
2019Publication Year

2020-12-10T17:28:04ZAcceptance in OA@INAF

The GALAH survey: co-orbiting stars and chemical taggingTitle

Simpson, Jeffrey D.; Martell, Sarah L.; Da Costa, Gary; Casey, Andrew R.; 
Freeman, Ken C.; et al.

Authors

10.1093/mnras/sty3042DOI

http://hdl.handle.net/20.500.12386/28785Handle

MONTHLY NOTICES OF THE ROYAL ASTRONOMICAL SOCIETYJournal

482Number



MNRAS 000, 1�14 (2018) Preprint 21st June 2018 Compiled using MNRAS LATEX style �le v3.0

The GALAH survey: Co-orbiting stars and chemical tagging

Je�rey D. Simpson1? , Sarah L. Martell2;18y, Gary Da Costa3, Andrew R. Casey4;5

Ken C. Freeman3, Jonathan Horner6, Yuan-Sen Ting7;8;9, David M. Nataf10,
Geraint F. Lewis11, Melissa K. Ness12;13, Daniel B. Zucker1;14, Peter L. Cottrell15;16,
Klemen ƒotar17, Martin Asplund3;18, Joss Bland-Hawthorn4;11, Sven Buder19,
Valentina D'Orazi20, Gayandhi M. De Silva1;11, Ly Duong3;18, Janez Kos11,
Jane Lin3;18, Karin Lind19;21, Katharine J. Schlesinger3, Sanjib Sharma11,
Tomaº Zwitter17, Prajwal R. Ka�e22, Thomas Nordlander3;18
1Australian Astronomical Observatory, 105 Delhi Rd, North Ryde, NSW 2113, Australia
2School of Physics, UNSW, Sydney, NSW 2052, Australia
3Research School of Astronomy & Astrophysics, Australian National University, ACT 2611, Australia
4School of Physics and Astronomy, Monash University, Clayton 3800, Victoria, Australia
5Faculty of Information Technology, Monash University, Clayton 3800, Victoria, Australia
6University of Southern Queensland, Toowoomba, Queensland 4350, Australia
7Institute for Advanced Study, Princeton, NJ 08540, USA
8Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
9Observatories of the Carnegie Institution of Washington, 813 Santa Barbara Street, Pasadena, CA 91101, USA
10Center for Astrophysical Sciences and Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, MD 21218, USA
11Sydney Institute for Astronomy, School of Physics, A28, The University of Sydney, NSW, 2006, Australia
12Department of Astronomy, Columbia University, Pupin Physics Laboratories, New York, NY 10027, USA
13Center for Computational Astrophysics, Flatiron Institute, 162 Fifth Avenue, New York, NY 10010, USA
14Department of Physics and Astronomy, Macquarie University, Sydney, NSW 2109, Australia
15School of Physical and Chemical Sciences, University of Canterbury, New Zealand
16Monash Centre for Astrophysics, School of Physics and Astronomy, Monash University, Australia
17Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
18Centre of Excellence for Astrophysics in Three Dimensions (ASTRO-3D), Australia
19Max Planck Institute for Astronomy (MPIA), Koenigstuhl 17, 69117 Heidelberg, Germany
20Istituto Nazionale di Astro�sica, Osservatorio Astronomico di Padova, vicolo dell'Osservatorio 5, 35122, Padova, Italy
21Department of Physics and Astronomy, Uppsala University, Box 517, SE-751 20 Uppsala, Sweden
22ICRAR, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
We present a study using the second data release of the GALAH survey of stellar parameters
and elemental abundances of 15 pairs of stars identi�ed by Oh et al. (2017). They identi�ed
these pairs as potentially co-moving pairs using proper motions and parallaxes fromGaiaDR1.
We �nd that 11 very wide (> 1:7 pc) pairs of stars do in fact have similar Galactic orbits, while
a further four claimed co-moving pairs are not truly co-orbiting. Eight of the 11 co-orbiting
pairs have reliable stellar parameters and abundances, and we �nd that three of those are quite
similar in their abundance patterns, while �ve have signi�cant»Fe•H¼di�erences. For the
latter, this indicates that they could be co-orbiting because of the general dynamical coldness
of the thin disc, or perhaps resonances induced by the Galaxy, rather than a shared formation
site. Stars such as these, wide binaries, debris of past star formation episodes, and coincidental
co-orbiters, are crucial for exploring the limits of chemical tagging in the Milky Way.
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1 INTRODUCTION

