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ABSTRACT

Stars in open clusters are expected to share an identical abundance pattern. Establishing the
level of chemical homogeneity in a given open cluster deserves further study as it is the basis
of the concept of chemical tagging to unravel the history of the Milky Way. M67 is particularly
interesting given its solar metallicity and age as well as being a dense cluster environment. We
conducted a strictly line-by-line differential chemical abundance analysis of two solar twins
in M67: M67-1194 and M67-1315. Stellar atmospheric parameters and elemental abundances
were obtained with high precision using Keck/High Resolution Echelle Spectrometer spectra.
M67-1194 is essentially identical to the Sun in terms of its stellar parameters. M67-1315
is warmer than M67-1194 by ~150 K as well as slightly more metal-poor than M67-1194
by ~0.05 dex. M67-1194 is also found to have identical chemical composition to the Sun,
confirming its solar-twin nature. The abundance ratios [X/Fe] of M67-1315 are similar to
the solar abundances for elements with atomic number Z < 30, while most neutron-capture
elements are enriched by ~0.05 dex, which might be attributed to enrichment from a mixture
of asymptotic giant branch ejecta and r-process material. The distinct chemical abundances for
the neutron-capture elements in M67-1315 and the lower metallicity of this star compared to
M67-1194, indicate that the stars in M67 are likely not chemically homogeneous. This poses
a challenge for the concept of chemical tagging since it is based on the assumption of stars
forming in the same star-forming aggregate.

Key words: stars: abundances — stars: atmospheres —open clusters and associations: individ-
ual: NGC 2682 (M67).

relative to volatile elements. They attributed this abundance pattern

1 INTRODUCTION to the formation of terrestrial planets in the Solar system, leading to

The technique of a strictly line-by-line differential analysis in rela-
tive chemical abundances for similar type stars can yield extremely
high precision (0.01-0.02 dex). This has recently been applie to var-
ious cases (see e.g. Meléndez et al. 2009, 2012; Yong et al. 2013;
Liu et al. 2014, 2016a,b; Ramirez et al. 2014, 2015; Tucci Maia,
Meléndez & Ramirez 2014; Biazzo et al. 2015; Nissen 2015; Saffe,
Flores & Buccino 2015; Spina, Meléndez & Ramirez 2016). Among
other things, this has revealed subtle chemical abundance differ-
ences in the photospheres of stars, which has been interpreted as a
signature of planet formation. Meléndez et al. (2009) discovered that
the Sun exhibits a peculiar chemical pattern when compared to the
majority of solar twins, namely, a depletion of refractory elements

* E-mail: fan.liu@astro.lu.se

a deficiency of refractory elements in the solar photosphere. In their
scenario, refractory elements in the proto-solar nebula were locked
up in the terrestrial planets. The remaining dust-cleansed gas was
then accreted on to the Sun. In contrast, it is assumed that a typical
solar twin did not form remaining terrestrial planets as efficiently.
Alternatively, the dust-cleansed accretion happened so early that
stellar convection was deep enough to dilute the refractory-poor
gas sufficiently and thereby not leaving a detectable signature in
the photosphere abundances. Chambers (2010) confirmed quantita-
tively that the depletion of refractories in the solar photosphere is
consistent with the removal of ~4 Earth masses of rocky material
from otherwise pristine composition (see also fig. 8 in Yana Galarza,
Meléndez & Cohen 2016b).

The planet formation scenario, however, has been challenged by
Gonzdlez Herndndez et al. (2010) and Adibekyan et al. (2014).

© 2016 The Authors
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They argued that the observed trend between elemental abundances
and dust condensation temperature ( Tonq) could instead be due
to the differences in stellar ages rather than planet formation. Nis-
sen (2015) showed clear abundance-age correlations for 21 solar
twins, which indicates that chemical evolution in the Galactic disc
may play an important role in the explanation of the T, trends, al-
though still a genuine dependence on T.,q Seems to remain; this has
subsequently been confirmed and extended by Spina et al. (2016)
and Nissen (2016).

