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ABSTRACT

The velocity distribution of nearby stars (<100 pc) contains many overdensities or “moving groups,” clumps of
comoving stars, that are inconsistent with the standard assumption of an axisymmetric, time-independent, and
steady-state Galaxy. We study the age and metallicity properties of the low-velocity moving groups based on the
reconstruction of the local velocity distribution in Paper I of this series. We perform stringent, conservative
hypothesis testing to establish for each of these moving groups whether it could conceivably consist of a
coeval population of stars. We conclude that they do not: the moving groups are neither trivially associated
with their eponymous open clusters nor with any other inhomogeneous star formation event. Concerning a
possible dynamical origin of the moving groups, we test whether any of the moving groups has a higher or
lower metallicity than the background population of thin disk stars, as would generically be the case if the
moving groups are associated with resonances of the bar or spiral structure. We find clear evidence that the
Hyades moving group has higher than average metallicity and weak evidence that the Sirius moving group has
lower than average metallicity, which could indicate that these two groups are related to the inner Lindblad
resonance of the spiral structure. Further, we find weak evidence that the Hercules moving group has higher
than average metallicity, as would be the case if it is associated with the bar’s outer Lindblad resonance. The
Pleiades moving group shows no clear metallicity anomaly, arguing against a common dynamical origin for the
Hyades and Pleiades groups. Overall, however, the moving groups are barely distinguishable from the background
population of stars, raising the likelihood that the moving groups are associated with transient perturbations.

Key words: Galaxy: fundamental parameters — Galaxy: kinematics and dynamics — Galaxy: structure — methods:
statistical — solar neighborhood — stars: kinematics and dynamics

1. INTRODUCTION

Moving groups—clumps of stars in the solar neighborhood
sharing the same space velocity—have been known for over a
century (Midler 1846; Proctor 1869) and their interpretation has
touched on some of the most basic facts about our Galaxy and
the universe. From the location of the center of the Milky Way
(Médler 1847) to the age and dynamical state of the universe
(Jeans 1915, 1935; Bok 1946), presently, the moving groups
are used to constrain the dynamical properties of the Galactic
disk (e.g., Dehnen 2000; Quillen & Minchev 2005). However,
in order to quantitatively constrain the fundamental properties
of the Galaxy using the presence of structure in the local ve-
locity distribution, the nature of the moving groups needs to
be clarified. At present, the evidence that the moving groups
are not unmixed structures in phase space consisting of the
ghosts of past star formation events, but are instead dynami-
cal effects arising from non-axisymmetric components of the
Galaxy’s mass distribution, is by and large circumstantial.
Currently, any constraint on Galaxy dynamics arising from the
moving groups’ existence or properties is subject to the large
uncertainty as to what the actual origin of the moving groups is.

The structure of the local velocity distribution has received
much attention during the last century. While the simplest
assumption is that the distribution of velocities is a simple
Gaussian distribution (Schwarzschild 1907), this assumption
was untenable in light of observations that showed the presence
of multiple “streams” in the velocity distribution (Kapteyn 1905;
Eddington 1910). That these streams are very prominent and
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make up a large part of the full distribution is clear from the
fact that their existence was so readily established. Until the
Hipparcos mission, the actual contribution of the substructure
to the velocity distribution was only poorly characterized, but
the rich Hipparcos data set conclusively showed that a large
fraction of the local velocity distribution is in the form of clumps
(Dehnen 1998; Skuljan et al. 1999); a quantitative analysis
shows that about 40% of the stars in the solar neighborhood
(<100 pe) is part of a small number of moving groups (Bovy
et al. 2009a). The velocity distribution with the moving groups
indicated is shown in Figure 1.