The GALactic Archaeology with HERMES (GALAH) survey is a
large and ambitious spectroscopic investigation of the local stellar
environment (De Silva et al. 2015). One of its principal aims is
to determine precise abundances of nearly 30 elements1 from one
million stars and to use chemical tagging to identify dispersed stellar
clusters in the �eld of the disc and halo (for the initial motivating
papers, see Freeman & Bland-Hawthorn 2002; Bland-Hawthorn
et al. 2010). It relies on the assumption that although they may
disperse into di�erent regions of kinematic phase space, the stars
that form within a single cluster will continue to possess a common
and unique pattern of chemical abundances. Chemically tagging
the stars from many formation sites would enable us to unravel the
formation and evolutionary history of the Galaxy in a way that it is
not possible from their spatial, photometric, or kinematic properties.

Chemical tagging solely in abundance space is a challenging
task, and there is much discussion in the literature about the pro-
spects of the technique being successful (e.g., Ting et al. 2015; Bovy
2016; Hogg et al. 2016). The ultimate goal of GALAH is to perform
this chemical tagging without the recourse to other information �
i.e., kinematics � and so cases in which we can test for coherence in
both kinematics and chemical composition are an important step to-
ward that goal. Stars in streams and moving groups fall between the
extremes of stars still in their formation clusters and the majority of
disc stars that have entirely lost that original spatial and kinematic
coherence. They are a critical test set for chemical tagging since
their orbital similarities can provide a con�rmation of the shared
formation history which we would infer from their compositions.

Spectra obtained in the GALAH survey provide the radial ve-
locities of the stars, but we require full 6D (position, velocity) phase
space information about the stars to place these stars in streams and
moving groups. The ESAGaiamission (Prusti et al. 2016) provides
us with this. The �rst data release (Brown et al. 2016) was utilized
by a number of authors to identify potentially co-moving pairs and
groups of stars (Oh et al. 2017; Andrews et al. 2017; Oelkers et al.
2017). These studies have each adopted di�erent methods and goals
for their searches. The work for this paper was primarily performed
prior to the release ofGaiaDR2 (Brown et al. 2018), but we use its
parallaxes and proper motions.

We will focus on the pairs of stars identi�ed by Oh et al. (2017,
hereafter O17). These stars are all found within� 600 pc of the
Sun, which is where the errors in parallax found by the Tycho-
Gaia astrometric solution (TGAS; Michalik et al. 2015; Lindegren
et al. 2016) are small enough2 to permit a reliable determination
of distances and orbits. O17 used the TGAS data to identify over
13000 pairs of co-moving stars with separations less than 10 pc.
BecauseGaia DR1 did not contain radial velocity information for
the stars, they had to marginalize over the unknown 3D velocities
of the stars. In their method, each star can be paired with multiple
other stars, and many of the pairs they identi�ed were parts of
larger networks. Their analysis recovered several known clusters,
including the Pleiades, the Sco-Cen young stellar association, the
Hyades, and NGC 2632. However, most of their groups do not have

1 While measurements of nearly 30 elements are possible from spectra
obtained with HERMES, in GALAH DR2 we report abundances for 23
elements, and in this work consider only the abundances of 19 elements that
were present in our stars of interest.
2 Using the O17 de�nition of requiring the parallax signal-to-noise ratio
$ • � $ > 8.

a known counterpart in the literature, and many were isolated pairs
of stars.

Interestingly, by requiring that the proper motions of the stars
be highly similar, O17 might reject close binary star systems as
potential co-moving pairs. From the calculations of Andrews et al.
(2017), the semi-amplitude of the orbital velocity in the systems
would be> 5 km s� 1 for systems with separations< 15 AU. If a
signi�cant component of this motion were oriented in the plane of
the sky, it is easy to imagine that the two stars would appear to have
a relative proper motion too large to allow them to orbit together,
even though in truth they follow their common barycentre around
its orbit.

Further investigations of some of the pairs identi�ed by O17
has been done with low-resolution spectroscopy (Price-Whelan et al.
2017), infrared photometry (Bochanski et al. 2018), and for one pair,
high-resolution spectra (Oh et al. 2018, using results from Brewer
et al. 2016). Andrews et al. (2018b) found that their candidate wide
binary stars typically had very similar metallicity, using the pub-
lic catalogues from from the RAVE and LAMOST spectroscopic
surveys. However, LAMOST does not publish detailed abundances
based on their low-resolution spectra, and the abundance preci-
sion of the RAVE catalogue was not high enough to pursue further
chemical tagging.