Another possible explanation for the peculiar solar composition
is that some of the dust in the pre-solar nebula was radiatively
cleansed by luminous hot stars in the solar neighbourhood before
the formation of the Sun and its planets. This dust-cleansing sce-
nario is supported by the finding that the open cluster M67 seems to
have a chemical composition closer to the solar composition than
most solar twins (Onehag et al. 2011, hereafter O11 and Onehag,
Gustafsson & Korn 2014, hereafter O14). They suggested that the
proto-solar nebula was dust-cleansed by massive stars, similar to
what happened for the proto-cluster cloud of M67, while the major-
ity of solar twins in the field would presumably have formed in less
massive clusters where no nearby high-mass star (>15 M) was
formed. M67 offers the possibility for studying the solar-type stars
in a dense cluster environment. This cluster has about solar metal-
licity ([Fe/H] in the range —0.04 to +0.03, e.g. Hobbs & Thorburn
1991; Yong, Carney & Teixera de Almeida 2005; Randich et al.
2006; Pasquini et al. 2008). The age of M67 is also comparable
with that of the Sun: 3.5-4.8 Gyr (Yadav et al. 2008). Pasquini et al.
(2008) listed 10 solar-twin candidates in M67, including M67-1194
which hosts a hot Jupiter with a period of 6.9 d and a minimum mass
of 0.34 Mj,, (Brucalassi et al. 2014). M67-1194 was studied by O11
and re-visited by O14. They found that unlike nearby solar twins,
which were systematically analysed by Meléndez et al. (2009) and
Ramirez, Meléndez & Asplund (2009), the chemical composition of
M67-1194 is more solar-like and therefore suggested that the Sun
may have been formed in a similar cluster environment, perhaps
even in M67. While this scenario is plausible when considering
chemical abundances and ages, the dynamics are problematic: the
Sun has an orbit close to the Galactic plane, while M67 is presently
some 450 pc above the plane. The probability that the Sun, if formed
in M67 with an orbit similar to the present cluster orbit, was scat-
tered or diffused out of the cluster into the present solar orbit, is
found to be quite low, if the existence of the outer planetary system
is taken into account (Pichardo et al. 2012). Gustafsson et al. (2016)
suggested that the high-altitude metal-rich clusters (such as M67)
were formed in orbits close to the Galactic plane and later scattered
to higher orbits by interaction with giant molecular clouds and spi-
ral arms. Thus, it is possible, though not very probable, that the Sun
formed in such a cluster before scattering occurred. Currently, only
one solar twin in M67 (M67-1194) was spectroscopically analysed
with high precision (~0.02 dex). It is thus crucial to analyse the
chemical composition of additional solar-type stars in M67 of very
high precision.

Stellar chemical abundances are expected to keep the fossil record
of the conditions of the Galaxy at the time of its formation, at least
for dwarf stars.! Therefore, studying the detailed abundance pat-
tern of solar-type stars may help us to re-construct the fundamental

! Stellar depletion of Li and Be are obvious exceptions. Similarly, diffusion
and gravitational settling can affect the absolute abundances, but typically,
leave relative abundances essentially unchanged, at least as predicted for the
Sun (see e.g. Asplund et al. 2009 and references therein).
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build-up of the Galaxy using chemical tagging (Freeman & Bland-
Hawthorn 2002). The goal of chemical tagging is to identify com-
mon origins for groups of stars based on their common, and unique,
chemical compositions. A key assumption is that open clusters,
which are the basic building blocks of the Galactic disc, should be
chemically homogeneous. Most of previous studies (see e.g. Friel &
Boesgaard 1992; Paulson, Sneden & Cochran 2003; De Silva et al.
2006, 2007; Ting et al. 2012; Friel et al. 2014) have argued that
open clusters are indeed chemically homogeneous. However, the
observed abundance dispersions are typically ~0.05 dex or larger,
and can be attributed entirely to the measurement uncertainties. Liu
et al. (2016b) discovered for the first time that the Hyades, a bench-
mark open cluster, is chemically inhomogeneous at the 0.02 dex
level, providing new constraints to the concept of chemical tagging.
It is essential to conduct high-precision abundance analysis of other
open clusters to further understand whether other open clusters are
also chemically inhomogeneous.

In this paper, we perform a strictly line-by-line differential abun-
dance analysis of two solar twins in M67 (M67-1194 and M67-
1315). The aims of our analysis include: (1) examining the scenar-
ios related to the peculiar chemical pattern of the Sun and the M67
solar twins; (2) testing the possible difference in chemical abun-
dances of these two M67 stars, which could provide us with new
clues as regards to the concept of chemical tagging.

2 OBSERVATIONS AND DATA REDUCTION

We observed two solar-type members in M67: M67-1194 and M67-
1315. One of which (M67-1194) has been studied previously by
O11. We obtained high-resolution (R = A/AX = 50 000), high
signal-to-noise ratio (SNR) spectra with the 0.86 arcsec slit of the
High Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994)
on the 10 m Keck I telescope during 2015 January 24 and 25.
The spectral wavelength coverage is nearly complete from 400 to
840 nm. We obtained 12 spectra for M67-1194 and 11 spectra
for M67-1315 with a total exposure time of 25 800 s for each
star. The Keck-MAKEE pipeline was used for standard echelle
spectra reduction including bias subtraction, flat-fielding, scattered-
light subtraction, spectra extraction and wavelength calibration. We
normalized and co-added the spectra with RaF.> The individual
frames of each star were combined into a single spectrum with
SNR 2270 per pixel in most wavelength regions. A solar spectrum
with even higher SNR (/450 per pixel) was obtained by observing
the asteroid Hebe with the same instrumental configuration and
reduced using the same method. A portion of the reduced spectra
for the programme stars is shown in Fig. 1.

