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ABSTRACT

Dynamical information along with survey data on metalli@nd in some cases age have been used recently
by some authors to search for candidates of stars that wemdrbthe cluster where the Sun formed. We have
acquired high resolution, high signal-to-noise ratio $ggefor 30 of these objects to determine, using detailed
elemental abundance analysis, if they could be true sdiings. Only two of the candidates are found to
have solar chemical composition. Updated modeling of thesspast orbits in a realistic Galactic potential
reveals that one of them, HD 162826, satisfies both chenmickdignamical conditions for being a sibling of the
Sun. Measurements of rare-element abundances for thisigtegr confirm its solar composition, with the only
possible exception of Sm. Analysis of long-term high-ps&msi radial velocity data rules out the presence of hot
Jupiters and confirms that this star is not in a binary systmfind that chemical tagging does not necessarily
benefit from studying as many elements as possible, butidstem identifying and carefully measuring the
abundances of those elements which show large star-tscatier at a given metallicity. Future searches
employing data products from ongoing massive astrometrit spectroscopic surveys can be optimized by
acknowledging this fact.

Subject headings: stars: abundances — stars: kinematics and dynamics — &tadamental parameters —
stars: general — stars: individual (HD 162826)

1. INTRODUCTION system planets’ orbits must be stable and that the early UV

Infrared surveys and observations of young stars made ovefdiation fields were not strong enough to evaporate the so-
A young r%,tr nebula.| Pfalzner (2013) argues that the Sun most likely

h hat m r —90 % ! ! ; e
the past two decades suggest that most stars (80-90%) a ormed in an environment resembling an OB association (as

born in rich clusters of more than 100 members inside gi- ">
J opposed to a starburst cluster), where star densities dre no

ant molecular clouds (Lada & Lada 2003; Porras et al. 2003; ~FEXS : ;
Evans et dl. 2009). Although it has been pointed out that, de_s?flfllment for t?e destruction of protoplanetary disks doe t
stellar encounters.

pending on the definition of cluster, the fraction of starsnbo o . o
in them could be as low as 45 % (Bressert ét al. 2010), there | Ne mean lifetime of open clusters in the Galactic disk is
is convincing evidence that the Sun was born in a moderately€Stimated to be about 100 Myr (Janes el al. 1988). Consid-
large stellar system. ering the solar system age of 4.57 Gyr (Bouvier & Wadhwa

Daughter products of short-lived<(10 Myr) radioactive ~ 2010), it is not surprising that the solar cluster is nowyull
species have been found in meteorites, suggesting thaithe r dissipated and its members scattered throughout the Galaxy
dioactive isotopes themselves were present in the eardy sol | € hypothesis that the Sun was born in the solar-age, solar-
system (e.q.._Goswami & Vanhala 2000; Tachibana & Huss Metallicity _open c'lus_ter M67| (Johnson & Sancage 1955;
2003). A nearby supernova explosion could have injected Demargue et al. 1992; Randich el al. 2006), which hosts some

these isotopes into the solar nebula (é.g., Looneyiet af)200 2f the most Sun-like stars known_(Pasquini etial. 2008;
an event thgt has a high probability ir(1 a dense stellar eir?wiro Onehag et al. 2011, 2014), has been refuted by Pichardo et al.

ment (e.qa.l Williams & Gaidos 2007). Additional evidence (2012) using dynamical arguments. These authors even con-
that th(e %Un \Ilv[as bSorn inls(tj?:h an ()anvironlnlnen&tl is Vpl)royidedc'“de that the Sun and M67 could not have been born in the

by the dynamics of outer solar system objects like SednaS@Me giant molecular cloud. .
(Brown et al. [ 2004), which has large eccentricig~ 0.8) Ste(xjrs that “w?re bt?l'm tgygetr;]er Wr']th ktjhe Sun bare re-
and perihelion £ 75 AU). Numerical simulations show that fe/Ted to as “solar siblings.” They should not to be con-

these extreme orbital properties can arise from close encou fused with “solar twins,” which are stars with high res-
ters with other stars (e.d., Morbidelli & Levidon 2004). olution, high signal-to-noise ratio spectra nearly indist

In his review of “The Birth Environment of the Solar Sys- guishable from the solar spectrum, regardless of their ori-

tem,” [Adams [(2010) concludes that the Sun was born in agdin_(Porto de Mello & da Silva_1997; Mendez & Rarrez
cluster of 18 — 10% stars. The probability of close stellar en- 2007;.Ranrez etal. 2011; Monroe etal. 2013). By defini-

counters and nearby supernova pollution is high in a boundtion: the siblings of the Sun must have solar age and solar
cluster with more than 103 members. On the other hand, chemical composition because they formed essentiallyeat th

it o ; . same time from the same gas cloud. They do not need to be
the upper limit of~ 10% is set by the conditions that the solar “Sun-like” with respect to their fundamental parametershsu
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6 Australian Centre for Astrobiology, UNSW, Sydney, Ausiaal proach that is obviously impractical. Fortunately, ariabjt
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models of the Galactic potential can be used to predict theirproposed as candidate) could all well be true solar siblings
present-day dynamical properties. Alternatively, the sam  The problem of searching for solar siblings in the solar
models can be employed to determine in retrospect if a givenneighborhood using existing survey data was tackled also by
star could have possibly originated within the solar cluste |Bobylev et al. [(2011). They suggested a different method
Thus, by applying dynamical constraints, manageable samfor finding them. First, targets were searched using the
ples of solar sibling candidates can be constructed to be lat stars’ Galactic space velocitiés V,W (their data set is de-
examined carefully using more expensive methods such ascribed in| Bobylev et al. 2010) by excluding those whose
high-resolution spectroscopy. total speeds relative to the solar one are significantly dif-
Thus, the Galactic mass distribution model by ferent (/U2+V24+W2 > 8kms™t). Then, the orbits of
Miyamoto & Nagai (1975), as given in_Paczynski (1990), the remaining objects (162 FGK stars with parallax errors
was used by Portegies Zwart (2009) to reverse the orbit oflower than 15 %) were simulated backwards in time using
the Sun and calculate its birth-place in the Galaxy. The thelAllen & Santillan (1991) Galactic potential perturbed b
orbits of simulated solar clusters with 2048 members were spiral density waves (as suggested by Mishurov & Acharova
then computed to determine the fraction of solar siblings t0|l2011) to determine parameters of encounter with the solar or
be found today in the solar neighborhoad. Portegies Zwartbit such as relative distance and velocity difference over a
concludes that 10-60 of them should be found within 100 pc period of time comparable to the Sun’s age. Finally, these
from the Sun. This somewhat optimistic view was chal- parameters were examined to calculate the probability that
lenged by Mishurov & Acharove (2011), who employed the any of these objects was born together with the Sun. Their
Galactic potential by Allen & Santillan (1991) and pertuwibe calculations rule out HD 28676 and HD 192324, both solar
it with both quasi-stationary (Lin et al. 1969) and transien sibling candidates according to Brown et al. (2010). On the
(Sellwood & Binney 2002) spiral density waves to show that other hand, Bobylev et al. list as their best candidatesttlie s
the orbits of solar siblings strongly deviate from beingmhea HD 83423 and HD 162826. Note that the former is also a good
circular. |Mishurov & Acharova find that only a few solar candidate according 10 Batista & Fernandes (2012). Further
siblings may be found within 100 pc from the Sun if the solar more, the calculated dynamic properties of this star seem to
cluster had~ 10° members. The situation might be worse be very robust under different model parameters.
if scattering by molecular clouds or close stellar encotmnte In this work, we perform chemical analysis using newly ac-
were to be taken into consideration, but “less hopelessigft quired high resolution, high signal-to-noise ratio spedty
solar cluster containes 10* stars instead. establish if any of the stars discussed above can be consid-
Following the modeling byl Portegies Zwarl (2009), ered a true solar sibling. Finding these objects could shed
Brown et al.(201/0) pointed out that one could use the regionslight onto our origins. For example, knowledge of the spatia
of phase-space occupied by the simulated stars to narrowdistribution of solar siblings can help determining the Sun
down the search for the siblings of the Sun. Their calcutetio  birthplace and understand the importance of radial mixing i
suggest that these stars should have proper motions loarer th shaping the properties of disk galaxies (Bland-Hawthorail et
6.5masyr! and parallaxes larger than 10 mas. Then, by [2010). It will also enable us to better constrain the physica
employing data from thélipparcos catalog (Perryman etlal.  characteristics of the environment in which our star wasibor
1997), in its revised version (van Leeuwen 2007), they were (Adams|[2010). Furthermore, theoretical calculations show
able to find the 87 stars satisfying these conditions, afterthat large impacts of rocks into planets produce fragments
imposing an additional constraint of 10% for the precision where primitive life can survive as they travel to other gien
of the parallaxes. Their list of candidates was further nar- or even other nearby planetary systems, a mechanism known
rowed down by excluding stars witfB — V) < 0.5, which as “lithopanspermia’l (Adams & Spergel 2005; Valtonen et al.
are bluer than the solar-age isochrone turn-off. Finatlgyt 12009; Belbruno et al. 2012). For example, Worth et al. (2013)
employed the stellar ages given in the Geneva-Copenhagemstimate that about 5% of impact remains from Earth have
Survey (GCS|_Nordstim et al. 2004} Holmberg etial. 2007, escaped the solar system. A similar value is obtained for the
2009) to find the 6 stars with solar age within the errors. Base case of Mars._Valtonen etlal. (2012) point out that the pos-
on the radial velocities and metallicities given in the GCS, sibility of contamination of solar siblings by “spores dfeli
Brown et al. conclude that only one star (HD 28676) may be from our planet should make the siblings of the Sun prime
a true solar sibling. Five other candidates wig+V) > 1.0 targets in the search for extraterrestrial life.
were not found in the GCS. As we enter the era of massive, far-reaching astromet-
A procedure similar to the one described above was ric/photometric surveys led by Gala (Lindegren et al. 2Gi?)
adopted by| Batista & Fernandes (2012), but employing well as comparably large high-resolution spectroscopie su
in addition to the GCS other metallicity data sets veys such as Gaia-ESO (Gilmore etlal. 2012) and GALAH
(namely| Cayrel de Strobel etlal. 2001, Feltzing et al. 2001, (Zucker et al. 2012), a thorough investigation of the avdda
and Valenti & Fischer 2005). By selecting stars with.1 < data, albeit relatively small in the context of solar siglire-
[Fe/H] < +0.1 and using the same proper motion and paral- search, must be made to guide the more statistically signifi-
lax constraints described above, they created a list of 81 ca cant search strategies of the near future.
didates for siblings of the Sun. Then, they used the preljous
published stellar atmospheric parameters and the PARAM
code by da Silva et al. (2006)o estimate isochrone ages for
those stars and thus find the nine objects with solar agerwithi 2. SAMPLE AND SPECTROSCOPIC ANALYSIS
the errors. Further examination of the available data lechth - .
to conclude that the stars HD 28676 (already suggested by 2.1. The Solar Sibling Candidates
Brown et all 2010), HD 83423, and HD 175740 (the first giant  Our target list consists of all interesting objects disedss
in the previous exploratory searches|by Brown étlal. (2010,
"http://stev.oapd.inaf.it/cgi-bin/param hereafter Br10), Bobylev et al. (2011, hereafter Bo11), and
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Tablel
Solar Sibling Candidates
HD vV SpR d® o(d)P Observefl RV o(RV)  Referencé
(mag) (pc)  (pc) (kms')  (kms™)

