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ABSTRACT

We identify a halo substructure in the Tycho Gaia Astrometric Solution (TGAS) data set,
cross-matched with the Radial Velocity Experiment (RAVE-on) data release. After quality
cuts, the stars with large radial action (Jz > 800kms~! kpc) are extracted. A subset of these
stars is clustered in longitude and velocity and can be selected with further cuts. The 14 stars
are centred on (X, Y, Z) & (9.0, —1.0, —0.6) kpc and form a coherently moving structure in the
halo with median (vg, vy, v;) = (167.33, 0.86, —94.85) km sL. They are all metal-poor giants
with median [Fe/H] = —0.83. To guard against the effects of distance errors, we compute
spectrophotometric distances for 8 out of the 14 stars where this is possible. We find that six
of the stars are still comoving. These six stars also have a much tighter [Fe/H] distribution
~—0.7 with one exception ([Fe/H] = —2.12). We conclude that the existence of the comoving
cluster is stable against changes in distance estimation and conjecture that this is the dissolving

remnant of a globular cluster accreted long ago.
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1 INTRODUCTION

Over the last decade, many streams have been identified in the
stellar halo of the Milky Way, usually as overdensities of main-
sequence turn-off stars in resolved star maps from wide area photo-
metric surveys (see e.g. Belokurov et al. 2006; Grillmair 2009;
Newberg & Carlin 2015). An alternative method is to identify
substructure kinematically as samples of stars with similar chem-
istry moving in a distinct and coherent way. Though less widely
used, this has had some striking successes, including the famous
identification of the Sagittarius dwarf (Ibata, Gilmore & Irwin
1994), the halo stream found by Helmi et al. (1999) in Hipparcos
data and the globular cluster streams found by Smith et al. (2009)
in Sloan Digital Survey Stripe 82 data.

The first data release (DR1) of the Gaia satellite (Gaia
Collaboration 2016a,b) provides us with a new vista of the solar
neighbourhood. The primary astrometric catalogue in Gaia DR1 is
TGAS (Tycho Gaia Astrometric Solution), which uses data from
Tycho-2 (Hgg et al. 2000) to provide a 30-year baseline for astro-
metric calculations. It has 2057 050 entries. When cross-matched
with the Radial Velocity Experiment (RAVE-on; Casey et al. 2016;
Kunder et al. 2017). This gives a catalogue of 180 929 stars with full
six-dimensional phase-space information, as well as associated stel-
lar spectral quantities. TGAS cross-matches are also possible with
LAMOST (Luo et al. 2015) and APOGEE (Anders et al. 2014),
though they are somewhat smaller in size with 78 579 and 12061
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entries, respectively. Not all the entries in the three cross-matched
catalogues are distinct. When stars overlap in the surveys, we take
the data with the smallest relative error in radial velocity. This yields
a final master catalogue of 268 588 stars where the RAVE-on con-
tribution is 180 454 stars. The master catalogue is a natural arena in
which to search for kinematic substructure.

This Letter identifies a group of stars moving on strongly radial
orbits in the TGAS cross-matched master catalogue. The stars have
similar metallicities, and the simplest explanation of their unusual
kinematics is that they are the residue of an ancient halo structure.
Section 2 describes our treatment of the data and extraction of the
substructure stars. Section 3 discusses the selected stars, together
with estimates for the age and future evolution of the substructure.

2 EXTRACTION OF THE MEMBER STARS

First, the proper motions are converted into velocities using the
unbiased, inferred distance estimates of Astraatmadja & Bailer-
Jones (2016). To ensure a high-quality sample, we impose a cut
that the error in the radial velocity egy < 10km s~!, the error in
the total velocity ey < 25km s~ and the relative error in the
total velocity is <10 percent. This reduces the sample to 73268
stars (66 891 using the RAVE-on measurements, and the remainder
from LAMOST and APOGEE). We now use the Galactic potential
MWPotential2014 in Bovy (2015) to compute the radial and
azimuthal actions (Jr and Jy, using the adiabatic approximation;
e.g. Binney 2010). The bulk of the stars are moving on nearly
circular orbits in the thin disc. None the less, there are extensions of
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Figure 1. Left-hand panel: The spatial structure of the 56 stars satisfying the quality cuts and with Jg > 800kms~! kpc. Stars are colour-coded according to
metallicity if known, whilst the arrow indicates the magnitude and direction of the spatial velocity. There is a clear clustering of stars at (X, Y, Z) ~ (9.0, —1.0,
—0.6) kpc, which have radial motion dominating their total velocity. The 14 stars that may belong to the comoving cluster are shown as circles or squares, while
the remainder are shown as triangles. Right-hand panel: Using spectrophotometric distances, the 14 candidate members are re-examined. Five stars (circles) are
retained as confirmed members as both their distances and metallicities are similar. Of the remaining nine stars, six do not have spectrophotometric distances.
However, two are not comoving according to the new distances, whilst one is comoving but has markedly different metallicity. These three objects are marked

with squares. Finally, the Sun is marked on both plots as a star.

stars in the high-action regime, which are predominantly metal-poor
and are moving on eccentric orbits.