We note that both programme stars were identified as solar twins
(i.e. stars with indistinguishable stellar atmospheric parameters and
metallicities to the Sun) in M67 by Pasquini et al. (2008), based on
their proper motion, radial velocities and colours. Constraints on
binarity for our two sample stars have been provided by the radial
velocity planet search on M67 stars by Pasquini et al. (2008, 2012)
in combination with our observations. The star M67-1194 seems
stable, while a clear radial velocity trend was detected for M67-
1315, suggesting that this solar twin is a binary. Our heliocentric
radial velocity measurement of M67-1315 (36.4 + 1.0kms™!) is
also significantly different from the value 32.55 & 0.34kms™', as

2 IrAF is distributed by the National Optical Astronomy Observatory, which
is operated by Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with National Science Foundation.
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Figure 1. A portion of the spectra for the programme stars. A few atomic
lines (Si 1, Ti 1, Ni 1) used in our analysis in this region are marked by the
dashed lines.

reported in Pasquini et al. (2008), supporting that M67-1315 has a
companion.

The spectral line-list of 28 elements (C, O, Na, Mg, Al, Si, S, Ca,
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Y, Zr, Ba, La, Ce, Pr, Nd,
Sm, Eu) employed in our analysis was adopted mainly from Scott
et al. (2015a,b) and Grevesse et al. (2015), and complemented with
additional unblended lines from Bensby et al. (2005) and Meléndez
et al. (2014). Equivalent widths (EWs) were measured using the
ARES code (Sousa et al. 2007) for a few species with a large number
of spectral lines (i.e. Fe 1, Si, Ti 1, V, Cr 1, Ni), while EWSs of other
species with fewer spectral lines (i.e. C, O, Na, Mg, Al, S, Ca, Sc,
Ti 1, Cr 11, Mn, Fe 11, Co, Cu, Zn, Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm,
Eu) were measured interactively using the splot task in IRAF. Strong
lines with EW > 110 mA were excluded from the analysis to limit
the effects of saturation. The atomic line data, as well as the EW
measurements, adopted for our analysis are listed in Table Al.

3 STELLAR ATMOSPHERIC PARAMETERS

We performed a 1D, local thermodynamic equilibrium (LTE) chem-
ical abundance analysis using the 2013 version of MooG (Sneden
1973; Sobeck et al. 2011) with the oprnew grid of Kurucz model
atmospheres (Castelli & Kurucz 2003). Stellar atmospheric param-
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Figure 2. Top panel: [Fe/H] of M67-1194 derived on a line-by-line basis
with respect to the Sun as a function of LEP; open circles and blue filled
circles represent Fe 1 and Fe 1 lines, respectively. The black dotted line
shows the location of mean [Fe/H], the green dashed line represents the
linear least-squares fit to the data. Bottom panel: same as in the top panel
but as a function of reduced EW.

eters (i.e. effective temperature 7., surface gravity log g, microtur-
bulent velocity &, and metallicity [Fe/H]) were obtained by forcing
excitation and ionization balance of Fe 1 and Fe 11 lines on a strictly
line-by-line basis relative to the Sun. The adopted parameters for
the Sun are: T = 5777 K, log g = 4.44 (cm s72), &£ =1.00kms™!,
and [Fe/H] = 0.00. The stellar parameters of M67-1194 and M67-
1315 were established separately using an automatic grid search-
ing technique described by Liu et al. (2014). In general, the best
combination of T, logg, &, and [Fe/H], minimizing the slopes
in [Fe 1/H] versus lower excitation potential (LEP) and reduced
EW (log (EW/A) as well as the difference between [Fe /H] and
[Fe 1/H], was obtained from a successively refined grid of stellar
atmospheric models. The final solution was obtained when the grid
step-size decreased to AT.; = 1 K, Alogg = 0.01 (cm s~2) and
AE=0.01kms~'. Wealso require the derived average [Fe/H] to be
consistent with the adopted model atmospheric value. Lines whose
abundances departed from the average by >2.5¢ were clipped.

Fig. 2 shows an example of determining the stellar atmospheric
parameters of M67-1194. The adopted stellar parameters satisfy
the excitation and ionization balance in a differential sense. The
uncertainties correspond to ATt ~13 K, A&, ~0.02kms~' and
Alog g ~0.02 (cm s—2). These values are simply associated with
the slopes of [Fe/H] versus LEP, [Fe/H] versus reduced EW and the
difference between [Fe /H] and [Fe 1/H], respectively.

The final adopted stellar atmospheric parameters of M67-1194
and M67-1315 with the Sun and its parameters as a reference point,
are listed in Table 1. The adopted uncertainties in the stellar pa-
rameters were calculated using the method described by Epstein
et al. (2010) and Bensby, Feltzing & Oey (2014), which accounts
for the co-variances between changes in the stellar parameters and
the differential iron abundances. High precision was achieved due
to the high-quality spectra and the strictly line-by-line differential
method, which greatly reduces the systematic errors from atomic
line data, shortcomings in the 1D LTE modelling of the stellar atmo-
spheres and spectral line formation (see e.g. Asplund 2005; Asplund
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Table 1. Adopted solar parameters and derived stellar parameters of M67-
1194 and M67-1315 (relative to the Sun).

