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ABSTRACT

The energy provided in the radioactive decay of thorium (Th) and uranium (U) isotopes, embedded
in planetary mantles, sustains geodynamics important for surface habitability such as the generation
of a planetary magnetic dynamo. In order to better understand the thermal evolution of nearby
exoplanets, stellar photospheric abundances can be used to infer the material composition of orbiting
planets. Here we constrain the intrinsic dispersion of the r-process element europium (Eu) (measured
in relative abundance [Eu/H]) as a proxy for Th and U in local F, G, and K type dwarf stars. Adopting
stellar-chemical data from two high quality spectroscopic surveys, we have determined a small intrinsic
scatter of 0.025 dex in [Eu/H] within the disk. We further investigate the stellar anti-correlation in
[Eu/a] vs [a/H] at late metallicities to probe in what regimes planetary radiogenic heating may lead
to periods of extended dynamo collapse. We find that only near-solar metallicity stars in the disk
have Eu inventories supportive of a persistent dynamo in attendant planets, supporting the notion of
a “metallicity Goldilocks zone” in the galactic disk. The observed anti-correlation further provides
novel evidence regarding the nature of r-processes injection by substantiating « element production is
decoupled from Eu injection. This suggests either a metallicity-dependent r-process in massive core-
collapse supernovae, or that neutron-star merger events dominate r-process production in the recent
universe.

Keywords: Exoplanet evolution; Astrobiology; Magnetic fields; R-process; Stellar nucleosynethesis

1. INTRODUCTION

Geological activity on rocky planets is driven by vari-
ous thermal inputs from formational and long-lived heat
sources. The majority of a planet’s thermal inventory is
provided in the first few Myr during planetary accretion,
which sets the initial conditions for a planet’s evolution.
Long-term heating sources such as tidal forces and ra-
diogenic heating act on extended time scales and come
to dominate the thermal dynamics of mature planets.
Tidal heating is largely dependent on the geometry of
a given planetary system and can be difficult to con-
strain. Whereas radiogenic heating, the focus of the
study herein, operates in a robust manner on time scales
of Gyrs, shaping planetary evolution across a broad pop-
ulation of terrestrial planets.

Long-lived radioisotopes  thorium-232  (?32Th),
uranium-235 (23°U), and uranium-238 (?3®U) are em-

bedded in the mantle/crusts of rocky planets.! Over
geological times scales (Gyrs) they undergo decay, re-
leasing energy into the mantle.

Radiogenic heating impacts a wide variety of plane-
tary processes important to surface conditions; Frank
et al. (2014); Jellinek & Jackson (2015); Botelho et al.
(2019); Unterborn et al. (2015); Foley & Smye (2018);
Quick et al. (2020); Zhang & Rogers (2022); Boujibar
et al. (2020); Wang et al. (2020); Mello & Friaca (2023).
Here we focus on the generation of a magnetic field and
its effect on atmospheric preservation. A magnetic dy-
namo is driven by convection in a rotating planet’s liquid
core, the strength of which is moderated by the thermal

I Potassium-40 (*°K) is another significant contributor included in
our modeling; however, because of its relatively short half-life of
1.25 Gyr its contribution is modest at late times (see also Nimmo
et al. 2020).
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exchange across the core-mantle boundary (Labrosse
2014). This rate of exchange, and by extension the
vigor of the dynamo, is strongly dependent upon radio-
genic heating. Excessive mantle heating caused by an
over-abundance of radioactive elements reduces the heat
extracted from the core and thus the thermal buoyancy
available to drive core convection. This leads to a period
of dynamo-failure 2 (Nimmo et al. 2020; Labrosse 2015;
Boujibar et al. 2020). A robust magnetic dynamo is con-
sidered a defining feature of Earth’s habitable biosphere,
protecting the surface from intense solar irradiation, pre-
serving the atmosphere and liquid water inventories. On
Earth, the geodynamo has persisted for at least the last
3.7 Gyr with no interruptions (e.g., Nichols et al. 2024),
although the magnetic field has occasionally dropped to
as low as one-tenth of its mean value (Bono et al. 2019).