Using data from the GALAH survey, we can expand on these
studies by adding critical information. Not only does high-resolution
spectroscopy provide radial velocities that allow complete orbital
calculations, GALAH also derives stellar parameters and elemental
abundances:Te� , logg, »Fe•H¼, and abundances for up to 23 ele-
ments. For these candidate co-moving pairs, which may be from
dissolving and disrupting clusters, we can evaluate whether they
have common origins with the aid of kinematic and chemical in-
formation.

Spectroscopic stellar parameters and abundances from the
GALAH survey make it possible for us to distinguish between di�er-
ent types of moving groups. There are known groups that are `true'
moving groups of stars, consisting of the disrupted remnants of old
clusters: e.g., HR 1614, Wolf 630 and the Argus moving groups
(De Silva et al. 2007; Bubar & King 2010; De Silva et al. 2013).
However, there are other groups (e.g., the Hercules group, Bensby
et al. 2007; Quillen et al. 2018) which have distinctly di�erent chem-
ical abundances and are on similar orbits as a result of dynamical
resonances within the Galaxy. Simply relying on kinematics would
identify that these are true groups of co-moving stars, but would not
provide a full picture of the chemodynamical history of the Galaxy.

This work is structured as follows: data reduction and abund-
ance analysis (Section 2); kinematic evaluation of the groups ob-
served by GALAH (Section 3); investigation of the abundance pat-
terns of the co-orbiting pairs (Section 4); and a discussion of the
intrinsic limits of and future prospects for chemical tagging (Section
5).

2 OBSERVATIONS AND SPECTRUM ANALYSIS

We make use of an internally released catalogue of a similar size
and composition to GALAH survey's second data release (GALAH
DR2; see the release paper: Buder et al. 2018) which maximized the
overlap between GALAH and O17. It is based upon spectra obtained
between 2014 January and 2018 January using the 3.9-metre Anglo-
Australian Telescope with the HERMES spectrograph (Sheinis et al.
2015) and the Two-Degree Field (2dF) top-end (Lewis et al. 2002).
2dF allows for the concurrent acquisition of up to� 360science tar-
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gets per exposure. HERMES simultaneously acquires spectra using
four independent cameras with non-contiguous wavelength cover-
age totalling� 1000Å at a spectral resolving power ofR � 28; 000.
Its �xed wavelength bands are 4715�4900 Å, 5649�5873 Å, 6478�
6737 Å, and 7585�7887 Å. For details on the observing procedures
see Martell et al. (2017) and Buder et al. (2018). The spectra were
reduced using aniraf -based pipeline that was developed speci�c-
ally for GALAH and optimized for speed, accuracy, and consistency.
We direct the reader to Kos et al. (2017) for a detailed description
of the reduction procedure.

The GALAH stellar parameter and abundance pipeline de-
scription can be found in Buder et al. (2018). Brie�y, the pipeline
uses a two-step process. In the �rst step, spectra with high signal-
to-noise are identi�ed and analyzed with the spectrum synthesis
code Spectroscopy Made Easy (SME; Valenti & Piskunov 1996;
Piskunov & Valenti 2017) to determine the stellar labels (Te� , logg,
»Fe•H¼, vmic, v sini , vrad, and [X/Fe]). This training set includes the
Gaiabenchmark stars, globular and open cluster stars, and stars with
accurate asteroseismic surface gravity from K2 Campaign 1 (Stello
et al. 2017). In the second step,The Cannon(Ness et al. 2015) learns
the training set labels from SME and builds a quadratic model at
each pixel of the normalized spectrum as a function of the labels.
Abundance estimates are then generated fromThe Cannonmodel.

Overall, the GALAH release used in this work contains a total
of 365,516 stars with up to 23 elemental abundances per star. For a
minority of stars, the label results fromThe Cannonare not reliable:
the label result could be too far from the training set, the� 2 between
the observed spectrum and the spectrum calculated byThe Cannon
could be too large, or the spectra could have been classi�ed by t-
SNE (for details on the application of t-SNE to GALAH spectra see
Traven et al. 2017) as having problems. In addition, the individual
elemental abundance can be �agged for similar reasons via the
flag_x_fe . In this work, we only use abundance values for which
flag_x_fe is zero, which means that the particular abundance is
likely to be reliable.