The nature and origin of the moving groups has remained
elusive all this time, although considerable effort has been made
both observationally and theoretically to explain and interpret
the existence of the moving groups. For much of the last century
the consensus view was that the moving groups are the remnants
of past star formation events, coeval populations of stars that
were once closely associated in position as well as velocity but
that have now dispersed and spread out over vast regions of space
into the loose associations of stars that still retain a common
motion. This view of a dynamically unrelaxed Galaxy was first
expressed by Jeans (1915) and its most vociferous proponent
during the second half of the century was Eggen (e.g., Eggen
1996). The Hyades and Ursa Major moving groups seemed to
fit into this framework as disrupting clusters in a differentially
rotating disk (Bok 1934, 1936, 1946). The inspection of the
properties of likely Hyades members showed that these followed
a similar color—luminosity relation as the Hyades and Praesepe
open clusters (Eggen 1958), which seemed to vindicate the view
of moving groups as disrupting clusters. This explanation of the
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Figure 1. Velocity distribution in the solar neighborhood (from Bovy et al.
2009a) in the Galactic plane with the moving groups studied in this work
indicated. The density grayscale is linear and contours contain, from the inside
outward, 2%, 6%, 12%, 21%, 33%, 50%, 68%, 80%, 90%, and 95% of the
distribution. The first five of these contours are white and somewhat blended
together; 50% of the distribution is contained within the innermost dark contour.
The origin in each of these plots is at the solar velocity; the velocity of the local
standard of rest (Hogg et al. 2005) is indicated by a triangle.

moving groups’ origins was contested, however (e.g., Breger
1968; Wielen 1971; Williams 1971; Soderblom & Clemens
1987; Boesgaard & Budge 1988), and started to fall out of
favor by the end of the century as observational evidence started
to appear that moving group members were a much more varied
population of stars than the open clusters with which they were
believed to be associated: Eggen (1993) found that the Hyades
moving group has a different luminosity function than the
Hyades open cluster; Dehnen (1998) found that moving groups
are present in various color subsamples of Hipparcos stars and
that therefore, using color as a proxy for mean age, moving
groups contain stars of a wide range of ages. Nevertheless, the
evaporating cluster narrative still holds sway for (parts of) some
moving groups (Asiain et al. 1999), in particular for the small
HR 1614 moving group (Feltzing & Holmberg 2000; De Silva
et al. 2007), which we do not study here because it does not
stand out as a kinematic overdensity in the overall velocity
distribution. In Sections 3 and 6, we ask whether the moving
groups constitute a single-burst stellar population.

In the last decade, there have been various indications that the
moving groups might have a dynamical origin. The Hercules
moving group in particular, an overdensity offset from the bulk
of the velocity distribution opposite the direction of Galactic
rotation, displays a wide range of metallicities (Raboud et al.
1998; Bensby et al. 2007) and consists mainly of old stars (Caloi
et al. 1999; see also the earlier work by Blaauw 1970). The
Hyades moving groups also seemed to contain both old and
young stars (Chereul & Grenon 2001), and soon all low-velocity
moving groups—excluding higher velocity features such as the
Arcturus moving group—were suspected of having a dynamical
origin (Famaey et al. 2005, 2007, 2008).

Theoretical considerations and simulations of orbits in non-
axisymmetric potentials such as that corresponding to the
Galactic bar or spiral structure also contributed to the belief
that moving groups might not be evaporating clusters of stars.
The observed pattern of moving groups can be thought of
quite naturally as arising from the bifurcation of orbits near
resonances associated with the bar (Kalnajs 1991; Dehnen
2000; Fux 2001) or steady-state spiral structure (Quillen &
Minchev 2005). Other simulations have shown that moving-
group-like structures also develop when considering transient
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spiral structure (De Simone et al. 2004), recent bar growth
(Mincheyv et al. 2009), or the combined effect of spiral structure
and spiral arms (Quillen 2003; Chakrabarty 2007; Antoja et al.
2009). These dynamical scenarios for the origin of the moving
groups are discussed in more detail in Section 7, in which we
test several of these dynamical scenarios.