Relevant to this study are the works by O’Neill et al.
(2020) and Nimmo et al. (2020), wherein variations of
Th and U concentrations in Earth-like exoplanet man-
tles affect the generation of a persistent magnetic dy-
namo. O’Neill et al. (2020) assume variations of Th
and U are small between planets and correlated with
core size. While Nimmo et al. (2020) assume larger sys-
tematic variation in Th and U, motivated by the ob-
served scatter at early times of the proxy element Eu
in dwarf galaxies (Ji et al. 2016) and low-metallicity
stars (Arnould et al. 2007; Sneden et al. 2008; Macias &
Ramirez-Ruiz 2018; Kolborg et al. 2023). In Section 4,
we adopt the model described in Nimmo et al. (2020) to
predict at what radioactive element content we expect a
persistent dynamo failure based on the real distribution
of elements in the disk.

The planetary abundances of refractory elements
(such as the isotopes of interest) should reflect the abun-
dances of the host star, given that planet and host
star form from a common natal molecular cloud (e.g.,
Naiman et al. 2018). While lighter elements have com-
plicated radial dependencies due to ice lines, here we
assume metals and radioactive elements are distributed
homogeneously between star and rocky planet.

Th and U nuclei are formed almost exclusively by the
rapid neutron-capture process (r-process) in rare, cata-
clysmic events such as neutron star-neutron star merg-
ers (NS-NS mergers; Kasen et al. 2017) and/or extreme
flavors of core collapse supernovae (CC-SNe; Cowan &
Thielemann 2004; Mosta et al. 2018; Siegel et al. 2019),
although the dominant production mechanism is still of
debate (Cescutti et al. 2005; Macias & Ramirez-Ruiz

2 A similar effect may occur at Io, driven by excessive tidal heating

2019; Holmbeck et al. 2023). The relative abundance®
of [Th/H] and [U/H] can be difficult to measure in stel-
lar spectra due to line blending. Instead, the r-process
element europium (Eu) is commonly used as a proxy el-
ement as it follows the same nucleosynthetic channels
but has reasonably strong and distinct absorption fea-
tures in stellar spectra. [Eu/H] tracks well with [U/H]
(Sneden et al. 2008) and [Th/H] (Botelho et al. 2019)
in the galactic disk. Existing literature suggests a wide
star-to-star scatter of Eu at low metallicities and in halo
stars (e.g., Sneden et al. 2008; Kolborg et al. 2023). Here
we focus on constraining the variation of Eu as a proxy
for Th and U at planet-forming metallicities, estimated
to be between -1.5 and 40.6 [Fe/H] in the Milky Way
(MW) disk (e.g., Johnson & Li 2012; Ercolano & Clarke
2010; Behroozi & Peeples 2015; Boley et al. 2024) to
place meaningful constraints on the thermal evolution
of attendant Earth-like planets.

2. METHODOLOGY

The Eu abundance analysis in our study is based on
two independent surveys in the literature: 1) a survey
of 1111 F,G, and K type stars observed as a part of
the HARPS GTO planet search program (Delgado Mena
et al. 2017) (hereafter referred to as DM) and 2) a multi-
telescope campaign to observe 714 F and G type stars in
the solar neighborhood Battistini & Bensby (2016) and
Bensby et al. (2014) (hereafter referred to as BB). Both
samples represent extremely high S/N surveys of the lo-
cal stellar F,G, and K population. The sample from DM
contains 577 stars with usable Eu measurements using
the red 6645 A absorption line. The sample from BB
contains 377 stars with usable Eu measurements using
the blue 4129 A absorption line.

Initially, the dispersion of [Eu/H] in both samples ap-
pears large, but we show this is the result of system-
atic inflation due to a metallicity ([a/H]) and effective-
temperature (Tog) dependence on [Eu/H| abundance.
To mitigate these biases and recover the true star-to-star
dispersion in [Eu/H], we detrend both samples using a
linear contour (plane) fit to each sample.

2.1. Systematic Biases in Metallicity - o Elements

The metallicity dependence is representative of an as-
trophysical bias consequence of stellar evolution. Col-
loquially, metallicity refers to [Fe/H], a well established
stellar evolutionary probe. However, in this study we
have elected to use an « element based metallicity:

in the mantle (Wienbruch & Spohn 1995).