3 CO-MOVING GROUPS IN GALAH

O17 identi�ed 10,606 stars to be in non-exclusive co-moving pairs
or groups3. Unfortunately, only 117 of these stars are found in the
GALAH catalogue, and only 15 pairs had both stars observed (i.e.,
30 stars). Table 1 lists the stellar parameters, photometry and orbital
parameters for the 15 pairs. This very small overlap is the result of
two selection e�ects within GALAH. First, the majority of stars in
GALAH are found in the magnitude range12 < V < 14, with a
smaller number of stars up toV = 9, while TGAS (used by O17) is
predominantlyG < 11. This means that most of the O17 stars are
brighter than GALAH's magnitude range. Second, GALAH only
observes stars with� 80� < � < +10� and10� < jbj . 50� .

Our �rst step in evaluating whether the possible O17 pairs are
truly co-moving was to integrate their orbits around the Galaxy. For
each star the covariance matrix was constructed from the reported
errors and covariances inGaia DR2, and then 100 samples were
drawn usingnumpy.random.multivariate_normal to give the
RA, Dec, the inverse parallax, proper motions in RA and Dec,
and the radial velocity¹�; �; r � ; � � cos�; � � ; vr º. It is important
to consider the uncertainties of these values as it is not intuitive
how a large uncertainty in one parameter will impact the orbit,

3 Group numbers referred to in this work are theGroupcolumn of O17.

especially as we are taking the projected velocities on the sky.
An orbit was computed for each sample usinggalpy (http://
github.com/jobovy/galpy ; Bovy 2015, version 1.3) with the
recommended Milky-Way-likeMWPotential2014 potential, and
the Solar motion de�ned by Schönrich et al. (2010). The orbits were
integrated forward in time for 500 Myr with 0.5 Myr resolution. Note
that these orbital integrations do not take into account the mutual
gravitational attraction of the pairs.

We show projections of 100 orbit samples for each star of each
pair in Figures 1, 2, 3. Each star in each pair is plotted in a di�erent
colour. For each star we show the radial velocities of the stars in the
pair relative to the mean versus the distances of the stars in the group
relative to the mean; the integrated orbits projected into the Galactic
X-Y plane; and the orbits in the R-Z plane. In the orbit panels, the
current position of each star is shown with a black dot, and the �rst
15 Myr of its orbit is shown with a black line, to indicate the direction
of motion. In Table 1 we give the eccentricity, maximum vertical
height, perigalacticon, and apogalacticon for these orbits. In most
cases the uncertainties and covariances of the input parameters do
not manifest as very uncertain orbits. The counter-example is Pair
4512 which has a large uncertainty in the stellar distances, which
causes a range of possible future orbits. It is important to consider
the uncertainties and covariances of the input parameters as it is not
intuitive how a large uncertainty in a given parameter will impact
the orbit.

The thin disc is dynamically fairly cold; that is, the velocity
dispersion in the (U,V,W) velocity space is not very large, and
the orbits of individual stars tend to have low eccentricity and be
con�ned to the plane of the disc (e.g., Edvardsson et al. 1993; Pasetto
et al. 2012). This introduces the possibility that stars might be close
to each other and co-orbiting without having formed together. To
better understand how random, but spatially close, pairs of stars
look in ¹U; V; Wº space, we carry out a simple experiment within
the GALAH dataset (Table 2). We identi�ed 5755 pairs of stars in
GALAH within 600 pc of the Sun, for which each star has only one
other star within 10 pc (i.e., not in clusters or large associations), and
calculate� ¹U; V; Wº, the Cartesian distance between the velocities
of the two stars. Figure 4 shows the distributions of� ¹U; V; Wº with
the values for the co-orbiting stars overplotted. In Table 2 we give
the spatial and observed kinematic di�erences between each of the
pairs.

For the random pairs, the peak of the� ¹U; V; Wº is about
40 km s� 1. The pairs of stars we consider from O17 tend to have
lower � ¹U; V; Wº than the bulk of the random pairs. This is not
surprising; our selection of the random pairs only required them to
be spatially close, while the O17 pairs were both spatially close and
similar in proper motion. Four of the 15 pairs have large� ¹U; V; Wº,
at values like the peak of the distribution of� ¹U; V; Wº for the
random pairs. These four pairs (271, 3027, 3560 and 3959, shown in
Figure 1) have the largest radial velocity di�erences, withj� RVj >
24 km s� 1. Their integrated orbits show that within these pairs,
the stars have widely di�erent inclinations or eccentricities. We,
therefore, conclude that the apparent association in proper motion
of the stars in these four groups is coincidental.