7735 7.91 F5 85.7 8.8 McD - Dec. 2012 28.6 0.2 Bal2
26690 5.29 F2v 36.3 0.8 McD —Dec. 2012 16.0 0.1 Bal2
28676 7.09 F5 38.7 0.9 McD - Dec. 2012 6.4 0.1 Br10+Bal2
35317nw  6.14 F7v 55.7 2.4 McD - Dec.2012 15.0 0.1 Bal2
44821 7.37 KoV 29.3 0.5 McD - Dec. 2012 14.6 0.1 Br10+Bal2
46100 9.38 G8v 55.5 26 LCO-Apr.2013 21.0 0.3 Bal2
46301 7.28 F5v  107.6 6.6 McD - Dec.2012 -4.7 0.1 Bal2
52242 7.41 F2v 68.2 2.7 McD - Dec.2012 31.3 0.9 Bal2
83423 8.78 F8Vv 72.1 4.9 McD - Dec. 2012 -4.1 0.1 Boll+Bal2
91320 8.43 G1v 90.5 6.9 McD - Dec. 2012 16.6 0.2 Br10
95915 7.25 FeVvV 66.6 21 LCO-Apr.2013 19.2 0.3 Bal2
100382 5.89 K1l 94.0 3.0 LCO-Apr.2013 -8.5 0.3 Br10
101197 8.74 G5 83.0 6.8 McD —Dec. 2012 11.9 0.4 Bal2
102928 5.63 KOl 91.4 4.2 McD - Dec. 2012 14.4 0.1 Br10
105000 7.91 F2 71.1 3.0 McD -Dec.2012 -13.8 0.1 Bal2
105678 6.34 F6IV 74.0 1.7 McD - Mar. 2013 -19.5 0.3 Bal2
147443 8.74 G5 92.0 8.4 McD - Mar. 2013 8.1 0.2 Br10
148317 6.70 GOl 79.6 3.5 McD - Mar.2013 -37.9 0.1 Bal2
154747 8.73 G8IvV 978 8.9 LCO-Apr.2013 -14.9 0.3 Bal2
162826 6.56 F8Vv 33.6 0.4 McD - Dec. 2012 1.7 0.1 Boll
168442 9.66 K7V 19.6 0.6 McD - Dec. 2012 -14.3 0.2 Br10
168769 9.37 Kov 50.2 3.7 LCO-Apr.2013 26.3 0.2 Br10
175740 544  Ga8lll 82.0 1.7 McD -Dec.2012 -9.8 0.1 Br10+Bal2
183140 9.30 G8V 71.8 6.6 LCO-Apr.2013 -30.0 0.1 Bal2
192324 7.66 F8 67.1 48 LCO-Apr.2013 -3.8 0.2 Brl0
196676 6.45 KO 74.4 2.8 McD - Dec. 2012 -0.5 0.2 Br10
199881 7.49 F5 72.2 3.6 McD - Dec.2012 -16.7 0.1 Bal2
199951 4.67 G6ll 70.2 1.3 McD - Dec. 2012 18.2 0.2 Bal2
207164 7.54 F2 76.1 3.8 McD - Dec. 2012 -6.7 0.1 Bal2
219828 8.05 GOIvV 72.3 3.9 McD - Dec. 2012 -24.3 0.1 Bal2

a Spectral type from SIMBAD.

b Distance derived fronkipparcos parallax.

¢ McD: Tull spectrograph on the 2.7 m Harlan J. Smith Telescapgécionald Observatory. LCO: Mike
spectrograph on the 6.5 m Magellan/Clay Telescope at Las @aaspObservatory.

d Br10:[Brown et al.[(2010), Bo11: Bobylev ef dl. (2011), BalBafista & Fernandes (2012).

Batista & Fernandes (20112, hereafter Badan addition to The Tull/McDonald spectra were reduced in the stan-
the six candidates listed in Table 1 of Brl0, i.e., those they dard manner using the echelle package in IRAile the
found in the GCS catalog, we also observed the five starsMIKE/Magellan data were reduced using the CarnegiePython
with (B—V) > 1.0 that satisfied all other criteria for solar sib- pipelinel® After correcting for the Earth’s motion using the
ling candidate in that work. The two stars discussed in Hetai rvcorrect task in IRAF, the radial velocitieR(s) of our tar-

in Boll were also included. Finally, all 21 stars in the ex- get stars were measured by cross-correlation with the rgpect
tended list by Bal2 (see their Table A) were observed. Noteof stars in our sample with known stable radial velocities:. F
that Bal12’s list includes one object from Bol11 and three from the McDonald data we used as radial velocity standards the
Br1l. Thus, a total of 30 targets were observed for this work stars HD 196676RV = —0.5kms™1) and HD 219828RV =

(Tabled).

—24.1kms1Y). Their radial velocities are from Chubak ef al.

(2012). Three of the stars observed from Las Campanas
2.2. Spectroscopic Observations have radial velocities in the GCS catalog (HD 46189, =

210+ 0.2kms?%; HD183140,RV = —293+0.1kms?,

We used the Tull cousl spectrograph on the 2.7m Har- - 5n4 Hp 192324RV = —4.4-+0.2). In all cases, regardless of

lan J. Smith Telescope at McDonald Observatory (Tull et al.
1995) to observe most of our targets (23). All but three of
them were observed in December 2012; the others were ob-
served in March 2013. The rest of our targets (7) have too
low declinations to be observed from McDonald Observa-
tory. Instead, they were observed using the MIKE spectro-

which star(s) is(are) used as standards, the resuRihgal-
ues are robust. They are given in Table 1. Formal, interral er
rors on ourRV values are typically around 0.2 km’ These
errors are due to the order-to-order cross-correlatioocitsl
scatter and the uncertainties in the velocities of the stahd
stars. Systematic uncertainties will increase theseshyat

graph on the 6.5m Telescope at Las Campanas Observatory,,«t o & km st

(Bernstein et al. 2003) in April 2013. Slit sizes were chosen ' '

SO _that the spectral resolution of the data is a_bOUt 60 OG(_EII’I t 9 IRAF is distributed by the National Optical Astronomy Obsaory,
visible part of the spectrum. We targeted a signal-to-ni@se  which is operated by the Association of Universities for &esh in Astron-
tio (S/N) per pixel of at least 200 at 6 020 Only one of our omy (AURA) under cooperative agreement with the National iémeFoun-
targets (HD 46100) has a significantly lon®N spectrum. dation.

Ohttp://code.obs . carnegiescience.edu/mike

8 Very recently, Bafisfa et a[. (2014) employed the detailedheintal abun-
dance analysis of one of the largest exoplanet host star sanadind another
solar sibling candidate: HD 186302. We did not include tkés & our work.
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Figure 1. Spectra of high/ sini stars. Our solar (Vesta) spectrum is shown Figure2. Spectra of double-lined spectroscopic binary (SB2) stddsir
in the top panel for comparison. solar (Vesta) spectrum is shown in the top panel for compariso
) with wavelength persists, suggesting that the line strengt
2.3. Moderately Fast Rotators and Double-lined have been affected by the contribution to the continuum of

Spectroscopic Binaries the nearby, and probably very cool companion.