Object Tetr log g & [Fe/H]

(K) (cms™2) (kms~")
Hebe (Sun) 5777 4.44 1.00 0.00
M67-1194 5786+ 13 4.46+0.02 1.044+0.02 —0.005 =+ 0.010

M67-1315 5933 £23 447+0.05 1.05£0.04 —0.061=+0.014

et al. 2009). We find that our results for M67-1194 are similar to the
values determined by O11: AT = 6 K, Alogg = 0.02 (cm s72),
A[Fe/H] = —0.028 (our work — O11 work), while the uncertainties
on our results are smaller by a factor of 1.5-2 due to the higher SNR
of our combined spectrum.? We note that M67-1315 is warmer than
M67-1194 by =150 K as well as slightly more metal-poor than
M67-1194 by ~0.05 dex.

4 RESULTS AND DISCUSSIONS

4.1 Elemental abundances of M67-1194 and M67-1315

Having established the stellar atmospheric parameters of M67-1194
and M67-1315, we then derived chemical abundances for 27 ele-
ments in addition to Fe (C, O, Na, Mg, Al, Si, S, Ca, Sc, Ti, V,
Cr, Mn, Co, Ni, Cu, Zn, Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm, and
Eu) based on the spectral lines and EW measurements listed in Ta-
ble Al. We derived line-by-line differential elemental abundances
[X/Fe] of M67-1194 and M67-1315 relative to the Sun. In addition,
we also calculated line-by-line differential abundances A[X/Fe] of
M67-1315 relative to M67-1194, with the same setting of stellar
parameters. We note that we consider an element with different ion-
ization stages as two species in our analysis, rather than combining
their elemental abundances together. We took hyperfine structure
(HFS) into account for nine elements (Sc, V, Mn, Co, Cu, Y, Ba,
La, Pr) and calculated corrections strictly line by line. The HFS
data were taken from Kurucz & Bell (1995). We note that the cor-
rections are too small (< 0.005 dex) to affect our results. Non-LTE
(NLTE) effects in the differential abundance analysis between very
similar stars as here should be very small (Meléndez et al. 2012;
Monroe et al. 2013). However, we still applied differential NLTE
corrections for the O 1 triplet (Amarsi et al. 2016). The differential
NLTE corrections relative to the Sun on [O/Fe] are ~0.00 dex and
—0.02 dex for M67-1194 and M67-1315, respectively. Table 2 lists
the inferred differential chemical abundances for these 27 elements
(29 species).

The errors in the elemental abundances were calculated following
the method described by Epstein et al. (2010): the standard errors in
the mean abundances, as derived from the different spectral lines,
were added in quadrature to the errors introduced by the uncertain-
ties in the stellar atmospheric parameters. For elements where only
one spectral line was measured (i.e. Zr and La), we estimate the
uncertainties by taking into consideration errors due to SNR, con-
tinuum setting and the stellar parameters. The quadratic sum of the
three uncertainties sources give the errors for these two elements.
The inferred errors on differential elemental abundances are listed
in Table 2. Most derived elemental abundances have uncertainties

3 The SNR of combined spectrum for M67-1194 is 2160 per pixel in O11
work compared to 2270 per pixel in this work.
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< 0.02 dex (for M67-1194) and < 0.03 dex (for M67-1315), which
further underscores the advantages of a strictly differential abun-
dance analysis on similar stars. When considering all species, the
average uncertainty is 0.015 £ 0.001 (o = 0.004) for M67-1194
and 0.019 £ 0.001 (o = 0.005) for M67-1315, relative to the Sun,
respectively. The average uncertainty is 0.021 £ 0.001 (o = 0.006)
for line-by-line differential abundances when comparing M67-1315
to M67-1194. We note that the errors in stellar parameters and ele-
mental abundances for M67-1315 are slightly higher than for M67-
1194. The possible reason is that M67-1194 is essentially identical
to the Sun in terms of T, and [Fe/H], while M67-1315 is slightly
warmer by ~150 K and more metal-poor by 20.06 dex.

4.2 Elemental abundances versus T,q

As noted in the Introduction, Meléndez et al. (2009) carried out a
high-precision differential abundance analysis of the Sun and solar
twins. They found that the Sun shows a depletion of refractory ele-
ments relative to volatile elements when compared to the majority
(~85 per cent) of solar twins. Their results revealed a clear corre-
lation between differential abundances and 7..,q. They tentatively
attributed the peculiar chemical pattern of the Sun to the forma-
tion of terrestrial planets in the early Solar system. Since both our
M67 programme stars are solar twins/analogues, it is interesting to
examine the T,.,q trends (i.e. differential chemical abundances as
a function of T,unq). Detailed analysis of the T¢,,q trends can thus
provide constraints on the scenarios related to the terrestrial planet
formation (e.g. Meléndez et al. 2009) or dust-cleansing of cluster
environments (e.g. O11 and O14).