For the other 11 pairs (Figures 1, 2, 3), we �nd that some do
appear very likely to be co-moving pairs. The di�erence in radial
velocity for all of these pairs is< 7:7 km s� 1, and in four cases is
< 1:0 km s� 1. These four pairs (Figure 3) we consider to be the most
likely to be co-moving. The orbits of the stars in the pairs with the
largest relative radial velocity do diverge in the R-Z plane (Figure 2),
especially pairs 4512 and 1223, so although they have similar orbits
now they may not remain associated in the future. Andrews et al.
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Table 1. The stellar parameters and orbital characteristics of the 15 pairs. The stellar parameters are given for stars withflag_cannon == 0 (i.e., they are
not believed to be unreliable). For each star, 1000 random samples of the 6D information of the stars taking account their uncertainties and covariances were
created and thengalpy used to integrate the orbit to �nd the median eccentricity,zmax, perigalacticon, and apogalacticon of the orbit. The uncertainties are the
5th and 95 percentiles of the distributions. The ordering is the same as in Table 2, namely increasing� ¹U; V; Wº.

Group sobject_id Te� logg »Fe•H¼ G GBP � GRP e zmax peri apo
(K) (pc) (kpc) (kpc)

3410 160813001601030 6106� 55 4:28� 0:15 � 0:47� 0:07 10.98 0.73 0:07� 0:00 29� 1 7:15� 0:01 8:31� 0:01
3410 160813001601029 5664� 73 4:49� 0:18 � 0:36� 0:08 11.86 0.86 0:07� 0:00 28� 1 7:17� 0:02 8:32� 0:01

3612 150211003701379 5533� 67 4:55� 0:17 +0:23� 0:08 12.02 0.95 0:12� 0:00 87� 1 6:81� 0:01 8:70� 0:02
3612 150211003701380 5371� 61 4:51� 0:16 +0:23� 0:07 12.36 1.01 0:12� 0:00 89� 1 6:79� 0:02 8:66� 0:03

3 160125004501147 10.26 1.13 0:05� 0:00 48� 0 7:12� 0:02 7:95� 0:00
3 160130006301220 9.79 1.01 0:06� 0:00 52� 1 7:10� 0:03 7:95� 0:00

237 170615003401085 9.78 0.440:05� 0:00 123� 2 7:16� 0:02 7:89� 0:01
237 160817001601245 9.22 0.270:05� 0:02 136� 17 7:21� 0:25 7:90� 0:05

987 170516000601281 6056� 51 4:16� 0:14 � 0:31� 0:06 10.50 0.69 0:13� 0:00 284� 2 6:78� 0:03 8:89� 0:03
987 170516000601016 6130� 52 4:18� 0:14 � 0:22� 0:06 10.49 0.68 0:12� 0:00 287� 10 7:14� 0:06 9:06� 0:04

40 170711001501145 6387� 18 4:13� 0:06 � 0:19� 0:02 9.09 0.60 0:06� 0:00 57� 1 7:11� 0:02 7:95� 0:01
40 150706001601135 9.66 1.01 0:04� 0:01 59� 4 7:41� 0:16 8:01� 0:02

1313 170615003401071 5568� 63 4:07� 0:17 +0:30� 0:08 11.62 0.96 0:11� 0:00 206� 4 6:42� 0:03 8:00� 0:00
1313 160815002101306 6219� 61 4:09� 0:16 � 0:26� 0:07 10.94 0.71 0:10� 0:00 168� 6 6:44� 0:03 7:89� 0:01

3496 160611003101049 6137� 54 4:29� 0:15 � 0:02� 0:07 9.74 0.68 0:04� 0:00 128� 1 7:36� 0:02 8:05� 0:00
3496 160611003101279 5190� 90 4:54� 0:20 +0:29� 0:09 11.60 1.08 0:05� 0:00 124� 1 7:15� 0:02 7:91� 0:00

1220 150703001601389 5733� 60 4:49� 0:16 +0:11� 0:07 10.95 0.93 0:12� 0:00 42� 2 6:79� 0:02 8:72� 0:01
1220 170712001601389 5988� 57 4:42� 0:15 � 0:17� 0:07 10.73 0.82 0:15� 0:00 34� 2 6:65� 0:04 9:06� 0:02