Most of the non-axisymmetric perturbations that have been
proposed to create the moving groups are associated with stable,
long-lived perturbations, e.g., a long-lived density wave (Lin &
Shu 1964). However, several pieces of evidence indicate that
spiral structure might be only short-lived and/or transient: spiral
structure gradually heats the disk (Carlberg & Sellwood 1985)
such that it eventually becomes stable against non-axisymmetric
perturbations in the absence of a cooling mechanism (Sellwood
& Carlberg 1984); spiral density waves tend to dissipate within
a few galactic revolutions if fresh waves are not continuously
created (Toomre 1969); spiral structure is more common in
high density environments than in the field (Elmegreen &
Elmegreen 1982, 1983) where interactions between galaxies that
could induce transient spiral structure are more common; and
nearby galaxies show strong variations of the pattern speed with
galactocentric radius, which strongly constrains the lifetime of
grand-design spiral structure (Merrifield et al. 2006; Meidt et al.
2009). The velocity distribution inferred from the Hipparcos
data itself, with its large amount of substructure, shows that
spiral structure does not operate on a smooth phase-space
density and that spiral instabilities that grow because of features
in the phase-space distribution (e.g., Sellwood & Lin 1989;
Sellwood & Kahn 1991) should therefore be expected to be
present.

One such instability driven by features in the angular-
momentum distribution such as grooves or ridges is the scenario
proposed by Sellwood & Kahn (1991; see also Lovelace &
Hohlfeld 1978). In this model for the growth of spiral modes, an
initial narrow groove in the angular-momentum density grows
into a well-defined large-scale spiral pattern that dies off again
after a few galactic rotations (at corotation, which lies near the
groove center). Since stars are scattered at the inner Lindblad
resonance (ILR) of the spiral pattern, an underdensity of stars
in energy—angular-momentum space forms at the Lindblad
resonance, which could spur a new cycle of growth of a spiral
instability, albeit with a corotation radius near the ILR of the
previous pattern. Since the corotation radii of subsequent spiral
patterns move steadily inward, this recurrent cycle stops at a
certain point. In Section 8, we ask whether any of the moving
groups is a manifestation of this scenario.

Although the Hipparcos data allowed the velocity distribution
in the solar neighborhood to be studied in detail for the first
time using complete samples of stars, and theoretical work on
the origin of the moving groups has blossomed in recent years,
little progress has been made observationally to elucidate the
nature of the moving groups. In this paper, we use large samples
of Hipparcos stars—an order of magnitude improvement over
previous studies—to investigate the origin of the kinematical
substructures seen in Figure 1. We use the reconstruction of
the local velocity distribution from Bovy et al. (2009a) to
assign moving-group membership probabilities to the stars.
We propagate the membership uncertainty through all of the
analyses of the properties of the moving-group member stars.
This avoids all of the biases that result from making hard cuts
on membership in investigations of this kind and allows us
to perform comprehensive tests to establish the origin of each
individual moving group.
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Before we continue, it is worth pointing out that OB associ-
ations—spatially localized associations of young stars (e.g., de
Zeeuw et al. 1999)—are also sometimes referred to as moving
groups. The following does not concern these OB associations.

The main parts of this paper are the following. In Section 3,
we show that the moving groups are not associated with
their eponymous open clusters; in Section 6, we extend this
result to show that the moving groups are not associated
with any single episode of star formation; in Section 7, we
test whether the moving groups arise because of steady-state
dynamical perturbations to the axisymmetric disk potential;
and in Section 8, we look at whether the moving groups
are associated with the recurrent spiral structure scenario of
Sellwood & Kahn (1991).

2. DATA

We use the standard Galactic velocity coordinate system,
with the directions x, y, and z (and associated unit vectors X,
¥y, and Z) pointing toward the Galactic center, in the direction
of the circular orbital motion, and toward the north Galactic
pole, respectively. Vectors are everywhere taken to be column
vectors. The components of the velocity vector, X'v, ¥'v, and
2"v, are conventionally referred to as U, V, and W, respectively,
but we will refer to them as vy, vy, and v;.