3 Here we adopt the standard notation where the relative abun-
dance of elements A and B in a given star compared to the sun
can be written as [A/B] =logo(Na/Np)x —log1o(Na/NB)e.-



[a/H]. This is motivated by chemical differentiation
within the stellar neighborhood in the high-a and low-
a groups (correlated with the thick and thin disk of
the MW). High-« population stars have systematically
larger [Eu/H] abundances than the low-a population
stars, making the correlation between [Fe/H] and [Eu/H]
distinct for each group. Instead of conducting analy-
sis on each population separately we fit metallicity as
[a/H]. [Fe/H] and [a/H] are both well connected to stel-
lar evolution; however, in this context [a/H] serves the
distinct advantage of coupling metallicity to the galactic
« population while still being a robust probe for stellar
evolution.

Our a metallicity term is defined as the average of sil-
icon (Si), magnesium (Mg), titanium (Ti), and calcium
(Ca). Si and Mg are the typical elements used to de-
scribe « element abundance, while Ti and Ca are incor-
porated to reduce the measurement uncertainty through
averaging of all four elements which track each other
closely in the stellar neighborhood.

2.2. Systematic Biases in Teg

The bias in effective temperature (Teg) is not reflective
of any astrophysical process; in principle Teg should not
chemically have an effect on [Eu/H|] abundance. How-
ever, we find in the sample from DM that cool stars
have systematically lower [Eu/H] than hot stars, while
in the sample from BB there is an anti-correlation be-
tween Teg and [Eu/H]. This bias is likely representative
of a methodological bias introduced in elemental param-
eters for abundance measurement in each study.

2.3. Detrended Contour Fitting

The identified biases inflate the star-to-star dispersion
in [Eu/H] and are removed via regression of a linear
contour fit simultaneously to [«/H] and T.x. This is
done using the IRAF task Surfit, under a reduced x-
squared test. The best fit coefficients are shown in Table
1.

An expression for detrended [Eu/H] as a function
of metallicity and temperature is created by subtract-
ing the contour fit from [Eu/H] for each sample, this
function represents the [Eu/H] independent of metallic-
ity and Teg. The standard deviation about detrended
[Eu/H], is 0.071 dex and 0.081 dex in samples by DM,
and BB, respectively.

3. RESULTS AND ANALYSIS
3.1. Combining Data Sets

While the two samples from DM, and BB repre-
sent some of the highest quality chemical measurements
available on the stellar neighborhood, there are still in-
consistencies in measured [Eu/H] between stars in each
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sample. In an attempt to reduce these inconsistencies,
we create a cross-matched sample of the 68 stars that ap-
pear in common between these surveys and average their
detrended [Eu/H] expressions. Under the cross matched
sample the standard deviation about detrended [Eu/H]
is reduced to 0.057 dex and 0.065 dex for DM, and BB,
respectively.

3.2. Intrinsic Dispersion

Cross matching our samples provides an opportunity
to reduce the uncertainty associated with detrended
[Eu/H] even further. If the detrended [Eu/H] dispersion
is contributed entirely by Poisson noise, we would expect
the dispersion about the averaged detredned [Eu/H] to
reduce by a factor of 1/ /2. However we find this is not
the case; The average detrended [Eu/H] scatter is only
0.047 dex. This would imply there is a secondary fac-
tor dominating the detrended [Eu/H] spread. We refer
to this term as the intrinsic dispersion, which can be
solved for:

To begin, the total error budget is assumed to be the
sum of three terms: uncertainty contributed by Poisson
noise, uncertainty contributed by systematic biases in
the data, and the independent intrinsic term. Thus the
error budget on detrended [Eu/H] for both sample from
DM and BB can be written as Equation 1:

2 _ 2 2 2
OTotal = OPossion + USystematic + Olntrinsic (1)

In the creation of the detrended [Eu/H] expression, all
significant systematic biases (metallicity and tempera-
ture) have been removed. Therefore we assume the un-
certainty contributed by symmetric biases is effectively
removed. The total error budget is then written as the
sum of only the Possion and intrinsic terms. When
combining data samples, the resulting uncertainty as-
sociated with the average detrended [Eu/H] can be rep-
resented as the average of the two total error budgets
from each sample. The intrinsic term should be con-
stant across both samples and thus can be combined.

2 2 2
2 o UPoissonDM + UPoissonBB + 2UIntrinsic (2)
UAverage - 4

Which is then rearranged to solve for the constant in-
trinsic uncertainty in equation 3:

2 2
Op.: + o5 .