1223 170712001601319 5848� 55 4:21� 0:15 � 0:19� 0:07 10.28 0.80 0:18� 0:00 56� 2 6:41� 0:03 9:18� 0:02
1223 150703001601348 5791� 65 4:34� 0:17 +0:02� 0:08 10.64 0.96 0:16� 0:00 79� 3 7:16� 0:05 9:83� 0:02

4512 161009002601246 5770� 44 4:30� 0:12 +0:09� 0:05 12.18 0.82 0:20� 0:01 283� 56 5:64� 0:06 8:44� 0:01
4512 161009002601314 5599� 49 4:09� 0:13 +0:29� 0:06 11.92 0.89 0:18� 0:00 254� 20 5:99� 0:04 8:55� 0:01

3959 170531001901267 5899� 58 4:22� 0:16 +0:16� 0:07 11.02 0.85 0:19� 0:00 137� 1 6:23� 0:03 9:16� 0:02
3959 160524002101209 5814� 59 4:47� 0:16 � 0:11� 0:07 11.45 0.89 0:21� 0:00 208� 2 5:60� 0:03 8:52� 0:02

3560 170513004901374 5293� 61 4:37� 0:16 � 0:09� 0:07 11.12 1.00 0:21� 0:01 18� 4 5:60� 0:10 8:53� 0:01
3560 170615003901348 5138� 67 4:48� 0:17 +0:35� 0:08 11.31 1.09 0:24� 0:00 75� 2 5:69� 0:02 9:33� 0:02

271 160423002201186 6053� 43 4:23� 0:12 � 0:04� 0:05 10.77 0.72 0:19� 0:00 73� 1 5:73� 0:02 8:41� 0:01
271 160522002101256 5581� 61 4:36� 0:16 +0:14� 0:07 11.64 0.93 0:13� 0:00 116� 3 7:39� 0:04 9:50� 0:03

3027 160513001101131 5798� 52 4:50� 0:14 +0:08� 0:06 11.25 0.85 0:09� 0:00 129� 1 7:23� 0:04 8:68� 0:01
3027 160513001101351 5358� 63 4:52� 0:17 +0:02� 0:08 11.84 1.00 0:14� 0:00 252� 1 5:96� 0:01 7:93� 0:00

Table 2.Di�erences in position and velocities of 15 pairs of stars found in GALAH that were identi�ed in O17. The values are the median, and the 5th and 95
percentiles of 10000 random samples of the 6D information of the stars taking account their uncertainties and covariances inGaia DR2. The pairs are sorted
by the� ¹U; V; Wº di�erence of the pair. Pairs above the line have lower� ¹U; V; Wº and are potentially co-orbiting pairs, while below the line are likely not.
All but one has a physical separation greater than 3.1 pc.

Pair ID ang sep (arcmin) separation (pc)� ¹vr º (km/s) � ¹U º (km/s) � ¹V º (km/s) � ¹Wº (km/s) � ¹U; V; Wº

3410 1 3:1+3:3
� 2:7 0:1 � 0:4 � 0:1 � 0:4 � 0:2 � 0:3 � 0:5 � 0:2 0:6 � 0:2

3612 3 1:5+2:8
� 1:2 0:6 � 0:4 � 0:1 � 0:8 0:5 � 0:4 � 0:3 � 0:2 0:8 � 0:5

3 110 4:2+0:8
� 0:4 0:1 � 0:6 � 0:9 � 0:3 0:1 � 0:5 � 0:8 � 0:2 1:3 � 0:4

237 88 8:6+5:0
� 2:1 0:8 � 4:9 � 0:3 � 3:6 � 0:8 � 3:1 � 0:4 � 1:2 2:2 � 3:6

987 51 9:6+2:8
� 2:7 3:9 � 0:5 0:1 � 0:9 � 2:9 � 0:5 � 0:9 � 0:2 3:1 � 0:5

40 185 16:4+2:2
� 2:1 1:7 � 2:8 � 1:0 � 1:8 � 4:7 � 2:1 � 0:7 � 0:6 4:9 � 2:0

1313 44 7:9+4:5
� 3:7 5:4 � 0:3 � 4:4 � 0:6 1:9 � 0:6 2:3 � 0:2 5:4 � 0:4

3496 69 3:2+1:1
� 0:2 6:9 � 0:3 � 5:3 � 0:3 5:2 � 0:4 0:0 � 0:1 7:4 � 0:3

1220 112 14:8+1:8
� 1:7 7:7 � 0:3 10:0 � 0:6 0:4 � 0:4 � 0:7 � 0:2 10:1 � 0:6

1223 111 29:2+2:1
� 2:0 6:6 � 0:4 10:9 � 0:8 � 3:5 � 0:6 3:7 � 0:3 12:0 � 0:7

4512 46 13:8+10:6
� 8:6 5:3 � 0:4 � 1:4 � 1:2 � 6:9 � 1:1 � 11:1 � 1:5 13:1 � 2:0