2.1. Sample Selection

We follow the procedure of Dehnen & Binney (1998) and
Aumer & Binney (2009) in selecting a magnitude-limited,
kinematically unbiased sample of single main-sequence stars
with accurate astrometry from the Hipparcos catalog. We start
by determining the magnitude to which the Hipparcos catalog
is complete in 16 x 16 x 10 equal width bins in sin b, [/, and
color Bt — Vr, the latter measured in the 7ycho passbands in the
interval (—0.3,1.5), by finding the Vy magnitude of the second
brightest star that is included in the Tycho catalog (Hgg et al.
2000a, 2000b), but absent in the Hipparcos catalog. We then
select in each bin all stars from the original Hipparcos catalog
(ESA 1997) brighter in Vr than the limiting magnitude in that
bin. From this sample of stars we select single stars by using
the “Solution type” isol, < 10 in the new reduction of the
Hipparcos data (van Leeuwen 2007), and stars with accurate
astrometry by selecting stars with relative parallax uncertainties
smaller than 10% (using the formal error on the parallax in the
new Hipparcos catalog). Main-sequence stars are selected by
using the color—magnitude cuts from Aumer & Binney (2009):

My < 7.50 x (B—-V)—=3.75, B—-V <05
My, <1533 x(B—-V)—=7.665, 05<B-V <038

My, < 4.43 x (B—V)+1.055, 08<B-V
My > 4.62 x (B —V)+2.383, B -V <0.35
My, > 833 x(B—-V)+1.0845, 035<B-V <0.65
My > 333 x (B—-V)+4.3375, 065<B-V <125
Myp > 6.50 x (B —V)+0.375, 125<B-V,

ey

where My, is the absolute magnitude in Hipparcos’ own
passband.

This procedure selects 19,631 stars from the Hipparcos
catalog, 15,023 of which are main-sequence stars. The
color-magnitude diagram of the full sample of 19,631 stars
is shown in Figure 2; the cuts defining the main-sequence are
also shown in this figure.

We refer the reader to Bovy et al. (2009a, hereafter BHR) for
a detailed explanation of how three-dimensional velocities are
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Figure 2. Color—magnitude diagram of the full Hipparcos sample of 19,631
stars, selected to be kinematically unbiased and consists of single stars with
relative parallax uncertainties << 10%. The 15,023 main-sequence stars that we
use in the hypothesis tests in Sections 3, 5, and 6 lie between the gray lines.
My;p is the absolute magnitude in Hipparcos® own passband.

projected onto the two-dimensional tangential plane observed
by Hipparcos—since the Hipparcos mission did not measure
radial velocities, this third velocity component is missing for
all of the stars in the sample—and how the uncertainties given
in the Hipparcos catalog are propagated to the uncertainties in
the tangential velocity components. In what follows, w; will
represent the observed tangential velocity of star i, v; its (un-
observed) three-dimensional velocity, R; the projection matrix
onto the tangential plane for star i—i.e., R;v; = w;—and S;
the two-dimensional observational-uncertainty variance matrix
in the tangential-velocity plane.

2.2. Probabilistic Moving-group Membership Determination

BHR reconstructed the velocity distribution of nearby stars
by deconvolving the observed tangential velocity distribution
of a kinematically unbiased sample of 11,865 Hipparcos stars.
The deconvolution algorithm (Bovy et al. 2009b) represents
the underlying velocity distribution as a sum, or mixture, of
Gaussian components and can properly handle arbitrary un-
certainties, including missing data, provided that there are no
significant star-to-star correlations. These are believed to be in-
significant in the most recent release of the Hipparcos data (van
Leeuwen 2007). Model selection, most notably the selection of
the “right” number of components in the mixture, was based
on predicting the radial velocities in the Geneva—Copenhagen
Survey (GCS; Nordstrom et al. 2004). BHR found that the un-
derlying three-dimensional velocity distribution was best repre-
sented by a 10-component mixture of Gaussians and found the
99 best-fit parameters of this decomposition.

