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ABSTRACT

We explore a sample of 148 solar-like stars to search for a possible correlation between the slopes of the abundance trends versus
condensation temperature (known as the T c slope) with stellar parameters and Galactic orbital parameters in order to understand the
nature of the peculiar chemical signatures of these stars and the possible connection with planet formation. We find that the T c slope
significantly correlates (at more than 4σ) with the stellar age and the stellar surface gravity. We also find tentative evidence that the
T c slope correlates with the mean galactocentric distance of the stars (Rmean ), suggesting that those stars that originated in the inner
Galaxy have fewer refractory elements relative to the volatiles. While the average T c slope for planet-hosting solar analogs is steeper
than that of their counterparts without planets, this diﬀerence probably reflects the diﬀerence in their age and Rmean . We conclude that
the age and probably the Galactic birth place are determinant to establish the star’s chemical properties. Old stars (and stars with inner
disk origin) have a lower refractory-to-volatile ratio.
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1. Introduction
Despite the huge progress in developing instrumentation and observational techniques during the past decade, the study of extrasolar planets’ properties via direct observations is still a very difficult task, and the precise study and characterization of known
extroplanets cannot be dissociated from the study of planet host
stars.
The connection between stellar and planetary properties has
been widely explored. In particular, the very first correlation observed in this field of research, that of giant-planet – metallicity
(e.g., Gonzalez 1997; Santos et al. 2001, 2004; Fischer & Valenti
2005; Sousa et al. 2011), was one of the most important constraints on planet formation theories (e.g., Mordasini et al. 2009).
Afterwards it was shown that not only does the presence of planets correlate with metallicity (usually abundance of iron), but
planet-host stars also show a systematic enhancement of other
elements (e.g., α-elements – Haywood 2008a; Adibekyan et al.
2012a,b). More recently, several studies have revealed that stellar metallicity also plays an important role in the architecture of

Based on observations collected with the HARPS spectrograph
at the 3.6-m telescope (072.C-0488(E)), installed at the La Silla
Observatory, ESO (Chile), with the UVES spectrograph at the 8-m Very
Large Telescope program IDs: 67.C-0206(A), 074.C-0134(A), 075.D0453(A), installed at the Cerro Paranal Observatory, ESO (Chile), and
with the UES spectrograph at the 4.2-m William Herschel Telescope,
installed at the Spanish Observatorio del Roque de los Muchachos of
the Instituto de Astrofísica de Canarias, on the island of La Palma.
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planetary orbits (e.g., Dawson & Murray-Clay 2013; Beaugé &
Nesvorný 2013; Adibekyan et al. 2013b).
Naturally, this connection is bidirectional: not only do stellar
properties play an important role in planet formation and evolution, but the planet formation can also have an impact on stellar
properties. As an example, Israelian et al. (2009) and Delgado
Mena et al. (2014) find strong evidence that solar analogs with
planets show enhanced Li depletion compared to their non-host
counterparts. The studies mentioned above are not the only ones.
Recently, Meléndez et al. (2009) have claimed that the Sun
shows a deficiency in refractory elements with respect to other
solar twins probably because they were trapped in the terrestrial
planets in our solar system. The same conclusion has also been
reached by Ramírez et al. (2009) who analyzed 64 solar twins
and analogs. However, recent results by (González Hernández
et al. 2010, 2013 – GH10,13) strongly challenge the relation between the presence of planets and the abundance peculiarities of
the stars. Other works also have examined this possible connection between the chemical peculiarities and formation of planets
(e.g., Smith et al. 2001; Ecuvillon et al. 2006; Gonzalez et al.
2010; Gonzalez 2011; González Hernández et al. 2011; Schuler
et al. 2011; Ramírez et al. 2014).
In this Letter, we explore the origin of the possible trend observed between [X/H] (or [X/Fe]) and condensation temperature
(T c ) using a sample of 148 solar-like stars.

