations, since the time profile of AGB enrichment will
not match that of SNIa.

To derive the best RX
Ia

, ↵cc, and ↵Ia values for our pop-
ulation, we perform an unweighted, least-squares fit of
the 2-process model. We simultaneously fit the high-Ia
and low-Ia median sequences of each element, requiring
the same parameters for both populations. Because the
model is almost certainly too simple to describe these
sequences within the tiny statistical errors of the me-
dian ratios, a weighted fit is less appropriate and formal
�2 values are not meaningful. As in W19, we conduct a
grid search for each free-parameter with a grid step size
of 0.01. We run two fits, one restricting ↵Ia = 0, and one
with all three parameters free. We find similar fit qual-
ity and RX

Ia
values for both, so we report only the three

free-parameter model here. Given the tiny statistical er-

rors, we do not report error bars on the fit parameters,
as they would be small but not meaningful.

Qualitatively, a larger RX
Ia

value drives up the SNIa
contribution and increases the separation between the
high-Ia and low-Ia sequences. Positive ↵cc and ↵Ia

values correspond to increasing metallicity dependence,
and negative to decreasing metallicity dependence. ↵cc

tilts both sequences, while ↵Ia can change the relative
tilt of the the high-Ia sequence. As the model assumes
that Mg yields have no metallicity dependence, the ↵cc

and ↵Ia parameters really represent the metallicity de-
pendences relative to that of Mg.

In Figures 3 to 8 we use GALAH abundance ratios
as reported in DR2. However, global zero-point o↵sets,
like those applied to APOGEE data by Holtzman et al.
(2018), are quite plausible given the inevitable imperfec-
tions of abundance determinations. The observed high-
Ia sequence has [Fe/Mg] ⇡ 0 at [Mg/H] = 0, and one

contours = 10th, 25th, 50th, 
75th, and 90th percentiles 

Figure 8



The chemical evolution of r-process elements from neutron star mergers: the role of a 
2-phase interstellar medium - Ralph A. Schönrich and David H. Weinberg - MNRAS 487, 580–594 (2019)

ABSTRACT Neutron star mergers (NM) are a plausible source of heavy r-process elements such as Europium, but previous chemical evolution models 
have either failed to reproduce the observed Europium trends for Milky Way thick disc stars (with [Fe/H] ≈ −1) or have done so only by adopting 
unrealistically short merger time-scales. Using analytic arguments and numerical simulations, we demonstrate that models with a single-phase interstellar 
medium (ISM) and metallicity-independent yields cannot reproduce observations showing [Eu/α] > 0 or [Eu/Fe] > [α/Fe] for α-elements such as Mg and 
Si. However, this problem is easily resolved if we allow for a 2-phase ISM, with hot-phase cooling times τ cool of the order of 1 Gyr and a larger fraction 
of NM yields injected directly into the cold star-forming phase relative to α-element yields from core-collapse supernovae (ccSNe). We find good 
agreement with observations in models with a cold phase injection ratio fc,NM/fc,ccSN of the order of 2, and a characteristic merger time-scale τNM = 
150 Myr. We show that the observed supersolar [Eu/α] at intermediate metallicities implies that a significant fraction of Eu originates from NM or 
another source besides ccSNe, and that these non-ccSN yields are preferentially deposited in the star-forming phase of the ISM at early times.

We will argue in this paper that the essential ingredient for resolving this problem is 
proper accounting for enrichment into different phases of the ISM. While discussions 
of the ISM often distinguish three or more phases – e.g. cold, warm, and hot – for our 
purposes we need only distinguish (cold) gas that can immediately form stars from 
(hot) gas that must first cool on a ∼ Gyr time-scale before entering the star-forming 
phase. 
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Figure 1. Top panel: Schematic diagram of the abundance plane in [Mg/Fe]
versus [Fe/H]. The red data points show all objects in the SAGA database,
while excluding all stars that have only an upper limit on either abundance.
With blue data points we overplot the sample from Battistini & Bensby,
which is limited to disc stars, but offers a more homogeneous analysis
and better controlled errors. We omit the error bars for each star to avoid
crowding. In particular the SAGA sample is heteroskedastic, but typical
precision is of the order of 0.1 dex for abundance ratios, of the order of
0.07 dex for single elemental abundances in the B&B sample, with typically
larger formal errors and additional systematic scatter in the SAGA database.
The bottom panel shows the data for Eu. There are almost no stars with only
upper Eu limits (teal crosses) in the SAGA database at [Fe/H] > −2 dex.
The y-axis range in the two plots is different.

serve as a finely resolved clock at early times: changes in relative
abundances happen when new progenitor classes with different
DTDs start to contribute. However, note that metallicity is usually
a poor indicator of a star’s age. Accreted stars from dwarf galaxies
with their own clocks will overlap with low-metallicity Milky
Way stars, which again have at each time a position-dependent
metallicity.

Metal-poor stars are dominated by stochastic chemical evolution,
i.e. Poisson noise due to a low number of contributing ccSNe,
SNeIa and NM, as well as direct stochasticity, e.g. by the question
where and how close a star-forming cloud is to such an event. This
stochasticity drops rapidly towards larger [Fe/H] (we remind that
an increase by 1 dex in [Fe/H] equals a factor 10 in its abundance),
and becomes negligible near [Fe/H] ! −2 dex.

The features that we are most interested in are the values
[Mg/Fe]pl and [Eu/Fe]pl of the high-[Mg/Fe] ridge, which is com-

monly the chemically defined thick disc of the Milky Way and
at low [Fe/H] shares its location with old halo stars. This ridge is
particularly well defined in the more precise Bensby et al. data (blue
points), as well as the location of the thick disc knee, which marks
the set-in of SNeIa in the inner Galactic disc, and which is nearly
guaranteed to be free of any contamination by halo stars or stochastic
chemical evolution effects. Lower [Mg/Fe] values imply that SNeIa
have contributed a significant fraction of the iron budget (i.e. at
least a few Gyr after the formation of the system) and thus designate
younger objects: the thin disc on the high [Fe/H] end separated from
the younger halo star populations at [Fe/H] " −0.7 dex. We note
that this [α/Fe] clock is again not an absolute time – systems have
different star formation histories, and [ α/Fe] values may depend on
galactocentric radius even in the Milky Way.

3 BA S I C C H E M I C A L E VO L U T I O N : S O U R C I N G
TH E ELEMENTS

To understand the chemical evolution processes shaping the dis-
tribution of stars in abundance space, it is useful to draw the gas
balances. Fig. 2 shows a graph of gas balances in a 1-phase (top)
versus a 2-phase model accounting for a hot ISM (bottom). To
understand the problem of r-process abundances, we only need
to account for the three progenitor classes that produce iron (Fe),
alpha elements, and r-process elements: ccSNe, SNeIa, and NM.
Each of these classes will, with its own DTD, yield its own
mix of elements back to the ISM, from where new stars are
formed.

The functional shape of DTDs is frequently taken to be t−1

for SNeIa; this shape is suggested by population synthesis models
compared with data (Hachisu, Kato & Nomoto 2008; Totani et al.
2008). Similarly, the DTDs for neutron star mergers is frequently
described by a t−1 or t−1.5 law. From a practical point of view,
this functional shape is unattractive, since it is not integrable to at
least one side, thus requiring a cut-off and normalization conditions
sensitive to this cut-off. Here, we will adopt a simple exponential:
DTD(t) = exp (−t/τ ), where τ is the characteristic time-scale. In
Appendix A2 we show that using a double exponential law for
SNeIa, which fits the power law more closely, does not affect our
results. The difference for NM is even less significant due to the
shorter time-scale.

Let us outline these three progenitor classes:

(i) Massive stars exploding (usually as ccSNe): most massive
stars attain an onion-like structure just prior to collapse, with an
Fe/Ni core at the centre, surrounded by shells dominated by α

elements of decreasing mass number. In the explosion, most of
the shells are expelled into the ISM, providing the bulk of today’s
inventory of α elements, like Si, Mg, or Ca. The mass cut where
material can still escape the emerging neutron star determines
the early production of Fe. Theoretical models of ccSNe do not
predict the mass cut robustly. Some empirical indications come
from estimates of 56Ni mass in ccSNe. The picture of a simple
mass cut is only a naive approximation to real explosions, where
convection and anisotropy (evidenced by neutron star kicks and
remnant observations) allow for some expulsion of material below
the average mass cut. However, the average Fe yield from ccSNe
is constrained by the [α/Fe]pl value of the thick disc (see Fig. 1).
The value of [α/Fe]pl is close to log10 2 = 0.3, which shows that
ccSNe account for roughly half of today’s Fe inventory. The massive
progenitors of ccSNe (M ! 10 M⊙) explode after lifetimes of a few
Myr to less than 100 Myr.
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7 C O N C L U S I O N S

We should take three main points from this analysis:

(i) Modelling the different phases of the interstellar medium
(hot versus cold star-forming gas) is vital to understand chemical
evolution on time-scales smaller than ∼1 Gyr.

(ii) In contrast to 1-phase chemical evolution models, we find
that neutron star mergers as source of r-process elements with
reasonable DTDs (delay times of the order of 100 Myr) can explain
the observed abundance patterns, provided that the fraction of NM
yields delivered directly to the cold star-forming phase of the ISM
is higher than that of ccSN yields.

(iii) The only other significant sources of r-process elements are
(possibly) ccSNe, but we can only explain the [Eu/Si] > 0 and
[Eu/Mg] > 0 values in the thick disc if there is a source of r-
process elements that differs from a constant ccSN contribution.
This implies a significant source of r-process elements besides
ccSNe – most naturally neutron star mergers.

The main problem is not as much explaining r-process abun-
dances at the very metal-poor end, where stochastic chemical
evolution and the superposition of stellar populations from different
accreted dwarf galaxies complicate the picture (and provide freedom
in parameter choice). Instead, the challenge is the relatively high-
metallicity edge of the high [Eu/Fe] sequence, near the ‘knee’ of
the [Mg/Fe] versus [Fe/H] distribution.

A cautionary point that would allow us to lower the NM
contribution to the r-process budget is the possibility of metallicity
dependent yields from ccSNe/collapsars. We did not have space
here for an in-depth discussion. However, these models require a lot
more fine-tuning and face three observational challenges that are
not yet convincingly resolved: a significant increase of r-process
yields at low metallicities would have to (i) still conform with
normal [Eu/Fe] values observed in dwarf galaxies, and to (ii) be
fine-tuned in order not to incline the thick disc plateau. Further, a
collapsar model with a metallicity dependence on the metal-rich
end, as suggested in Siegel et al. (2018) would have to still produce
the radial [Eu/Fe] profile measured in the Milky Way.

We have shown with simple analytical considerations in Sec-
tion 5, a more comprehensive analytical model in Appendix A1, and
with the chemodynamical models of Schönrich & McMillan (2017)
in Section 6, that [Eu/α] > 0 or [Eu/Fe] > [α/Fe], cannot be achieved
in a 1-phase chemical evolution model in general. However, they
are readily reproduced with a simple chemical evolution model as
soon as we account for a 2-phase ISM and allow yields from neutron
star mergers to enter the cold, star-forming gas at a mildly higher
fraction than the ccSN yields, fc,NM > fc,ccSN. The factor fc,NM/fc,ccSN

required here can be directly estimated from the [Eu/α] value of the
thick disc knee to be about 0.2 dex or fc,NM/fc,ccSN ≈ 2.

We find that this factor is quite insensitive to cooling time-scales
τcool ! 1 Gyr and would need to be increased for shorter τ cool. There
is hope to derive better constraints for τ cool from the chemical
evolution of elements produced on different time-scales and by
different sources, e.g. s-process elements.

The slightly different behaviour of [Si/Fe] and [Mg/Fe] in
observations serves as a reminder that one should not blindly trust
observed abundance trends. In particular, trends versus [Fe/H] are
vulnerable to increasing deviations from the frequently assumed
LTE, when with lower metallicity the importance of collisions in the
photosphere’s plasma decreases. Similarly, we calibrated this model
on [Mg/Fe] and thus have a mismatch by ∼ 0.07 dex with [Si/Fe].
This has no impact on our qualitative results, but it puts systematic

uncertainty on the exact value needed for fc,NM/fc,ccSN. Further,
the qualitatively consistent behaviour of [Eu/ α] > 0 and [Eu/Fe]
> [α/Fe] for several different α elements makes it unlikely that
the problem is a mere result of our still incomplete understanding
of stellar spectra. Non-LTE analyses of Eu are very rare, though
from Zhao et al. (2016) it seems that Eu and [Eu/Fe] measurements
are quite robust and if at all increase versus LTE analysis. More
systematic studies are quite sorely needed.

The re-distribution of r-process elements between different gas
phases and the resulting changes to abundance trends might at first
hand seem like an annoying complication, but it may be turned into
an important/useful diagnostic if simulations have an appropriate
recipe for hot/cold gas dynamics and feedback. In this light, the
strong discrepancy in papers like van de Voort et al. (2015) between
the modelled and observed trends of [Eu/Fe] versus [Fe/H] in the
abundance plane is a chance to improve on the ISM modelling in
hydrodynamical simulations, and our paper may provide an analytic
framework to understand the differences between these and other
hydro simulations that matched the data better (e.g. Shen et al.
2015).

We point out that the 2-phase ISM assumed here is a simplified
picture of a real galaxy, which will have a whole range of delay
times that will vary with how far from the star-forming regions
material is expelled and how long it takes for yields to re-enter the
star-forming phase. So some of the difference in fc,NM versus fc,ccSN

may be due to ccSN yields being expelled further from the disc.
More generally, we conclude that observed r-process abundance

trends provide empirical evidence for both an important NM
contribution to r-process enrichment and differential distribution
of yields to the cold and hot phases of the ISM.
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First results from the IllustrisTNG simulations: a tale of two elements – chemical evolution of magnesium and 
europium  Jill P. Naiman, Annalisa Pillepich,Volker Springel, Enrico Ramirez-Ruiz, et al. MNRAS 477, 1206 (2018) 

ABSTRACT The distribution of elements in galaxies provides a wealth of information about their production sites and their 
subsequent mixing into the interstellar medium. Here we investigate the elemental distributions of stars in the IllustrisTNG 
simulations. We analyse the abundance ratios of magnesium and europium in Milky Way-like galaxies from the TNG100 
simulation (stellar masses log (M⋆/M⊙) ∼ 9.7–11.2). Comparison of observed magnesium and europium for individual 
stars in the Milky Way with the stellar abundances in our more than 850 Milky Way-like galaxies provides stringent 
constraints on our chemical evolutionary methods. Here, we use the magnesium-to-iron ratio as a proxy for the effects of 
our SNII (core-collapse supernovae) and SNIa (Type Ia supernovae) metal return prescription and as a comparison to a 
variety of galactic observations. The europium-to-iron ratio tracks the rare ejecta from neutron star–neutron star 
mergers, the assumed primary site of europium production in our models, and is a sensitive probe of the effects of 
metal diffusion within the gas in our simulations. We find that europium abundances in Milky Way-like galaxies show no 
correlation with assembly history, present-day galactic properties, and average galactic stellar population age. We 
reproduce the europium-to-iron spread at low metallicities observed in the Milky Way, and find it is sensitive to gas 
properties during redshifts z ≈ 2–4. We show that while the overall normalization of [Eu/Fe] is susceptible to resolution 
and post-processing assumptions, the relatively large spread of [Eu/Fe] at low [Fe/H] when compared to that at high 
[Fe/H] is quite robust. 1212 J. P. Naiman et al.

metal diffusion (Shen et al. 2015), or for ‘sticking’ abundances to
gas particles once enriched and which is associated with an under-
estimate of the diffusion of elements in SPH codes which offer no
numerical diffusion (Hubber, Falle & Goodwin 2013; van de Voort
et al. 2015; Hopkins 2017).