The methods that we employ to derive atmospheric param- All moderately fast rotators and SB2s were excluded from
eters and to measure elemental abundances (see Séctions Xurther analysis. Therefore, hereafter our sample is rediuc
and[2.6) are not suited for stars with high projected rota- to 18 stars.
tional velocity ¥ sini) or double-lined spectroscopic binaries o
(SB2s). The spectral lines in the former are either severely 2.4. Sellar Parameter Determination
blended or they cannot be identified due to the extreme ro- \we employed the standard technique of excita-
tational broadening. SB2s, on the other hand, require spetion/ionization balance of iron lines to determine the
cial treatment because even in cases where both sets of spegtars’ atmospheric parametefs; (effective temperature),
tral lines can be identified and measured independently, theogg (surface gravity), [Fe/H] (iron abundance), and

blended continuum flux must be flrSt estimated from preViOUS (microturbu|ence). The details of this method have been
knowledge of the two stars, making the problem somewhatdgescribed multiple times, for example [n_Raez et al.

degenerate and the results not as accurate as those tha can {9009, [20111/ 2013). Basically, the equivalent widths of a
achieved for single spectra stars. More importantly, intmos large number of non-blended, unsaturated &ed Fal lines
cases these stars have been selected because their photomge measured using Gaussian line profile fits. In our case,
try suggests a solar metallicity. Photometric calibragionh this was done using IRAF's splot task. Then, a standard
metallicity should only be applied to single stars. curve-of-growth approach is employed to determine the iron
Figureg1 anfll2 show the small spectral region of our spec-ahundance from each line for a given set of guess stellar
troscopic data containing the 585&Balli line for ourtarget  parameters.
stars with very higlv sini and targets which are SB2s, respec- ~ \we used the spectrum synthesis code MOOG (Sheden
tively. For reference, our solar (Vesta) spectrum is shawn i [1973}! and MARCS model atmospheres with standard
the top panel of these figures. The SB2 nature of HD 101197,chemical compositiori (Gustafsson et al. 2388yr our iron
and specially HD 183140 is obvious. The spectra of HD 7735 ghundance calculations. The initial guess stellar parmet
and HD 35317 show excess absorption on the blue wings of allyere iteratively modified until the correlations betweewnir
spectral lines. The latter in fact has a very higéini compan-  apundance and excitation potential and reduced equivalent
ion, which was not analyzed in this work (hence the “nw” flag, width of the line disappear while simultaneously enforcing
which stands for North-West component). HD 168442 has aagreement between the mean iron abundances inferred from
spectrum that is irreproducible with single star modelspt ~ Fe| and Fal lines separately. For these calculations, we
pears to be a blend of a Sun-like star and an M-type dwarf. employed relative iron abundances, i.e., the iron aburetanc

HD 192324 has a very nearby companion which appears toyere measured differentially with respect to the Sun, on a
have contaminated our spectrum. Even though this star can

be analyzed and stellar parameters were determined as de- Lnttp: //www.as.utexas. edu/~chris/moog. html
scribed in Sectioh 214, a very clear trend of iron abundance 12 Available online ahttp: //marcs.astro.uu.se
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T
Table 2 82 GCS (H09) — TW
Iron Line List ’
T 0.1f .
Wavelength ~ Speciés EP  loggf g 00 ° & °
A) (eVv) g —0.1- F o ® o
4779.44 260 342 -2.16 02 e e ® ® -
4788.76 260 324 -173 —0.3p | | | | | .
4799.41 260 364 -213 0.3 ' ' ' ' ' E
4808.15 26.0 325 -2.69 0.2} GCS(C11) —TW ®o -
4961.91 26.0 3.63 -2.19 = 01
5044.211 260 2.851 -2.058 T 9 o ® o ® ]
5054.64 26.0 3.64 -1.98 g 0.0
5187.91 26.0 4.14 -1.26 g -0.1F ‘ 4
5197.94 260 43  -154 —o02k e o e ®
5198.71 26.0 2.22 -2.14 0'3
. . . . ' 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20
2 The number to the left of the decimal point [Fe/H] (TW)
indicates the atomic number. The number to Figure3. Comparison of iron abundances. Top pariek/H] values from
the right of the decimal point indicates the the GCS[(Holmberg et &l. 2009, H09) minus those derived in thik{TW)
ionization state, where “0” is neutral and “1” as a function ofFe/H] (TW). Bottom panel: as in the top panel for the im-
is singly ionized. proved GCS values by (Casagrande ét al. 2011, C11).

line-by-line basis, and using the reflected sunlight spectr ; . ; ; ;
of theyasteroid \Vesta, taker? from McDonald Ot?servgﬁ)mry in ﬁ}h?é%;nﬁtrslzlrl?eeéag;wegﬁl|?r:gggnéiv‘grr}ebsvgrssg:qrcj;frfgmeeet al.
December 2012. . . (2017) and ours is0.02+ 0.11. i -

Formal errors for our spectroscopically derived stellar pa ™ 1q’ iscussion above regarding Figile 3 shows that the
rameters were calculated as described in Appendix B Ofizaqaqrande etlal. (2011) GCS metallicities should be the pre
Bensby et al. [(2014) and in Section 3.2 lof Epstein 2tal. foqreq set for the purpose of constraining a stellar sample

(2010). These errors are small given the high-quality of our j,-caq on the star§Fe/H] values. Moreover, althou .
. ) ; . . \ ghthe 1
data (hence highly-precigeW values) and the strict differ- 5 orrorg of the photometric metallicities are quoted typical

ential nature of our work which minimizes the impact of un- "5 ¢ dex, one should keep in mind that this number corre-

certainties in the atomic data. Indeed, the average emors i g,,nqs 1o a sample and not to individual stars. By definition,
Terr, logg, and [Fe/H] are 30K, 0.07 dex, and 0.02dex, re- 4t |eagt 309 of stars with refiFe/H]| < 0.1 have photomet-
spectively. However, we note that these values are not repyjc 1re/H) values outside of that “solar” range. Thus, a metal-
resentative of the real errors in these parameters, Wheh ar jicin, constraint of 0.1 dex already excludes a good numiber o
dominated by systematic uncertainties, as will be discliBse  stentially good candidates. Given that in the case of abear
Sectior[3.4. for nearby siblings of the Sun it is crucial not to discardra si

Our iron line list and adopted atomic data are given in gio hotentially interesting candidate, perhaps the safeice
Table[2. The stellar parameters derived as described abovgho&d be| [Fg/H]| < 0.2,gwhich wodlg exclﬂde only about

(hereatfter referred to as the “spectroscopic” paraméi@fS 5oy, of real solar-metallicity stars. Indeed, none of the 5 ke
logg, [Fe/H]) are listed in Tablgl3. The other set of parame- g5y sipling candidates thyat will be discussed in Sedfi@h 3y
ters listed in Tabl€I3T¢y, logd', [Fe/H]" will be described in 014 have survived #Fe/H]| < —0.1 cut had we used the
Sectior[3.4. Casagrande etlal. (2011) GCE metallicities.

2.5. Reliability of Photometric Metallicities

A comparison of our spectroscopically-derivige/H] val- We employed equivalent width measurements and standard

ues with those inferred from photometric calibrations, as .,.ye_of.growth analysis to derive the abundances of 14 ele
given in the GCS catalog, is presented in Figdre 3. This COM- - nts other than iron: O. Na. Al. Si. Ca. Sc. Ti. V. Cr. Mn. Co

parison is relevant because solar sibling searches can ben i, Y, and Ba. As in the case of iron, equivalent widths were
fit from a reasonabléFe/H] constraint, and large catalogs 0.6, red using IRAF's splot task while the curve-of-growth

like the GCS have been found convenient for that purpose. : ;

IV analysis was made using MOOG and MARCS model atmo-
The top panel in EI%UFEB Shto"\lls (tzh(%ghe Gg_ﬁ/'}” valt-_ I spheres. Oxygen abundances were inferred from the 777 nm
ues, as given in_Holmberg etal. (2009), are systematically 5 yinjet lines and corrected for departures from local ther-
low by about 0.1 dex relative to ours (the mean difference is modynamical equilibrium (LTE) using the grid of non-LTE

—0.134+0.07; the error bar here corresponds to the &tar- ; A 3 .
' . ; X : corrections by Raimez et al. [(2007%3 Hyperfine structure
to-star scatter). This, combined with the fact that mostipre was taken into account for lines due to V. Mn, Co, Y, and

ous exploratory searches of solar siblings have employed th Ba using the wavelengths and relative ¢fgvalues from the

original GCS catalog, is the reason why our sample CeNterSkyrucz atomic line databadéd. Our adopted linelist for ele-

around[Fe/H] ~ +0.1 and nofFe/H] = 0. ments other than iron is given in Talfile 4. Our derived abun-
The bottom panel of Figufe 3 shows that the improved GCS dances are listed in Tab@gs 5 and 6. Erroré listed in thegestab

metallicities given in Casagrande el al. (2011) are comsist correspond to the & line-to-line scatter and do not include
with our spectroscopic solutions. _Casagrandelet al. (2011)

he}vg discussed at |ength the Sy,Stemat'C O_ffset requwetﬂéor 13 An online tool to calculate these non-LTE corrections isilatde at
original GCS[Fe/H] values, which essentially stems from @ http: //www.as.utexas.edu/-ivan
better and more consistent seflgf values in the underlying Yhttp://kurucz.harvard.edu/linelists.html