Olntrinise = \/QUiverage _ ZPoissonDM 5 PoissonBB (3)
This results in an intrinsic uncertainly of ointrinsic =
0.025 dex. We believe this to be the intrinsic star-to-
star variation in [Eu/H] in the stellar neighborhood of
F, G and K type stars in the MW disk independent



Sample ‘ Zero-point ‘ [a/H] Slope ‘ T Slope
Delgado Mena et al. (2017) 0.521 + 0.055 | 0.844 + 0.016 | -9.14 x10~°+ 9.669 x10~°
Bensby et al. (2014) and Battistini & Bensby (2016) | -0.527 & 0.099 | 0.768 4+ 0.022 | 9.78x107° 4+ 1.71x107°

Table 1. Second order fitting polynomials for the DM and BB samples, fit to temperature (Teg) and metallicity ([a/H]). A
function of detrended [Eu/H] is created by subtracting the above expressions from [Eu/H] for each sample. The cross-matched

expression is given as an average of the DM and BB expressions.

of metallicity and temperature biases. The identified
dispersion is corroborated by the solar twins analysis by
Bedell et al. (2018) and Spina et al. (2018) discussed
in Section 7.1. outliers in the samples are discussed in
Appendix 7.2.

4. DISCUSSION
4.1. Implications on Dynamo Shutoff Range

Decay of radioactive elements in the mantles of rocky
planets moderates geodynamic processes, such as a
protective planetary magnetic dynamo - an excessive
amount of radioactive heating can disrupt core con-
vection responsible for maintaining a magnetic dynamo
(Nimmo et al. 2020). While the effect of magnetic dy-
namo failure on atmospheric loss is still debated (e.g.,
Gunell et al. 2018), it is generally thought that its per-
sistence is important for preventing loss of ozone, wa-
ter and protecting planetary surfaces from energetic
charged particle bombardment (e.g., Lundin et al. 2007).

Sustained periods of dynamo failure for just tens of
Myr could lead to significant atmospheric loss (partic-
ularly if the stellar EUV flux is enhanced) (Lichteneg-
ger et al. 2010). Once the mantle cools, magnetic dy-
namos can resume after failure as core convection rein-
states (Nimmo et al. 2020). However atmospheric re-
establishment of a planets HoO and nitrogen inventory
may be more difficult.

As we have discussed, Th and U are the primary con-
tributors to radiogenic heating at late times. The abun-
dance of these elements is commonly estimated using
the surrogate element Eu. The Si content can be es-
timated by « element abundance being a part of the «
group elements described in Section 2.1 but with the ad-
vantage of reducing the Poisson noise in the associated
uncertainties of Si, Mg, Ti, and Ca through averaging.

The 1D convective model described in Nimmo et al.
(2020) is adopted to predict at what [Eu/«a] ratio a
dyanmo failure occurs. For an Earth-like planet, of
similar composition, metallicity, and size as Earth,
this model exhibits a dynamo failure of 100 Myr at
[Eu/a]=0.08 (see Figure 1). This is a conservative esti-
mate for a critical period of dynamo collapse in which
significant time has passed so that substantial atmo-

spheric loss may occur - preventing or delaying the emer-
gence of a hospitable surface environment.

The scatter of [Eu/a] independent of temperature
bias as a function of [«/H] is presented in Figure 2.
Also shown is the critical value of [Eu/a]=0.08, high-
lighted by the red dashed line, where an extended dy-
namo failure of > 100 Myr occurs. Assuming that Eu
and a element abundances correspond between stars
and attendant planets, stars with sub-solar a-metallicity
[a/H]< —0.4 are most likely to host Earth-like planets
that experience some degree of extended dynamo fail-
ure. This should be contrasted with the range of planet-
forming metallicities, which is estimated to be between
-1.5 < [a/H] <0.6 in the MW disk (e.g., Johnson & Li
2012; Ercolano & Clarke 2010; Behroozi & Peeples 2015;
Boley et al. 2024). It is thus only near-solar metallicity
stars that have terrestrial planet compositions support-
ive of a sustained magnetic dynamo.

It is important to note that this 1D model has only
been configured for Earth-like planets, with the same
radii, mass, and composition as the terrestrial value
(e.g., Seager et al. 2007; Mordasini et al. 2012; Alib-
ert 2014). The mass-radius scaling relation for rocky
planets has recently been revised in Otegi et al. (2020)
and Miiller et al. (2024). Furthermore, heat production
is expected to decrease at a fixed radius with increas-
ing [Fe/H] due to a larger core-to-mantle ratio O’Neill
et al. (2020). It would be worth exploring in future
work where a prospective “habitable metallicity zone”
maps out in the radii and composition parameter space
based on changing radiogenic fraction and [Fe/H] (e.g.,
Howard et al. 2012) using a more comprehensive model
including a 2D or 3D assessment of core convection.