Fig. 3 shows the differential elemental abundances ([X/Fe]) of
M67-1194 and M67-1315 relative to the Sun, as well as A[X/Fe] of
M67-1315 relative to M67-1194 as a function of T.,uq* in the top,
middle, and bottom panel, respectively. From our results, M67-1194
is indistinguishable from the Sun in terms of its chemical compo-
sition. The average abundance difference between M67-1194 and
the Sun is <[X/Fe]> = 0.005 £ 0.003 (¢ = 0.015). The dispersion
is consistent with the average error stated earlier (0.015 £ 0.001
dex). The slope of the linear least-squares fit to all the data points
is (1.15 £+ 0.69) x 10~ K~'. As shown in the middle and bot-
tom panel of Fig. 3, the chemical pattern of M67-1315 is similar
when compared to the Sun or to M67-1194. We note that M67-
1315 shares similar elemental abundances to the Sun as well as
M67-1194 for elements with atomic number Z < 30. The average
abundance difference (Z < 30) between M67-1315 and the Sun
is <[X/Fe]> = 0.004 &+ 0.005 (¢ = 0.022), where the disper-
sion is also comparable with the measurement errors stated before
(0.019 £ 0.001 dex). The average abundance difference (Z < 30) be-
tween M67-1315 and M67-1194 is <A[X/Fe]> = 0.002 £ 0.004
(o = 0.018), and we note again that the dispersion is consistent
with the average error (0.021 % 0.001 dex). The slopes of the lin-
ear least-squares fits to lighter elements (Z < 30) for M67-1315
are (0.78 £ 1.05) x 10~ K~! and (0.57 &+ 1.11) x 10> K,
respectively.

O11 performed a differential abundance analysis of the common
star M67-1194 relative to the Sun. They found that the chemical
composition of M67-1194 is similar to the solar composition and
proposed the possible scenario for their results is that the Sun was
born in a dense environment similar to M67. We compared our
abundances with that of O11 for elements in common. As seen in

4 Tcond of each element was taken from Lodders (2003).
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Table 2. Differential chemical abundances of M67-1194 and M67-1315 for 27 elements (29 species).

A[X/Fe] A[X/Fe] A[X/Fe] A[X/H]
Species M67-1194¢ M67-1315° M67-1315¢ M67-13154

Ci 0.021 £ 0.015 0.046 = 0.023 0.025 = 0.029 —0.031 + 0.022
Or —0.003 £ 0.016 —0.023 + 0.027 —0.020 + 0.032 —0.076 + 0.021
Na1 —0.005 +0.014 —0.015 +0.020 —0.009 + 0.023 —0.065 + 0.021
Mg 1 —0.003 £ 0.011 —0.014 +0.028 —0.011 +0.027 —0.067 + 0.025
Al 0.011 £ 0.018 0.036 £ 0.019 0.025 £ 0.012 —0.031 +0.010
Sit —0.001 +0.013 —0.016 +0.014 —0.015 +0.015 —0.071 % 0.009
St 0.001 = 0.020 0.037 = 0.021 0.036 == 0.028 —0.020 + 0.023
Ca1 0.010 £ 0.010 0.024 £ 0.016 0.014 £ 0.016 —0.042 £ 0.015
Scu —0.003 + 0.013 —0.012+0.018 —0.009 + 0.018 —0.065 + 0.023
Tit 0.009 £ 0.011 0.036 £ 0.015 0.027 £ 0.017 —0.029 + 0.023
Tin —0.005 +0.014 0.023 £ 0.019 0.027 = 0.021 —0.029 + 0.026
Vi 0.027 £ 0.015 0.002 = 0.022 —0.025 +0.023 —0.081 +0.029
Cr1 0.012 £ 0.012 0.004 £ 0.014 —0.008 + 0.017 —0.064 + 0.020
Cru —0.011+0.017 —0.008 + 0.017 0.004 £ 0.018 —0.052+0.019
Mn 1 0.006 == 0.012 —0.006 + 0.015 —0.012+0.018 —0.068 + 0.019
Co1 0.039 £ 0.015 0.026 = 0.022 —0.012 +0.021 —0.068 + 0.025
Ni1 —0.008 =+ 0.009 —0.018 +0.012 —0.010 +0.012 —0.066 + 0.016
Cu1 —0.028 + 0.008 —0.010 £ 0.016 0.018 £ 0.015 —0.038 £ 0.019
Zn1 —0.025 +0.015 —0.026 + 0.015 —0.001 +0.013 —0.057 £ 0.011
Sr1 —0.008 + 0.022 0.068 = 0.024 0.076 = 0.024 0.020 = 0.030
Yn 0.016 = 0.020 0.013 £ 0.019 —0.003 + 0.028 —0.059 + 0.033
Zru 0.035 £ 0.023 0.093 = 0.026 0.058 = 0.027 0.002 = 0.033
Ban 0.008 = 0.011 0.009 = 0.015 0.001 £ 0.018 —0.055 + 0.021
Lan —0.009 + 0.024 0.057 = 0.030 0.066 == 0.032 0.010 = 0.038
Cen 0.016 = 0.020 0.074 = 0.025 0.058 = 0.027 0.002 = 0.033
Pru 0.021 £ 0.018 0.055 & 0.021 0.034 £ 0.024 —0.022 + 0.031
Ndn 0.017 £ 0.017 0.090 == 0.022 0.072 = 0.025 0.016 = 0.033
Smu 0.016 £ 0.016 0.071 = 0.021 0.055 £ 0.023 —0.001 + 0.029
Eun —0.011 +0.015 0.044 £ 0.018 0.055 £ 0.018 —0.001 + 0.026

“Differential abundance ratios A[X/Fe] of M67-1194 relative to the Sun.
bDifferential abundance ratios A[X/Fe] of M67-1315 relative to the Sun.
“Differential abundance ratios A[X/Fe] of M67-1315 relative to M67-1194.
4Djfferential abundances A[X/H] of M67-1315 relative to M67-1194.