2.4 Milky Way galaxies in TNG100

In order to compare our simulated abundance ratios with those
observed in the MW, we begin by defining selection criteria that
determine which galaxies we use as MW analogues. First, we select
for galaxies with a total halo mass, M200, crit, in the range (0.6–
2) × 1012 M⊙ (Eadie, Harris & Widrow 2015; McMillan 2017;
Zaritsky & Courtois 2017), which results in approximately 2000
galaxies. Next, we require our MWs to reside close to the SFR-M⋆

main sequence (e.g. Noeske et al. 2007). This naturally filters out
red galaxies with very low star formation rates, leaving us with
∼1400 galaxies. Finally, we require our MW-like galaxies to be
‘discy’. This is quantified by having a large fraction of stellar mass
with a high value of the circularity parameter, where the circularity
parameter for an individual star, ϵ = Jz/J(E), measures the angular
momentum of the star about the axis of symmetry in units of the
maximum angular momentum possible at the same orbital energy
E. For a circular orbit in the plane perpendicular to the symmetry
axis, one has ϵ = 1 (Marinacci et al. 2014).

A commonly employed definition of the ‘disc’ in a simulated
galaxy is the collection of stars with ϵ > 0.7. Thus, the fraction
of stars with high circularities, fϵ > 0.7, determines how much of a
galaxy’s stellar population resides in the disc component (Marinacci
et al. 2014; Genel et al. 2015). We split our population of galaxies
along the median of our fϵ > 0.7 distribution, and require our MW
selection to come from galaxies with fractional circularities larger
than this median.

The final selection of 864 galaxies forms the basis of the discus-
sion of MW-sized galaxies in this paper. Our criteria still allow for
a variety of enrichment histories, as depicted by the range of SNIa,
NSNS, and SNII enrichment histories for the individual MW-sized
galaxies in the right-hand column of Fig. 2, with haloes hosting
less massive galaxies having somewhat less diverse enrichment
histories.

3 O B S E RVAT I O NA L A BU N DA N C E
C O M PA R I S O N S

In this section we compare the [Mg/Fe] and [Fe/H] stellar abun-
dance ratios found in IllustrisTNG against observations. To provide
an even-handed comparison between the simulation derived abun-
dance ratios and the observationally derived values, we split our
comparison into two parts: (i) a comparison of abundance ratios
in MW-sized galaxies in TNG100 with trends seen in our actively
star-forming galaxies and (ii) a comparison of abundance ratios in
quiescent galaxies that show rich enrichment histories in these in-
active populations as well (Graves & Schiavon 2008; Thomas et al.
2010; Johansson et al. 2012; Worthey et al. 2013; Conroy et al.
2014). Specifically, we compare the globally averaged abundance
ratios in the simulated quiescent galaxy sample against stacked
SDSS spectra and compare the distribution of [Mg/Fe] and [Fe/H]
values for individual stellar populations against stellar populations
observed in the MW. For this initial comparison we consider only
magnesium and iron, as europium is only observable in the local
stellar population, not in the distant quiescent galaxy populations.

Figure 4. The [Mg/Fe] ratio in stars of both simulated IllustrisTNG MW-
sized galaxies (blue contours) and that observed in the MW (red contour)
(Garcı́a Pérez et al. 2016; Gratton et al. 2003; Reddy et al. 2003; Cayrel
et al. 2004; Venn et al. 2004; Bensby et al. 2005; Reddy, Lambert & Allende
Prieto 2006; Lai et al. 2008; Bonifacio et al. 2009; Andrievsky et al. 2010;
Frebel 2010; Adibekyan et al. 2012; Ishigaki, Chiba & Aoki 2012; Cohen
et al. 2013; Yong et al. 2013; Bensby, Feltzing & Oey 2014; Hinkel et al.
2014; Roederer et al. 2014; Jacobson et al. 2015). The simulated data contain
all stars bound to each MW halo. Abundances have been renormalized to
the solar values of Asplund, Grevesse & Sauval (2005). The [Mg/Fe] ratio
of simulated star-forming MW-sized galaxies (dark blue lines) is higher
than observed (red contours). Besides complications in the comparison of
observational and simulated abundance ratios (see Fig. 5), other depicted
explanations for the discrepancy are a low rate of SNIa or incorrect SNII
yields for Mg and/or Fe. The [Mg/Fe] discrepancy is alleviated in the MW-
sized galaxies if the SNIa rate is increased by a factor of 3.5 in post-
processing (light blue solid lines; see Fig. 2) or if the SNII Mg and Fe
yields are modified (light blue dashed lines, see the text for further details).
Contours of each colour are the 50 per cent and 5 per cent kernel density
estimation levels.

3.1 Alpha abundances in MW-like simulated galaxies

Fig. 4 shows a comparison of the [Mg/Fe] ratio observed in stars
in the MW (red contours) against the [Mg/Fe] ratio found within
simulated MW analogues in IllustrisTNG (dark blue contours), as
a function of the iron-to-hydrogen ([Fe/H]) ratio. The observed and
simulated metallicity distributions broadly occupy the same space.
However, in more detail, the [Mg/Fe] ratio for the simulated MW
systems (dark blue contours) is somewhat higher, by ∼0.2 dex,
than that of observations of individual stars in our own MW (red
contours). While Fig. 4 shows the [Mg/Fe] distribution of stars
stacked across all of our simulated MWs, the offset is present in
all individual galaxies as well. The offset is unlikely due to the
observational errors. Although the observational measurements of
Fig. 4 rely on simplistic stellar models, recent work employing more
physically realistic non-LTE models with three-dimensional stellar
atmospheres generally confirms the observed [Mg/Fe] distributions
seen in the earlier observational studies (Bergemann et al. 2017).

One possible origin of this offset could be an underestimate of
the average MW SNIa rate. Motivated by the uncertainties in both
the observed SNIa rate (e.g. Shafter 2017) and the normalization
of the SNIa DTD (Graur et al. 2011; Graur 2013), we recalculate
the [Mg/Fe]versus [Fe/H] distribution assuming an increase of the
SNIa rate. This is achieved in practice by identifying the Mg and Fe
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Figure 4. The [Mg/Fe] ratio in stars of both simulated IllustrisTNG MW- 
sized galaxies (blue contours) and that observed in the MW (red 
contour).Abundances have been renormalized to the solar values of Asplund, 
Grevesse & Sauval (2005)….The [Mg/Fe] ratio of simulated star-forming 
MW-sized galaxies (dark blue lines) is higher than observed (red contours). 
Besides complications in the comparison of observational and simulated 
abundance ratios (see Fig. 5), other depicted explanations for the discrepancy 
are a low rate of SNIa or incorrect SNII yields for Mg and/or Fe. The [Mg/Fe] 
discrepancy is alleviated in the MW- sized galaxies if the SNIa rate is 
increased by a factor of 3.5 in post- processing (light blue solid lines; see Fig. 
2) or if the SNII Mg and Fe yields are modified (light blue dashed lines, see 
the text for further details). Contours of each colour are the 50percent and 
5percent kernel density estimation levels. 
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Figure 7. Distribution of [Eu/Fe]versus [Fe/H] for all sub-mass bins of all bound star particles of our simulated MW-like galaxies, binned in a 50 × 50
histogram. Red (white) solid lines denote the 75 per cent, 40 per cent, 25 per cent, and 10 per cent contour levels of the observed (simulated) density of data
points while dashed lines show the medians of the distributions in each [Fe/H] bin. Observations denoted with red contour levels are compiled by the NuPyCEE
package (Ritter & Côté 2016) and include halo, thick, and thin disc stars (Reddy et al. 2003; Venn et al. 2004; Bensby et al. 2005; Reddy et al. 2006; Aoki &
Honda 2008; Lai et al. 2008; Roederer et al. 2009; Frebel 2010; Hansen et al. 2012; Ishigaki et al. 2012; Hinkel et al. 2014; Roederer et al. 2014; Jacobson et al.
2015; Battistini & Bensby 2016). Observationally, MW halo stars dominate the contribution to the [Eu/Fe] ratio at low [Fe/H], as shown by the highlighted
observations of Cohen et al. (2004); Venn et al. (2004). In contrast, thin and thick disc stars make up the majority of the contribution at higher metallicities
(Reddy et al. 2003; Venn et al. 2004). In the Reddy et al. (2003) observations, membership to the thick disc is denoted by having a line-of-sight velocity
> −40.0 km s−1, while membership in any component of the Venn et al. (2004) observations is based on their component membership probability being larger
than 0.5. Other sources have selected for halo stars explicitly (Cohen et al. 2004; Barklem et al. 2005). Here, and in following [Eu/Fe]versus [Fe/H] plots,
lower confidence interval KDE lines are only approximations to the total [Eu/Fe]versus [Fe/H] distribution as several cuts have been applied to the included
star particles due to numerical effects (see the text for details).

agreement with each other and the observations. However, some
small discrepancies are notable – in general, we predict more stars
at low [Eu/Fe] than observed at all [Fe/H] bins, and more high
[Eu/Fe] stars than observed in the highest [Fe/H] bin. In addition,
while there are many galaxies with a sizable fraction of their mass in
highly europium enhanced stars at low [Fe/H], we tend to underpre-
dict the amount of stellar mass in stars with [Eu/Fe] > 1.0. These
differences are likely due to a combination of both observational
and computational constraints.

Observations of poorly enhanced [Eu/Fe] stars are difficult, mak-
ing it likely that observational studies miss many of the stars we
predict with [Eu/Fe] ∼ −0.5 (e.g. Jacobson & Friel 2013). In addi-
tion, comparisons of numbers of stars with highly enhanced [Eu/Fe]
ratios are subject to large uncertainties, both in observations (∼0.2–
0.5 dex, e.g. Jacobson et al. 2015) and in simulations (see Sec-
tion 3). Finally, at higher metallicities, some europium lines can
become blended with other metal species, making precise deter-
minations of abundances more difficult (e.g. Koch & Edvardsson
2002). Taking these uncertainties in consideration, several trends in
the simulations are none the less of interest.

At high [Fe/H], the ex situ stars are slightly offset towards higher
[Eu/Fe] with respect to the insitu stars, while at low [Fe/H], this
trend disappears, or can even reverse in individual galaxies (not
shown). In general, the variations from galaxy to galaxy are greater
in the ex situ population than in the insitu population as shown
by the relatively larger error bars for the ex situ component (red)
in Fig. 9. The difference in these populations motivates a study of
whether the creation of high [Eu/Fe] stars at low [Fe/H] is due to
the assembly histories of each MW halo as the differences between
insitu and ex situ populations seem to suggest.

To test the possible relationship between assembly history and eu-
ropium enhancement, Fig. 10 shows the dependency of the fraction
of present-day highly europium enhanced stars on galaxy properties.
As shown in the left-most panel of Fig. 10, the ratio of ex situ to in-
situ stars is not correlated with the fraction of an MW’s stellar mass
that is made up of stars with [Eu/Fe] larger than the 75 per cent con-
tour shown in Fig. 7 ([Eu/Fe] ! 1.3). If the assembly history of these
individual stars was the driving factor in determining what haloes
hosted large [Eu/Fe] enhanced stellar populations, then a trend of
increasing (decreasing) f[Eu/Fe]75 per cent with an increasing fraction
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ABSTRACT 

We use cosmological, magnetohydrodynamical simulations of Milky Way-mass galaxies from the Auriga project to study their 
enrichment with rapid neutron capture (r-process) elements. We implement a variety of enrichment models from both binary 
neutron star mergers and rare core-collapse supernovae. We focus on the abundances of (extremely) metal-poor stars, most of 
which were formed during the first ∼Gyr of the Universe in external galaxies and later accreted onto the main galaxy. We find that 
the majority of metal-poor stars are r-process enriched in all our enrichment models. Neutron star merger models result in a 
median r-process abundance ratio which increases with metallicity, whereas the median trend in rare core-collapse supernova 
models is approximately flat. The scatter in r-process abundance increases for models with longer delay times or lower rates of r-
process producing events. Our results are nearly perfectly converged, in part due to the mixing of gas between mesh cells in the 
simulations. Additionally, different Milky Way-mass galaxies show only small variation in their respective r-process abundance 
ratios. Current (sparse and potentially biased) observations of metal-poor stars in the Milky Way seem to prefer rare core-collapse 
supernovae over neutron star mergers as the dominant source of r-process elements. Dwarf galaxies which experience a single r-
process event early in their history can show highly enhanced r-process abundances at low metallicity, which is seen both in 
observations and in our simulations. We discuss possible caveats to our models. 6 F. van de Voort et al.

Figure 4. [r-process/Fe] ([r-process/Mg]) as a function of [Fe/H] ([Mg/H]) are shown in the left-hand (right-hand) panel for our fiducial neutron star merger
enrichment model. The colour coding of the 200 by 200 pixel images represents the logarithm of the stellar mass per pixel. Black curves show the median (solid
curves), the 1� scatter (dashed curves), and the 2� scatter (dotted curves). The r-process abundance ratios have been normalized in each panel so that the
median is 0.4 (0.0) at [Fe/H] = 0 ([Mg/H] = 0). The median [r-process/Fe] and [r-process/Mg] increase with increasing metallicity. The distribution shows
there are many extreme outliers in the metal-poor regime (more than expected from a Gaussian distribution) and the scatter increases towards low metallicity.

Figure 5. [r-process/Fe] as a function of [Fe/H] for our fiducial neutron star
merger enrichment model colour coded by the (mass-weighted) formation
redshift of the stars. A large fraction of very low-metallicity stars were
formed when the Universe was less than a Gyr old (z > 6). Outliers from
the median trend were also on average formed earlier than the bulk of the
stars at fixed metallicity.

increasing with time, the r-process abundance ratio also exhibits a
residual dependence on formation redshift at fixed metallicity. This
is shown in Figure 5, which is the same as the left-hand panel of
Figure 4 but coloured according to the average formation redshift
of the stars in each pixel. Stars that are outliers in [r-process/Fe]
were formed earlier than stars that are near the median trend at fixed
[Fe/H]. Our other models (with either neutron star mergers or rare
core-collapse supernovae) exhibit the same behaviour.

Qualitatively similar results were obtained in simulations
which employed a very di�erent hydrodynamical method with no
metal exchange between di�erent resolution elements (van de Voort
et al. 2015). This trend therefore seems to be robust to choice of
numerical method. Quantitatively, however, there are some notice-
able di�erences. The scatter in [r-process/Fe] was larger in van de
Voort et al. (2015) and the median formation redshift (age) of ex-
tremely metal-poor stars was z ⇡ 2.9 (11.6 Gyr) instead of z = 6.2
(12.9 Gyr). Both of these di�erences are likely due to enhanced
small-scale mixing in our new calculations which allows material
to move from one gas cell to another. Improved mixing also re-

Figure 6. [r-process/Fe] as a function of [Fe/H] for our fiducial neutron
star merger enrichment model colour coded by the (mass-weighted) ex-situ
fraction of the stars. A high fraction of extremely metal-poor stars were
formed in other galaxies than the main progenitor of our simulated galaxy.
At low metallicity, outliers in [r-process/Fe] also have a further enhanced
ex-situ fraction compared to stars with r-process abundances closer to the
median.

sults in fewer extremely metal-poor stars, because heavy elements
produced are more quickly distributed over the entire ISM.