We retain only stars with a radial action Jz > 800kms~' kpc.
This cut leaves us with 56 stars moving on predominantly eccentric
orbits (41 are from the RAVE-on cross-match and 15 from the other
cross-matches). Fig. 1 shows the spatial distribution of all these
stars, colour-coded according to metallicity (if known), with arrows
representing their velocity vectors. The existence of a comoving
cohort of stars at (X, Y, Z) =~ (9.0, —1.0, —0.6) kpc is evident.
This is confirmed by a visual inspection of histograms of velocity
components resolved with respect to the cylindrical polar coordi-
nate (Vg, Vg4, v;), which betrays clear peaks corresponding to the
comoving clump. To formalize their extraction, we perform 2.5¢
clipping based on vg, vy, v, and orientation angle W, individually.
Here, ¥ = arctan(—V/U), where U and V are the Galactocentric
Cartesian velocity components along the X and Y directions. So, W
is the angle of the star’s motion in the Galactic plane. Then, only
those stars falling within the range of the median £2.50 (measured
after the clipping) are retained. This process is repeated until no
further stars are rejected. This leaves a set of 14 stars possibly be-
longing to a comoving clump with strongly radial orbits. They are
shown as circles or squares in the left-hand panel of Fig. 1, colour-
coded according to metallicity. All these stars lie in the TGAS and
RAVE-on cross-match.

For this set of 14 stars, we measured the median and o (standard
deviation) in each (U, V, W) component. To ensure that no possi-
ble members had been missed, we returned to the original sample
of 73268 and searched for all stars in the (U, V, W) velocity box
bounded by the median +2¢ in each velocity component. This cov-
ers a comparable but wider range than the ‘minimum to maximum’
range in each velocity component of the 14 initial stars, so it is wide
enough to contain our initial sample and any others that may have
some comparable motion. However, no further stars are identified
as possible members.

Astraatmadja & Bailer-Jones (2016) used a prior suitable for
nearby disc stars, and they caution that their distances may be un-
derestimates when objects lie beyond 2 kpc from the Sun. Our
comoving candidates have heliocentric distance ~1.8 kpc, so it
is prudent to cross-check our candidates with another different

Table 1. RAVE identifiers, as well as right ascension and
declination, for the five confirmed members.

RAVE ID RA Dec.

J063314.9-284345 98.312 —28.729
J062653.3—355032 96.722 —35.842
J052906.3—-240844 82.276 —24.145
J050209.4—-235127 75.539 —23.858
J050519.6—264950 76.332 —26.831

distance estimator. There are eight RAVE-on stars among our can-
didates that satisfy recommendations advocated by Casey et al.
(2016); namely, they have teff_sparv < 8000 K, the RAVE
spectral parameters cj, ¢, ¢3 reported as ‘n’ or normal, and a re-
duced x? < 3 as recorded by ‘the Cannon’ pipeline. For these stars,
we can use the technique pioneered by Burnett & Binney (2010) to
compute the spectrophotometric distance distribution folded with
the TGAS parallax distribution for each star. Specifically, we use the
PARSEC isochrones (Bressan et al. 2012) and the extinction map
of Green et al. (2015) to obtain the probability distribution func-
tion of the distance, given the spectroscopic parameters (7, log g,
[Fe/H]), apparent 2MASS magnitudes (J, H and K;) and the TGAS
parallaxes along with their associated uncertainties (or covariances
where available). We adopt an identical prior to that used in Binney
et al. (2014). The right-hand panel of Fig. 1 shows the new view
of the comoving candidates, Of the eight stars with spectrophoto-
metric distances, five have a common velocity and metallicity. We
regard these as confirmed members, and they are shown as circles.
Their RAVE identifiers, as well as right ascensions and declina-
tion, are given in Table 1. There are three remaining stars, two of
which are no longer comoving, and one of which is comoving but
has a discrepant metallicity. We regard these as merely possible
members, pending confirmation of the distance or metallicity, and
they are shown as squares. In other words, we have five confirmed
members and nine possible members, including the stars without
spectrophotometric distances.