2.6. Elemental Abundance Determination
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Table 3
Stellar Parameters
HD Test logg [Fe/H] Tl logg’ [Fe/H)'
(K) [cgs] (K) [cgs]
28676 594210 4324+0.03 009+0.01 5845+27 422+0.03 004+0.03
44821 5727411 4524+0.06 004+0.03 5743+23 450+0.02 004+0.03
46100 554341 458+0.02 004+0.01 5488:32 455+0.02 002+0.08
83423 6096:-16 448+0.04 000+£0.01 6090+36 443+0.04 -0.01+0.04
91320 6146:-18 423+0.04 011+0.01 5975+30 411+0.05 002+0.05
95915 641441 4224+0.08 -0.01+0.02 6280+42 402+0.03 -0.08+0.05
100382 475163 269+0.16 008+0.08 4603+:53 256+0.07 012+0.11
102928 4796-32 284+4+0.12 -0.08+0.03 4615-102 248+0.13 -0.12+0.08
148317 604117 387+0.04 0214+0.01 585923 363+0.03 011+0.05
154747 532217 387+0.05 000+0.02 5268+22 386+0.05 -0.01+0.04
162826 62113 441+0.03 003+0.01 6101+32 425+0.02 -0.04+0.03
168769 5355-16 442+0.04 003+0.01 5218+33 454+0.05 014+0.10
175740 489@6-22 291+0.09 009+0.03 4784-61 273+0.06 009+ 0.06
196676 484147 310+0.10 004+0.04 4808:-80 303+0.10 001+0.07
199881 669162 435+0.14 016+0.04 6546+41 420+0.04 009+0.08
199951 521836 309+0.08 —-0.04+0.03 5129+55 286+0.03 -—0.10+0.07
207164 6886-61 447+0.12 022+0.03 6742-32 424+0.04 014+0.06
219828 5886-13 418+40.03 019+0.01 5815+22 412+0.05 0154+0.03
Table4 T T T T T T
Line List For Elements Other Than Iron
- 2.5} E
Wave;length Speciés EP loggf
(A (eVv)
7771.9438 8.0 9146 0.352 3.0+ Hp199951 @ -
7774.1611 8.0 9.146 0.223 — ®
7775.3901 8.0 9.146 0.002 2y
5688.21 11.0 2.1 -0.48 O
6154.2251 11.0 2.102 -1.547 > 3.5 7]
6160.7471 11.0 2.104 -1.246 o
5557.07 13.0 3.14 -2.21 o
6696.0181 13.0 3.143 -1.481 4.0 ]
6698.667 13.0 3.143 -1.782
7835.309 13.0 4.022 -0.689 HD199:81 o ®
45 @ ®s d _
HD207164
2 The number to the left of the decimal point
indicates the atomic number. The number to L L L L L L
the right of the decimal point indicates the 7000 6500 6000 5500 5000 4500
ionization state, where “0” is neutral and “1” Ty (K)

is singly ionized.

systematic uncertainties. The latter will be discussedeic- S
tion[3.4.

In addition to Fe, lines due to neutral and singly-ionized
Ti and Cr are available in the spectra of our stars. Thus,
we derived Ti and Cr abundances using End Till as
well as Cn and Cni lines separately in each case. The

mean differences in Ti and Cr abundances inferred from the

two types of lines are [TiVyH]—[Ti 11/H]= —0.03+ 0.06 and
[Cri/H]—[Crn/H]= +0.02+ 0.05, i.e., consistent with zero
within the observational uncertainties, but not exactlyoze
as one would expect if true ionization balance had been
achieved. The latter reflects our limitations in the modglin
of stellar atmospheres and spectral line formation. Naeert
less, given the opposite signs of the Ti and Cr differences, w
do not expect improved models to be significantly different
from the ones employed in this work.

3. LOOKING FOR THE SUN'S SIBLINGS

3.1. The Solar-Age, Solar-Metallicity Isochrone

Figure[4 shows one version of the theoretical Hertzprung-
Russell diagram using our derived stellar parametersteféec
temperature and surface gravity. It also shows severatéheo

Figure4. Effective temperature versus surface gravity. Various ribtézal
isochrones of solar age and solar metallicity have been toteed. The
three stars whose parameters are not compatible with the-agdarsolar-
metallicity isochrone are labeled.

ical isochrones of solar age-(4.5 Gyr) and solar metallicity.
Although different isochrones have different definitiofiso-

lar metallicity, the differences are small and not importan

our purposes. Isochrones computed by the following groups
are shown in Figuril4 ordered by their hottest isochronetpoin
(coolest is last in this list)]_Worthey (1994); Bertelli éf a
(1994)] Dotter et all (2008); Pietrinferni et al. (2004);etial.
(2001). There are important differences between them, but
collectively they can help us discard a few stars based on a
zeroth-order age estimate.

Determining ages of individual stars is a very difficult task
particularly for stars on the main-sequence, but a quick in-
spection of Figur&l4 clearly shows that three of our sample
stars cannot have solar age within any reasonable uncertain
ties. HD 199881 and HD 207164 are too warm given the turn-
off Tes Of the solar-age, solar-metallicity isochrone, which is
at most~ 6300 K. HD 199951, on the other hand, appears to
be a giant star of younger age than solar. All of our other
targets have stellar parameters reasonably consistentiveit
solar-age, solar-metallicity isochrone.
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Table5
Abundances of “M” Elements: O, Si, Ca, Sc, Ti, Cr, Mn, Co, and Ni

HD [O/H] [SiH] [Ca/H] [Sc/H] [TifH] [Cr/H] [Mn/H] [Co/H] [N ifH]

28676 005+0.03 010+0.02 009+0.03 014+4+0.02 010+0.01 008+0.02 010+0.01 011+0.04 010+0.03
44821 003+0.02 001+0.02 003+0.02 —-0.02+0.03 002+0.01 006+0.03 003+0.02 -0.03+0.05 -0.01+0.03
46100 —0.12+0.03 002+0.05 002+0.03 007+0.10 000+0.03 008+0.06 000+£0.03 001+0.06 001+0.05
83423 —-0.01+0.03 —0.02+0.03 000+0.04 —0.06+0.02 000+0.02 —-0.04+0.03 —-0.08+0.02 —-0.01+0.05 -0.09+0.03
91320 011+0.02 012+40.03 011+0.04 0114+0.04 009+0.01 008+0.04 0114+0.03 016+0.02 010+0.04
95915 -0.03+0.01 001+0.05 009+0.06 —0.04+0.04 003+0.06 —-0.01+0.02 -0.10+0.05 008+0.07 —0.05+0.06
100382 008+ 0.08 023+0.09 006+ 0.06 012+0.05 008+0.05 008+ 0.06 007+0.07 016+0.03 013+0.07
102928 —0.08+0.03 006+0.05 -0.06+0.04 -0.03+0.04 -0.06+0.01 -0.09+0.06 —-0.15+0.02 —-0.04+0.05 —-0.08+0.05
148317 009+0.02 022+0.03 021+0.03 026+0.04 024+0.01 020+0.03 023+0.03 023+0.05 022+0.04
154747 —0.01+£0.02 002+0.03 000+0.03 003+0.03 005+0.01 002+0.05 -0.01+0.03 000+0.04 002+0.04
162826 001+0.02 004+0.02 002+0.03 006+ 0.03 004+0.01 001+0.02 001+0.03 001+0.02 001+0.03
168769 005+0.01 003+0.03 007+0.04 -0.07+0.01 003+0.02 009+0.05 004+0.05 -0.04+0.04 -0.01+0.03
175740 009+0.03 024+0.05 009+0.05 012+0.03 007+0.01 008+0.05 006+0.05 010+0.06 010+0.05
196676 009+ 0.04 014+0.06 005+0.04 006+ 0.04 002+0.01 000+0.05 001+0.02 006+ 0.05 007+0.06
199881 023+0.07 016+0.03 012+0.04 - 0.154+0.02 006+0.03 014+40.08 020+0.01 013+0.05
199951 —-0.01+0.03 002+0.05 —-0.03+0.04 000+£0.03 001+0.03 -0.11+0.01 -0.14+0.03 -0.02+0.05 —0.09+0.06
207164 031+0.06 028+0.04 025+0.05 035+0.12 024+0.02 018+0.02 018+0.04 039+0.01 024+0.05
219828 014+0.02 021+4+0.03 018+0.02 029+0.03 025+0.01 018+0.03 020+0.01 024+0.06 022+0.03

Table 6
Abundances of “not M” Elements: Na, Al, V, Y, and Ba

HD [Na/H] [AIH] [V/H] [Y/H] [Ba/H]

28676 011+0.01 008+0.02 009+0.03 009+0.06 009+0.03
44821 —0.05+0.01 —0.03+0.04 002+0.04 010+0.04 014+0.01
46100 —0.05+0.04 002+0.08 017+0.07 016+0.05 015+0.04
83423 -0.12+0.04 -0.21+0.05 -—-0.03£0.08 009+0.04 026+0.03
91320 016+0.03 007+0.04 025+0.08 010+0.03 010+0.03
95915 004+0.06 —0.08+0.01 016+0.12 005+0.03 012+40.05
100382 025+0.07 025+0.07 020+£0.03 017+0.05 004+0.04
102928 000+0.03 002+0.01 -0.02+0.04 012+0.03 007+£0.05
148317 023+0.04 018+0.03 023+0.03 028+0.02 021+0.01
154747 000+0.04 001+0.03 006+0.04 003+0.07 —-0.03+0.02
162826 002+0.03 —0.04+0.05 003+£0.05 004+0.04 009+0.03
168769 —0.07+0.05 001+0.03 007+0.03 014+0.10 017+0.01
175740 024+0.08 016+0.02 0124+0.05 023+0.02 014+40.02
196676 008+0.07 015+0.01 010+£0.05 024+0.07 007+0.04
199881 036+0.01 -+ 0.284+0.06 021+0.11
199951 016+0.03 —0.06+0.02 004+0.04 004+0.06 031+0.05
207164 031+0.06 -+~ 0.39+0.03 029+0.06
219828 022+0.01 022+0.02 020+0.03 015+0.02 016+0.03