In order to trace the history of the stars, we check whether
the disc and halo stars were formed in the main progenitor of the
central galaxy (i.e. in-situ) or in an external galaxy (i.e. ex-situ).
The colour coding in Figure 6 shows the same abundance ratios as
the left-hand panel of Figure 4 with the fraction of stars formed
ex-situ used as colour coding. The in-situ stars vastly outnumber
the ex-situ stars; only 8 per cent of all stars within Rvir have been
accreted. However, 78 per cent of metal-poor stars ([Fe/H] < �2)
and 83 per cent of extremely metal-poor stars ([Fe/H] < �3) were
formed in other galaxies and later accreted onto the central galaxy
or its halo. For stars with [Fe/H] < �1, 61 per cent of stars were
accreted, in agreement with observations (Di Matteo et al. 2018).

As with the formation redshift, there is a strong dependence
of ex-situ fraction on metallicity. However, the residual dependence
on r-process abundance ratio at fixed metallicity is somewhat less
strong. Nevertheless, a larger fraction of r-process enhanced metal-
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Figure 9. For each of the 11 r-process models, this shows the largest dif-
ference in median [r-process/Fe] at [Fe/H] = �2.5 between the 16 di�erent
Milky Way-mass galaxies (in the 16 medium resolution simulations) as a
function of the yield per r-process producing event (see Tables 1 and 2).
The 7 neutron star merger models are shown as red circles and the 4 rare
core-collapse supernova models as blue stars. When the r-process event is
more rare, the yield per event is higher in order to produce enough r-process
elements in total. The high yield models (or rare event models) result in
more variation between galaxies.

resolution simulations is needed to test this. When the source(s) of
r-process elements are known and understood, these rare elements
could help constrain the early star formation and enrichment history
of the Milky Way.

3.4 Convergence

Previous particle-based cosmological simulations that followed r-
process enrichment self-consistently, but did not allow for the ex-
change of mass and metals between resolution elements, found
strong dependence on resolution (van de Voort et al. 2015). At
[Fe/H] = �3 the r-process abundance dropped by more than an or-
der of magnitude when increasing the mass resolution by a factor of
8. This was due to the fact that the initial enrichment region around
a neutron star merger decreased with increasing resolution in com-
bination with the complete absence of mass and metal exchange
between gas particles. The newly produced r-process elements were
distributed over a fixed number of neighbouring gas particles, rather
than over a fixed mass or volume. Metals obtained were stuck to their
initial resolution element and not able to mix with neighbouring gas
particles.

In a very similar way, the moving mesh simulations in this work
also distribute heavy elements over a fixed number of neighbouring
gas cells, which means that the initial enrichment region decreases
with increasing resolution as well. The grid cells in our calculations
move with the bulk of the flow as in particle-based simulations.
However, the gas, including the metals, can subsequently move to
and mix with di�erent resolution elements, which means that the
choice of initial enrichment region is much less important. Note that
the mixing between cells is treated self-consistently, as determined
by the local velocity field, and not imposed by any subgrid mixing
model. This small-scale mixing removes the dependence on reso-
lution and on parameter values chosen for the initial enrichment, as
shown in Figure 10. Black, solid curves show the median and 2� (top
panel) and 1� (bottom panel) scatter in [r-process/Fe] in our high-
resolution simulation for our fiducial neutron star merger model.
Additionally, the red, dashed and the blue, dotted curves show the
same quantities for simulations with medium and low resolution,

Figure 10. Median (thick curves) and 98th and 2nd percentiles (top panel,
thin curves) and 84th and 16th percentiles (bottom panel, thin curves) of
[r-process/Fe] as a function of [Fe/H] using the normalization of the high-
resolution simulation (black solid curves). Simulations with 8 and 64 times
lower resolution are shown as red dashed (medium resolution) and blue
dotted curves (low resolution), respectively. A simulation with medium
resolution, but an initial enrichment region consisting of a single gas cell
(the host cell) instead of 64 neighbouring cells is shown by the orange, dot-
dashed curves. Only bins containing at least 100 star particles are shown.
The simulations are well-converged and the choice of initial enrichment
region does not a�ect our conclusions. The scatter increases slightly with
increasing resolution. This increase is larger for the 2� scatter than for the
1� scatter. Reducing the injection region of mass and metals ejected by star
particles only slightly enhances the 2� scatter, but does not noticeably a�ect
the 1� scatter of this model.

respectively. We use the normalization of the high-resolution sim-
ulation for all simulations shown, which means the same r-process
yield per event is used for each simulation.

All simulations show very similar r-process abundances, with
up to 0.1 dex di�erence in the median value between simulations that
vary a factor 64 in mass resolution. We therefore conclude that the
metal enrichment in our simulation is well-converged. The scatter
increases slightly at higher resolution, especially the 2� scatter.
Although this is a small e�ect, the initial enrichment region is
smaller and numerical mixing is reduced at higher resolution, which
could both contribute to producing slightly more extreme outliers.
The scatter increases somewhat more strongly with resolution for
our fiducial rare core-collapse supernova model than for the fiducial
neutron star merger model shown here, likely because of the stronger
correlation between star formation and r-process enrichment. When
considering only 10 star particles per metallicity bin instead of the
100 we use throughout this work, the result is noisy in the lowest-
metallicity regime and the convergence behaviour is worse. This is
the reason that we only trust and show results for bins with at least
100 star particles.

To understand the importance of our choice to initially mix the
newly produced metals into 64 neighbouring cells when they are
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Figure 10. Median (thick curves) 
and 84th and 16th percentiles 
(thin curves) of [r-process/Fe] as a 
function of [Fe/H] using the 
normalization of the high- 
resolution simulation (black solid 
curves). 
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Shen et al. (2015) used a post-processing enrichment approach, which means they injected r-process elements after the 
simulation was finished. The results could therefore depend on the spacing between output times of the simulation. Their 
fiducial model additionally includes a metallicity floor for iron and a subgrid mixing scheme (assigning abundances based on 
128 neighbouring gas particles) for both iron and r-process elements. This study found that the median [r-process/Fe] 
decreases with increasing metallicity, as opposed to the results presented in this work. Unfortunately, whether or not these 
results depend on resolution is not discussed. We believe the discrepancy with our simulations is likely due to the post-
processing approach in Shen et al. (2015) and it would be interesting to see how our results compare when both simulations 
apply on-the-fly r-process enrichment. 

Naiman et al. (2018) used on-the-fly r-process enrichment, which included a metallicity floor for both iron and r-process 
elements, and a subgrid scheme in post-processing to redistribute r-process elements to only part of the mass contained by a 
star particle. The latter was necessary because of the limited resolution of the simulation (owing to the much larger volume 
simulated, yielding many Milky Way-mass galaxies). This study also found that the median [r-process/Fe] decreases with 
increasing metallicity, again contrary to our current results. We believe the imposed metallicity floor in Naiman et al. (2018) is 
responsible for this behaviour, because it artificially increases [r-process/Fe] at [Fe/H] < −1.5, as shown by their results 
without subgrid redistribution model in post-processing. 

Because our simulations are well-converged and the r-process enrichment was treated self-consistently and on-the-fly, with no 
imposed metallicity floor nor subgrid mixing prescription, we believe that our conclusions of a rising trend in [r-process/
Fe] with metallicity for neutron star merger models is robust. Based on the fact that our r-process results vary little with 
resolution (see also Section 3.4), we expect that Lagrangian codes with realistic diffusion and on-the-fly r-process enrichment 
would find an increasing trend of [r-process/Fe] with metallicity as well. 

There are a few caveats to our study, however. The ISM model employed by our simulations does not attempt to capture the 
clumpy multi-phase structure of the Milky Way’s ISM. The resulting model ISM is therefore smoother, possibly resulting in 
metals mixing too efficiently within the ISM (see also Schönrich & Weinberg 2019). Our simulations also do not include 
neutron star kicks, which could cause a larger fraction of neutron star mergers to occur outside the galaxy, in the low-
metallicity halo. This would result in less efficient direct r-process enrichment of the ISM, but potentially higher r- process 
abundances in accreting gas. Whether or not adding such ingredients improves the match of our neutron star merger models to 
observations will be explored in future work. 

Neutron star mergers and rare core-collapse supernovae as sources of r-process enrichment in simulated galaxies 
van de Voort et al. 2019



COMPREHENSIVE GEONEUTRINO ANALYSIS WITH BOREXINO - M. Agostini et al. arXiv:1909.02257 PRD.101.012009 

This paper presents a comprehensive geoneutrino measurement using the Borexino detector, located at Laboratori 
Nazionali del Gran Sasso (LNGS) in Italy. The analysis is the result of 3262.74 days of data between December 
2007 and April 2019. The paper describes improved analysis techniques and optimized data selection, which 
includes enlarged fiducial volume and sophisticated cosmogenic veto. The reported exposure of (1.29 ± 0.05)×1032 

protons × year represents an increase by a factor of two over a previous Borexino analysis reported in 2015. By 
observing 52.6+9.4 −8.6 (stat)+2.7 −2.1(sys) geoneutrinos (68% interval) from 238U and 232Th, a geoneutrino 
signal of 47.0+8.4 −7.7 (stat)+2.4 −1.9 (sys) TNU with +18.3 −17.2% total precision was obtained. This result 
assumes the same Th/U mass ratio found in chondritic CI meteorites but compatible results were found 
when contributions from 238U and 232Th were both fit as free parameters. Antineutrino background from 
reactors is fit unconstrained and found compatible with the expectations. The null-hypothesis of observing a 
geoneutrino signal from the mantle is excluded at a 99.0% C.L. when exploiting detailed knowledge of the local 
crust near the experimental site. Measured mantle signal of 21.2+9.6 −9.0 (stat)+1.1 −0.9 (sys) TNU corresponds to the 
production of a radiogenic heat of 24.6+11.1 −10.4 TW (68% interval) from 238U and 232Th in the mantle. Assuming 
18% contribution of 40K in the mantle and 8.1+1.9 −1.4 TW of total radiogenic heat of the lithosphere, the Borexino 
estimate of the total radiogenic heat of the Earth is 38.2+13.6 −12.7 TW, which corresponds to the convective 
Urey ratio of 0.78+0.41−0.28. These values are compatible with different geological predictions, however there is a 
∼2.4σ tension with those Earth models which predict the lowest concentration of heat-producing elements in the 
mantle. In addition, by fitting with a constraint on the number of expected reactor antineutrino events, the existence 
of a hypothetical georeactor at the center of the Earth having power greater than 2.4 TW at 95% C.L. is excluded. 
Particular attention is given to the description of all analysis details which should be of interest for the next 
generation geoneutrino measurements using liquid scintillator detectors. 

The expected geo-neutrino signal is expressed in Terrestrial Neutrino Units, where 1 TNU corresponds to one event per 
1032 target protons occurring at the detector per year of exposure time (from ref. 65 M. Coltorti et al., Geochim. 
Cosmochim. Acta 75, 2271 (2011), arXiv:1102.1335). 

The Convective Urey Ratio (URCV ) quantifies the ratio of internal heat generation in the mantle over the mantle heat flux:

tional binding energy was released due to matter accre-
tion HSC, and (ii) radiogenic heat Hrad from HPEs’ ra-
dioactive decays in the Earth. The relative contribution
of radiogenic heat to the Htot is crucial in understanding
the thermal conditions occurring during the formation
of the Earth and the energy now available to drive the
dynamical processes such as the mantle and outer-core
convection. The Convective Urey Ratio (URCV) quan-
tifies the ratio of internal heat generation in the mantle
over the mantle heat flux, as the following ratio [44]:

URCV =
Hrad � HCC

rad

Htot � HCC
rad

, (6)

where HCC
rad is the radiogenic heat produced in the conti-

nental crust. The secular cooling of the core is expected
in the range of [5 - 11] TW [45], while no radiogenic
heat is expected to be produced in the core.

Preventing dramatically high temperatures during
the initial stages of Earth formation, the present-day
URCV must be in the range between 0.12 to 0.49 [45].
Additionally, HPEs’ abundances, and thus Hrad of
Eq. 6, are globally representative of BSE models,
defining the original chemical composition of the
Primitive Mantle. The elemental composition of BSE
is obtained assuming a common origin for celestial
bodies in the solar system. It is supported, for example,
by the strong correlation observed between the relative
(to Silicon) isotopical abundances in the solar
photosphere and in the CI chondrites (Fig. 2 in [32]).
Such correlations can be then assumed also for the
material from which the Earth was created. The BSE
models agree in the prediction of major elemental
abundances (e.g. O, Si, Mg, Fe) within 10% [49].
Uranium and Thorium are refractory (condensate at
high temperatures) and lithophile (where silicates over
metal are preferred) elements. The relative abundances
of the refractory lithophile elements are expected to be
stable to volatile loss or core formation during the early
stage of the Earth [57]. The content of refractory
lithophile elements (e.g. U and Th), which are
excluded from the core11, are assumed based on
relative abundances in chondrites, and dramatically
di↵er between di↵erent models. In Table II global
masses of HPEs and their corresponding radiogenic
heat are reported, covering a wide spectrum of BSE

11Recent speculations [58] about possible partitioning of some
lithophile elements (including U and Th) into the metallic core are
still debated [59, 60]. This would explain the anomalous Sm/Nd ra-
tio observed in the silicate Earth and would represent an additional
radiogenic heat source for the geodynamo process.

compositional models. The contributions to the
radiogenic heat of U, Th, and K vary in the range of
[39 - 44]%, [40 - 45]%, and [11 - 17]%, respectively.

Three classes of BSE models are adopted in this
work: the Cosmochemical, Geochemical, and
Geodynamical models, as defined in [32, 54]. The
Cosmochemical (CC) model [34] is characterized by a
relatively low amount of U and Th producing a total
Hrad = (11 ± 2) TW. This model bases the Earth’s
composition on enstatite chondrites. The
Geochemical (GC) model class predicts intermediate
HPEs’abundances for primordial Earth. It adopts the
relative abundances of refractory lithophile elements as
in CI chondrites, while the absolute abundances are
constrained by terrestrial samples [49, 56]. The
Geodynamical (GD) model shows relatively high U
and Th abundances. It is based on the energetics of
mantle convection and the observed surface heat
loss [53]. Additionally, an extreme model can be
obtained following the approach described in [55],
where the terrestrial heat Htot of 47 TW is assumed to
be fully accounted for by radiogenic production Hrad.
When keeping the HPEs’ abundance ratios fixed to
chondritic values and rescaling the mass of each HPE
component accordingly, one obtains estimates for Fully
Radiogenic (FR) model (Table II).