3959 101 7:8+2:3
� 0:4 25:8 � 0:4 � 11:0 � 1:7 20:9 � 0:8 � 5:1 � 0:2 24:2 � 0:5

3560 172 6:9+0:7
� 0:1 24:2 � 0:4 21:1 � 0:8 � 16:3 � 1:1 � 6:3 � 0:3 27:4 � 0:5

271 86 6:9+2:3
� 1:0 31:5 � 0:4 11:1 � 0:9 � 31:4 � 0:5 5:6 � 0:3 33:8 � 0:5

3027 48 25:8+3:1
� 3:0 40:1 � 0:4 � 28:2 � 0:6 30:1 � 0:5 � 8:4 � 0:1 42:1 � 0:4
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Figure 1. Projections of the orbits of the �ve pairs with the largest radial velocity di�erence. For each star, 100 versions of its orbit are shown where the input
parameters were drawn from a multivariate normal distribution which took into account the covariances between the parameters and their uncertainties. The
top row shows the relative radial velocities of and separations between the stars in each O17 pair; the second row is the projections of their Galactic orbits in
the X-Y; and the third row is their R-Z planes. On the orbit plots, a black dot indicates the current median position of the stars and the black lines show the
median direction of motion. In all cases, the orbit integrations are consistent with none of these pairs being co-moving about the Galaxy.

(2018b) predicts, and Andrews et al. (2018a) demonstrates, that the
majority of apparent co-moving pairs in TGAS with separations
larger than 0.2 pc are not truly co-orbiting. All of the potentially
co-moving pairs in this study have separations larger than that limit.
While we �nd that a minority of the 15 pairs we consider are not
co-orbiting, this is a small enough data set that we cannot strongly
support or contradict the 0.2 pc limit described by Andrews et al.
(2018b). In all cases, more detailed orbit integrations (i.e., more
realistic potential, considering the gravitational interaction between
the stars) would provide a more conclusive answer to whether these
stars will continue to orbit together. While we are considering only
a small subset of the O17 sample, it is clear that full 6D velocity
con�rmation is necessary before drawing larger conclusions about
cluster dissolution or disc substructure from the reported co-moving
pairs.

3.1 Similarity in stellar parameters, photometry and spectra

In several of the co-orbiting pairs, the stars have similar magnitudes
and colours (which are given in Table 1). Since they were selected
to have similar distances from the Sun, we expect that their stellar
parameters should also be close. Figure 5 shows the (absoluteG,
GBP � GRP) colour-magnitude diagram for all GALAH stars within
600 pc of the Sun. The low� ¹U; V; Wº pairs are highlighted as larger
orange dots and the four kinematically dissimilar pairs as larger
blue dots, and each pair is connected with a line. Unsurprisingly
for apparently bright stars located relatively nearby, the stars in the
pairs tend to be on the main sequence. There is one pair that contains
a potential subgiant (Pair 40). Rather than stellar twins, almost all
of the pairs consist of a brighter, hotter star with a fainter, cooler
�companion�. This is consistent with the pairs of stars being the
same age and di�ering slightly in mass, but it is not conclusive,
since a) the majority of stars within 600 pc of the Sun are main-
sequence stars, so randomly assigned pairs would tend to behave
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Figure 2. Same as Figure 1 but for �ve pairs of stars with smaller radial velocity di�erences. One star of Pair 40 has a large uncertainty in its radial velocity.
This manifests in the orbit integrations as a larger uncertainty in its perigalaticon than for most other stars considered (Table 1).

in this same way, and b) the kinematically dissimilar pairs show
similar arrangements.