2. Data
Our initial sample is a combination of two samples of solar analogs (95 stars) and “hot” analogs (61 stars) taken
from GH10,13. We have cross-matched this sample with the
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Table 1. Significance levels of the obtained correlations.
Parameter

Cor. coeﬀ

Age
log g
[Fe/H]
T eﬀ

0.35
−0.50
−0.14
−0.05

Significance
All
4.37
6.01
1.73
0.59

Cor. coeﬀ Significance
Solar analogs
0.60
4.57
−0.73
5.57
0.00
0.05
0.03
0.17

Geneva-Copenhagen Survey sample (GCS- Nordström et al.
2004), for which Casagrande et al. (2011) provides the Galactic
orbital parameters, the space velocity components, and the ages
of 148 of the stars considered in our study1 . Fifty-seven of these
stars are planet hosts, while for the remaining 91 no planetary
companion has been detected up to now.
The stellar atmospheric parameters and the slopes of the
Δ[X/Fe]SUN−star versus T c were derived using very high-quality
HARPS spectra2 . Twenty-five elements from C (Z = 6) to Eu
(Z = 63) have been used for this analysis. These slopes are corrected for the Galactic chemical evolution trends as discussed in
GH10,13.
The stars in the sample have eﬀective temperatures 5604 K ≤
T eﬀ ≤ 6374 K, metallicites −0.29 ≤ [Fe/H] ≤ 0.38 dex, and
surface gravities 4.14 ≤ log g ≤ 4.63 dex. Throughout the Letter
we defined solar analogs as stars with; T eﬀ = 5777 ± 200 K;
log g = 4.44 ± 0.20 dex; [Fe/H] = 0.0 ± 0.2 dex. Solar twins are
defined as with; T eﬀ = 5777 ± 100 K; log g = 4.44 ± 0.10 dex;
[Fe/H] = 0.0 ± 0.1 dex. Fifteen out of 58 solar analogs in this
sample are known to be orbited by planets and three out of 15
solar twins are planet hosts.
We would like to point out that stellar parameters derived in
GH10,13 and in Casagrande et al. (2011) are in perfect agreement (ΔT eﬀ = −8 ± 50 K, Δ log g = 0.06 ± 0.07 dex, and
Δ[Fe/H] = −0.02 ± 0.06 dex), which means that the ages derived in Casagrande et al. (2011) are indeed coherent with the
rest of the observables.

3. Correlations with T c slope
We searched for possible correlations between the T c slope and,
in turn, atmospheric parameters and also Galactic orbital parameters and age, in order to understand which is/are the main factor(s) responsible for the abundance trends with T c .
3.1. Tc slope against stellar parameters and age

In Fig. A.1 we show the relation between the T c slopes and log g
both for the full sample and for the solar analogs exclusively.
One can note that the T c slopes strongly correlate with the log g.
To evaluate the significance of the correlation we performed a
simple bootstrapped Monte Carlo test. For more details about the
test we refer the reader to Figueira et al. (2013) and Adibekyan
et al. (2013a). The correlation coeﬃcients and the significance
levels (z-scores) of the correlations are presented in Table 1. The
same table shows that T c slopes do not significantly correlate
with other stellar parameters. The T c slope versus [Fe/H] and
T eﬀ plots are shown in Fig. A.2.
The observed significant relation between the surface gravity
and T c slope means that the chemical abundance trends depend