Fig. 4, the average difference between our results and O11 results
is <A[X/Fe]> = 0.011 + 0.005 (o = 0.021). Our [X/Fe] ratios
are slightly higher, mainly due to the difference in [Fe/H]: we de-
rived [Fe/H] = —0.005 &£ 0.010, while O11 determined [Fe/H] =
+0.023 £ 0.015.

Our results therefore indicate that both programme stars in M67
show similar chemical patterns to the ‘peculiar’ solar chemical
pattern for elements with Z < 30. As mentioned before, M67-1194
hosts a hot Jupiter with a period of 6.9 d and a minimum mass
of 0.34 My, (Brucalassi et al. 2014). This is thus not in line with
the planet formation scenario and might favour the dust-cleansing
scenario proposed by O11 and O14. Brucalassi etal. (2016) reported
that the frequency of hot Jupiters in M67 is ~ 5.6 per cent for single
stars and ~ 4.5 per cent for the full sample. Our sample consists of
only two stars so more high-quality spectra of M67 solar-type stars
are needed to examine all the possible explanations and constraints
on the rate of planets in this open cluster.

We note that the above results are shown based on A[X/Fe], rather
than A[X/H]. As stated before, M67-1315 is more metal-poor than
M67-1194 by ~0.05 dex. When compared M67-1315 to M67-1194
in terms of A[X/H], as listed in the last column, Table 2, there will
be an offset due to the higher overall metallicity of M67-1194. In
this case, M67-1315 could be poor in lighter elements (Z < 30)
and only normal in neutron-capture elements. No clear explanation
could be made. We emphasize that our main results are presented
based on A[X/Fe].

4.3 M67-1315: enrichment of abundances in neutron-capture
elements

As seen in Fig. 3, the elemental abundances for M67-1194 are
very similar to the solar values. The chemical abundance pattern is
more complicated for M67-1315. We recall that the lighter elements
(Z < 30) of M67-1315 show similar abundance behaviour with that
of the Sun and M67-1194. However, the abundances of neutron-
capture elements of M67-1315 are enriched by ~0.05 dex relative
to the Sun, except for Y and Ba. After taking into account the
measurement uncertainties, the enrichment is significant at the 4.5¢
level. This complex chemical behaviour is unexpected and worth
further exploration. In the following analysis, we focus on A[X/Fe]
of neutron-capture elements of M67-1315 relative to M67-1194.

We followed the method described by Meléndez et al. (2014). At
first, we fit A[X/Fe] versus T,.nq for the elements with Z < 30 and
obtain:

A[X/Fe] (Z < 30) = —0.005 + 0.570 x 107> Tygpq. (1)
The element-to-element scatter is 0.019 dex, which is similar to
the average total error (0.021 dex) of our differential abundances,

showing that the error bars in our analysis are realistic. Next, we
subtract the above T, trend from the [X/Fe] abundances:

A[X/Felr = A[X/Fe] — (—0.005 4 0.570 x 107> Teona)- 2)
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Figure 3. Top panel: [X/Fe] of M67-1194 relative to the Sun as a function
of Tcond; black filled circles represent species with atomic number Z < 30
and blue filled triangles represent neutron-capture elements, respectively.
The black solid line represents the linear least-squares fit to elemental abun-
dances with Z < 30. The red dashed line represents the fitting of <solar
twins — Sun> from Meléndez et al. (2009). Middle panel: similar as in the
top panel but for [X/Fe] of M67-1315 relative to the Sun. Bottom panel:
similar as in the top panel but for A[X/Fe] of M67-1315 relative to M67-
1194.
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Figure 4. Difference in abundances (A[X/Fe]) between this work and O11
for M67-1194. The black solid line represents the linear least-squares fit to
the comparison data.

Solar twins in the open cluster M67 701

MB7 1315 — 1194

[0 T 1 Y L L B L B B L L BB

T
MR

T
MR

A[X/Fe] — Tcond trend
o
o
S)
R
—
>
>
|

T
MR

|

-0.05

L
MR

—0.10 L v b e e e e Ly
35 40 45 50 55 60 65 70
Atomic Number

Figure 5. Neutron-capture abundances of M67-1315 relative to M67-1194
after subtraction of T.ong trend. The filled triangles represent our results,
while the open triangles are the A[X/Fe]agp ratios.