4.2. Implications for r-Process Production

Understanding how Eu is distributed throughout the
local stellar population may shed light on the source of r-
process element production. The nucleosynthetic path-
ways and conditions for the production of r-process ele-
ments have been understood since Burbidge et al. (1957)
and Cameron (1957), but the specific site(s) responsible
for the modern day galactic disk enrichment of r-process
elements is an area of active study (Arcones & Thiele-
mann 2023). The primary formation sites of r-process
elements are believed to be either core collapse super-
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Figure 1. Illustration similar to that of Fig. 2 in Nimmo et al. (2020), demonstrating the sensitivity of core convection
to changing concentrations of radiogenic elements (relative to the terrestrial amount), see Nimmo et al. (2020) for details on
model parameters. Color scaled to represent net entropy production from radiogenic heating, with the black region representing
negative production (no dynamo). Dashed red line represents the regime at [Eu/a]=0.08 where a dynamo failure lasting > 100
Myr first begins. Solid black lines represent contours of constant mantle temperature.

novae (e.g., Woosley et al. 1994) or by NS-NS mergers
(e.g., Lattimer & Schramm 1974). On the other hand,
a elements (including O, Mg, Si, Ca, and Ti) are pri-
marily produced in CC-SNe (Woosley & Weaver 1995).
Thus by studying the distribution of r-process elements
with respect to a elements the production of r-process
elements can be correlated with rate of CC-SNe.

Here we focus on «, Fe, and Eu production at higher
metallicities in the MW in order to derive meaningful
constraints on the r-process production sites. If galactic
r-process injection is dominated by CC-SNe, Eu and «
will be co-produced. This predicts [Eu/a] to remain
relatively constant with increasing [o/H] metallicity;
in this case, the constant ratio should be representa-
tive of the IMF-weighted yield of the ejecta (Macias &
Ramirez-Ruiz 2018; Kolborg et al. 2023). However, as
shown in Figure 2, we find a robust anti-correlation be-
tween [Eu/a] and [a/H]. The anti-correlation is consis-
tent with a metallicity dependent r-process in CC-SNe.

Alternatively, The gravitational wave discovery of
GW170817 (Abbott et al. 2017) and ensuing kilonova
SSS17a/AT2017gfo (e.g., Coulter et al. 2017), provided
definitive evidence of NS-NS mergers being a viable
source of r-process elements but the current galactic
distribution of r-process cannot be explained assuming
NS-NS mergers are the only significant source of the r-
process throughout cosmic time (see e.g. Siegel 2019;
Chen et al. 2024, for a summary of relevant issues).

If the r-process occurs mainly in NS-NS mergers, the
production of Eu is decoupled from « and Fe produc-
tion (Sneden et al. 2008). The anti-correlation between
[Eu/a] and [a/H] thus suggests that r-process injection
from NS-NS mergers increases with time compared with
a-element production. This is expected with NS-NS
mergers, as they naturally experience a time delay from
neutron-star pair formation to merger, which combined
with the star formation history, yields a sizable increase
in the number of NS-NS mergers at high metallicities
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(e.g., Shen et al. 2015). Due to the restricted metallic-
ities used in this sample, the relative rate is subject to
change at earlier periods, but for [a/H] between -0.7 and
0.5. The negative slope (Figure 2) suggests r-process in-
jection by NS-NS mergers with a time delay consistent
with models (e.g., Siegel 2019).

A delay-time distribution ¢t~ of NS-NS mergers pre-
dicts a flat [Eu/Fe| trend with [Fe/H] (e.g., Coté et al.
2019). However, this is not observed in the data (Fig-
ure 3(c)) and suggests that the delay-time distribution
of NS-NS mergers differs from the t~! of type Ia su-
pernovae (e.g., Simonetti et al. 2019), which controls Fe
production and is thought to be set by the merger of
white dwarf binaries (e.g., Toonen et al. 2012). As such,
this naturally explains the [Eu/Fe| knee seen around
[Fe/H]=-1 (e.g., Coté et al. 2019).