3.2. Chemical Tagging like Si, Mg, Ca, Mn, Zr, and Ni have almost indistinguish-
Although [Fe/H] values are an excellent starting point to 2P!€ [X/Fe] abundance ratios at any givéie/H]. Although
search for stars with similar composition, strict “chentea- some elements such as Ni present very small cluster-tteclus

ging,” i.e., the association of groups of field stars acaugdi scatter, the larger scatter in the other cases can be rédgona
to their common composition which would suggest a com- explained by dissimilar measurement errors (not all elemen
mon site of formation (Freeman & Bland-Hawthorn 2002), in &€ equally easy or difficult to analyze). One open cluster of
principle requires a precise knowledge of abundances ef sev SUP-solar metallicity has a very low Zr abundance, but being
eral other elements. Nevertheless, it is well known that the @ Single and extreme outlier, that seems to be a very special
behavior of most elements often analyzed in solar-types star €25€ and not the rule among these objects. Element Na does
is such that their abundances scale very well ifyH] re-  S€em to have a scatter larger than the expected obserfationa
gardless of the place of origin of the star, making them use-€0rS: indicating that its abundance is more useful tordise
less in the search for common chemical abundance patternd@nd/e stﬁrs b]f)an in dr:ffehr?nt clustlers. IA much I?.“?re ‘:S‘S’EOUS
A few species, however, are known to show large star-to-starc@S€ IS t t?t OI a, whic (cj)r nefary so_ar;jmetahmny ﬁ q
scatter at constariiEe/H], and those should be preferentially €& vary by almost one order of magnitude. Thus, this study
employed in the search for groups of stars with a common clearly indicates that only Ba, and to some extent Na could be
origin, particularly solar siblings. used in practice given the level of uncertainty in these mea-
InDe Silva et al.[(2007), the mean abundance ratios [X/Fe] sulzements. hould acknowledae th ol ;
of a number of elements in fifteen Galactic open clusters were . here wel_s oub aé: nowie geht e por:enna '”}?%Cté) stars
plotted against the meajfre/H] of each cluster (their Fig- \th _peculiar abundances such as the so-calied Ba stars
ures 11-15). ThéFe/H] range covered by these clusters goes (Bldélman & Keenan 1951) on our work. These are objects
from —0.6 to +0.3, but five of them have nearly so[&e/H] that have prominent Bl features in their spectra, which are

(i.e., —0.1 < [Fe/H] < +0.1). With rare outliers, elements attributed to close binary interactions, namely mass tesins
T ~oTTr ' from an intermediate-mass star that has now evolved into a
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Figure5. Elemental abundance ratios relative to iron as a functiofrefH]. Evolved stars are shown with open squares; dwarfsabdjiants are represented
by filled circles. The dashed lines intersect at the solareal

white dwarf (e.g., McCluré 1984; Lambert 1988; Han et al.
1995;| Husti et gl. 2009). Quantitatively, their [Ba/Fe] abu

very small observational errors at any given metallicitytia

—0.2 < [Fe/H] < +0.2 range. This is in good agreement with
dance ratios can be as high as 1 dejfFatH] ~ 0 (e.g., Smith  thelDe Silva et &l (2007) open cluster work. Also consistent
1984 Allen & Barbuy 2006). This type of metal pollution by with that work is the fact that Raimez et al.|(2009) find a very

a close companion could certainly be problematic for a solarlarge star-to-star scatter for Zn, Y, Zr, and Ba. Thus, ttedse
sibling search, although it is possible that the frequerfcy o ments are key for our purposes. The few available lines due to
these events is low enough to have a relatively minor impact.Zn and Zr are blended in the majority of our sample stars. Al-
Indeed, the star-to-star scatter of the [Ba/Fe] abundaata® r  though we are able to measure precise Zn and Zr abundances
observed in individual open clusters is low and can be ex-in the most Sun-like stars in our sample, we excluded these
plained purely by observational errors (De Silva et al. 3007 elements from our work in order to maintain homogeneity in

Detailed chemical composition studies of large numbers of the analysis.
field stars (e.gl, Allende Prieto etal. 2004; Reddy et al.3200 The reasom- and iron group element abundance ratios
Takeda et al._2007; Neves et al. 2009; Gonzalezlet al.| 2010{X/Fe] show little or no star-to-star scatter at a giv€e/H|
Adibekyan et al. 2012; Bensby et al. 2014) can also guide usis that they are produced together in supernovae and tteeir pr
in our search. The problem with these large samples, howeverduction ratios are set by nuclear properties. The diffezsmit
is that systematic errors will produce large star-to-statter abundance ratio scatter with other elements can be unddrsto
at similar[Fe/H] that may prevent us from finding other useful in terms of the different nucleosynthesis sites and timesca
chemical elements. In this context, the work by Rian et al. (seel_ Nomoto et al. 2013 for a recent overview of Galactic
(2009) is highly relevant. They measured abundance ratios o chemical evolution). In particular, in material of rouglsigiar
20 elements in an important number of so-called solar analogmetallicity, most barium has been produced by s-process nu-
stars. All these objects have spectra very similar to tharsol cleosynthesis, which does not occur in the supernovaemespo
spectrum. Therefore, their atmospheric parametggsand sible for the production of ther- and iron-group elements.
logg are very similar. This means that systematic errors in the Barium is produced mostly by low-mass AGB (asymptotic gi-
chemical analysis can be almost fully removed by employing ant branch) stars, where the Ba yields are sensitive to & ph
a strict differential analysis relative to the Sun. Indetbejr ical conditions at the time of nucleosynthesis and theastell
[X/Fe] versus[Fe/H] trends show very little star-to-star scat- parameters; Ba production is thus decoupled from Fe produc-
ter relative to other works using less strict sample sedasti tion.

By examining Figure 1 in Ramez et al. (2009) it is clear Edvardsson et all (1993) were among the first to point out
that elements such as Si, Ca, Sc, Ti, V, Cr, Mn, and Ni a significant correlation between Ba abundance and stellar
are useless in the search for solar siblings. The staafo-st age at a giveriFe/H]. Later investigations of open clusters
scatter of their abundance ratios is fully consistent with t  (D’Orazi et al.| 2009] Maiorca et al. 2011; Jacobson & [Friel
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Figure 6. Chemical composition of solar sibling candidatesM > represents the average of elemental abundances for O, ScC#i, Cr, Mn, Co, and Ni.
Tex in K and logg values are given between parenthesis next to the stars’ names

2013) as well as surveys of field stars (Reddy et al. 2003;dwarfs and sub-giants. The reason for this is that it is known
Bensbhy et gl. 2007; da Silva et al. 2012) have confirmed thatthat large systematic errors are introduced when comparing
result, which holds true also for % This implies that the  these two types of stars. Their extremely different atmo-
scatter in the [Ba/Fe] versus [Fe/H] and [Y/Fe] versus [Fe/H spheric structures prevent us from deriving highly aceaurat
relations is at least in part due to an age effect. Youngerabundances for both sets of stars simultaneously. Differen
stars tend to exhibit higher barium and yttrium abundances.tial analysis reduces the errors somewhat, but since tbe ref
Maiorca et al.|(2012) have shown that these trends can be reence object (the Sun) is a dwarf, the analysis of giant stars i
produced in Galactic chemical evolution models if AGB nu- more suspect. One should therefore be careful when inspect-
cleosynthesis oM < 1.5M, stars is such that the neutron ing these trends, because the giant stars may introduée arti
source is enhanced by a factor of four relative to that of more cial scatter. Indeed, the [Na/Fe], [Al/Fe], [Si/Fe], andF¥]

massive AGB stars. versus[Fe/H]| plots clearly show that the giant star sample
. ] is shifted upwards with respect to the dwarf stars. Thus, the

3.3. Elemental Abundances of Solar Sbling Candidates magnitude of the star-to-star scatter of those elementsiis a

The abundance ratios relative to iron as a functioffrefH] plified by the fact that the analysis of dwarfs and giants is no

for the elements that we measured are shown in Fighre 5fully compatible. By examining the [Si/Fe] trends for gisint
Evolved stars, in our particular case defined as objects withand dwarfs separately, it is clear that the star-to-stettescia

logg < 3.5 (see Figurd14) are shown separately from the in fact zero within the uncertainties. Therefore, Siis not a
useful element in our context, but one could have been mis-

15 Note, however, that Yong etlal (2012) find only a weak Ba-agesta- led by the data if dwarfs and giants had not been examined
tion in their study of open clusters.
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independently. 200F ' ' ' ' ™

In good agreement with the open cluster and solar analogg 100 4
studies, we find that most elements present a star-to-sthr sc = Of--¢----- o e ®Q---@---------—-—-——
ter that is fully compatible with the measurement errorse Th 4 -100F _ @ ° % o e o o
exceptions are the following species: Na, Al, V, Y, and Ba. —200} % , , o0 , L
Hereatfter, all other elements are combined into a single ind 0.4- ' ' ' ' b
cator, M. - 0.2} ° N