Although in Gaussian-mixture deconvolution the individual
components do not necessarily have any meaningful interpreta-
tion—the Gaussians are simply the basis functions of an expan-
sion—many of the Gaussian components in the best-fit mixture
could be identified unambiguously with peaks in the velocity
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Figure 3. Color-magnitude diagrams of the six moving groups detected in BHR. The points are grayscale-coded with the probability of each star to be part of the
moving group (see the text); only stars that have a probability larger than 0.1 of being part of the moving group are plotted. For those moving groups potentially
associated with an open cluster, theoretical isochrones (Marigo et al. 2008; Bertelli et al. 1994) for the open cluster are overlaid: the 400 Myr, Z = 0.016 (Carraro
et al. 2007) and the 600 Myr, Z = 0.016 (Pavani et al. 2001) isochrone for the NGC 1901 cluster; the 300 Myr, Z = 0.016 (Soderblom & Mayor 1993) and the
500 Myr, Z = 0.016 (King et al. 2003) isochrone for the Ursa Major (Sirius) cluster; the 100 Myr, Z = 0.018 (Boesgaard & Friel 1990; Gratton 2000) and the
100 Myr, Z = 0.008 (Percival et al. 2005) isochrone for the Pleiades cluster; the 625 Myr, Z = 0.026 isochrone (Perryman et al. 1998) and the 625 Myr, Z = 0.019
isochrone for the Hyades cluster. The main-sequence cuts from Figure 2 are indicated in gray.

distribution, most of which correspond to known moving groups.
For the purposes of this paper we will use the representation of
the velocity distribution as a mixture of 10 Gaussian compo-
nents with the parameters given in Table 1 of BHR; we will
come back to this choice in the discussion in Section 9. We will
identify the main moving groups in the velocity distribution
with the components in Table 1 of BHR as follows: component
2 corresponds to the NGC 1901 moving group; component 4 to
the Hercules moving group; component 5 to the Sirius moving
group; components 6 and 7 to the Pleiades moving group; com-
ponent 8 to the Hyades moving group; and component 10 to the
Arcturus moving group.

We can now probabilistically assign stars to Gaussian com-
ponents or moving groups. For each star i we calculate the prob-
ability that it is associated with component j of the Gaussian
mixture model for the local velocity distribution

_ Ole(W,‘|R,'mj,RiVle-T+S,')
Y, N (Wi Rimy, R V,R] +8S;)

Dij 2)
where o, m;,V; are the amplitude, mean, and variance of
the jth Gaussian component, which are given in Table 1 of
BHR; see Bovy et al. (2009b) for a derivation of this formula.
For the Pleiades moving group for each star i we add up the
probabilities of it being associated with component 6 or 7, i.e.,

Di Pleiades = Pic+ Pi7, since two of the components of the mixture
are associated with the Pleiades moving group (see BHR for an
extended discussion of this).

3. A FIRST LOOK: ARE THE LOW-VELOCITY MOVING
GROUPS ASSOCIATED WITH THEIR EPONYMOUS
OPEN CLUSTERS?

To get a first idea about the properties of the moving groups
we can look at “probabilistic” color-magnitude diagrams of the
groups, which will form the basis for everything we do in the
remainder of this paper. Using the probabilities p;; for each star
i to be part of moving group j, we can create color—magnitude
diagrams for the different moving groups that are weighted by
the probabilities of each star to be part of that particular moving
group. Such color-magnitude diagrams are shown in Figure 3
for the six moving groups unambiguously detected by BHR. In
these color-magnitude diagrams, each star is plotted as a dot
with the grayscale of that dot proportional to the probability of
the star to be part of the moving group. For clarity only those
stars with p;; > 0.1 are plotted. It is clear from this figure
that very few stars can be associated with the Arcturus moving
group. For this reason, we will not discuss the Arcturus moving
group in this paper; instead, we will focus on the remaining,
low-velocity, moving groups.
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Figure 4. Observed parallaxes vs. model parallaxes assuming a single-burst stellar population identical to that of the associated cluster of the moving groups:
comparison of the distribution of observed parallaxes (dashed lines) with that of the model parallaxes (solid lines) in the left figure of each panel; histogram of the
normalized difference between model and observed parallax in the right figure. Each star is weighted by its probability of being part of the moving group in question.
The isochrone used in this figure corresponds to the first age and metallicity pair mentioned in the caption of Figure 3 for each open cluster.

The color-magnitude relation of the low-velocity moving
groups in Figure 3 is very broad for each of the moving groups.
Care must be taken, however, in interpreting this fact, since the
effect of parallax uncertainties is not shown in this figure and the
observed scatter in the color—magnitude relation might well have
some contribution from this uncertainty propagated. We will
come back to this question below. More disturbing, therefore,
is the systematic offset between the color—-magnitude relation
of the moving group and the isochrone of the open cluster
associated with the moving group. No open cluster is associated
with the Hercules moving group, and we will therefore ignore
it for the remainder of this section.