either on the evolutionary stage of the star or on its age3 . In
Fig. 1 we plot the T c slope against the stellar age. The plot and
Table 1 clearly show that the correlation with age is quite significant and confirms the result obtained for the surface gravity: old
stars are more depleted in refractory elements (lower refractoryto-volatile ratios) than their younger counterparts.
For FGK dwarf stars in the main sequence one does
not expect significant changes in their atmospheric chemical
abundances with age. This means that the observed correlation
between the T c slope and age probably reflects the chemical evolution in the Galaxy. We note that this is the simplest assumption we can make based on our limited current knowledge of
stellar evolution, and we caution the reader that might be other
eﬀects that could severely aﬀect the composition of stars as a
function of age. For example, in the solar wind, elements with
low first ionization potentials (FIP) are about four times more
abundant than in the photosphere of the sun (e.g., Geiss 1998;
Raymond 1999). However, this so-called FIP-eﬀect, which will
depend on age and has significant eﬀect on coronal abundances
(Wood & Linsky 2006), is not expected to aﬀect the photospheric abundances.
In this context it is worth mentioning the work of Meléndez
et al. (2009), where the authors discussed several possible explanations of the solar “peculiar” abundances when compared to the
solar twins. Most of the discussed possible eﬀects (e.g., supernova pollution, early dust separation, etc.) however are not expected to have a dependence on age and can indeed be responsible for peculiarities in chemical composition for individual cases
(stars). In fact the median age of their comparison solar-twin
stars was of 4.1 Gyr, a very similar to that of the Sun. The authors also discussed the Galactic evolution eﬀects, taking into
account the possibility that the Sun may have migrated from an
inner Galactic orbit (Wielen et al. 1996), but ended up not considering it as a probable explanation.
3.2. Tc slope and Galactic orbital parameters

Several studies have shown that the mean of the apo- and pericentric distances (Rmean ) are good indicators of the stellar birthplace (e.g., Grenon 1987; Edvardsson et al. 1993; Nordström
et al. 1999; Rocha-Pinto et al. 2004; Bensby et al. 2014).
Haywood (2008b) shows that orbital parameters (Rmean ) of the
metal-poor and metal-rich thin disk stars are significantly different from those of the main thin-disk population, and an outer
and inner galactic disk origin was suggested for them both, respectively. A word of caution should be added here, if the radial
migration proposed by Sellwood & Binney (2002)4 is eﬃcient,
then using Rmean as a proxy for the birthplace of a star could be
dubious. However, Haywood et al. (2013) cast doubt upon the
eﬃciency of churning for contaminating the solar neighborhood.
In Fig. 2 we study the dependence of the T c slopes on Rmean ,
which we use as a proxy of the birth radii. Even if the correlation between the T c slopes and Rmean is not strong and is not
significant (at 1σ level), one can see that most of the stars with
the lowest mean galactocentric distances have steeper average
T c slopes (≈0.071 ± 0.065) than the average of the stars with
Rmean = 8 ± 1 kpc (T c ≈ −0.086 ± 0.035). The significance of
this diﬀerence is 2.1σ if one applies two sample t-test. For the
solar analog sample, the significance of this diﬀerence is less
significant (at a level of 1.5σ).

1

Throughout the paper, BASTI expectation ages are used as suggested
by Casagrande et al. (2011).
2
Zero slope means solar chemical composition, and a positive slope
corresponds to a smaller refractory-to-volatile ratio compared to the
Sun.
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Since a solar type star evolves from ZAMS, its log g slowly increases
with age along the main sequence.
4
The term “churning” was introduced in Schönrich & Binney (2009)
for this type of migration.
3
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Fig. 1. T c slopes versus ages for the full sample (top) and for the solar
analogs (bottom). Gray solid lines provide linear fits to the data points.

