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The sun is about 0.1 dex low in [Eu/Fe], which ranges from -0.25 to +0.3. 
The sun is about 0.1 dex high in [Eu/H], which ranges from -0.5 to +0.5.  
Which is more important for planetary dynamos and plate tectonics?

Borexino geoneutrino data favor higher Earth Th and U abundance than 
chondrites or the sun.



- The sun is about 0.1 dex low in [Th/Fe] and [Th/Si] compared with solar twin stars with [Fe/H] ~ 0.  [Eu/Fe] 
is even larger for [Fe/H] < 0.  [Th/Eu]_ZAMS is flat => Eu traces Th.
- Terrestrial planets (R_P ≤  R_Earth) are observed around stars with [Fe/H] ≳ - 0.5 (Wang & Fisher 2015), for 
which median [Eu/Fe] ~ +0.25 (Battistini & Bensby 2016, Delgado Mena+2018).  
- Most planets with [Fe/H] ≤ 0 will therefore have higher [Eu/Fe] than Earth, but whether they are more likely 

to have a dynamo-generated magnetic field, convective mantle, and possibly plate tectonics may depend 
more on [Eu/Si] and [Eu/Mg].  The dependence on [Fe/H] of [Eu/Fe] is much like that of [O/Fe], [Mg/Fe], 
and [Si/Fe] — all increase as [Fe/H] decreases below 0 (Delgado Mena+2019).  

- In [Eu/H] the sun is a bit high compared with other thin disk stars, and higher than most thick disk stars:

C. Battistini and T. Bensby: r- and s-process elements in the Milky Way stellar disk
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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
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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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- The [Eu/H] range in the thin disk is about from -0.4 to +0.5, i.e. from 0.4x solar to 3x solar.  Thick disk stars 
have even lower [Eu/H], down to about -0.5, i.e. ⅓ solar.  Old planets around such old stars would have 
even less radiogenic heating because of radioactive decay of U and Th.

- The [Eu/Mg] range is from about -0.26 to +0.3 in the Battistin & Bensby2016 and Delgado Mena+2015 
samples (Griffith, Johnson Weinberg 2019).

-  Francis’s model shows that Earth may have borderline Th abundance required for a permanent dynamo, if 
its Eu and Th abundance is solar or chondritic.  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.

- Geoneutrino data favors a higher Earth Th and U abundance than chondrites or the sun.

Radiogenic Heating of Planets — Main points: 



- The sun is about 0.1 dex low in [Th/Fe] and [Th/Si] compared with solar twin stars with [Fe/H] ~ 0.               
[Th/Eu]_ZAMS is flat => Eu traces Th (Botelho 2019).  [Eu/Fe] is larger for [Fe/H] < 0 (Battistini&Bensby 2016).

[Eu/Fe] and [Th/Fe]

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.

MNRAS 482, 1690–1700 (2019)
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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.

MNRAS 482, 1690–1700 (2019)
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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 AND STELL AR AG E

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

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
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

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
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

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

[Th/H]

[Th/H]ZAMS

[Th/Fe]

[Th/Fe]ZAMS

[Th/Fe]

[Th/Fe]ZAMS [Th/Si]ZAMS

[Th/Eu]ZAMS

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. 

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 N D ST ELLA R 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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data are also plotted as reference (green solar standard symbol), although are consistent with the fits.
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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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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. 

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

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
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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. … 
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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
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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. … 

 

- Terrestrial planets 
(R_P ≤  R_Earth) are 
observed around stars 
with [Fe/H] ≳ - 0.5 —>

<— for which median 
[Eu/Fe] ~ +0.25 (also 
Delgado Mena+2018; 
GALAH)

solar twins - Botelho+2019 solar twins - Botelho+2019solar twins - Botelho+2019

Wang & Fisher 2015

- The GALAH survey (LinAsplund+2019) of over 160,000 stars finds [Eu/Fe] ranging from < -0.25 to > +0.3 at the era 
of solar system formation (possibly a wider range than that), and for older thick disk stars a narrower spread in [Eu/Fe] 
from -0.1 to > +0.3, with [Fe/H] from -0.6 to +0.3. At all stellar ages, lower [Fe/H] correlates with higher [Eu/Fe].



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
THE EL E ME N T S

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.

MNRAS 487, 580–594 (2019)
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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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For [Fe/H] > -0.5 (for 
stars with planets), 
[Eu/Fe] range is -0.3 
to +0.6, (½ to 4x 
solar).  At [Fe/H] ~ 0

[Eu/Fe] range is -0.3

to +0.4 (½ to 2.5x 
solar)

SAGA = Stellar Abundances for Galactic Archaeology - for low [Fe/H]

B&B A&A 2016 - Eu in 
378 F & G dwarf stars 
in solar nbh



- Most planets with [Fe/H] < 0 will therefore have higher [Eu/Fe] than Earth, but whether they are more likely 
to have a dynamo-generated magnetic field, convective mantle, and possibly plate tectonics may depend 
more on [Eu/Si] and [Eu/Mg].  The dependence on [Fe/H] of [Eu/Fe] is much like that of [O/Fe], [Mg/Fe], 
and [Si/Fe] — all increase as [Fe/H] decreases below 0 (Delgado Mena+2019 HARPS-GTO sample:             
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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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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.
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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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contrast with the other ↵ elements in most of the metallicity
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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

A78, page 8 of 24

A&A 624, A78 (2019)

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
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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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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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twins stars. These are the so called chemical clocks and have
been studied in other samples of solar twins (Spina et al. 2016;
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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
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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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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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Tucci Maia et al. 2016) and very recently, in a bigger sam-
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where confirmed using stars dated by asteroseismology (Nissen
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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.
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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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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.
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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. 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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- The [Eu/Mg] range is from about -0.26 to +0.3 in the Battistini & Bensby 2016 and Delgado Mena+2015 
samples (Griffith, Johnson, & Weinberg 2019).  The solar values look pretty typical.

Abundance ratios in GALAH DR2 and their implications for nucleosynthesis  Emily Griffith, Jennifer A. Johnson, and David H. 
Weinberg - ApJ 2019 

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.

10 Griffith et al.

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
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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
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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.

3

The Astrophysical Journal, 886:84 (21pp), 2019 December 1 Griffith, Johnson, & Weinberg

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

- Whether planets are more likely to have a dynamo-generated magnetic field, convective mantle, and 
possibly plate tectonics may depend more on [Eu/Si] and [Eu/Mg]. 
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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 

GALAH and APOGEE data from Griffith, Johnson, Weinberg 2019.  The 10 to 
90 percentile range in [Eu/Mg] is -0.3 to + 0.3 for [Mg/H] > -0.3

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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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 & U 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



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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Borexino Radiogenic Heat Flux and Convective Urey Ratio vs. BSE Models
- Borexino geoneutrino data favors a higher Earth Th and U abundance than chondrites or the sun.

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
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where HCC is the 
radiogenic heat produced 
in the continental crust. 
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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). 

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, 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. 
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