Two isochrones in the BV photometric system (Marigo et al.
2008; Bertelli et al. 1994; Maiz Apellaniz 2006)* are plotted
for each of the moving groups corresponding to the proposed
ages and metallicities for the associated open clusters found in
the literature; see the caption of Figure 3 for the details on each
open cluster. It is clear from this figure that the isochrones of the
open clusters do not represent the color-magnitude relation of
their associated moving groups well, although a caveat remains
about the effect of parallax uncertainties and the effect of low-
probability moving group members, which is hard to gauge
from this figure. To make the comparison between the open
clusters’ and the moving groups’ age and metallicity more
quantitative, we show in Figure 4 a comparison between the
observed parallaxes of the moving group members and the
predicted parallaxes based on the open clusters’ isochrone and
the observed photometry for each main-sequence star in the
sample; this comparison is similar to the one performed by
Famaey et al. (2008). That is, using the observed color of a star
and the My versus B — V relation corresponding to the isochrone
of the associated open cluster we predict the absolute magnitude
of the star and convert this to a model parallax using the observed

4 Retrieved using the Web interface provided by Leo Girardi at the
Astronomical Observatory of Padua, http://stev.oapd.inaf.it/cgi-bin/cmd_2.2.

apparent V magnitude. Conservatively, we do not consider any
star for which we cannot obtain a photometric parallax in this
way, for example, because its color is inconsistent with the
age and metallicity of the cluster; if any such stars is a high-
probability member of the moving group, this star alone rules out
the open-cluster origin of the moving group. In order to compute
the photometric parallax we use, for each moving group, the
first of the isochrones mentioned in the caption of Figure 3;
the results for the second set of isochrones are very similar to the
ones presented below. In each of the histograms all of the main-
sequence stars of the sample are plotted; their contributions
to each histogram are weighted by their probabilities of being
members of the moving group in question, as calculated in
Section 2.2.

Two different comparisons between the observed parallaxes
and the model parallaxes are shown in Figure 4. The left his-
togram shows the distribution of observed and model parallaxes
for each moving group. Although the effect of parallax uncer-
tainties (typically ~1 mas) is not included in this comparison, a
clear offset between the observed and model parallaxes can be
seen. For each moving group, the hypothesis that the moving
group originated from the open cluster systematically underes-
timates the distance to each star. This effect is made even more
apparent in the right figure of each of the panels. Shown here
is the distribution of the difference between the observed and
the predicted parallaxes, normalized using the observational un-
certainty on the parallax. If the single-burst stellar population
corresponding to the open-cluster explanation for the moving
groups were correct, this histogram should be that of a Gaussian
distribution of mean zero and standard deviation 1. However, it
is immediately clear that the distribution is much broader than
this expected Gaussian, and that it is significantly skewed. This
skewness corresponds to the systematic offsets between model
and observations discussed above. As we will argue now, it is
this excessive skewness, rather than the excessive width, of this
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Figure 5. Color—magnitude diagram of the Hyades cluster with the 625 Myr,
Z = 0.019 isochrone overlaid. These members are selected from the catalog of
Hyades members compiled by Perryman et al. (1998): we selected those stars
that have a final membership entry “1,” that are single, and that lie within 10 pc
of the center of the Hyades cluster.

distribution that shows that the moving groups cannot be fully
explained as being part of the evaporation of their eponymous
open clusters.