In Fig. A.3 we show the relation between the T c slopes and
both the stellar age and the Rmean for solar twins in our sample.
As one can see, all the correlations obtained for the full sample
and sample of solar analogs are also valid for the solar twins.
Solar twins follow the general trends discussed in this section
and in Sect. 3.1.
Rocha-Pinto et al. (2004), among other authors, have already
shown that Rmean correlates with age5 in such a way that young
objects (mostly younger than one Gyr) all have Rmean ≈ R ,
while older stars present a higher proportion of objects coming
from diﬀerent galactocentric radii. In Fig. A.4 we plot Rmean versus stellar age. One can note that there is a weak correlation between the two parameters (with a correlation coeﬃcient of ≈0.16
at a significance level of ≈2σ), even if not as an apparent way as
in Fig. 7 of Rocha-Pinto et al. (2004), probably because we do
not have very young stars in our sample. However, in Fig. A.4
one can note that old stars (older than 6−7 Gyr) from the inner Galaxy (Rmean < 7) have predominantly positive T c slopes,
while those in the solar circle have negative slopes. In addition,
the same figure shows that young stars with inner Rmean values
show an overabundance of negative T c slopes, while their older
counterparts mostly have positive slopes.
To test our findings observationally, i.e., if the T c slopes are
diﬀerent at diﬀerent galactocentric distances (R), we used the
Galactic abundance gradients derived in Lemasle et al. (2008,
2013). Using the linear fits (provided by these authors) of the
gradient for each elements, we derived [X/Fe] abundance ratios
at four galactocentric radii (6, 8, and 10 kpc). Then we plotted [X/Fe] against T c (see Fig. A.5), and after performing a linear fit, we calculated the T c slopes. From the figure it is evident
that at smaller galactocentric distances, the T c slope is steeper6
which qualitatively (not quantitatively) agrees well with what
we obtained in the T c versus Rmean plot. We note that in Lemasle
et al. (2008, 2013), the authors used young Galactic Cepheids
to derive the gradients. This means that the gradients should be
considered as current ones, which in turn means that they are
not aﬀected by any type of migration. Although not quantitative,
this comparison shows that at a fixed age (the present day) the
5

Wielen et al. (1996) have shown that this relation can only be considered in a statistical sense.
6
We note that here one should changed the sign of the T c slopes to be
consistent with the T c slopes derived in GH10,13.

Fig. 2. T c slopes versus Rmean for the full sample (top) and for the solar
analogs (bottom). Gray solid lines provide linear fits to the data points.

T c correlates with the galactocentric radius. This is one more hint
that Rmean could be a relevant parameter for “single-age” populations (as already noted for the other end of the age domain
explored in the paper, i.e. old stars, discussed in Fig. A.4).
The tentative correlation between T c and the mean galactocentric distance of the stars, and the observational results of
Lemasle et al. (2008), suggests that the chemical composition
of the “birth place” is a factor partially responsible for the observed T c trends. The observed (weak) correlations suggest that
at a fixed time the steeper T c slopes (lower refractory-to-volatile
ratios) are associated to stars that probably have originated in
the inner Galaxy. This result is in line with the recent chemical
evolution models of the Milky Way invoking stellar migration
(e.g., Minchev et al. 2013). Older stars are exposed to perturbations and scattering for a longer period of time and have also had
more time to migrate, therefore some fraction of them originated
in the inner Galaxy, while almost all the young stars have birth
radii within the solar radius (Wang & Zhao 2013; Minchev et al.
2013).
3.3. Tc slope and planets