In the panels of Fig. 2, the circles and squares show our se-
lected clump or comoving group, while the triangles are the re-

jected stars (but still possessing egy < 10kms™!, eyio; < 25kms™!,
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Figure 2. Locations of the 56 high-quality stars with Jz > 800kms~! kpc in the Galactic (X, ¥) and (¥, Z) planes using the Astraatmadja & Bailer-Jones
(2016) distances. Circles (five confirmed members) and squares (nine possibles) show stars associated with the comoving clump, whilst triangles show the
rejected stars. Symbols are coloured according to the radial velocity (upper panels) or vertical velocity (lower panels). The colours of the symbols show that

the stars of interest have quite similar velocities, both vertical and radial.

relative velocity error <10 percent and J; > 800kms~' kpc).
The stars are colour-coded according to their radial and verti-
cal velocities, so a coherent group stands out as a clump of ob-
jects with similar colouring. The significance of the comoving
group above the background level can be measured in Galacto-
centric (X, Y), (X, Z) and (Y, Z) planes. The number of stars
(with egy < 10kms™!, eyt < 25kms™!, relative velocity error
<10 percent and Jz > 800kms~! kpc) in the comoving group re-
gion (drawn as an aperture that encloses the group) was compared
with the number of stars in other regions (representing the back-
ground level) across the plane. The significance of the comoving
group above the background level is 3.20, 7.20 and 4.80 for the
Galactocentric (X, Y), (X, Z) and (Y, Z) planes, respectively.

The comoving sample of 14 stars has median position (X, Y,
Z) = (9.00, —0.94, —0.62) kpc and velocity (vg, v4, v;) = (167.33,
0.86, —94.85)kms~! in the Galactic rest frame. By integrating
orbits in potential MWPotential2014 from Bovy (2015), we
obtain a median apocentric distance of ~13 kpc and pericentric
distance of ~0.4 kpc for stars in the clump. The high eccentricity
(median e = 0.940) and low apocentric distances suggest that the
clump may be the relic of an object that fell into the halo long ago and
whose apocentric distance had been reduced by dynamical friction
over a number of pericentric passages. These values are recorded in
Table 2, where we also give the corresponding figures if the sample
is restricted to just the five stars with confirmed membership.

Fig. 3 shows the spectroscopic properties of the stars. They are
all metal-poor giants with median [Fe/H] = —0.83. By conducting
a Kolmogorov—Smirnov test, we can verify that the metallicities are

not consistent with being drawn from the thin disc (D = 0.944).
This is illustrated in the inset to the figure. The medians and median
absolute deviations in the spectroscopic quantities are also noted in
Table 2. As the stars in the comoving clump are exclusively drawn
from the RAVE survey, an immediate concern is that the footprint
of the survey may affect the results. The RAVE footprint and the
comoving clump are shown in Galactic coordinates in Fig. 4. The
positions of the 14 stars are marked in red. The distribution of
circles (confirmed members) is suggestive of a stream moving from
upper left-hand side to lower right-hand side. The three squares
(possibles) at (£ = 245°, b &~ —40°) then lie ~300 pc off the stream.
This also hints that these three stars are less likely to be members
of the structure. However, this is not conclusive as it is conceivable
that a globular cluster stream could broaden over time. Note that the
substructure does extend towards the edge of the RAVE footprint,
and so it is conceivable that it may be larger than is apparent from
the TGAS and RAVE cross-match.

3 DISCUSSION AND CONCLUSIONS

Using cross-matches of TGAS with RAVE-on, we have extracted a
sample of 14 stars with unusual kinematics. The stars are all moving
on strongly radial orbits and are clumped at (X, ¥, Z) =~ (9.0, —1.0,
—0.6) kpc. The median eccentricity of the stars is 0.940.

We checked that this comoving group is resilient against distance
errors. For 8 out of the 14 stars, it is possible to calculate spectropho-
tometric distances using the methods of Burnett & Binney (2010).
Six of the stars still show a comoving trend. These six stars also
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Table 2. Upper: the medians and median absolute deviations in spectroscopic and orbital properties of all 14 possible stars in the comoving group. Lower:
the same, but for the subset of five stars that are unambiguous members. In this case, the velocities and orbital parameters are given first using Astraatmadja &
Bailer-Jones (2016) distances, and then using spectrophotometric distances.