In Figure[® we show elemental abundances, relative to H, & 0.0p--g----- ®--¢- 5 —..—. ————————————
on a star-by-star basis, separating the important elenients < —0.21 ®e ° ® e ©® o -
our context (Na, Al, V, Y, and Ba) from M (the combination -04f © | | | .
of all other elements: O, Si, Ca, Sc, Ti, Cr, Mn, Co, and Ni). 0.2F ' ' ' ' T
A star with the same composition as the Sun must have aIIE 01r o e .
values in Figur€lé around zero within the errors. Two stars £ 00r ~gf -~ @~ "¢ - go-@ -~ -~~~ -~~~
stand out in this context: HD 154747 and HD 162826. Both < —0.1f ®oe0 o o o |
have solar abundances within the errors, although ther latte  —0-2¢ ! ! ! ! !
appears to have a slightly super-solar Ba abundance. Anothe 5000 5500 6000 6500 7000
interesting object is HD 28676, which appears to have a +0.1 Ten (K)

offsetin the abundances of all elements while retainingpalm  Figure 7. Physical minus spectroscopic parameters.
perfectly solar [X/Fe] abundance ratios. A similar pattern
exhibited by HD 93210, with the exception of its V abundance  Figure[T shows the difference between physical and spec-
that appears very high. The latter, however, could be due to a troscopic parameters for our sample stars. On average, they
uncertain effective temperature (see below). From the ¢hem are—97+ 60K for T, —0.12+0.11 for logg, and—0.03+
cal standpoint, these four objects are key solar siblinglican 0.05 for [Fe/H] (physical minus spectroscopic). Although
dates. there are non-negligible systematic offsetsTig and logg,
. . the [Fe/H| values appear relatively robust, particularly for
3.4. Accounting for Systematic Errors star[s véth]Teff < 6000 K. Depending on the spectral features
In Section[2Z.# we described our method for deriving at- used, certain elements can be more sensitive to systematic e
mospheric parameters using only measurements of iron linerors in the stellar parameters. Thus, we re-examined Figure
strength on our high resolution, high signal-to-noiseorati for the case of elemental abundances determined using phys-
spectra. Stellar properties derived in this manner are of-ical parameters. None of the stars previously discarded as
ten referred to as “spectroscopic parameters.” Another-com solar sibling candidates, i.e., all but the four key targeés-
mon approach to derive the fundamental stellar parametergioned in the last paragraph of Sectionl3.2, has its chemical
Tet and logg involves the use of photometric data (colors) composition affected in such a way that it would resemble the
and measured trigonometric parallaxes. The former allow solar abundances had we employed only physical parameters.
us to constrainTeg from color calibrations based on less There are in some cases important variations of the elemen-
model-dependent techniques such as the infrared flux methodal abundances, but generally they are not larger than 8.1 de
(IRFM) or even temperatures measured directly from known Thus we conclude that systematic errors in the stellar param
stellar angular diameters and bolometric fluxes. Paradlaxe eters are important only for those objects which alreadghav
on the other hand, allow us to calculate absolute magnitudesear solar abundances (or at least near solar abundaras) rati
of stars, which can then be employed along with theoretical but are not large enough to force us to re-consider the other
isochrones to compute the stellar masses and thus have anargets in our sample as potentially true solar siblings.
other way of estimating logr The stellar parameters thus de-  In addition to the potential systematic errors introducgd b
rived are sometimes referred to as “physical parameters.”  model parameter uncertainties, it is worth mentioning the p
In order to assess the impact of systematic errors in our el-sibility that the photospheric composition of stars may be a
emental abundance measurements, we re-derived them usinfgcted by planet formation processes. Brelez et all (2009)
physical parameters, which were determined using the pro-have found that, relative to the majority of solar twin stars
cedure outlined in_Ramez et al. [(2013). Briefly,Te was the Sun is deficient in refractory elements by about 0.08 dex.
measured using as many photometric colors as available and hey attribute this deficiency to the fact that the Sun formed
the IRFM Tgg-color calibrations by Casagrande et al. (2010). rocky planets, which retained those metals during the ferma
Surface gravities were then inferred using the sthligpar- tion of the solar system. Similarly, Raraz et al.[(2011) have
cos parallaxes and the Yonsei-Yale isochrone grid (Yi et al. found that the secondary star in the 16 Cyg binary system,
2001; Kim et al! 2002). All four phy5|cal parameters, here- which hosts a gas giant planet, is metal-poor relative tpthe
after referred to ad)y, logg, [Fe/H], andV{, were de-  mary, which does not appear to have sub-stellar mass compan-
termined iteratively untll a final self-consistent solutivas ions (Cochran et al. 1997). The observed metallicity differ
achieved, i.e.JFe/H]" andV, were re-computed by forcing ence of about 0.04 dex (volatiles and refractories are gqual
the iron abundances to be independent of reduced equivalendepleted in this case) is also attributed to the formatiothef
width, but the excitation and ionization balance condgion planet, in this case a gas giant.
were relaxed. Errors ifils correspond to the color-to-color It is important to point out that other authors have found
scatter, but weighted by the uncertainty of each calgreal- conflicting results to the ones described above. In particu-
ibration. The error in log’ was estimated from the width of lar, based on an analysis of a stellar sample with a known
the isochrone log probability distribution (see Section 3.2 planet population| Gor@ez Herandez et al.| (2010, 2013)
in Ramrez et all 2013 for details). Finally, the uncertainty in argue that the connection to planet formation processes is
[Fe/H]' was computed by propagating the and logy errors weak, although their exoplanet host sample is admittedly bi
into the iron abundance calculations. ased towards massive planets whereas theiigz et al. hy-
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Figure 8. Chemical composition of our 5 key solar sibling candidateshEaw corresponds to one star, whose name is provided inghemost panel. Left
panels: as in Figurg 6, i.e., elemental abundances obtasied spectroscopic parameters. Middle panels: as in th@defels, but for elemental abundances
derived using physical parameters. Right panels: averaggettroscopic” and “physical” abundancesM > represents the average of elemental abundances
for O, Si, Ca, Sc, Ti, Cr, Mn, Co, and Ni. An error bar of 0.1 dekich we estimate as a conservative uncertainty for our adoures, including systematics, is
also shown in these panels.

pothesis concerns rocky bodies. In any case, one shouldo the solar abundances. They are: HD 28676, HD 91320,
keep in mind that the chemical abundance anomalies are stilHD 154747, and HD 162826. As will be explained in Section
present, and that regardless of their interpretation, tiey [3.6, HD 83423 is another interesting candidate, but purely o
introduce systematic uncertainties in our context. Siryila  a dynamical basis. We add this star to our list of key targets
Schuler et al.[(2011) have found no differences in chemicalto emphasize certain points of our discussion.
composition between the two components of the 16 Cyg bi- The chemical compositions of our 5 key solar sibling can-
nary system. While this discrepancy with the Ream et al. didates are re-examined in Figlide 8. The left panels show the
results remains unresolved, another study, which employedsame data plotted in Figuré 6. The middle panels correspond
much higher quality data for these stars and independent meato the elemental abundances derived using physical parame-
surements of the spectral features, has confirmed thelglight ters. The average values of “spectroscopic” and “physical”
dissimilar chemical composition of the 16 Cyg stars (Tucci- chemical composition are shown in the right panels, along
Maia et al., in preparation). with our representative and conservative error bar of &1 de
From the discussion above, a conservative estimate of our The lower physicalTgs values tend to shift the [X/H]
[X/Fe] errors, including model systematics and the poten- abundances downwards, thus making the compositions of
tial impact of planet formation on the surface compositibn o HD 28676 and HD 91320 more solar, as anticipated. Nev-
stars, is~ 0.1 dex. The line-to-line scatter values listed in Ta- ertheless, the former has still a slightly super-solar aVer
bles[3 and6 are not the dominant source of uncertainty formetallicity while the Na and V abundances of the latter still
most elements. depart from the other elements’ nearly constant [X/H] value
As explained above, HD 83423 is only included in our list
3.5. Key Targets of key targets due to its dynamical properties. Fidure Srblea
In Sectior 3.2 we listed four key targets for siblings of the shows that the composition of this object is very far from
Sun based on the similarity of their metal abundance ratiossolar, regardless of which set of atmospheric parameters is
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employed. Note that this is true even though fRe/H] and where:

2 -
[M/H] parameters for this star can be considered fully censi A= M , (6)
tent with the solar values. This finding stresses the impoga ] m
of identifying and subsequently studying key elements as op and: m R
posed to simply measuring abundances of “as many elements X(R) = @ " (Ro> + Xo (7
as possible” when it comes to the practical search of stdbhs wi
common chemical abundance patterns. Our adopted spiral wave parameters are: pitch angie

The chemical composition of HD 154747 is solar for both —12°, number of arman = 4, phase of Suryg = —120,
sets of stellar parameters. The only marginally supersola strength f,g = 0.05, and velocity of spiral patter®, =
abundance is that of V, if derived with spectroscopic param- 20 km s kpc™1. The circular speed at the solar radiis, (=
eters, but it becomes perfectly solar if physical paranseter 8.0kpc) is 220kms! and the peculiar solar velocities are
are employed instead. HD 162826 has a slightly super-solarU.,,V.,,W., = 10, 11, 7)kms! (Bobylev & Bajkoval 2010;
overall metallicity if the abundances are derived usingcspe ISchbnrich et all 2010).
troscopic parameters, and a slightly sub-solar metallfcit The model described above allows us to compute encounter
abundances inferred using its physical parameters. Thusparameters between the stellar and solar orbit in the past. |
within the systematic (and observational) uncertaintipis particular, we can find the relative distarctand velocity dif-
star also has a chemical composition that very closely resemferencedV for the two orbits as a function of time in the past
bles that of the Sun. over a 4.5 Gyr age interval, i.e., the lifetime of the Sun. The