A global assessment of the Th/U mass ratio of the
Primitive Mantle could hinge on the early evolution of
the Earth and its di↵erentiation. The most precise
estimate of the planetary Th/U mass ratio reference,
having a direct application in geoneutrino analysis, has
been refined to a value of MTh/MU = (3.876 ±
0.016) [61]. Recent studies [62], based on measured
molar 232Th/238U values and their time integrated Pb
isotopic values, are in agreement estimating MTh/MU =
3.90+0.13

�0.08. Significant deviations from this average value
can be found locally, especially in the heterogeneous
continental crust. This fact is attributable to many
di↵erent lithotypes, which can be found surrounding
the individual geoneutrino detectors [63, 64]. In the
local reference model for the area surrounding the
Borexino detector (see also Sec. 5.2), the reservoirs of
the sedimentary cover, which account for 30% of the
geoneutrino signal from the regional crust, are
characterized by a Th/U mass ratio ranging from ⇠0.8
(carbonatic rocks) to ⇠3.7 (terrigenous sediments) [65].

The determination of the radiogenic component of
Earth’s internal heat budget has proven to be a di�cult
task, since an exhaustive theory is required to satisfy
geochemical, cosmochemical, geophysical, and
thermal constraints, often based on indirect arguments.
In this puzzle, direct U and Th geoneutrino

7

where HCC is the radiogenic heat produced in the continental crust. 
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The mantle signal measured by Borexino can be con-
verted to the corresponding radiogenic heat by inverting
the Eq. (45). Since the experimental error on the mantle
signal is much larger than the systematic variability
associated to the U and Th distribution in the mantle,
the radiogenic power from U and Th in the mantle
Hmantle

rad ðUþ ThÞ inferred from the Borexino signal
SmantleðUþ ThÞ can be obtained with:

Hmantle
rad ðUþ ThÞ ¼ ð1=βcentrÞ · SmantleðUþ ThÞ

¼ 1.16 · SmantleðUþ ThÞ: ð46Þ

Adopting Smed
mantleðUþ ThÞ ¼ 21.2 TNU together with the

68% C.L. interval including both statistical and systematic
errors (Table XVII), we obtain:

Hmantle-med
rad ðUþ ThÞ ¼ 24.6 TW

I68fullHmantle
rad

ðUþ ThÞ ¼ 14.2–35.7 TW: ð47Þ

Summing the radiogenic power of U and Th in the litho-
sphereHLSp

rad ðUþ ThÞ ¼ 6.9þ1.6
−1.2 TW, the Earth’s radiogenic

power from U and Th is HradðUþ ThÞ ¼ 31.7þ14.4
−9.2 TW.

Assuming the contribution from 40K to be 18% of the
total mantle radiogenic heat (Sec. II), the total radiogenic

mantle signal can be expressed as Hmantle
rad ðUþ Thþ KÞ ¼

30.0þ13.5
−12.7 TW, where we have expressed the 1σ errors with

respect to the median. If we further add the lithospheric
contribution HLSp

rad ðUþ Thþ KÞ ¼ 8.1þ1.9
−1.4 TW, we get

the 68% coverage interval for the Earth’s radiogenic heat
HradðUþ Thþ KÞ ¼ 38.2þ13.6

−12.7 TW, as shown in Fig. 55.
The experimental error on the Earth’s radiogenic heat

power estimated by Borexino is comparable with the spread
of power predictions derived from the eight BSE models
reported in Table II. This comparison is represented in
Fig. 55. Among these, a preference is found for models
with relatively high radiogenic power, which correspond to
a cool initial environment at early Earth’s formation stages
and small values of the current heat coming from the
secular cooling. However, no model can be excluded at
3σ level.
The total radiogenic heat estimated by Borexino can

be used to extract the convective Urey ratio according
to Eq. (6). The resulting value of URCV ¼ 0.78þ0.41

−0.28 is
compared to the URCV predicted by different BSE models
in Fig. 56. The Borexino geoneutrino measurement
constrains at 90(95)% C.L. a mantle radiogenic heat power
to be Hmantle

rad ðUþ ThÞ > 10ð7Þ TW and Hmantle
rad ðUþ Thþ

KÞ > 12.2ð8.6Þ TW and the convective Urey ratio
URCV > 0.13ð0.04Þ.

G. Testing the georeactor hypothesis

The georeactor hypothesis described in Sec. V E was
tested by performing the spectral fit after constraining the
expected number of reactor antineutrino events (Table XIV)
to 97.6% 1.7ðstatÞ % 5.2ðsystÞ. The geoneutrino (Th/U
fixed to chondritic mass ratio of 3.9) and georeactor
contributions were left free in the fit. For each georeactor

FIG. 55. Decomposition of the Earth’s total surface heat flux
Htot ¼ ð47% 2Þ TW (horizontal black lines) into its three major
contributions—lithospheric (brown) and mantle (orange) radio-
genic heat HLSp

rad and Hmantle
rad , respectively, and secular cooling

HSC (blue). The labels on the x axis identify different BSE
models (Table VII), while the last bar labeled BX represents the
Borexino measurement. The lithospheric contribution HLSp

rad ¼
8.1þ1.9

−1.4 TW (Table V) is the same for all bars. The amount of
HPEs predicted by BSE models determines the mantle radiogenic
heat (Table VII), while for Borexino the value of 30.0þ13.5

−12.7 TW is
inferred from the extracted mantle signal. The difference between
Htot and the respective total radiogenic heat is assigned to the heat
from secular cooling of the Earth.
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FIG. 56. Comparison of Borexino constraints (horizontal band)
with predictions of the BSE models (points with %3σ error bars,
Table VII) for the convective Urey ratio URCV [Eq. (6)],
assuming the total heat flux Htot ¼ ð47% 2Þ TW and the radio-
genic heat of the continental crust HCC

rad ¼ 6.8þ1.4
−1.1 TW (Table V).

The blue, green, and red colors represent different BSE models
(CC, GC, and GD; Table VII, respectively).
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The mantle signal measured by Borexino can be con-
verted to the corresponding radiogenic heat by inverting
the Eq. (45). Since the experimental error on the mantle
signal is much larger than the systematic variability
associated to the U and Th distribution in the mantle,
the radiogenic power from U and Th in the mantle
Hmantle

rad ðUþ ThÞ inferred from the Borexino signal
SmantleðUþ ThÞ can be obtained with:

Hmantle
rad ðUþ ThÞ ¼ ð1=βcentrÞ · SmantleðUþ ThÞ

¼ 1.16 · SmantleðUþ ThÞ: ð46Þ

Adopting Smed
mantleðUþ ThÞ ¼ 21.2 TNU together with the

68% C.L. interval including both statistical and systematic
errors (Table XVII), we obtain:

Hmantle-med
rad ðUþ ThÞ ¼ 24.6 TW

I68fullHmantle
rad

ðUþ ThÞ ¼ 14.2–35.7 TW: ð47Þ

Summing the radiogenic power of U and Th in the litho-
sphereHLSp

rad ðUþ ThÞ ¼ 6.9þ1.6
−1.2 TW, the Earth’s radiogenic

power from U and Th is HradðUþ ThÞ ¼ 31.7þ14.4
−9.2 TW.

Assuming the contribution from 40K to be 18% of the
total mantle radiogenic heat (Sec. II), the total radiogenic

mantle signal can be expressed as Hmantle
rad ðUþ Thþ KÞ ¼

30.0þ13.5
−12.7 TW, where we have expressed the 1σ errors with

respect to the median. If we further add the lithospheric
contribution HLSp

rad ðUþ Thþ KÞ ¼ 8.1þ1.9
−1.4 TW, we get

the 68% coverage interval for the Earth’s radiogenic heat
HradðUþ Thþ KÞ ¼ 38.2þ13.6

−12.7 TW, as shown in Fig. 55.
The experimental error on the Earth’s radiogenic heat

power estimated by Borexino is comparable with the spread
of power predictions derived from the eight BSE models
reported in Table II. This comparison is represented in
Fig. 55. Among these, a preference is found for models
with relatively high radiogenic power, which correspond to
a cool initial environment at early Earth’s formation stages
and small values of the current heat coming from the
secular cooling. However, no model can be excluded at
3σ level.
The total radiogenic heat estimated by Borexino can

be used to extract the convective Urey ratio according
to Eq. (6). The resulting value of URCV ¼ 0.78þ0.41

−0.28 is
compared to the URCV predicted by different BSE models
in Fig. 56. The Borexino geoneutrino measurement
constrains at 90(95)% C.L. a mantle radiogenic heat power
to be Hmantle

rad ðUþ ThÞ > 10ð7Þ TW and Hmantle
rad ðUþ Thþ

KÞ > 12.2ð8.6Þ TW and the convective Urey ratio
URCV > 0.13ð0.04Þ.

G. Testing the georeactor hypothesis

The georeactor hypothesis described in Sec. V E was
tested by performing the spectral fit after constraining the
expected number of reactor antineutrino events (Table XIV)
to 97.6% 1.7ðstatÞ % 5.2ðsystÞ. The geoneutrino (Th/U
fixed to chondritic mass ratio of 3.9) and georeactor
contributions were left free in the fit. For each georeactor

FIG. 55. Decomposition of the Earth’s total surface heat flux
Htot ¼ ð47% 2Þ TW (horizontal black lines) into its three major
contributions—lithospheric (brown) and mantle (orange) radio-
genic heat HLSp

rad and Hmantle
rad , respectively, and secular cooling

HSC (blue). The labels on the x axis identify different BSE
models (Table VII), while the last bar labeled BX represents the
Borexino measurement. The lithospheric contribution HLSp

rad ¼
8.1þ1.9

−1.4 TW (Table V) is the same for all bars. The amount of
HPEs predicted by BSE models determines the mantle radiogenic
heat (Table VII), while for Borexino the value of 30.0þ13.5

−12.7 TW is
inferred from the extracted mantle signal. The difference between
Htot and the respective total radiogenic heat is assigned to the heat
from secular cooling of the Earth.
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FIG. 56. Comparison of Borexino constraints (horizontal band)
with predictions of the BSE models (points with %3σ error bars,
Table VII) for the convective Urey ratio URCV [Eq. (6)],
assuming the total heat flux Htot ¼ ð47% 2Þ TW and the radio-
genic heat of the continental crust HCC

rad ¼ 6.8þ1.4
−1.1 TW (Table V).

The blue, green, and red colors represent different BSE models
(CC, GC, and GD; Table VII, respectively).
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to neutrinos with energies above ⇠10 TeV. Thus, the at-
tenuation of the neutrino flux, as measured by the sig-
nals in large Cherenkov detectors, provides information
about the nucleon matter density of the Earth. Recently,
IceCube determined the mass of the Earth and its core,
its moment of inertia and verified that the core is denser
than the mantle using data obtained from atmpospheric
neutrinos [2]. A complementary information about the
electron density could, in principle, be inferred by ex-
ploiting the flavor oscillations of atmospheric neutrinos
in the energy range from MeV to GeV [3].

An independent method to study the matter
composition deep within the Earth, can be provided by
geoneutrinos, i.e. (anti)neutrinos emitted by the Earth’s
radioactive elements. Their detection allows to assess
the Earth’s heat budget, specifically the heat emitted in
the radioactive decays. The latter, the so-called
radiogenic heat of the present Earth, arises mainly
from the decays of isotopes with half-lives comparable
to, or longer than Earth’s age (4.543 · 109 years):
232Th (T1/2 = 1.40 · 1010 years), 238U (T1/2 =
4.468 · 109 years), 235U (T1/2 = 7.040 · 108 years), and
40K (T1/2 = 1.248 · 109 years) [4]. All these isotopes are
labeled as heat-producing elements (HPEs). The
natural Thorium is fully composed of 232Th, while the
natural isotopic abundances of 238U, 235U, and 40K are
0.992742, 0.007204, and 1.17 ⇥ 10�4, respectively. In
each decay, the emitted radiogenic heat is in a
well-known ratio7 to the number of emitted
geoneutrinos [5]:

238U! 206Pb + 8↵ + 8e� + 6⌫̄e + 51.7 MeV (1)
235U! 207Pb + 7↵ + 4e� + 4⌫̄e + 46.4 MeV (2)

232Th! 208Pb + 6↵ + 4e� + 4⌫̄e + 42.7 MeV (3)
40K! 40Ca + e� + ⌫̄e + 1.31 MeV (89.3%) (4)

40K + e� ! 40Ar + ⌫e + 1.505 MeV (10.7%) (5)

Obviously, the total amount of emitted geoneutrinos
scales with the total mass of HPEs inside the Earth.
Hence, geoneutrinos’ detection provides us a way of
measuring this radiogenic heat.

This idea was first discussed by G. Marx and
N. Menyhárd [6], G. Eder [7], and G. Marx [8] in the
1960’s. It was further developed by M. L. Krauss,
S. L. Glashow, and D. N. Schramm [9] in 1984. Finally,
the potential to measure geoneutrinos with liquid
scintillator detectors was suggested in the ’90s by

7The energy expressed in the following equations is the total en-
ergy, from which the released geoneutrinos take away about 5% as
their kinetic energy.

C. G. Rothschild, M. C. Chen, and F. P. Calaprice [10]
and independently by R. Raghavan et al. [11].

It took several decades to prove these ideas feasi-
ble. Currently, large-volume liquid-scintillator neutrino
experiments KamLAND [12, 13, 14, 15] and Borex-
ino [16, 17, 18] have demonstrated the capability to ef-
ficiently detect a geoneutrino signal. These detectors
are thus o↵ering a unique insight into 200 years long
discussion about the origin of the Earth’s internal heat
sources.

The Borexino detector, located in hall-C of
Laboratori Nazionali del Gran Sasso in Italy (LNGS),
was originally designed to measure 7Be solar
neutrinos. However thanks to the unprecedented levels
of radiopurity, Borexino has surpassed its original
goal and has now measured all8 the pp-chain
neutrinos [20, 21, 22]. We report here a comprehensive
geoneutrino measurement based on the Borexino data
acquired during 3262.74 days (December 2007 to April
2019). Thanks to an improved analysis with optimized
data selection cuts, an enlarged fiducial volume, and a
sophisticated cosmogenic veto, the exposure of (1.29 ±
0.05)⇥1032 protons ⇥ year represents a factor 2
increase with respect to the previous Borexino
analysis [18].

A detailed description of all the steps in the analysis
is reported, and should be important to new experiments
measuring geoneutrinos, e.g. SNO+ [23], JUNO [24],
and Jinping [25]. Hanohano [26] is an interesting, ad-
ditional proposal to use a movable 5 kton detector rest-
ing on the ocean floor. As the oceanic crust is partic-
ularly thin and relatively depleted in HPEs, this exper-
iment could provide the most direct information about
the mantle. Finally, it is anticipated that using antineu-
trinos to study the Earth’s interior will increase in the
future based on the availability of new detectors and the
continued development of analysis techniques.