As mentioned before, M67-1315 likely has a companion. Asymp-
totic giant branch (AGB) stars are efficient producers of neutron-
capture elements via the slow neutron capture process (e.g. Karakas
& Lattanzio 2014), so it is possible that the enhancement in neutron-
capture elements for M67-1315 is due to pollution from the com-
panion, when it was in its AGB phase (now should be a white
dwarf). In order to estimate if an AGB companion star has pol-
luted M67-1315, we tried different AGB models from Karakas &
Lugaro (2016), scaled to our results, to find the best match using
x> as the metric. Finally, the best fit was obtained when using a
2 M AGB star of solar metallicity and diluted those yields by
mixing a small fraction of AGB ejecta with the convective zone
material (~ 0.02 M) of solar composition (Asplund et al. 2009).
A dilution of 0.0092 per cent mass of AGB material matched the
observed enhancement, as determined with minimum x? (x2,ceq =
1.73). We plot differential abundances of neutron-capture elements
of M67-1315 after subtraction of T,y trend in Fig. 5. The best
model-predicted ratios (A[X/Fe]ags) are shown by open triangles.
As can be seen, a good match cannot be achieved for all the neutron-
capture elements, mainly because the two s-process elements Y and
Ba are not enhanced in M67-1315.

In order to investigate if the residual enrichment was due to the
r-process, we estimated the neutron-capture abundance enhance-
ment in M67-1315 by subtracting the AGB contribution:

A[X/Fe], = A[X/Felr — A[X/Felacs, 3

and compared our results with the predicted enrichment based on
the r-process fractions in the Solar system, using the s-process frac-
tions (spis) from Bisterzo et al. (2011, 2013). We plot A[X/Fe],
of neutron-capture elements of M67-1315 versus the solar r frac-
tions (r = 1 — sp;s) in Fig. 6. It seems possible that the residuals,
when plotted against r fractions, could be due to the scaled solar
r-process. The best linear least-squares fit has a significance of 3.9¢
and the dispersion about the linear fit: 0.029 dex is comparable to
the average error (0.025 dex) for these neutron-capture elements.
This comparison demonstrates that after both the Ti,q trend and
AGB pollutions are subtracted, most of the residual material can be
possibly explained by the r-process. Similar findings can be found
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Figure 6. Neutron-capture abundance residuals (A[X/Fe],) of M67-1315
relative to M67-1194 versus the Solar system r fractions (Bisterzo et al.
2011, 2013). The black solid line represents the linear least-squares fit to
the data.

Table 3. Neutron-capture abundances in M67-1315, relative to M67-1194.

VA Element A[X/Felt A[X/Fel}gp A[X/Fe], sﬁis
38 Sr 0.073 0.036 0.037 0.67
39 Y —0.007 0.040 —0.047 0.70
40 Zr 0.053 0.043 0.011 0.64
56 Ba —0.002 0.061 —0.063 0.83
57 La 0.062 0.054 0.008 0.71
58 Ce 0.055 0.057 —0.002 0.81
59 Pr 0.030 0.032 —0.002 0.49
60 Nd 0.068 0.041 0.027 0.56
62 Sm 0.051 0.022 0.029 0.31
63 Eu 0.052 0.004 0.048 0.06

“A[X/Fe]agp ratios are calculated using the AGB models provided in
Karakas & Lugaro (2016).
bs-process Solar system fractions are taken from Bisterzo et al. (2011,2013).

for some solar twins (e.g. Meléndez et al. 2014; Yana Galarza et al.
2016a) and metal-poor stars (e.g. Frebel et al. 2007; Sneden, Cowan
& Gallino 2008). The fact that we find an r-element enrichment
without any significant enrichment of «-elements is difficult to rec-
oncile with a core-collapse supernova origin for the r-process and
more consistent with neutron star mergers (e.g. Arnould, Goriely
& Takahashi 2007; Goriely, Bauswein & Janka 2011; Wanajo et al.
2014). Table 3 lists the neutron-capture enhancement in M67-1315
relative to M67-1194 and related information.

4.4 Lithium abundances of M67-1194 and M67-1315

LTE lithium abundances were determined by spectral synthesis with
MOOG, as described in Carlos, Nissen & Meléndez (2016). In short,
we estimate first the stellar broadening using clean lines around
6000 A, and with the instrumental and stellar broadening fixed, we
fit the lithium region using the line list of Meléndez et al. (2012).
NLTE corrections for lithium are computed using the grid of Lind,
Asplund & Barklem (2009). Finally, the errors are estimated based
on uncertainties in the continuum setting, the deviations of the

observed profile relative to the synthetic spectrum, and the uncer-
tainties introduced by the errors in the stellar parameters.

For M67-1194, the solar twin that most resemble the Sun in
M67, we found A(Li)npre = 1.3670 05 dex. Our LTE value (1327005
dex) is in reasonable agreement with the previous results obtained
in LTE by O11 and Castro et al. (2011), A(Li); g = 1.26 and
< 1.3 dex, respectively. According to the Li-age correlation (e.g.
Carlos et al. 2016), the Li abundances of solar twins in M67 should
be somewhat higher than solar, because the cluster is probably
somewhat younger than the Sun according to different previous
studies using isochrones (e.g. Castro etal. 2011 determined an age of
3.9 Gyr); also Giampapa et al. (2006) suggest an age determination
younger than the Sun for M67 based on stellar activity. Indeed,
the oversolar Li abundance of M67-1194 agrees with the Li-age
correlation.