[Fe/H] logg Tetr X, Y,2) (VR> Vg V2) e Rapo Rperi Zmax

X) (kpe) (kms™h (kpe)  (kpc)  (kpc)

Median —0.83 1.93 4662 (9.00, —0.94, —0.62) (167.33, 0.86, —94.85) 0.940 12.79 0.40 3.50
Median absolute deviation 0.28 0.74 355 (0.15,0.21, 0.18) (21.47, 10.18, 30.67) 0.017 1.55 0.11 1.45
Median —0.70 2.11 4662 (9.06, —0.94, —0.66) (167.33, 8.79, —94.86) 0.948 12.31 0.40 3.50
(9.13, —0.90, —0.53) (168.57, 11.24, —72.96) 0.947 12.02 0.29 4.50

Median absolute deviation 0.10 0.27 268 (0.14,0.21, 0.17) (44.35, 8.11, 27.22) 0.011 1.98 0.13 1.69
(0.21, 0.37, 0.25) (52.23, 1.38,7.13) 0.006 1.92 0.08 2.65
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Figure 3. Surface gravity versus effective temperature for all stars in the
master catalogue with spectroscopic parameters. The 11 comoving stars with
known metallicity are shown as circles (confirmed members) or squares
(possibles), while the remainder as triangles. The location of the Sun is
shown as a star for reference. The inset shows the normalized cumulative
histogram of [Fe/H] for the five secure comoving stars (in blue) and for the
thin disc (in green). The D value for the Kolmogorov—Smirnov test indicates
that the two distributions are very different.

b (deg)

Figure 4. The RAVE footprint in Galactic coordinates. The 14 comoving
clump stars are shown as circles (confirmed members) or squares (possibles).
As the edge of the footprint abuts the clump, there may be an extension of
the substructure that is currently missing.

have a much tighter [Fe/H] distribution ~—0.7 with one exception
([Fe/H] = —2.12). The median absolute deviation of [Fe/H] is 0.10.
So, the motion, spatial location and metallicity of at least five stars
are well confined in both distance estimates, suggesting that they
are comoving and have a common origin.

The simplest interpretation of this coherently moving substruc-
ture is that it is the residue of a long past accretion event. The
small metallicity spread in the five secure members suggests that
the progenitor was more likely to be a globular cluster than a dwarf
galaxy. The comoving group may be identified with the nucleus of
this disintegrating body. Naturally, we would expect tidal streams
also to be present, but in an old accretion event, the surface den-
sity of stream material may be very low. Although some streams
can be caused by resonance effects, such as the Hercules Stream
(Dehnen 2000), and some can be caused by interactions with per-
turbers, such as the Aquarius Stream (Casey et al. 2014), neither
option seems likely here. Resonance effects usually give structures
of modest eccentricity, as nearly circular orbits can usually couple
most easily to the perturbation.

The large globular cluster wCentauri has long been thought to be
the remnant nucleus of an accreted dwarf galaxy (Freeman 1993),
as it shows evidence of multiple stellar populations with spreads in
the age and metallicity (e.g. Villanova et al. 2007). If our comoving
group is associated with wCentauri, for example, by sharing a com-
mon progenitor, some clues may be found from stellar parameters
or dynamics. RAVE DR4 (Kordopatis et al. 2013) provides an esti-
mate of the age for the 14 comoving group members. The mean age
is 9.8 Gyr with a standard deviation of 0.1 Gyr. The age—metallicity
relation for wCentauri presented by Villanova et al. (2014) shows
some stars with metallicity and age comparable to our comoving
group stars, even though this estimated age is a relative age. Yet, the
orbit of the comoving group appears to be highly eccentric with v,
close to zero. It is ambiguous as to whether the group is prograde or
retrograde, while wCentauri clearly has a less eccentric and retro-
grade orbit (Majewski et al. 2000). In addition, the estimated values
of energy and angular momentum of the comoving group stars do
not show a clear link with wCentauri, suggesting that this comoving
group is very unlikely to be associated with it.

Although there have already been searches for halo overdensi-
ties in the TGAS—-RAVE cross-match by Helmi et al. (2017, here-
after H17), the substructure identified in this Letter appears to be
new. It does not correspond to any of the overdensities labelled
VelHel-1 to 9 in H17. As the underlying Galactic potential is differ-
ent between H17 and this Letter, the estimated values of energy E
of the stars are different. H17 either convert parallaxes to distances
via the reciprocal (70 per cent of their sample) or use the RAVE
distances (30 per cent). These are not the same as our spectropho-
tometric distances, so the azimuthal actions J,, of the stars are also

Downl oaded from https://academ c. oup. com mrasl/article-abstract/469/1/L78/ 3573850 MNRASL 469’ L78-1.82 (2017)

by University of Canbridge user
on 20 Novenber 2017



L82  G. C. Myeong et al.

different. This affects the integrity of the substructures identified in
H17, which we find to be indistinct and smeared out. As judged by
the Tycho-IDs, there are only four stars in our substructure that over-
lap with H17: two in VelHel-1 and two in VelHel-8. The claimed
enhancements in H17 therefore do not appear to be related to our
substructure, which is a coherent entity in configuration and velocity
space.
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