This paper is structured as follows: Section 2 intro-
duces the fundamental insights on what the geoneutrino
studies can bring to the comprehension of the Earth’s
inner structure and thermal budget. Section 3 details a
description of the Borexino detector and the structure
of its data. In Section 4, the ⌫̄e detection reaction -
the Inverse Beta Decay of the free proton, that will be
abbreviated as IBD through the text - is illustrated. It
is shown that only geoneutrinos above 1.8 MeV kine-
matic threshold can be detected, leaving 40K and 235U
geoneutrinos completely unreachable with present-day

8The upper limit was placed for hep solar neutrinos, the flux of
which is expected to be about 3 orders of magnitude smaller than that
of 8B solar neutrinos [19].
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detection techniques. Section 5 deals with the estima-
tion of the expected antineutrino signal from geoneutri-
nos, through background from reactor and atmospheric
neutrinos, up to a hypothetical natural georeactor in the
deep Earth. Section 6 describes the non-antineutrino
backgrounds, e.g. cosmogenic or natural radioactive
nuclei whose decays could mimic IBD. The criteria to
selectively identify the best candidates in the data, are
discussed in Sec. 7, which involves the optimization of
the signal-to-background ratio. Section 8 shows how
the signal and background spectral shapes, expressed in
the experimental energy estimator (normalized charge),
were constructed and how the detection e�ciency is cal-
culated. Both procedures are based on Borexino Monte
Carlo (MC) [27], that was tuned on independent cal-
ibration data. Section 9 introduces the analyzed data
set and discusses the number of expected signal and
background events passing the optimized cuts, based
on Secs. 5 and 6. In Section 10, the Borexino sensitiv-
ity to extract geoneutrino signals is illustrated. Finally,
Sec. 11 discusses our results. The golden IBD candidate
sample is presented (Sec. 11.1) together with the spec-
tral analysis (Sec. 11.2) and sources of systematic un-
certainty (Sec. 11.3). The measured geoneutrino signal
at LNGS is compared to the expectations of di↵erent ge-
ological models in Sec. 11.4. The extraction of the man-
tle signal using knowledge of the signal from the bulk
lithosphere is discussed in Sec. 11.5. The consequences
of the new geoneutrino measurement with respect to the
Earth’s radiogenic heat are discussed in Sec. 11.6. Plac-
ing limits on the power of a hypothetical natural geore-
actor, located at di↵erent positions inside the Earth, is
discussed in Sec. 11.7. Final summary and conclusions
are reported in Sec. 12.

2. WHY TO STUDY GEONEUTRINOS

Our Earth is unique among the terrestrial planets9

of the solar system. It has the strongest magnetic field,
the highest surface heat flow, the most intense tectonic
activity, and it is the only one to have continents
composed of a silicate crust [28]. Understanding the
thermal, geodynamical, and geological evolution of our
planet is one of the most fundamental questions in
Earth Sciences [29].

The Earth was created in the process of accretion
from undi↵erentiated material of solar nebula [30, 31].
The bodies with a su�cient mass undergo the process

9Mercury, Venus, Earth, and Mars
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FIG. 1. Schematic cross-section of the Earth. The Earth has
a concentrically layered structure with an equatorial radius of
6378 km. The metallic core includes an inner solid portion
(1220 km radius) and an outer liquid portion which extends
to a depth of 2895 km, where the core is isolated from the
silicate mantle by the core-mantle boundary (CMB). Seismic
tomography suggests a convection through the whole depth of
the viscose mantle, that is driving the movement of the litho-
spheric tectonic plates. The lithosphere, subjected to brittle
deformations, is composed of the crust and continental litho-
spheric mantle. The mantle transition zone, extending from
a depth of 400 to 700 km, is a↵ected by partial melting along
the mid-oceanic ridges where the oceanic crust is formed. The
continetal crust is more complex and thicker than the oceanic
crust.

of di↵erentiation, i.e. a transformation from a homoge-
neous object into a body with a layered structure. The
geophysical picture of a concentrically layered internal
structure of the present Earth (Fig. 1), with mass ME
= 5.97 ⇥1024 kg, is relatively well established from its
density profile, which is obtained by precise measure-
ments of seismic waves on its surface.

During the first di↵erentiation, metallic segregation
occurred and the core (⇠32.3% of ME) separated from
the silicate Primitive Mantle or Bulk Silicate Earth
(BSE). The latter further di↵erentiated into the present
mantle (⇠67.2% of ME) and crust (⇠0.5% of ME). The
metallic core has Fe–Ni chemical composition and is
expected to reach temperatures up to about 6000 K in
its central parts. The inner core (⇠1220 km radius) is
solid due to high pressure, while the 2263 km thick
outer core is liquid [32]. The outer core has an
approximate 10% admixture of lighter elements and
plays a key role in the geodynamo process generating
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We assume a Htot =(47±2)TW as the best current 
estimation.  Neglecting the small contribution (<0.5TW) 
from tidal dissipation and gravitational potential energy 
released by the differentiation of crust from the mantle, the 
Htot is typically expected to originate from two main 
processes: (i) secular cooling of the Earth, i.e. cooling from 
the time of the Earth’s formation when gravitational 
binding energy was released due to matter accretion HSC, 
and (ii) radiogenic heat Hrad from heat producing elements 
(HPEs) radioactive decays in the Earth. The relative 
contribution of radiogenic heat to the Htot is crucial in 
understanding the thermal conditions occurring during the 
formation of the Earth and the energy now available to 
drive the dynamical processes such as the mantle and outer-
core convection. The Convective Urey Ratio (URCV ) 
quantifies the ratio of internal heat generation in the mantle 
over the mantle heat flux, as the following ratio [44]: 

tional binding energy was released due to matter accre-
tion HSC, and (ii) radiogenic heat Hrad from HPEs’ ra-
dioactive decays in the Earth. The relative contribution
of radiogenic heat to the Htot is crucial in understanding
the thermal conditions occurring during the formation
of the Earth and the energy now available to drive the
dynamical processes such as the mantle and outer-core
convection. The Convective Urey Ratio (URCV) quan-
tifies the ratio of internal heat generation in the mantle
over the mantle heat flux, as the following ratio [44]:

URCV =
Hrad � HCC

rad

Htot � HCC
rad

, (6)

where HCC
rad is the radiogenic heat produced in the conti-

nental crust. The secular cooling of the core is expected
in the range of [5 - 11] TW [45], while no radiogenic
heat is expected to be produced in the core.

Preventing dramatically high temperatures during
the initial stages of Earth formation, the present-day
URCV must be in the range between 0.12 to 0.49 [45].
Additionally, HPEs’ abundances, and thus Hrad of
Eq. 6, are globally representative of BSE models,
defining the original chemical composition of the
Primitive Mantle. The elemental composition of BSE
is obtained assuming a common origin for celestial
bodies in the solar system. It is supported, for example,
by the strong correlation observed between the relative
(to Silicon) isotopical abundances in the solar
photosphere and in the CI chondrites (Fig. 2 in [32]).
Such correlations can be then assumed also for the
material from which the Earth was created. The BSE
models agree in the prediction of major elemental
abundances (e.g. O, Si, Mg, Fe) within 10% [49].
Uranium and Thorium are refractory (condensate at
high temperatures) and lithophile (where silicates over
metal are preferred) elements. The relative abundances
of the refractory lithophile elements are expected to be
stable to volatile loss or core formation during the early
stage of the Earth [57]. The content of refractory
lithophile elements (e.g. U and Th), which are
excluded from the core11, are assumed based on
relative abundances in chondrites, and dramatically
di↵er between di↵erent models. In Table II global
masses of HPEs and their corresponding radiogenic
heat are reported, covering a wide spectrum of BSE

11Recent speculations [58] about possible partitioning of some
lithophile elements (including U and Th) into the metallic core are
still debated [59, 60]. This would explain the anomalous Sm/Nd ra-
tio observed in the silicate Earth and would represent an additional
radiogenic heat source for the geodynamo process.

compositional models. The contributions to the
radiogenic heat of U, Th, and K vary in the range of
[39 - 44]%, [40 - 45]%, and [11 - 17]%, respectively.

Three classes of BSE models are adopted in this
work: the Cosmochemical, Geochemical, and
Geodynamical models, as defined in [32, 54]. The
Cosmochemical (CC) model [34] is characterized by a
relatively low amount of U and Th producing a total
Hrad = (11 ± 2) TW. This model bases the Earth’s
composition on enstatite chondrites. The
Geochemical (GC) model class predicts intermediate
HPEs’abundances for primordial Earth. It adopts the
relative abundances of refractory lithophile elements as
in CI chondrites, while the absolute abundances are
constrained by terrestrial samples [49, 56]. The
Geodynamical (GD) model shows relatively high U
and Th abundances. It is based on the energetics of
mantle convection and the observed surface heat
loss [53]. Additionally, an extreme model can be
obtained following the approach described in [55],
where the terrestrial heat Htot of 47 TW is assumed to
be fully accounted for by radiogenic production Hrad.
When keeping the HPEs’ abundance ratios fixed to
chondritic values and rescaling the mass of each HPE
component accordingly, one obtains estimates for Fully
Radiogenic (FR) model (Table II).

A global assessment of the Th/U mass ratio of the
Primitive Mantle could hinge on the early evolution of
the Earth and its di↵erentiation. The most precise
estimate of the planetary Th/U mass ratio reference,
having a direct application in geoneutrino analysis, has
been refined to a value of MTh/MU = (3.876 ±
0.016) [61]. Recent studies [62], based on measured
molar 232Th/238U values and their time integrated Pb
isotopic values, are in agreement estimating MTh/MU =
3.90+0.13

�0.08. Significant deviations from this average value
can be found locally, especially in the heterogeneous
continental crust. This fact is attributable to many
di↵erent lithotypes, which can be found surrounding
the individual geoneutrino detectors [63, 64]. In the
local reference model for the area surrounding the
Borexino detector (see also Sec. 5.2), the reservoirs of
the sedimentary cover, which account for 30% of the
geoneutrino signal from the regional crust, are
characterized by a Th/U mass ratio ranging from ⇠0.8
(carbonatic rocks) to ⇠3.7 (terrigenous sediments) [65].

The determination of the radiogenic component of
Earth’s internal heat budget has proven to be a di�cult
task, since an exhaustive theory is required to satisfy
geochemical, cosmochemical, geophysical, and
thermal constraints, often based on indirect arguments.
In this puzzle, direct U and Th geoneutrino

7

where HCC is the radiogenic heat produced in the 
continental crust. The secular cooling of the core is expected 
in the range of [5 - 11] TW [45], while no radiogenic heat is 
expected to be produced in the core. 

Preventing dramatically high temperatures during the initial 
stages of Earth formation, the present-day URCV must be in 
the range between 0.12 to 0.49 [45]. Additionally, HPEs’ 
abundances, and thus Hrad of Eq. 6, are globally 
representative of BSE models, defining the original chemical 
composition of the Primitive Mantle. The elemental 
composition of BSE is obtained assuming a common origin 
for celestial bodies in the solar system. It is supported, for 
example, by the strong correlation observed between the 
relative (to Silicon) isotopical abundances in the solar

photosphere and in the CI chondrites (Fig. 2 in [32]). Such 
correlations can be then assumed also for the material from 
which the Earth was created. The BSE models agree in the 
prediction of major elemental abundances (e.g. O, Si, Mg, Fe) 
within 10% [49]. Uranium and Thorium are refractory 
(condensate at high temperatures) and lithophile (where silicates 
over metal are preferred) elements. The relative abundances of 
the refractory lithophile elements are expected to be stable to 
volatile loss or core formation during the early stage of the Earth 
[57]. The content of refractory lithophile elements (e.g. U and 
Th), which are excluded from the core11, are assumed based on 
relative abundances in chondrites, and dramatically differ 
between different models. In Table II global masses of HPEs and 
their corresponding radiogenic heat are reported, covering a wide 
spectrum of BSE compositional models. The contributions to the 
radiogenic heat of U, Th, and K vary in the range of [39 - 44]%, 
[40 - 45]%, and [11 - 17]%, respectively. 

11Recent speculations [58] about possible partitioning of some 
lithophile elements (including U and Th) into the metallic core 
are still debated [59, 60]. This would explain the anomalous Sm/
Nd ratio observed in the silicate Earth and would represent an 
additional radiogenic heat source for the geodynamo process. 
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The most precise estimate of the planetary Th/U mass ratio 
reference, having a direct application in geoneutrino analysis, 
has been refined to a value of MTh/MU = (3.876 ± 0.016) [61]. 
Recent studies [62], based on measured molar 232 Th/238 U 
values and their time integrated Pb isotopic values, are in 
agreement estimating MTh/MU = 3.90+0.13 −0.08. 

Note: BSE = Bulk Silicate Earth



In future, detection of 40K geoneutrinos might be possible [71, 72]. 
This would be extremely important, since Potassium is the only semi-
volatile HPE. Our planet seems to show ∼1/3 [49] to ∼1/8 [34] 
Potassium when compared to chondrites, making its expected bulk 
mass span of a factor ∼2 across different Earth’s models. Two theories 
on the fate of the mysterious “missing K” include loss to space during 
accretion [49] or segregation into the core [73], but no experimental 
evidence has been able to confirm or rule out any of the hypotheses, 
yet. As a consequence, the different BSE class models predict a K/U 
ratio in the mantle in a relatively wide range from 9700 to 16000 [54]. 
According to these ratios, the Potassium radiogenic heat of the mantle 
varies in the range [2.6 – 4.3] TW, which translates to an average 
contribution of 18% to the mantle radiogenic power. We will use this 
value in the evaluation of the total Earth radiogenic heat from the 
Borexino geoneutrino measurement (Sec. 11.6). 
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FIG. 2. Scheme of the Borexino detector.

0.003) · 10�4 m�2 s�1 [75]. The general scheme of the
Borexino detector is shown in Fig. 2. The detector has a
concentric multi-layer structure. The outer layer (Outer
Detector (OD)) serves as a passive shield against exter-
nal radiation as well as an active Cherenkov veto of cos-
mogenic muons. It consists of a steel Water Tank (WT)
of 9 m base radius and 16.9 m height filled with ap-
proximately 1 kt of ultra-pure water. Cherenkov light in
the water is registered in 208 8” photo-multiplier tubes
(PMTs) placed on the floor and outer surface of a Stain-
less Steel Sphere (SSS, 6.85 m radius), which is con-
tained within the WT. The Inner Detector (ID) within
the SSS comprises three layers and it is equipped with
2212 8” PMTs mounted on the inner surface of the SSS.
Over time, the number of working PMTs in the ID has
decreased, from 1931 in December 2007 to 1183 by the
end of April 2019. The three ID layers are formed by
the insertion of the two 125 µm thick nylon “balloons”,
the Inner Vessel (IV) and the Outer Vessel (OV) with
the radii 4.25 m and 5.50 m, respectively. The two lay-
ers between the SSS and the IV, separated by the OV,
form the Outer Bu↵er (OB) and the Inner Bu↵er (IB).

The antineutrino target is an organic liquid
scintillator (LS) confined by the IV. The scintillator
is composed of pseudocumene (PC,
1,2,4-trimethylbenzene, C6H3(CH3)3) solvent doped
with a fluorescent dye PPO (2,5-diphenyloxazole,
C15H11NO) in concentration of 1.5 g/l. The scintillator
density is (0.878 ± 0.004) g cm�3, where the error
considers the changes due to the temperature
instabilities over the whole data acquisition period. The

nominal total mass of the target is 278 ton and the
proton density is (6.007 ± 0.001) ⇥ 1028 per 1 ton. A
careful selection of detector materials, accurate
assembling, and a complex radio-purification of the
liquid scintillator guaranteed extremely low
contamination levels of 238U and 232Th. After the
additional LS purification in 2011, they achieved
< 9.4 ⇥ 10�20 g/g (95% C.L.) and < 5.7 ⇥ 10�19 g/g
(95% C.L.), respectively.