Thus, from further examination of chemical abundances results for our five key targets are shown in Figlides 9and 10.
and the potential impact of systematic errors, only two af ou A quick inspection of Figurds|9 and]10 clearly reveals that,
key targets can be considered real solar sibling candidatesaccording to our model, the orbits of HD 28676, HD 91320,

HD 154747 and HD 162826. and HD 154747 have taken these stars far away from the Sun
. . ) in the past. In general, the distance between these stars and
3.6. Dynamical Considerations the Sun has been shortening considerably. If these objects

Our target list consists of stars previously suggested bywere born also 4.5 Gyr ago, they may have formed 5-15kpc
other authors as solar sibling candidates based on their dyaway from the solar cluster. At that time, their velocitietar
namical properties and, in some cases, additional informa-tive to the solar motion would have been 30-50 krh sThus,
tion regarding age and metallicity. The criteria and asgted  the dynamics rule out these three stars as siblings of the Sun
models employed by these authors are somewhat differentOf these three objects, only HD 154747 passed our chemi-
Also, the input radial velocities generally differ from g®  cal composition constraint. Not surprisingly, these firgsin
derived in our work using our high-quality spectra. Thus, demonstrate that elemental abundance analysis alone is not
it is important to re-assess the dynamical properties of oursufficient, and neither is the dynamical argument by itself.
targets in the context of a solar sibling search, in paricul Both are required to make a proper solar sibling identifica-
those of our five key solar sibling candidates, using a censis tion. . .
tent model. In this work, we use the modellby Bobylev étal. It is also not surprising that of all stars in our sample only
(2011), which is described below. The parallaxes and properHD 83423 and HD 162826 passed the dynamical constraint,
motions of stars were taken from the revised version of theat least in the sense that theiranddV parameters do not

Hipparcos catalog[(van Leeuw&n 2007). diverge or oscillate with large amplitudes as time recedes.
Stellar and solar orbits were computed using the following They were the two best solar sibling candidates identified by
Galactic potential: Bobylev et al./(2011), whose model is employed in this work.
This shows that relatively small changes to the input radial
® = Dpajo+ Paisk + Pouige+ Psp - 1) locities (we used those measured in our high-resolutiayh hi

The first three components are constructed as follows (e.g. Signal-to-noise spectra, and not those previously pustish
Helm! 2004 Fellhauer et 4. 2006): the halo is represenged b @nd found in larg&dv compilations) have a minor impact on

a logarithmic potential: these qalculations. . . . .
9 P As discussed in Sectidn 3.2, our chemical analysis quickly

Phaio=V3In (1+R/d? + 72 /d?) | (2) ruled out HD 83423 as a solar composition star. [Fs/H]
. _ 1 -~ P value is certainly solar, as is its combined “M” abundana (i
with vo = 134kms " andd = 12kpc Randzare cylindrical ~  ypo" erage of O, Si, Ca, Sc, Ti, Cr, Mn, Co, and Ni) as well

co?rdinzites); the disk is represented by a Miyamoto-Nagai o< "'\ ahundance (see Figiiie 8). However, the star has a
potential: !

GMy somewhat low (high) Na (Y) abundance, and a definitely too
Disk = — , (3) low (high) Al (Ba) abundance. The latter are irreconcilable
\/R2+ (b+ZZ+ c?)2 with the solar values within any acceptable uncertainties i
stellar parameters.
with Mg = 9.3 x 10'°M,,, b= 6.5 kpc, anct = 0.26 kpc; and This leaves us with only one true solar sibling candidate:
the bu|ge is modeled as a Hemquist potentia|: HD 162826. Its chemical COfnpOSltlon is solar within the er-
GM, rors and its past orbit includes a number of close encounters
Ppuige = “rxa’ 4) (d ~ 10 pc) with the Sun which happened with relative ve-
locities of about 10 kms! or less. The encounter parameters
with My = 3.4 x 101°M,, anda = 0.7 kpc. are particularly favorable around= —4 Gyr, i.e., at an epoch
The following spiral wave component makes this Galactic when the solar cluster may have not fully dissipated yet.
gravitational potential model more realistic (Fendez et al. We did not consider the impact of interactions with field
2008): stars and/or giant molecular clouds in our model. Also, we ne

dsp=Acogm(Qpt — 0) + x(R)] , (5) glected the gravitational interaction between stars irstilar
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Figure 9. Relative distance between the stellar and solar orbits asaién Figure 10. Velocity difference between the stellar and solar orbita &sc-
of time in the past. tion of time in the past.

proto-cluster. According to Gaim-Sanchez et al[ (2001), the @nd 4 arms, varying the pitch angle froni0 to—14 degrees
Hipparcos data suggests a frequency of 2 stellar encountersfOr the 4-arm model and from 5 to —7 for the 2-arm model.
within one parsec for each 49r (1 Myr). After correcting The phase of the Sun relative to the spiral arm was varied from
for incompleteness, this rate increases to about 12 per Myr, 90 t0—140 gegrgti:'s, and the pattern speed was varied from
One should keep in mind, however, that the orbit of a star 1010 24 kms "kpc™=. The total number of models computed

can change significantly only in very close encounters with iS 900 for each star. .

massive stars, which are rare and short-lived. The lattetsle  For HD 162826 we obtained past close encountdrs: (

to a significantly lower rate of encounters compared to M- 100pc,AV < 50kms™, t < —3Gyr) in 64 % of the mod-
dwarfs. Indeed, the results from Geresanchez etal. (cf. €S- On the other hand, HD 154747 shows this type of en-

their Table 8) imply that for a period of 4 Gyr the Sun may Counters in only 1.3% of the models. Thus, within reason-
have encountered, within 0.1pc, only 1 or 2 B-type stars. @Plé model uncertainty, HD 162826 remains a good dynam-
The theoretical calculations by Ogorodnikév (1965) areneve ic@l solar sibling candidate, while it remains highly urelik
more reassuring; to change the velocity of a star by more tharfhat HD 154747 was born near the Sun.
20kms+ in an encounter within 40 AU, the required time .
period (v 10'3yr) is longer than the lifetime of our Galaxy. 3.7. Abundances of Trace Elementsin HD 162826
Giant molecular clouds, on the other hand, affect the odiits We use several of the rare earth elements to further test
the Sun and nearby stars, including any potential siblings, whether HD 162826 meets our chemical criteria for being a
the same time. Therefore, in this case it is the differesigH solar sibling. In solar-type stars, these elements owe tiniei
nificantly smaller) impact of such encounters that one would gin to bothr-process and-process neutron-capture reactions,
need to take into consideration. which reflect a different set of chemical evolution clockarth
Our dynamical model has a number of input parameters,the lighter elements. We identify 17 lines of 4 species that a
particularly those related to the spiral arms, which candre v unblended in our spectra of the Sun and HD 162826. These
ied within reasonable uncertainties to establish the @degfe  lines are listed in Tablel 7. Abundances ofilLaCelr, Nd 11,
model dependency of our results. Given the demanding natureand Smii are derived from spectrum synthesis using MOOG.
of these computations, we restricted them to two of our stars Linelists were constructed using the Kurucz & Bell (1995)
HD 154747 and HD 162826, i.e., the two stars that have solarlists, using updated lagf values from recent laboratory stud-
chemical composition. Orbit calculations were made with 2 ies when possible. We adjust the line strengths to reproduce
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Table7
Rare Earth Element Abundances

Species Wavelength EP lad log gf hfs/IS loge loge loge
(A) (eV) reference reference Sun HD 162826HD 162826
Lan 4662.50 0.000 -1.24 1 2 1.10 1.15 1.07
4748.73 0.927 -0.54 1 1.16 1.26 1.17
5303.53 0.321 -1.35 1 2 1.12 1.25 1.14
6390.48 0.321 —-1.41 1 2 1.18 1.23 1.13

Cell 4486.91 0.295 -0.18 3 1.73 1.76 1.66
4523.08 0.516 —0.08 3 1.58 1.68 1.56

4562.36 0.478 +0.21 3 1.61 1.68 1.58

4628.16 0.516 +0.14 3 1.59 1.66 1.54

5187.46 1.212 +0.17 3 1.59 1.65 1.55

5330.56 0.869 —0.40 3 1.67 1.72 1.62
Nd 11 4446.38 0.205 -0.35 4 5 1.32 1.44 1.32
5234.19 0.550 -0.51 4 1.46 1.53 1.43

5319.81 0.550 -0.14 4 1.34 1.37 1.30
Smil 4467.34 0.659 +0.15 6 5 0.88 1.00 0.90
4519.63 0.544 -0.35 6 0.94 1.07 0.96
4537.94 0.485 —0.48 6 5 0.97 1.09 0.97

4676.90 0.040 -0.87 6 0.89 1.09 0.97

References. — (1)[Lawler et all 2001; (2) Ivans etlal. 2006; [3) Lawler E2809; (4) Den Hartog et al.
2003; (5) Roederer etlal. 2008; (6) Lawler ef al. 2006
a Spectroscopic model parameters
b Physical model parameters