The reason why it is dangerous to attach too much significance
to the much larger-than-expected width of the parallax residual
distribution is because even the associated open clusters have a
small amount of scatter in their age and metallicity properties
that has not been taken into account here and this scatter would
have to be added to the variance of the expected Gaussian to
see whether the model is a good fit. This fact is illustrated in
Figures 5 and 6. Shown here are figures similar to Figures 3
and 4 but for the Hyades cluster. We have taken a list of
probable Hyades cluster members in the Hipparcos catalog
from Table 2 of Perryman et al. (1998): we only select those
stars that have a final membership entry “1,” that are single, and
that lie within 10 pc of the center of the Hyades cluster. This
procedure selects 61 Hyades members. The color—magnitude
diagram of these stars is shown in Figure 5 with the 625 Myr,
Z = 0.019 isochrone overlaid. The Hyades members hug the
isochrone closely, especially in the range 0.4 mag < B — V <
0.9 mag. The correspondence between the isochrone and the
members’ color and magnitude becomes less good for redder
stars at B — V > 1.0 mag; the reason for this is unclear,
since the color—magnitude diagrams with best-fit isochrones
do not extend this far redward in Perryman et al. (1998),
but it might be related to subtle effects in the calculation of
the theoretical isochrones. As expected, there is no sign of a
large, systematic offset between the theoretical isochrone and
the observed color-magnitude relation. Note that most Hyades
open cluster members considered here are high-probability
members of the Hyades moving group: all but 15 of the stars
are above the p;; = 0.4 threshold that gives an overall level of
moving-group structure in the velocity distribution comparable
to the observed level (see below); 39 of the stars even have
membership probabilities larger than 0.7. Thus, if all high-
probability members of the moving groups studied in this section
were as consistent with a single-burst stellar population as the
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Figure 6. Same as Figure 4 but for the Hyades cluster of Figure 5. The dashed
histogram in the right panel is what one gets after adding a 0.2 mag spread in
quadrature to the observational uncertainty in the parallax (this histogram has
been scaled down by a factor of 3 for display purposes).

Hyades open cluster, we would expect to detect this by our
procedure.

Figure 6 shows for the Hyades cluster the same histograms
presented in Figure 4 for the moving groups. The observed dis-
tribution of parallaxes and the distribution of model parallaxes
for the Hyades members, again calculated using the Hyades
isochrone and the observed photometry for the stars, are very
similar and no systematic difference such as the one observed for
the moving groups in Figure 4 can be seen. This is confirmed in
the right panel of Figure 6 where the histogram of the normalized
difference between observed and model parallaxes is shown for
the 61 Hyades members. While this distribution peaks at zero, in-
dicating that there is no systematic bias in the model parallaxes,
the distribution is broader than the expected standard-deviation-
one Gaussian distribution. This indicates that the scatter in the
age and metallicity of the Hyades members produces a scatter
in the model parallaxes that should be taken into account in the
model comparison above. The distribution in the right panel also
exhibits a small amount of skewness and heavy-tailed behavior.
However, this skewness is small and simply related to the depar-
ture from the isochrone of the stars redward of B—V = 1.0 mag;
there is no indication of the smooth skewness and heavy tail seen
in Figure 4. Thus, while the breadth of the model comparison
histograms in the right panels of Figure 4 does not provide a
convincing reason to reject the open cluster origin of the mov-
ing groups, the large amount of skewness and the heavy tails in
these distributions clearly indicates that the model of the moving
groups being evaporating parts of their eponymous open clus-
ters is not a good fit to the moving-group photometric properties.
We can safely say that the kinematically identified, low-velocity,
moving groups do not appear to have the same stellar population
as the open clusters after which they are named.

One might worry about the influence of the very low probabil-
ity (p;j < 0.1) and/or the red (B — V > 0.9 mag)—because of
the discrepancy between the model isochrone and the observed
absolute magnitudes of these stars for the Hyades cluster dis-
cussed above—moving group members in the discussion above.
We have therefore repeated the previous analysis leaving out
stars from the sample which satisfy either of these two criteria.
The histograms obtained in this way are barely distinguishable
from the distributions shown in Figure 4 and the argument made
in the previous paragraphs continues to hold.

4. STRATEGY FOR THE SECOND PART OF THIS PAPER

Even though we have shown that the moving groups cannot
be considered to be the evaporating parts of their associated
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open clusters, the question still remains whether they can be
considered to be some single-burst stellar population, perhaps
originating from an open cluster that has completely evapo-
rated and thus has no presently identifiable core. It might be
that it is merely a coincidence that the kinematically defined
moving groups’ space velocities roughly coincide with those of
prominent open clusters, while the moving groups are actually
remnants of older open clusters that are hard to identify at the
present day. We have also failed to explain the origin of the Her-
cules moving group in the previous section because of the lack
of an associated open cluster. Therefore, in what follows we
will test the hypothesis that the low-velocity moving groups
each comprise some single-burst stellar population, with an a
priori unknown age and metallicity. If the moving groups fail
to live up to this hypothesis, we can confidently say that they
are not remnants of inhomogeneous star formation, but instead
most likely have a dynamical origin.