The bu↵er liquid, consisting of a solution of the
dimethylphthalate (DMP, C6H4(COOCH3)2) light
quencher in PC, shields the core of the detector against
external �s and neutron radiation. The OV and IV
themselves block the inward transfer of Radon
emanated from the internal PMTs and SSS. The
quencher concentration has been varied twice,
changing it from the initial 5 g/l to 3 g/l and then to
2 g/l. These operations have reduced the density
di↵erence between the bu↵er and the scintillator in
order to minimize the scintillator leak (appeared in
April 2008) from the central volume through the small
hole in the IV to the IB as much as possible. This
campaign was mostly successful, but the IV shape has
become non-spherical and changing in time. We are
able to reconstruct the IV shape from the data itself, as
it will be described in Sec. 3.3.

Borexino has a main data acquisition system (the
main DAQ) and a semi-independent Fast Wave Form
Digitizing (FWFD) or Flash Analog-to-Digital
Converter (FADC) sub-system designed for energies
above 1 MeV. Both systems process signals from both
the ID and the OD PMTs, but in di↵erent ways. Every
ID PMT is AC-coupled to an electronic chain made by
an analogue front end (so-called FE boards, FEBs)
followed by a digital circuit (so-called Laben
boards12). While the main DAQ treats every PMT
individually, the FADC sub-system receives as input
the sums of up to 24 analogue FEB outputs. More
details about the Borexino data structure are given in
Sec. 3.1.

The e↵ective light yield in Borexino is
approximately 500 detected photoelectrons (p.e.) per
1 MeV of deposited energy. This results in the
5%/
p

E (MeV) energy resolution. Borexino is a
position sensitive detector. For point-like events, the
vertex is reconstructed based on the time-of-flight
technique [20] with ⇠10 cm at 1 MeV resolution at the
center of the detector. For other positions with larger

12The boards were designed and built in collaboration with Laben
s.p.a.
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FIG. 11. Distributions of the Gatti (G) (a) and the Multi-
Layer Perceptron (MLP) (b) ↵/� discrimination parameters
for 214Bi(��) (dashed line) and 214Po(↵) (solid line) events.

4. ANTINEUTRINO DETECTION

Antineutrinos are detected in liquid scintillator de-
tectors through the Inverse Beta Decay (IBD) reaction
(Fig. 12):

⌫̄e + p! e+ + n, (9)

in which the free protons in hydrogen nuclei, that are
copiously present in hydrocarbon (CnH2n) molecules of
organic liquid scintillators, act as target. IBD is a
charge-current interaction which proceeds only for
electron flavoured antineutrinos. Since the produced
neutron is heavier than the target proton, the IBD
interaction has a kinematic threshold of 1.806 MeV.
The cross section of the IBD interaction can be
calculated precisely with an uncertainty of 0.4% [84].
In this process, a positron and a neutron are emitted as
reaction products. The positron promptly comes to rest
and annihilates emitting two 511 keV �-rays, yielding a
prompt signal, with a visible energy Ep, which is

FIG. 12. Schematic of the proton Inverse Beta Decay (IBD)
interaction that is used to detect geoneutrinos. The origin of
the prompt (positron) and the delayed (gamma from neutron
capture) signals is depicted.

directly correlated with the incident antineutrino
energy E⌫̄e :

Ep ⇠ E⌫̄e � 0.784 MeV. (10)

The o↵set results mostly from the di↵erence between
the 1.806 MeV, absorbed from E⌫̄e in order to make the
IBD kinematically possible, and the 1.022 MeV energy
released during the positron annihilation. The emitted
neutron initially retains the information about the ⌫̄e
direction. However, the neutron is detected only
indirectly, after it is thermalized and captured, mostly
on a proton. Such a capture leads to an emission of a
2.22 MeV � ray, which interacts typically through
several Compton scatterings. These scattered Compton
electrons then produce scintillation light that is
detected in a single coincident delayed signal. In
Borexino, the neutron capture time was measured
with the 241Am-9Be calibration source to be
(254.5 ± 1.8) µs [77]. During this time, the directional
memory is lost in many scattering collisions.

Figure 13 shows the Npe spectrum of delayed
signals due to the gammas from captures of neutrons
emitted from the 241Am-9Be calibration source placed
in the center of the detector. In addition to the main
2.22 MeV peak due to the neutron captures on protons,
higher energy peaks are clearly visible. The 4.95 MeV
�s originate from the neutron captures on 12C present
in LS which occurs with about 1.1% probability. The
higher energy peaks are from neutron captures on
stainless steel nuclei (Fe, Ni, Cr) used in the source
construction.

The pairs of time and spatial coincidences between
the prompt and the delayed signals o↵er a clean signa-
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5.2 Geoneutrinos  The Earth is a planet shining essentially in a flux of 
antineutrinos with a luminosity L ∼ 1025 s−1. For a detector placed on the 
continental crust, the expected U and Th geoneutrino flux is of the order of 
106 cm−2 s−1 and is typically dominated by the crustal contribution. 
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FIG. 15. (a) Geoneutrino energy spectra from the decays of 40K and of the 238U, 235U, and 232Th chains. All spectra are normalized
to one decay of the head element of the chain. The integral from zero to the end point of the total spectrum is 6 for 238U, 4 for
235U and 232Th, and 0.89 for 40K. Data are from [89]. (b) Geoneutrino fluxes from di↵erent isotopes and their sum at LNGS as
a function of geoneutrino energies calculated adopting geophysical and geochemical inputs from [35] for the far-field lithosphere
and from [65] for the local crust. The flux from the mantle is calculated assuming a two-layer distribution and adopting HPEs’
abundances in BSE according to the GC model. The vertical dashed lines in both plots represent the kinematic threshold of the
IBD interaction.

Table VI, while the mantle signals, using in inputs
di↵erent BSE models (Table II), in Table VII.

Local crust contribution

The S LOC(U+Th) is estimated adopting the local
refined model based on specific geophysical and
geochemical data described in [65]. The 492 km ⇥
444 km region of continental crust surrounding the
LNGS is divided in a Central Tile (CT) and the Rest of
the Region (RR) (Fig. 14c). For the CT, which includes
the crustal portion within ⇠100 km from the Borexino
detector, a 3D model with a typical resolution of (2.0
km ⇥ 2.0 km ⇥ 0.5 km) is built. The crustal structure
of the CT is based on a simplified tectonic model that
includes the main crustal thrusts and near vertical
reflection seismic profiles of the CROP project [91].
The ⇠35 km thick crust has a layered structure typical
of Central Apennines, characterized by thick
sedimentary cover (⇠13 km) which is not reported in
any global crustal model. It is constituted by three
Permo-Mesozoic carbonatic successions and a unit of
the Cenozoic terrigenous sediments. Since the local
seismic sections do not highlight any evidence of
middle crust, the crystalline basement is subdivided
into upper crust (⇠13 km) and lower crust (⇠9 km).
The U and Th mass abundances are obtained by
ICP-MS and gamma spectroscopy measurements of the

rock samples collected within 200 km from the LNGS
and from representative outcrops of upper and lower
crust of the south Alpine basement. It’s relevant to note
that ⇠75% of the sedimentary cover volume of CT is
constituted by Mesozoic carbonates particularly poor
of U and Th. It implies that the overall U and Th
abundances of sediments are a(U) = (0.8 ± 0.2) µg/g
and a(Th) = (2.0 ± 0.5) µg/g to compare with a(U) =
(1.73 ± 0.09) µg/g and a(Th) = (8.10 ± 0.59) µg/g [92]
used for the global crustal estimations. A geophysical
model with a lower spatial resolution (0.25� ⇥ 0.25�) is
built for the RR, which treats the sedimentary cover as
a single and homogeneous layer with the same U and
Th abundances of CT sediments. The geoneutrino
signal of the LOC is S LOC(U+Th) = (9.2 ± 1.2) TNU13

(Table VI) where 77% of the signal originates from U
and Th distributed in the CT. The maximal and minimal
excursions of various input values and uncertainties
reported in [65] are taken as the ±3� error range. The
U and Th signal errors are conservatively considered
fully positively correlated. Note that the reduction of
⇠6 TNU with respect to the estimations of the global
reference model [35] is due to presence of thick

13The di↵erence of ⇠0.8 TNU with respect to the value reported
in [65] is the result of the neutrino survival probability function cal-
culated from each cell using the updated oscillation parameters. The
oscillation amplifies the reduction of the signal due to the presence of
surrounding carbonatic rocks poor in Th and U.
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Fig. 15b.  Geoneutrino fluxes from different isotopes and their sum at LNGS as a function of 
geoneutrino energies calculated adopting geophysical and geochemical inputs from [35] for the 
far-field lithosphere and from [65] for the local crust. The flux from the mantle is calculated 
assuming a two-layer distribution and adopting HPEs’ abundances in BSE according to the GC 
model. The vertical dashed lines represents the kinematic threshold of the IBD interaction. 



A radiogenic heating evolution model for cosmochemically Earth-like exoplanets 
Elizabeth A. Frank a,⇑, Bradley S. Meyer b, Stephen J. Mojzsis  - Icarus 243 (2014) 274–286 

Discoveries of rocky worlds around other stars have inspired diverse geophysical models of their plausible structures and tectonic 
regimes. Severe limitations of observable properties require many inexact assumptions about key geophysical characteristics of these 
planets. We present the output of an analytical galactic chemical evolution (GCE) model that quantitatively constrains one of 
those key properties: radiogenic heating. Earth’s radiogenic heat generation has evolved since its formation, and the same will 
apply to exoplanets. We have fit simulations of the chemical evolution of the interstellar medium in the solar annulus to the chemistry 
of our Solar System at the time of its formation and then applied the carbonaceous chondrite/Earth’s mantle ratio to determine the 
chemical composition of what we term ‘‘cosmochemically Earth-like’’ exoplanets. Through this approach, predictions of exoplanet 
radiogenic heat productions as a function of age have been derived. The results show that the later a planet forms in galactic history, 
the less radiogenic heat it begins with; however, due to radioactive decay, today, old planets have lower heat outputs per unit 
mass than newly formed worlds. The long half-life of 232Th allows it to continue providing a small amount of heat in even the most 
ancient planets, while 40K dominates heating in young worlds. Through constraining the age-dependent heat production in exoplanets, 
we can infer that younger, hotter rocky planets are more likely to be geologically active and therefore able to sustain the crustal 
recycling (e.g. plate tectonics) that may be a requirement for long-term biosphere habitability. In the search for Earth-like planets, 
the focus should be made on stars within a billion years or so of the Sun’s age. 

chosen for detailed observation due to their Sun-like qualities. The
salient point from this figure is that in the search for Earth-like
exoplanets, as previously considered by other workers, stars within
a couple billion years in age from that of the Sun are most promis-
ing for their abilities to host life (e.g. Lineweaver et al., 2004;
Spitoni et al., 2014). Rocky planets in these solar systems might
be old enough to be beyond the period of late accretion but young
enough such that their internal heat product is still sufficient for
geological activity that may be expressed in the form of plate tec-
tonics. Hotter planets are more likely to be geologically active, so
future searches for exoplanet host stars should be directed towards
young stars that might host planets that are Earth-like in terms of
their chemistry in addition to their size and orbital parameters.
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Fig. 14. Number of exoplanet host stars as a function of their age in 2012
superimposed with the predicted current heat production for cosmochemically
Earth-like planets. The host stars include those that have either gaseous or rocky
planets, and some stars are known to host multiple planets.
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Fig. 14. Number of exoplanet host 
stars as a function of their age in 
2012 superimposed with the 
predicted current heat production 
for cosmochemically Earth-like 
planets. The host stars include those 
that have either gaseous or rocky 
planets, and some stars are known 
to host multiple planets. 



Carbon cycling and habitability of Earth-size stagnant lid planets Bradford J. Foley1,* and Andrew J. Smye1 

Models of thermal evolution, crustal production, and CO2 cycling are used to constrain the prospects for habitability 
of rocky planets, with Earth-like size and composition, in the stagnant lid regime. Specifically, we determine the 
conditions under which such planets can maintain rates of CO2 degassing large enough to prevent global surface 
glaciation, but small enough so as not to exceed the upper limit on weathering rates provided by the supply of fresh 
rock, a situation which would lead to runaway atmospheric CO2 accumulation and an inhospitably hot climate. The 
models show that stagnant lid planets with initial radiogenic heating rates of 100-250 TW, and with total CO2 
budgets ranging from ∼ 10−2 − 1 times Earth’s estimated CO2 budget, can maintain volcanic outgassing rates 
suitable for habitability for ≈ 1 − 5 Gyrs; larger CO2 budgets result in uninhabitably hot climates, while 
smaller budgets result in global glaciation. High radiogenic heat production rates favor habitability by 
sustaining volcanism and CO2 outgassing longer. Thus, the results suggest that plate tectonics may not be required 
for establishing a long-term carbon cycle and maintaining a stable, habitable climate. The model is necessarily highly 
simplified, as the uncertainties with exoplanet thermal evolution and outgassing are large. Nevertheless, the results 
provide some first order guidance for future exoplanet missions, by predicting the age at which habitability becomes 
unlikely for a stagnant lid planet as a function of initial radiogenic heat budget. This prediction is powerful because 
both planet heat budget and age can potentially be constrained from stellar observations. 

arXiv:1712.03614v1 

5.2 Comparison to plate-tectonic planets.  On a plate-tectonic planet CO2 degassing is easier to maintain. Ridges bring hot 
mantle all the way to the surface, meaning that volcanism at divergent plate margins will continue until the mantle potential 
temperature drops below the zero pressure solidus of ≈ 1400 K (Herzberg et al., 2000). Plate tectonics also allows for continual 
metamorphic degassing through subduction. …  Plate tectonics also allows a stabilizing weathering feedback, and thus temperate 

climates, to be maintained at larger total CO2 budgets than stagnant lid planets… 

6 Conclusions Models of the thermal, magmatic, and degassing history of rocky planets with Earth- like size and 
composition demonstrate that a carbon cycle capable of regulating atmospheric CO2 content, and stabilizing climate to 
temperate surface temperatures, can potentially operate on geologic timescales on planets in the stagnant lid regime. 
Plate tectonics may not be required for habitability, at least in regards to sustaining a stable, temperate climate on a 
planet. … Thus, planets orbiting high thorium or uranium abundance stars or young stars are good targets for 
searching for biosignatures, because they are more likely to be habitable, even if the mode of surface tectonics is 
stagnant lid rather than plate tectonics. 



Habitability of Earth-like Stagnant Lid Planets: Climate Evolution and Recovery from Snowball States 

ABSTRACT  Coupled models of mantle thermal evolution, volcanism, outgassing, weathering, and climate evolution for 
Earth-like (in terms of size and composition) stagnant lid planets are used to assess their prospects for habitability. The 
results indicate that planetary CO2 budgets ranging from ≈3 orders of magnitude lower than Earth's to ≈1 
order of magnitude larger, along with radiogenic heating budgets as large or larger than Earth's, allow 
for habitable climates lasting 1–5 Gyr. The ability of stagnant lid planets to recover from potential 
snowball states is also explored; recovery is found to depend on whether atmosphere–ocean chemical 
exchange is possible. For a "hard" snowball with no exchange, recovery is unlikely, as most CO2 outgassing takes 
place via metamorphic decarbonation of the crust, which occurs below the ice layer. However, for a "soft" snowball 
where there is exchange between atmosphere and ocean, planets can readily recover. For both hard and soft snowball 
states, there is a minimum CO2 budget needed for recovery; below this limit, any snowball state would be permanent. 
Thus, there is the possibility for hysteresis in stagnant lid planet climate evolution, where planets with low 
CO2 budgets that start off in a snowball climate will be permanently stuck in this state, while otherwise 
identical planets that start with a temperate climate will be capable of maintaining this climate for 1 
Gyr or more. Finally, the model results have important implications for future exoplanet missions, as 
they can guide observations to planets most likely to possess habitable climates. 