Table8

Mean Line-by-Line Rare Earth Element Abundance Differences

Species No. lines HD 162826- Sun HD 162828 — Sun

A) a Oy A) a Oy
Lan 4 +0.083 0.039 0.020 —-0.013 0.033 0.017
Cell 6 +0.063 0.023 0.010 -0.043 0.018 0.007
Nd 1 3 +0.073 0.045 0.026 —0.023 0.021 0.012
Smil 4 +0.143 0.039 0.019 +0.030 0.035 0.017

a Spectroscopic model parameters
b Physical model parameters

the solar spectrum and then use these lists without chamge fo 3.8. High-precision Radial \elocity Data for HD 162826
the analysis of HD 162826. Taljlé 7 lists the wavelength-exci  p 162826 is included in the target sample of 250 F, G,

tation potential (EP), and lagf value for each transition, al- " 504 M-t
— : o , -type stars of the McDonald Observatory planet

though the transition probabilities cancel out in a diffeial search program at the Harlan J. Smith 2.7 m Telescope (e.g.,
analysis. Our syntheses account for hyperfine splitting) (hf [©ochran et 4l 1997: Endl et/al. 2004; Robertson &t al.12012).
and isotope shifts (IS) for several of these lines. We ad@ptt Thig |ong-term radial velocity (RV) survey is designed to
solar isotopic fractions given by Lodders (2003) for the Sun ,ohe the population of gas giant planets beyond the ice line
anngD 5628ﬁ6' The dl.e”V%d ?_bunctii_?fnces _arle IéSteg in Table 75 several AU. Such planets presumably have not migrated in-
Ta eBh'StSt € mg?—?Dlgg_z yz'é”?l_ : erentla} a l”” &e-  \ards from the location of their formation. Figlre 11 disgla
tween the Sun an 826. Two sets of values are givenyq 15 years of precise RV measurements of HD 162826. The
one using the set of spectroscopic model atmosphere parames Ry ‘data points have an overall rms-scatter of 6.0#'s
ters for HD 162826 and one using the set of physical values. 54 an average error of 5.4 mis The star is constant at the

Using spectroscopic parameters, the La, Ce, and Nd ares o1 jevel and does not seem to have a massive planetary
very similar to the Ba abundance, i.e., slightly supersolar ;omnanion with a period of 15 years. Also, there is no clear
(=~ +0.08). However, using physical parameters, all these el- o\ iqence of binarity.
ements have solar abundances in HD 162826 within the in-~'\ye computed the upper limits on detectable planets in the
ternal error. The Sm abundance is also solar within the er-py 4ata for HD 162826. The detection limit was determined
rors if we employ the physical parameters, but super-salar a ,, 4qding a fictitious Keplerian signal to the data, then at-
+0.14 dex using spectroscopic parameters. The average Ofampting to recover it via a generalized Lomb-Scargle peri-
these abundances (excluding Sm), as derived using both se dogram [(Zechmeister & Ester 2009). Here, we have as-
of parameters, is about +0.02dex, i.e., solar within bos sy g, meq circular orbits; for each combination of perdnd
tematic and internal errors. Of all elements studied in this gy, semi-amplitudeK, we tried 30 values of orbital phase.
work for HD 162826, only Sm appears to depart from the so- a hjanet is deemed detectable if 99% of orbital configura-
lar abundances, with a spectroscopic/physical averageval yions at a giverP and K are recovered with a false-alarm
of +0.09. However, considering our conservative estimate of oohapility [Sturrock & Scargle 2010) of less than 1%. This
0.1 dex of systematic error, this value may be marginally. con 5n5r0ach is essentially identical to that used in the work by

sistent with the solar Sm abundance. Wittenmyer et al.[(2006, 2010, 2011b). The resulting mass
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20F ' ' ' ' ' ] Only the star HD 162826 (HR 6669, HIP 87382) satisfies
both our dynamical and chemical criteria for being a true sib
ling of the Sun. This object, a late F-type dwarf star located
_1op + + a at about 34 pc{ 110light years) from the Sun in the con-
i stellation Hercules, is brigh¥/(= 6.7) and easily observable
g 0 with small and medium-sized telescopes. High-precisien ra
= i + ) dial velocity observations carried out over a period of time
> .
z longer than 15 years rule out the presence of hot-Jupiter pla
—10l i ets. These data also suggest a 2/3 chance that a Jupiter ana-
log is not present either. Smaller terrestrial planets oaha
ruled out at this moment.
-20} . . . . . e The mass of HD 162826, estimated from the location of the
51000 53000 55000 57000 star on the HR diagram compared to Yonsei-Yale isochrones

JD - 2400000 (days) (as inLRanrez et al! 2013), is 15M.,. If this star were the
Figurell. Relative radial velocity as a function of Julian Date for ONly solar sibling in the 1.1 to.2Mg range, the Salpeter
HD 162826. The radial velocities in this plot are given witispect to the  (1955) initial mass function would suggest the existence of
weighted mean of all observed values. another~ 400 solar siblings of mass greater thah M, dis-
persed throughout the Galaxy. Since the number of stars in
2.5F ' ' ' ' ] the solar cluster is estimated to be®1010% this implies
that there should be just a few other solar siblings-dfM,
present in the solar neighborhood. On the other hand, this
means that there are a few hundred M-dwarfs that are also
siblings of the Sun within 100 pc. Unfortunately, the dedil
chemical composition analysis of M-dwarfs that would be re-
quired to identify them is currently beyond our capabiitie
The combination of astrometric data from the ongoing Gaia
Mission and spectroscopic data from surveys of comparable
large size such as the ESO-Gaia survey, APOGEE, and/or
GALAH will allow us to discover many more solar siblings
. . . . . in a very near future. We expect that the analysis presented i
0 1000 2000 3000 4000 5000 this paper will guide future endeavors in this field and allow
Period (days) us to perform these searches more efficiently.
Figure12. Mass limits for single planets in circular orbits around

HD 162826. Planets with parameters in the region above tieIse would , .
have been recovered with 99 % probability at a false-alambgility of less I.R. acknowledges support from NASAs Sagan Fellowship Pro-

than 1 %. gram to conduct most of the observations presented in this paper.

limits are shown in Figurg12. Clearly, hot Jupiters, i.éanp ATB an_d V.V:B.’s work is sgpported by the “Nonstationary _Phe-
ets with masses comparable to that of Jupiter in short-gerio "emenain Objects of the Universe” Programme of the Presidium of
orbits. can be ruled out. the Russian Academy of Sciences and the “Multiwavelength Astro-
To determine the probability that an undetected Jupiter- Physical Research” grant no. NSh-16245.2012.2 from the Raesid
mass planet orbits HD 162826, we repeated the detectabil-"f the Russian Federation. D.L.L. thanks the Robert A. Welch Foun-

ity simulations described above for a range of recoverysrate dation of Houston, Texas for support through grant F-634. The Mc-
(10%...90%) as in Wittenmyer etlal. (2011a). For a Jupiter- Donald Observatory exoplanet survey is currently supported by the

mass planet in a Jupiter-like (12 yr) circular orbit, we mstie National Science Foundation under grant AST #1313075. Previous

a 35 % probability that such a planet is present based on thesupport for this project was given by the National Aeronautics and
non-detection from our RV data. Space Agency through the Origins of Solar Systems Program grants

NNXO07AL70G, NNX09AB30G and NNX10AL60G.
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4. CONCLUSIONS

Detailed elemental abundance analysis and proper chemi-
cal tagging are both required in the search for the stars that
were born together with the Sun. However, one should keepﬁgamsy E 8 Zg?lso'ARAi&S'ljség& Astrobioloav. 5. 497
in mind that not all elements are equally important. Althoug d%’gﬁ)',ah VR Sty Santbss,t\joc'o oo 5012 ARG, A3
deriving abundances of “as many elements as possible” wouldyjen, C., & Santillan, A. 1991, Rev. Mexicana Astron. Adiso, 22, 255
be ideal, in practice one could concentrate on a few key ele-Allen, D. M., & Barbuy, B. 2006, A&A, 454, 895
ments as an intermediate step between employing only photoAllende Prieto, C., Barklem, P. S., Lambert, D. L., & Cunha, B02, A&A,

X L X . 9. | 420, 183
metric metallicities and a very detailed high-precisioercii Batista, . F. A Adibekyan, V. Z.. Sousa. S. G., et al. 206A, 564, A43
cal analysis. In particular, the spectral lines due to Bavarg Batista. S F. A. & Fernandes. J. 2012 New A. 17. 514
strong, hence easily measured in medmm _reSOlU“On SPECBelbruno, E., Moro-Maih, A., Malhotra, R., & Savransky, D. 2012,
tra. Moreover, the large star-to-star dispersion obsemed Astrobiology, 12, 754
the [Ba/Fe] versus [Fe/H] plane suggests that the Ba abun-Bensby, T., Feltzing, S., & Oey, M. S. 2014, A&A, 562, A71
dance is highly sensitive to the place of origin of stars. A Eg?:;bt)é’ir;r.hzegﬂéét.n?éhogyAMCsljﬁr%ellzseltsz"l]\%’ ?A 533,1753(?%%23
perfectly reasonable intermediate step W.OU|d th.erefom‘be . A E. 20YOS,7in Society of Pholto-OpticaI' Instrumentation Hwegirs (éPIE)
measurement of Fe and Ba abundances in medium resolution, conference Series, ed. M. Iye & A. F. M. Moorwood, Vol. 4841,

moderately high signal-to-noise ratio spectra. 1694-1704
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