A caveat is noted when including Si, Ti and Ca in
our « metallicity term. Si, Ti and Ca are fractionally
produced by type Ia supernovae while Mg is exclusively
produced in CC-SNe (Woosley & Weaver 1995). A more
“pure” o metallicity was tested using just [Mg/H], which
we found to produce similar results but with a noisier
dispersion.

5. CONCLUSION

In conclusion, we have identified metallicity ([o/H])
and temperature (Teg) as relevant systematic biases in-
flating the observed scatter of [Eu/H]. We measured the
intrinsic star-to-star scatter of detrended [Eu/H] as a
function of [a/H] and Tegx to be 0.025 dex, consistent
with a chemically well-mixed stellar neighborhood.

Th and U are the primary isotopes responsible for ra-
diogenic mantle heating in rocky planets that are several
Gyr old. Assuming that planetary compositions reflect
their stellar host’s atmospheric abundances, we use Eu
as a proxy for Th and U and employ a 1D thermal evolu-
tionary model from Nimmo et al. (2020). Modeling sug-
gests a significant dynamo failure lasting at least > 100
Myr beginning at a [Eu/a] = 0.08 dex. Stars hosting
earth-composition and size planets at or above this crit-
ical value are likely to have experienced a dynamo col-
lapse for an extended period of time, leaving the surface
vulnerable to atmospheric stripping and charged parti-
cle bombardment - conditions immediately challenging
for a hospitable biosphere. Although the dynamo may
reinstate after sufficient mantle cooling, it is unclear if
reestablishment of an atmosphere is possible. The anti-
correlation between [Eu/a] and [a/H] would imply that
only near-solar a-metallicity stars have [Eu/a] content
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supportive of persistent dynamos on attendant terres-
trial planets.

Lastly, this anti-correlation lends clues as to the pri-
mary r-process injection site in the MW. Assuming r-
process production is dominated by CC-SNe, the ob-
served anti-correlation may be explained by a metallic-
ity dependent r-process. Alternatively, assuming that
r-process injection is dominated by NS-NS mergers, the
slope of the anti-correlation would give the relative pro-
duction rate between r-process in NS-NS mergers and «
elements in core collapse supernovae, which is naturally
explained by the time-delay distribution expected for
NS-NS mergers. Furthermore, the anti-correlation be-
tween [Eu/Fe] and [Fe/H], also implies that the delay-
time distribution of NS-NS mergers, if responsible for
the bulk of r-process production, differs from that of
type Ia supernovae.
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7. APPENDIX
7.1. Solar Twins Analysis

The determined dispersion in detrended [Eu/H] of +
0.025 dex is further corroborated by data from a solar
twins analysis by Spina et al. (2018) and Bedell et al.
(2018). This sample of 79 stars uses near solar param-
eters with temperature within + 100 K in Tog, [Fe/H]
within + 0.1 dex and surface gravity within £+ 0.1 dex
in Log g of the solar value. These restricted parameters
combined with high S/N and high resolution contribute
to exceptionally low quoted uncertainties on abundance
measurements.

We repeat the same simultaneous contour-fit method-
ology described in Section 2.3 to create an expression
for detrended [Eu/H] as a function of metalicity and
temperature under the solar twins sample. We fit these

two terms to [Eu/H] simultaneously in a linear surface-
fit polynomial with an intercept of -1.534 + 0.112 dex,
metallicity slope of 0.789 £ 0.018, and temperature
slope of 2.7434x107% + 1.944x107° dex, with a re-
duced x?=10.22 and standard deviation of 0.031. The
reduced x? is notably high, consequence of exceptionally
low quoted uncertainties in elemental abundance mea-
surements.

In our earlier analysis we were able to cross match
detrended [Eu/H] measurements in an effort to further
reduce the dispersion. However, the sample from Spina
et al. (2018) and Bedell et al. (2018) shares no stars in
common with either DM or BB. Instead, tweaking the
formalism described in Section 3.2 we can reduce the
dispersion in detrended [Eu/H] further. Due to the ex-
ceptionally low uncertainty in [Eu/H], we claim that the
error on [Eu/H] is solely the uncertainty contributed by
Poisson noise. In this way, the dispersion of detrended
[Eu/H] is given as:

2 _ 2 2
adctrcndcd[Eu/H] = Opossion T Tintrinsic (4)

Re-arranging this equation and assuming the error on
[Eu/H] is entirely the Possion noise opossion = 0.012 dex
(using the mean of the error on [Eu/H]), the intrinsic
dispersion is determined as Gintrinsic = 0.029 dex.