CONCLUSIONS
… The initial radiogenic heating rate is also important: heating rates of ≈50 TW are needed for habitable 
climates to last for at least 1 Gyr, and increasing the heating rate increases the lifetime of volcanism—and 
hence of temperate climates as well. Stagnant lid planets are assumed to be dominated by seafloor weathering 
in this study, and the strong climate buffering ability of seafloor weathering, along with its lower overall 
weathering rate as compared to continental weathering on Earth, allow a wide range of CO2 budgets to support 
long-lived habitable climates

ApJ 875 (2019)  -  Bradford J. Foley



A nearby neutron-star merger explains the actinide abundances in the early Solar System 
Imre Bartos & Szabolcs Marka - Nature 569, 85 (2May2019)

From the first paragraph: Although short-lived r-process isotopes—with half-lives shorter than 100 million years—are no longer present in 
the Solar System, their abundances in the early Solar System are known because their daughter products were preserved in high-temperature 
condensates found in meteorites5. Here we report that abundances of short-lived r-process isotopes in the early Solar System point to their 
origin in neutron-star mergers, and indicate substantial deposition by a single nearby merger event. By comparing numerical simulations 
with the early Solar System abundance ratios of actinides produced exclusively through the r-process, we constrain the rate of occurrence of 
their Galactic production sites to within about 1－100 per million years. This is consistent with observational estimates of neutron-star 
merger rates6–8, but rules out supernovae and stellar sources. We further find that there was probably a single nearby merger that 
produced much of the curium and a substantial fraction of the plutonium present in the early Solar System. Such an event may have 
occurred about 300 parsecs away from the pre-solar nebula, approximately 80 million years before the formation of the Solar 
System. 

My summary: This paper follows the methods of Hotokezaka, K., Piran, T. & Paul, M. Short-lived 244Pu points to compact 
binary mergers as sites for heavy r-process nucleosynthesis. Nat. Phys. 11, 1042 (2015).  Analyzing early solar system (ESS) 
abundances of short-lived radionuclides 244Pu, 247Cm, and 129I from the literature, they find that most of the 247Cm and about 
half the 244Pu came from a NSM 300 ± 100 pc away from the pre-solar nebula and 80 ± 40 Myr before its formation.  
However, they also found that only a very small fraction, about 0.003, of the 232Th came from this NSM, and that this 232Th 
abundance is only slightly (25%) lower than the uniform production rate with constant Rmerger.   

From near the end of the paper:

Given the low Galactic merger rate, a single nearby source stands out as a possible primary origin of short-lived isotopes. This 
scenario is corroborated by our investigation. We used our Monte Carlo simulations with Rmerger = 20 / Myr to record the 
properties of the single merger that contributed the most 247Cm to the early Solar System at each time point in our simulation. …  

For these time points, we calculated the mean and standard deviation of the dominant event’s distance, time and fractional 
contribution of N247 to the pre-solar nebula. We found that the obtained distance of the dominant merger fell within the small range 
of ddom = 300 ± 100 pc.   The time between the dominant merger and the formation of the Solar System was Δtdom = 80 ± 40 Myr. 
This time frame is consistent with the duration that has been considered previously for the isolation time of the pre-solar nebula 
before the formation of the early Solar System. 

The following review by Lugaro+2018 is ref. 16 of Bartos & Marka
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Fig. 6. Possible connections between radioactivity and various factors that influence habitability of solid planetary bodies. Notes according to numbers:
1. Ancient melting was also supported by other processes, including exothermic heat generated by serpentinisation, i.e, the addition of water into the
crystal structure of minerals. 2. A very early differentiated iron core is expected to have been present in many planetesimals, based on the paleomagnetic
signature of internalmagnetic dynamos even in carbonaceous chondrites, where the primitive chondriticmaterial accumulated on the surface of an already
differentiated core. 3. Magmatic activity and internal liquid water generation were supported by the SLRs only in the first periods. Later on, long-lived
radionuclides became the more important to enable continued activity.

The effects listed above and their consequences are linked to each other, creating a complex system,which influences hab-
itability in a variety of ways. The possible connections between radioactivity and various factors that influence habitability
of solid planetary bodies are shown in Fig. 6. Note that the figure is applicable only to bodies with a solid surface (including
rocky planets, icy moons or asteroids, comets), while gaseous planets and brown dwarfs are different cases. Radioactive
heat sources are considered, but other heat sources could be also present or even dominate over radioactivity, and may
produce similar consequences as those that are listed here. Two main causal branches are visible: the heat production from
radioactivity that has far reaching consequences, and the radiation itself that has a smaller number of consequenceswith less
complexity. For example, radioactive heat driven melting causes differentiation of a planetary body, which in turn affects
volcanic activity, material circulation, as well as chemical and atmospheric characteristics. In this respect it is relevant to
note that the duration of radioactivity as well as its level differ between shorter- and longer-lived radionuclides. While
short decay times lead to early activity on a planetary body, the presence of radionuclides with longer decay time may be
essential in supporting long duration habitability — however, here the thermal budget of the body also matters: losing the
continuously generated heat too efficiently may keep the given body in a frozen state.

Without the heat generated by radioactivity the conditions for habitability would be quite different and often much
less favourable. In the cases where heating leads to internal melting, differentiation of the planetary body interior could
contribute to liquid water and magnetic field generation, volcanic activity, as well as contribute to the generation of an
atmosphere, and in general result in mineral diversity, where the latter may have a complex but poorly known connection
with habitability [85]. Without such radioactive heat-generated differentiation and melting, liquid iron cores may be much
less abundant among terrestrial planets, allowing – due to lack of a magnetic field – cosmic radiation to bombard the
surface [86]. The bombardment by cosmic ray particles probably reduces the chance of the origin of life on the surface
and also the survival of organisms there. While in the subsurface region both origin and survival of life is possible even in
such a case [87], subsurface niches seem unlikely to be sufficient for supporting the emergence of more advanced life, and
radiation in such cases does not allow surface organisms to exploit stellar radiation — which is a much larger energy source
than subsurface chemical sources, therefore opening theway for faster evolution [88]. In the case of amissingmagnetic field,
habitability may still be possible but in restricted and limited form.

Within the context of this paper we will mostly discuss the effects on habitability of the specific case of SLRs as heat
sources in the ESS (Section 6.3). We will see that the most interesting case is that of 26Al (T1/2=0.7 Myr), simply because this
SLR was so abundant. Potentially, also 60Fe and 36Cl can be of interest as heat sources in the ESS, depending on their initial
abundances, which for the ESS are still debated (see Sections 3.3 and 3.5). In relation to the case of longer-lived radionuclides
as long-term sources of heating, 232Th (T1/2 = 14 Gyr), 235U (T1/2 = 0.703 Gyr), 238U (T1/2 = 4.5 Gyr), and 40K (T1/2 = 1.2
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Fig. 15. Total energy available for heating from radioactive decay per gram of material in the Solar System (CI meteorite composition) after the initially
present isotope has completely decayed. For 10Be/9Be a value of 1 ⇥10�3 was used. For 60Fe also the situation for a high abundance (60Fe/56Fe = 5 ⇥10�7

as compared to 1.01 ⇥10�8 given in Table 2) is indicated.

Fig. 16. Net energy output as a function of time, starting 50,000 years after time zero, defined as the time when the nuclei start to decay. For the half-life
of 146Sm we used the 103 Myr value. The initial abundances of 10Be and 60Fe are taken as indicated in Fig. 15.

Table 2 (choosing 10�3 for the 10Be/9Be ratio) and a rock with the composition of CI chondritic meteorites [26]. This class of
meteorites shows the closest composition to the primordial (before Li destruction via H burning) solar photosphere (except
for the volatile elements: H, C, N, O, and the noble gases). The radionuclides are ordered in the figure according to output
energy. All SLRs are included, as well as the long-lived 40K, 232Th, and 235,238U and a few other long-lived nuclides of interest
for geochemical applications.

For the calculation of the decay energy we took all the required information from the National Nuclear Data Center
website (www.nndc.bnl.gov). For the ↵ decays, we used the full Q values, since there is no loss due to energy carried away by
neutrinos and since in this way the recoil energy of the daughter nucleus is also included, typically ⇠2%. For the �-decays,
we summed the energies carried by various types of electrons and radiation (save neutrinos), but neglected the recoil of
the daughter, which is complicated to obtain precisely but typically less than one per mil. In decay chains, branchings of
less than one per mil were neglected, as well as the 1.2 per mil fission branch at 244Pu. The released energies are very
close to those calculated by [270] for the nuclides reported there (26Al,60Fe, 40K and the long-lived Th and U isotopes).
Small differences (of at most 2%–3%) may be due to different sources for the decay data and/or different treatment of
recoils.

In Fig. 16 we plot the net energy output as a function of time. Obviously, only a portion of the total available energy from
the long-lived radionuclei has been expended so far, since they are still alive. Among the SLRs, the decay energy from 26Al
dominates by far, given its very high abundance. Interestingly, if the high 36Cl values and low 60Fe values are correct, 36Cl
would appear to be more important than 60Fe (still much smaller than 26Al) as a heat source during the first few Myr of
the Solar System. However, heating by 36Cl may be ‘‘self-defeating’’: within a normal type of meteoritic rock (primarily Mg,

The 40K vs. U/TH curves must 
be wrong, since 40K half-life is 
1.2 Gy, while 238U is 4.5 Gy and 

232Th is 14 Gy.  Also, much of

the ESS potassium must have

been lost by the early Earth.
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tive process. Alternatively, genetic variation 

derived from the donor species might only 

be adaptive in the recipient species, depend-

ing on how that variation interacts with the 

rest of the recipient species’ genome and 

environment. If this is so, it might be more 

difficult to predict under which conditions 

introgression will be adaptive.

Regardless of these considerations, Ozi-

olor et al.’s results provide compelling evi-

dence of evolutionary rescue of a declining 

population through hybridization. Ironically, 

humans might have provided the opportu-

nity for such rescue. Whereas Gulf killifish 

are found in the Gulf of Mexico, Atlantic kil-

lifish are normally found along the Atlantic 

coast of North America, outside of the geo-

graphic region where the Gulf killifish oc-

cur. Oziolor et al. suggest that the Atlantic 

killifish might have been transported by hu-

mans into Galveston Bay through discharge 

of ship ballast water. Thus, introduction of 

this species into Gulf killifish habitat by hu-

mans might have enabled hybridization—

and therefore evolutionary rescue—to occur.

The process of adaptive introgression 

observed by Oziolor et al. is not specific to 

extreme situations of human-introduced 

species or human-impacted environments. 

Genomic studies have revealed that hy-

bridization is more common than expected 

in many species and that it might have 

fueled bursts of adaptive diversification 

throughout Earth’s evolutionary history (6, 

7, 10 ). But despite its potential to contrib-

ute to diversity, hybridization carries risks 

and can even threaten species with extinc-

tion (8, 9 ). To guide conservation efforts, 

scientists need to clarify the conditions un-

der which hybridization diminishes rather 

than enhances biodiversity in a rapidly 

changing world.        j
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T
he Milky Way  Galaxy teems with 

planetary systems, most of which are 

unlike our own (1). It is tempting to 

assume that life can only originate 

on a planet that is similar to Earth, 

but different kinds of planets may 

be able to sustain Earth-like features that 

could be important for habitability. To focus 

the search for extraterrestrial life, scientists 

must assess which features of Earth are es-

sential to the development and sustenance 

of life for billions of years and whether 

the formation of such planets is common. 

External effects such as stellar variability 

and orbital stability can affect habitabil-

ity, but internal planetary processes that 

sustain a clement surface are essential to 

life; these processes are, however, difficult 

to characterize remotely. A combination of 

observations, experiments, and modeling 

are needed to understand the role of plan-

etary interiors on habitability and guide the 

search for extraterrestrial life.

As exoplanet detection techniques im-

prove, Earth-sized planets are likely to be 

found in the radiative habitable zone, that 

is, at distances from their host stars where 

they could have temperate (about 0° to 

100°C) surface temperatures (2). This is 

important because to be habitable, a planet 

must be able to buffer life from extreme 

(globally sterilizing) variations in tempera-

ture. Launched in 2018, NASA’s Transiting 

Exoplanet Survey Satellite has the capabil-

ity to find small planets in the habitable 

zone of nearby stars and measure their ra-

dii (3). Ground-based telescopes are provid-

ing masses for such planets. Their densities 

provide a first-order constraint on composi-

tion, although it is likely that several differ-

ent possible compositions can be inferred 

from the same density (4). Planets with 

compositions that differ from those of plan-

ets in our Solar System have been largely 

ignored, even though a wide range of stellar 

compositions and planetary densities have 

been discovered. The discovery of life else-

where in the Solar System, for example on 

an icy satellite, would also radically expand 

the types of planets that need to be consid-

ered. The James Webb Space Telescope, due 

to launch in 2021, will attempt to detect 

atmospheres of the most favorable planets 

for life, but detailed measurements of at-

mospheric composition will require future 

extremely large telescopes on the ground 

and in space.

ATMOSPHERIC SIGNATURES OF LIFE

Atmospheric composition will be the pri-

mary observable that could imply the 

presence of life (5). However, identifying 

a biological signature in a planet’s atmo-

sphere requires an understanding of the 

possible compositions of abiotic atmo-

spheres. The presence of free oxygen or an 

atmosphere out of chemical equilibrium 

could be signatures of life processes, but 

neither is definitive because atmospheres 

change over time and are open systems 

that are subject to complex sources and 

sinks. Volcanic eruptions release gases from 

the planetary interior that are the product 

of melting and magma migration. Atmo-

spheric weathering can draw down noncon-

densable species, like carbon dioxide from 

Earth’s atmosphere, to the seafloor, where 

they can be recycled back into the interior 

at subduction zones. All these processes are 

linked to the bulk composition of the planet 

and will evolve over time.

It remains unclear, therefore, what in-

ferences can be made about the planet’s 

habitability from its atmosphere before 

understanding more about how the atmo-

sphere is tied to the interior dynamics and 

evolution of the solid planet. To advance 

this understanding, exoplanet atmospheres, 

which give a valuable snapshot of the sur-

face composition, should be combined with 

experimental and modeling constraints on 

the interactions between the atmosphere 

and interior over long time scales.

INTERIOR PROCESSES SUSTAINING LIFE

On Earth, the environment needed for life 

to exist and be sustained is rooted in the 

presence of a stable hydrosphere and atmo-
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sphere, which are controlled by 

the planet’s bulk composition, 

interior structure, and dynam-

ics. Plate tectonics plays a crucial 

role in the long-term modera-

tion of the climate by cycling 

material between the surface 

and interior, thereby helping to 

stabilize the long-term climate, 

and by cooling the deep interior 

as hot plumes well up to the sur-

face and cold plates drop down 

to the core-mantle boundary (6). 