There are three pairs for which we can evaluate ages slightly
more precisely: groups 237, 3, and 40. Group 237 is the most lu-
minous main-sequence pair in our data set, and given the shorter
main sequence lifetimes for higher-mass stars, the stars in this group
must be closer in age than the other pairs. Comparison with a solar
metallicity MIST isochrone (Dotter 2016; Choi et al. 2016; Paxton
et al. 2011, 2013, 2015) returns a maximum age for the brighter star
in group 237 of about 800 Myr.

Meanwhile, the stars from Group 3 are distinctly redder than
most of the other pairs for their luminosity. These stars are members
of the Sco-Cen OB association and their main sequence is brighter
at redder colours than the bulk of the stars in our sample because
of their young age. Isochrone �ts yields an age of about 10 Myr for
this pair, which is consistent with age estimates for the association
(e.g., Pecaut et al. 2012). It is likely that they are pre-main sequence
stars, so it is unsurprising thatThe Cannon, which was not trained
for that evolutionary stage, has not returned reliable parameters for
either star.

Group 40 has one main-sequence member and one apparent
subgiant member, but it was not possible to �t a single isochrone to
both stars. The subgiant star is faint enough that it must have lower
mass and higher age than the main sequence star, even though they
are likely co-orbiting. Unfortunately, we only have reliable label
�ags for the main-sequence star, so cannot con�rm this with stellar
parameters and abundances.

In some cases, the stars are similar enough that a direct com-
parison of the spectra is a su�cient demonstration of highly similar
abundance patterns (similar to what was shown in Bovy 2016).
The stellar parameters derived for the two stars in group 3612 are
practically identical. Their full spectra are shown in Figure 6, and
small cut-outs of spectral regions used for the abundance determin-
ation in Figure 7. The spectra of the two stars are remarkably alike,
which, together with the matching parameters, indicates that the two
stars must have quite similar abundance patterns. Deriving stellar
parameters and abundances for two stars that are clearly so similar
in their observational properties is a good basic veri�cation of the
GALAH analysis process. This is explored in the next section.
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Figure 3. Same as Figure 1 but for �ve pairs of stars with smallest radial velocity di�erences. One star of Pair 237 has a large RV uncertainty (as for one star
of Pair 40; Figure 2). For Pairs 3410, 3612, 3 and 237, these orbit integrations provide good evidence that they are truly co-orbiting the Galaxy.

4 ABUNDANCE BEHAVIOUR IN CO-ORBITING PAIRS

The chemical homogeneity of stars that form in the same environ-
ment at the same time is an axiom of star formation; considering
gas clouds that will collapse to form stars, Feng & Krumholz (2014)
showed that turbulent mixing is highly e�ective at homogenising the
composition of higher-mass clouds. Lower-mass clouds and star-
forming clouds in regions with a lower star formation e�ciency
may potentially be less well-mixed, but they are not as well studied.
However, when abundances of stars in open clusters are measured
at very high precision, there are clear inhomogeneities. Using high-
precision di�erential abundances measured from very high-quality
spectra of stars in the Hyades, Liu et al. (2016) found that there are
star-to-star abundance variations on the order of 0.02 dex and that
most of the elemental abundances in each star are correlated to each
other.

We expect, therefore, to see a baseline of homogeneity for stars
that formed together, to within the precision of the GALAH abund-
ances (� 0:1 dex) and we do not expect this for stars co-orbiting
due to dynamical e�ects (like stars in the Hercules stream, which
are co-orbiting as a result of resonance with the Galactic bar). How-

ever, it is important to remember that there are reasons that co-natal,
co-eval stars might have mismatched abundances, e.g., atomic dif-
fusion (e.g., Dotter et al. 2017), planet formation (e.g., Meléndez
et al. 2009), and binary mass transfer (e.g., Hansen et al. 2015), all
of which a�ect a particular set of elemental abundances during par-
ticular evolutionary phases. As one example of mismatched but po-
tentially co-natal stars, Oh et al. (2018) used archival Keck/HIRES
spectra for pair 1199 from O17, and found that the two stars have
very similar 3D velocities, and are consistent with having similar
ages. However, they found that one star is enhanced by 0.2 dex
in refractory elements and by 0.05�0.10 dex in volatile elements
relative to the other star. They interpret this pair of stars as hav-
ing formed together, with the relatively enhanced star having later
accreted rocky material, presumably following the formation of a
planetary system.

In 12 of the 15 pairs, both stars haveflag_cannon = 0, mean-
ing that their stellar labels have no evidence for being untrustworthy
(unfortunately the missing three are some of most kinematically
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