In this Letter we do not develop a long discussion about the signatures of planet formation on the abundance trends since it has
already been discussed in detail by GH10,13. Using the same
sample they have already shown that there is no statistically significant diﬀerence in T c slopes for planet-hosting stars (in particular for rocky planet hosts) and stars without any detected planetary companion. In fact the average T c slope of the planet hosting
stars (−0.08 ± 0.38) is even slightly smaller (the diﬀerence is not
significant) than that of the non-host stars (−0.05 ± 0.39) from
the full sample.
Following our definition of solar analogs, we found that
the average of the T c slope for planet hosting solar analogs is
greater (0.012 ± 0.31) than that of their non-host counterparts
(−0.16 ± 0.34). The Kolmogorov-Smirnov (K-S) statistics predict the ≈0.21 probability (PKS ) that these two subsamples came
from the same underlying distribution for T c slope. At the same
time, the same statistics predict a PKS ≈ 0.20 probability that
they stem from the same underlying age distributions. The latter
can be seen in Fig. 1: most of the planet-hosting stars tend to
be relatively old (>
∼5 Gyr). Moreover, planet host and non-host
L15, page 3 of 6
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samples show a diﬀerent distribution of Rmean – PKS ≈ 0.007.
As can also be seen in Fig. 2, 10 planet hosts out of 15 (66%)
have Rmean smaller than 7.5 kpc (where slopes are usually high)
and only 16 out of 43 stars without detected planets (37%) have
similarly low Rmean values. Clearly the two subsamples are not
consistent with respect to the mean galactocentric distance and
age. Interestingly, Haywood (2009) has already shown that (giant) planet host stars tend to have smaller Rmean and probably
originate in the inner disk, which follow the same direction as
our findings.
We note that the mean value of the T c slopes of the superEarth hosts (Mplanet < 0.05 MJ ) is very close to the average
value of the Jovian hosts (Mplanet > 0.1 MJ ), while the average T c
slope of the three Neptunian hosts7 (0.05 MJ ≥ Mplanet ≥ 0.1 MJ )
is greater. For a more detailed comparison of the T c slopes for
planet hosts at diﬀerent planetary mass regimes, we refer the
reader to GH10,13.
These results suggest that the diﬀerence in T c slopes observed for solar analogs with and without planets is probably
due to the diﬀerences in their “birth places” and times.

4. Summary and conclusion
We used a sample of 148 solar-type stars from GH10,13 to
explore the main factors responsible for the abundance trends
with condensation temperature. For these stars the stellar atmospheric parameters and the T c slopes were taken from the abovementioned studies, while the stellar ages, Galactic orbital parameters, and velocity components are from Casagrande et al.
(2011).
Our study reveals a strong correlation between stellar ages
and T c slope: old stars show steeper slope i.e., less refractory elements relative to volatiles. The same result reflects the statistically significant correlation between T c slopes and surface gravity: more evolved (old) stars have a lower refractory-to-volatile
ratio.
Moving one step further, we found tentative evidence that the
T c slopes also correlate with the mean galactocentric distance of
the stars; this suggest that stars which probably have origin in the
inner Galaxy (small Rmean ) have steeper slopes. The result fits
well in the recent evolution picture of the Milky Way, showing
that some fraction of old stars in the solar neighborhood might
have its origin in the inner disk (e.g., Minchev et al. 2013).
Briefly exploring the possible reasons why one can see a
diﬀerence in T c slopes for planet-hosting solar analogs and solar analogs without detected planets, we found that in the current sample these two subsamples have diﬀerent distributions of
age and Rmean that correlate with the T c slope. These diﬀerences
might explain the diﬀerences in T c slope distribution, suggesting
that there are no signatures of planet formation in the observed
abundance trends with the condensation temperature.
We may conclude that the T c slope depends on the age of a
star at a fixed galactocentric radius. At the same time, stars with
smaller galactocentric radii show stepper T c slopes at a fixed
time (age). In other words, the age and galactic birth place may
determine the chemical pattern of the stars.
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The Neptunian hosts also host Jovian and super-Earth like planets.
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Appendix A

Fig. A.1. T c slopes versus surface gravity of the stars from the full sample (top) and 58 solar analogs (bottom). Gray solid lines provide linear fits
to the data points.

Fig. A.2. T c slopes versus atmospheric parameters of the stars from the full sample (left) and solar analogs (right).
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Fig. A.3. T c slopes versus age and the mean of the apo- and pericentric distances for the solar twins in our sample. Gray solid lines provide linear
fits to the data points.

Fig. A.4. Rmean versus age for the full sample. Red squares represent the stars with negative T c slopes, and the stars with positive T c slopes are
marked by blue circles. Gray solid line provides linear fits to the full data points.

Fig. A.5. [X/Fe] versus T c at three diﬀerent galactocentric distances. The [X/Fe] values derived using the Galactic abundance gradients of Galactic
Cepheids from Lemasle et al. (2008, 2013). The lines with diﬀerent colors represent linear fits of the data.
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