Without a secondary analysis to compare against, we
cannot reduce the dispersion any further. The intrin-
sic dispersion determined here is supportive of the dis-
persion calculated in Section 3.1. This suggests we are
indeed approaching a star-to-star dispersion reflective
of the actual stellar chemical environment in the local
stellar neighborhood.

7.2. Potential outliers

Within the samples used, a handful of outliers in
[Eu/H] abundance have been identified. We consider
an outlier as any star whose detrended [Eu/H] value
is greater than 3 standard deviations (SD) from the
mean. These stars are worth particular attention for two
reasons, their unusual [Eu/H] abundance contributes
to the inflation of the intrinsic dispersion significantly
and secondly these stars may have unique chemical-
evolutionary histories worth investigating.

Under the cross-matched sample as described in Sec-
tion 3.1 there is one outlier. The cross-matched sample
has a significantly smaller SD than in the full samples
due to reduced uncertainties from averaging, stars that
appear as outliers in the full samples do not reappear in
the cross matched sample.

In the sample from DM, containing 570 stars with
[Eu/H] abundance measurements, the standard devia-
tion was found to be 0.071 (methodology described in



Designation | Detrended [Eu/H] (dex) ‘ Standard Deviations | Sample
HD85512 0.244 3.459 Delgado Mena
HD218511 0.259 3.659 Delgado Mena
BD+062932 0.253 3.579 Delgado Mena
HD73267 -0.223 -3.153 Delgado Mena
HD190954 -0.249 -3.522 Delgado Mena
HD167677 0.258 3.654 Delgado Mena
HD209458 0.218 3.079 Delgado Mena
HD148156 0.255 3.612 Delgado Mena
HD205591 0.229 3.237 Delgado Mena
HIP73385 0.273 3.375 Battistini & Bensby
HIP81041 -0.279 -3.447 Battistini & Bensby
HIP81461 0.270 3.329 Battistini & Bensby
HIP95106 0.301 3.722 Battistini & Bensby
’ HD11397 ‘ 0.156 3.343 ‘ Cross-matched Sample

Table 2. Shown are the 9 stars from DM and 4 stars from BB with detrended [Eu/H] abundance >3 SD. Stars only appearing
in a single sample use detrended [Eu/H] formulae and SD described in Section 2.3. Stars in the cross-matched sample use an
averaged detrended [Eu/H] formulae and SD described in Section 3.1. The last bold entry represents the single star from the
cross-matched sample to be > 3 SD. No stars were determined as outliers from the solar twins analysis by Spina et al. (2018)

and Bedell et al. (2018).

2.3). Under this standard deviation, 9 stars are mea-
sured with detrended [Eu/H] greater than 3 SD from
the mean. These stars are listed in Table 2. Assuming
the sample follows a normal Gaussian distribution, we
would only expect 1-2 stars above 3 SD in a sample size
of 577, this suggests the existence of at most 7 statistical
outliers in detrended [Eu/H].

Using a similar analysis, in the sample from BB, con-
taining 377 stars with valid [Eu/H] and [o/H] abun-
dance measurements, the standard deviation is found
to be 0.081. Under this standard deviation, 3 stars are
measured with detrended [Eu/H] of greater than 3 SD.
These stars are listed in Table 2. Following a normal
Gaussian distribution, we only expect 1 star above 3 SD
in a sample size of 377, this suggests the existence of at
most 2 statistical outliers in detrended [Eu/H].

In the cross-matched sample, HD11397 has a de-
trended [Eu/H] abundance of 0.150 dex pushing it out
to 3.192 SDs from the mean trend; see Table 2 in bold.
This star is likely to be real outlier as its unusual de-
trended [Eu/H] measurement is corroborated by both
data sets.

No outliers were found in the sample from Spina et al.
(2018) and Bedell et al. (2018). This may be owed to the
small sample size and/or the exceptionally small quoted
uncertainties.

These stars’ odd compositions may be a result of a
particularly r-process rich birth cloud or another heavy
element doping mechanism such as a binary-supernova
pair. Further analysis is needed to determine the unique
properties of the stars listed.
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