The Li abundance in M67-1315, that is hotter and likely more
massive than the Sun, is A(Li)nire = 1.907003 dex (or 1.89 dex
in LTE). Our result is in reasonable agreement with the abundance
obtained by Castro et al. (2011), A(Li).rg = 1.8 dex, based on a
lower quality spectrum. Note that the high Li abundance in M67-
1315 agrees with the Li abundance of other solar analogues more
massive than the Sun in M67, and also with the Li-mass relations
predicted for this cluster (Pace et al. 2012; Castro et al. 2016).

4.5 Implications for chemical tagging

In the current view of Galactic archeology, star-forming aggregates
imprint unique chemical signatures, which may be used to identify
and track individual stars back to a common birth site, a concept nor-
mally referred to as chemical tagging (Freeman & Bland-Hawthorn
2002). One of the pre-requisites for chemical tagging to be suc-
cessful is that open clusters, which are surviving star-forming ag-
gregates in the Galactic disc, should be chemically homogeneous
(Bland-Hawthorn et al. 2010; Blanco Cuaresma et al. 2015; De Silva
etal. 2015; Ting, Conroy & Goodman 2015). Determining the level
of chemical homogeneity in open clusters is thus of fundamental
importance in the study of the evolution of star-forming clouds and
that of the Galactic disc (Bovy 2016). Liu et al. (2016b) discov-
ered for the first time, that the bench-mark open cluster, Hyades, is
chemically inhomogeneous at the 0.02 dex level.

Within the similar precision level, our results for two solar-type
M67 stars (M67-1194 and M67-1315) show peculiar chemical abun-
dance patterns. M67-1194 is identical to the Sun in its chemical
composition, while M67-1315 has a metallicity 0.06 dex lower than
solar, albeit it shares similar [X/Fe] ratios with both the Sun and
M67-1194 for Z < 30. For the neutron-capture elements, however,
M67-1315 exhibits enhancements by a factor of 0.05 dex, except
for Y and Ba. The somewhat different metallicity of M67-1315 may
suggest that it is not a member, but all other indicators (proper mo-
tions, radial velocity, colours, magnitude) confirm indeed that the
star is a member of M67. Therefore, its peculiar metallicity most
likely reflects intrinsic abundance variations in M67 stars. Assum-
ing that M67-1194 is normal and M67-1315 is unusual, it might be
possible that M67 harbours a non-negligible fraction of stars that
are enhanced in neutron-capture elements. In addition, the s-process
material could have come from a binary companion star, or from
the birth cloud, while the r-process material could only have come
from the birth cloud of this star. Our results imply that the enhanced
s-process material of M67-1315 might come from its companion,
rather than the birth cloud, while the enhanced r-process material
of M67-1315 could be related to neutron star mergers or super-
novae events that happened during the early days of M67. Hurley
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et al. (2005) have argued that M67 might have started with more
than 20 000 stars. It is for the first time that clear evidence of star-
to-star variations in neutron-capture elements in open clusters are
reported with such a high-precision chemical abundance analysis.
We note that due to the small statistics, more high-quality spectra
of M67 solar-type stars are essential for further exploration of the
implications for chemical tagging.

5 CONCLUSIONS

We performed a strictly line-by-line differential chemical abun-
dance analysis of two solar twins in the M67 open cluster (M67-
1194 and M67-1315). Stellar atmospheric parameters and chemical
abundances for 29 elements were obtained with high precision us-
ing high-resolution, very high-SNR Keck/HIRES spectra. From our
results, we confirm that M67-1194 is a solar twin with stellar param-
eters and chemical composition identical to the Sun. We found that
M67-1315 is a solar analogue with effective temperature slightly
warmer than the Sun by 2150 K and more metal-poor than the
Sun by ~0.06 dex. The chemical abundance pattern of M67-1315
is complex: its metallicity is ~0.05 dex lower than M67-1194 and
the abundance ratios [X/Fe] of elements with Z < 30 are simi-
lar to both the Sun and M67-1194, while the abundance ratios of
neutron-capture elements are enhanced by ~0.05 dex, except for
the s-process elements Y and Ba, which are not overabundant. The
special neutron-capture elemental abundances could be attributed
to AGB material as well as scaled solar r-process material.

From our results, M67-1194 and M67-1315 show similar abun-
dance behaviour with that of the Sun for lighter elements (Z < 30).
This might favour the dust-cleansing scenario, proposed by O11 and
014, that the dust in the pre-solar nebula was radiatively cleansed
by massive stars in a dense environment before the formation of the
Sun and its planets, similar to what happened in the proto-cluster
cloud of M67. The distinctive chemical abundances for the neutron-
capture elements in M67-1315 and the lower metallicity of this star
compared to M67-1194, indicate that the stars in M67 are likely not
chemically homogeneous. Our results have implications for chem-
ical tagging considering that two solar-type stars within an open
cluster do have distinctive neutron-capture elemental abundances.
However, we note that our sample only includes two stars. There-
fore, it is essential to have more high-quality data in order to further
investigate the peculiar chemical patterns of solar twins or solar
analogs in M67 open cluster.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Table Al. Atomic line data, as well as the EW measurements,
adopted for our analysis.
(http://www.mnras.oxfordjournals.org/lookup/suppl/doi: 10.1093/
mnras/stw2045/-/DC1).
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