This cooling drives convection 

and dynamo action (conver-

sion of mechanical to electrical 

energy) in the liquid-iron outer 

core, which in turn produces the 

geomagnetic field that shields 

the atmosphere and protects the 

surface from the solar wind (see 

the figure).

Thus, Earth’s interior main-

tains a stabilizing feedback be-

tween the hydrosphere, mantle, 

and core that is important for 

long-term habitability (7). Climate can also 

be affected by many external forces, such as 

stellar variability and orbital fluctuations, 

but fundamentally, a planet’s composition 

dictates how it responds to these external 

forces. This prompts the question: Can 

Earth-like features be produced by planets 

with alternative compositions?

THE ROLE OF PLANETARY COMPOSITION
The bulk composition of a planet is inher-

ited from the constituents of the proto-

planetary disk in which the planet forms, 

as well as on the planetary building blocks 

and the mechanisms by which they accu-

mulate to form a planet. Planet-hosting 

stars are known to span a range of com-

positions, with considerable variations in 

the ratios of abundant rocky planet mate-

rials such as silicon, magnesium, oxygen, 

carbon, and iron to hydrogen (8). Although 

the elemental building blocks of planets 

(such as oxygen, silicon, and iron) are 

universal, the relative abundances of ele-

ments and their processing during planet 

formation can dramatically alter the ratios 

of metal, rock, and ice that will set the in-

ternal structure of solid bodies (9). Com-

positional variations between exoplanets 

can arise in a protoplanetary disk when 

solids coagulate into planetesimals, when 

the temperature structure of the disk (and 

therefore locations where ice condenses) 

change over time, and if the formation of 

giant planets alters the feeding zones of 

later-forming rocky planets (10).

These compositional variations will likely 

produce a range of outcomes for rocky plan-

ets. Composition determines the internal 

material properties associated with heat 

and mass transport, like melting tempera-

ture, thermal and electrical conductivity, 

viscosity, and the abundance and partition-

ing of radiogenic isotopes. These proper-

ties control the heat budget and thermal 

evolution of a planet. The amount of wa-

ter accreted during formation will affect 

the ocean volume at the surface, which in 

turn is influenced by water cycling between 

the surface and the deep Earth. The com-

position and subsequent partitioning of 

elements in the interior will determine the 

oxidation state of the mantle and therefore 

whether the species that are outgassed to 

the atmosphere are enriched or reduced 

(11). The physical parameters of high-pres-

sure phases of rock that might exist in deep 

exoplanetary mantles control their water 

capacity, rate of heat transfer, likelihood of 

global convection, and rate of core cooling.

Therefore, the bulk composition and evo-

lution of a planet depend on its formation 

pathway, accretionary environment, and in-

terior dynamics. However, the implications 

of planetary composition for the interaction 

between the surface and interior are almost 

entirely unexplored.

HOW TO SEARCH FOR HABITABILITY
The physical and chemical changes that a 

planet undergoes over billions of years—

from the composition of the protoplanetary 

disk, to the differentiation of the planet 

and the giant impacts it may endure, to the 

start of plate tectonics and the generation 

of a magnetic field, and finally to liquid 

water on a clement surface—

are all crucial for understand-

ing habitability. The research 

needed to coherently investi-

gate these processes cannot be 

done by scientists in a single 

discipline in isolation. Observa-

tions of stellar, disk, and plan-

etesimal compositions must be 

combined with experimental 

studies of mineral physics and 

melting behavior to serve as 

inputs to planet formation and 

geodynamic models. In turn, the 

results of those modeling efforts 

will provide feedbacks into the 

observations and experiments 

by making predictions and 

identifying the compositions 

and material properties that are 

most important for habitability.

A better understanding of how 

the bulk composition and the in-

terior of a planet influence hab-

itability is needed to guide the 

search for the planets and stellar 

environments where life can thrive and be 

remotely detected. In the next decade, new 

extremely large ground-  and space-based 

telescopes will measure the atmospheric 

compositions of rocky exoplanets and search 

for biosignatures in the gases (12). Human-

ity will build a library of information about 

the gaseous envelopes that comprise only a 

millionth of an exoplanet’s mass. To put those 

measurements in context and to assess which 

planets may harbor life and sustain it for bil-

lions of years, scientists must understand 

how the bulk of the planet controls the evolu-

tion of a stable and clement atmosphere and 

surface environment. The heart of habitabil-

ity lies in the planetary interior. j
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Habitable features of exoplanets
On the habitable planet (left), plate tectonics stabilizes the surface climate and 
cools the interior fast enough to generate a magnetic field that in turn shields 
the surface from water loss and harmful radiation. On the other planet (right), 
the stagnant lid insulates the interior, inhibiting magnetic field generation, 
allowing water loss to space, and rendering the surface too hot and dry for life.
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On the Distribution and Variation of Radioactive Heat Producing Elements Within Meteorites, the Earth, and Planets 
C. O’Neill1 · H.S.C. O’Neill1 · A.M. Jellinek1     1 Planetary Research Centre, Macquarie University, 12 Wally’s Walk, Sydney, NSW 2109, Australia 

Abstract The heat production budget of a planet exerts a first order control on its thermal evolution, tectonics, and likelihood for 
habitability. However, our knowledge of heat producing element concentrations for silicate-metal bodies in the solar system—
including Earth—is limited. Here we review the chronicle of heat producing elements (HPEs) in the solar system, from the interstellar 
medium, to their incorporation in the protoplanetary disk and accreting planetesimals, to later collisional or atmospheric-erosion 
modifications. We summarise the state of knowledge of the HPEs in terrestrial planets and meteorites, and cur- rent Earth models from 
emerging constraints, and assess the effect variations may have on the thermal and tectonic history of terrestrial planets. 

Some key excerpts: The balance between contemporaneous heat production, and total heat loss, has previously been expressed in terms of the Urey 
ratio, which is defined as the ratio of internal heat generation, to total system heat loss (Christensen 1985; Lenardic et al. 2011). The most recent 
estimate for Earth’s heat loss is 47 ± 1 TW (Davies and Davies 2010), and for its radiogenic heat production, about 21.5 TW, assuming a geochemical 
model for the Bulk Silicate Earth (BSE) based on chondrite meteorites (O’Neill 2016). This value gives a planetary Urey ratio of 0.45, implying that 
less than half of Earth’s heat comes from contemporaneous heat production. Non-chondritic BSE models for the concentrations of the HPEs predict 
even lower values for the Urey ratio (O’Neill and Palme 2008; Jackson and Jellinek 2013). 

The three elements contributing to present-day heat production (U, Th and K) share the geochemical characteristic of being incompatible during 
igneous differentiation of the Earth, and as a result have become concentrated in the Earth’s continental crust over geological time, particular into the 
uppermost continental crust, and perhaps also in deep reservoirs (Labrosse et al. 2007). 

Both U and Th are “Refractory Lithophile Elements” (RLEs), which comprise a group of 28 elements that are calculated to condense from the 
canonical solar nebula at higher temperatures than the main constituents of the rocky planets (i.e. Mg, Si (and associated O) and Fe, the latter initially 
condensing as metal). The RLEs occur in approximately the same ratios to each other in most undifferentiated meteorites (“chondrites”) and, within 
uncertainty, the solar composition. This observation is assumed to also apply to the Bulk Silicate Earth (known as the “chondritic model” of the Earth’s 
composition), enabling its concentrations of U and Th to be estimated.  … By contrast K is not a RLE, but behaves cosmochemically as a moderately 
volatile element. Therefore, its abundance in the Bulk Silicate Earth is not constrained by the chondritic model, but must be estimated empirically. 

Gando et al. (2011) combined results from Borexino and KamLAND to estimate that mantle 232Th and 238U contribute 20.0 +8.8/-8.6 TW to Earth’s 
heat flux. Results from Borexino alone have tended towards higher values (Agostini et al. 2019), and recently, the Borexino team (Agostini et al. 2019) 
estimated the total radiogenic heat of the Earth at 38.2 +13:6/-12:7 TW (confidence intervals are ±34%), and the total mantle heat contribution of 24.6 
TW +11.1/-10.4 from 238U and 232Th. Therefore, even at the 95% confidence interval this estimate would only just be compatible with the largest 
radiogenic heat production values deduced from geochemistry. We can convert these contributions to mantle concentrations as follows. If we assume 
the mass of the mantle is 4 × 1024 kg, then a flux of 24.6 TW gives us a mantle heat production from these isotopes of 6.15 × 10−12 W/kg (range of 
3.55–8.93 × 10−12 W/kg).  …  Although argued by Agostini et al. (2019) to be marginally consistent with a geodynamic model for mantle heat 
generation, these values are not consistent with published chondritic or non-chondritic BSE compositions (Table 4). In particular, these results exclude 
the enstatite-chondrite or non-chondritic Earth models at a high degree of confidence and, thus, more work is required before geoneutrino constraints 
can be regarded as reliable. 

https://doi.org/10.1007/s11214-020-00656-z
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Water in Extrasolar Planets and Implications for Habitability - Lena Noack1,2 · Ignas Snellen3 · Heike Rauer4,5 

Abstract Exoplanet detection missions have found thousands of planets or planet candidates outside of the Solar System—some of which 
are in the habitable zone, where liquid water is possible at the surface. We give an overview of the recent progress in observations of water-
rich exoplanets, detection of water in the atmosphere of gas giants and less- massive targets, and modelling of the interior and evolution of 
water layers in exoplanets. We summarise the possible habitability of water-rich planets and discuss the potential of future missions and 
telescopes towards the detection of water in the atmosphere of low-mass exoplanets or on their surface. 

While mass and radius of rocky planets can be observed from space, the interior structure as well as information on thermodynamic 
properties of the different layers in the interior cannot be observed. Models of possible planet compositions and differentiation processes 
can help to better understand the thermal evolution of the interior of rocky planets, which influences the subaqueous surface, for example 
via volcanism and plate tectonics (Noack et al. 2016, 2017). 

5.1 Water on Terrestrial Exoplanets  
The holy grail in exoplanet research is to discover a potential second Earth. While based on the geophysical definition an Earth-like planet 
(or rocky planet) would solely require a density indicating a composition of mainly silicate minerals and metals, the “second Earth” is 
typically expected to have surface oceans like on Earth—and therefore needs to be in the habitable zone. Just the right mass and radius 
would not justify to call the detected planet a “second Earth”. Some scientists would in addition request the existence of a magnetic 
field as well as plate tectonics, in other words, a planet that might be able to host complex, Earth-like life (either in its original or 
present-day form).  … Another interesting contribution of plate tectonics is the recycling of water into the mantle and its 
replenishing at volcanic regions (Parai and Mukhopadhyay 2012; Höning et al. 2014; Foley 2015), which may be able to lead to stable, 
shallow ocean layers—even for slightly larger amounts of water than on Earth leading to an enrichment of water in the mantle instead of 
deeper surface ocean layers for small-massive planets (Schaefer and Sasselov 2015). 
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possibly for a brief period just prior to inner core growth. Paleomagnetic 
measurements show that a dynamo has operated over at least the last 3.5 Gyr [], 
with occasional intervals of low- or no-field. 
 

 
 
Figures 1a and 1c show how an identical model evolves with the same initial 
conditions except for 0.3 and 3 times the assumed terrestrial concentrations of U 
and Th. Less and more radiogenic heating result in colder and warmer present-
day mantles ('Tp of -133 K and +192 K), respectively. More unexpected is the 
behavior of the core. More radiogenic heating results in a slightly larger present-
day inner core and a more vigorous dynamo, and vice versa. This effect arises 
because the strongly temperature-dependent viscosity of the mantle acts as a 
thermal regulator, as first recognized by [Tozer]. A lower radiogenic heat 
production results in a cooler, more viscous mantle, with the result that heat 
fluxes across both the mantle top and bottom are reduced. The reduced heat flux 
across the base of the mantle results in reduced core cooling and thus a less 
vigorous dynamo. 
 
Para discussing the fact that the initial conditions don’t matter 
 
Consequences/Discussion 
 
Our simplified model shows that higher concentrations of U,Th have two 
principal consequences: one is hotter present-day mantles; the other is enhanced 
dynamo activity. The converse is true for lower U,Th concentrations. Both of 
these effects are likely to have major implications for habitability. 

Figures	1a	and	1c	show	how	an	identical	model	evolves	with	the	same	initial	conditions	except	for	0.3	and	3	times	
the	assumed	terrestrial	concentrations	of	U	and	Th.	Less	and	more	radiogenic	heating	result	in	colder	and	warmer	
present-day	mantles	(Tp	of	-133	K	and	+192	K),	respectively.		More	radiogenic	heating	results	in	a	slightly	larger	
present-day	inner	core	and	a	more	vigorous	dynamo,	and	vice	versa.	This	effect	arises	because	the	strongly	
temperature-dependent	viscosity	of	the	mantle	acts	as	a	thermal	regulator,	as	Iirst	recognized	by	[Tozer].	A	lower	
radiogenic	heat	production	results	in	a	cooler,	more	viscous	mantle,	with	the	result	that	heat	Iluxes	across	both	the	
mantle	top	and	bottom	are	reduced.	The	reduced	heat	Ilux	across	the	base	of	the	mantle	results	in	reduced	core	
cooling	and	thus	a	less	vigorous	dynamo.	

Dynamo fails

Francis Nimmo’s Slide
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in a cooler, more viscous mantle, with the result that heat fluxes across both the mantle top and

bottom are reduced. The reduced heat flux across the base of the mantle results in reduced core

cooling and thus a less vigorous dynamo.

Figure 2 shows the net rate of entropy production (colors; a proxy for dynamo strength) as a

function of time and radiogenic element fraction. The three trajectories shown in Figure 1 are

marked as horizontal dashed lines, and the contour lines denote the fractional size of the inner core.

As noted above, lower radiogenic element concentrations result in smaller present-day inner cores

and longer periods in which a dynamo is absent.

Figure 2. Sensitivity of evolution of core parameters to di↵erent radiogenic element concentrations. The

colors show the rate of net entropy production, with black indicating a negative value (no dynamo). The

contours denote the inner core radius relative to the total core radius. The three dashed red lines show the

trajectories of the three evolution scenarios shown in Fig 1. Maybe add a vertical white line at 4540 Myr,

labeled ”Now”?

-  Francis’s model shows that Earth may have borderline Th abundance required for a permanent dynamo, if 
its Eu and Th abundance follows that of the sun and chondrites.  Younger (older) thin disk stars have higher 
(lower) [Eu/Fe], so their younger (older) planets are more (less) likely to have higher radiogenic heat and 
dynamos.

Figure 2. Sensitivity of evolution of core parameters to different radiogenic element concentrations. The colors show the 
rate of net entropy production, with black indicating a negative value (no dynamo). The contours denote the inner core 
radius relative to the total core radius. The three dashed red lines show the trajectories of the three evolution scenarios 
shown in Fig 1. I’ve added a vertical white line at 4540 Myr, labeled ”Now” and changed the red dashed lines to white, for 
visibility.

Fig 1c

Fig 1b

Fig 1a

Now