Hypothesis testing or model selection is at its strongest
when two mutually exclusive hypotheses can be pitted against
each other as opposed to merely testing whether a particular
hypothesis provides a good fit to the data. Fortunately, we are
in a situation here in which there is a well-specified background
hypothesis: this hypothesis is simply that the stars in the moving
groups are nothing more than a sparse sampling of the full
locally observed disk population, that is, that there is nothing
special about their age and chemical composition to distinguish
them from local disk stars as a whole. We are also lucky to have
a non-parametric model at our disposal for this background
hypothesis: this model is nothing more than the observed local
population of disk stars. Thus, we can test whether the moving
groups’ photometric properties are better described by the model
in which each contains just a single-burst stellar population or
by the model in which each contains just the same population as
the background stars. The single-burst stellar population model
can make very tight predictions for the photometric properties
of the stars, while the background model can only make very
broad statements about the moving groups’ member properties.
If the tight predictions play out, this will lead to clear evidence
of the evaporating-cluster nature of the moving groups because
the photometric properties of the member stars will be much
more probable than they are under the background hypothesis.
However, if the single-burst stellar population hypothesis fails
to predict the photometric properties of the moving group
members, then the background model will be preferred. This
conceptual view of the model selection procedure which we
will use in the second part of this paper is illustrated in Figure 7.

Coupled with an initial mass function, the age and metallicity
of a single-burst stellar population imply a density, or distribu-
tion, in the color—magnitude plane, and testing whether a pop-
ulation of stars consists of a single stellar population is equiv-
alent to checking whether the observed distribution of stars in
the color—magnitude plane is consistent with this density. This
is a very strict test of the coeval hypothesis that depends on
choosing, or inferring, the right initial mass function and having
complete samples of stars at one’s disposal. A more conserva-
tive approach, which does not rely on these two assumptions,
would be to test whether the relation between color and abso-
lute magnitude predicted for a coeval population of a certain
age and metallicity is observed in the sample. That is, rather
than testing whether the predicted density is observed in the
color—magnitude plane of a sample of stars, we test whether the
predicted regression My (B — V) is consistent with the data. In
practice, we use the predicted My (B — V) relation combined
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Figure 7. Model selection: the y-axis represents the probability of measuring the
value on the x-axis for a foreground model (thin, black curve) and a background
model (thick, gray curve). The foreground model makes very informative
predictions while the broader background model makes less informative
predictions. Therefore, when both the foreground model and the background
model predict the right observed value (vertical line) the observed value has a
larger probability for the foreground model (left panel); when the foreground
model fails to predict the observed value, the observed value is more probable
under the background model (right panel).

with the observed photometry of a star to predict a photomet-
ric parallax for the star, in exactly the way described in the
previous section. This photometric parallax is then compared
to the observed parallax, taking into account the observational
uncertainty on the parallax.

For the hypothesis that we are interested in testing this is ad-
visable because mass segregation and selective evaporation have
been shown to affect the luminosity functions of open clusters,
both in simulations (Aarseth & Woolf 1972; Terlevich 1987,
de la Fuente Marcos 1995; Bonnell & Davies 1998)—whether
primordial (Bonnell & Davies 1998; Hillenbrand & Hartmann
1998) or dynamical (McMillan et al. 2007; Moeckel & Bonnell
2009; Allison et al. 2009)—as well as observationally in some
of the open clusters associated with the moving groups studied
here (Hyades: Reid 1992; Perryman et al. 1998; Reid & Hawley
1999; Dobbie et al. 2002; Bouvier et al. 2008; Pleiades: Bouvier
et al. 1998; Hambly et al. 1999; Adams et al. 2001; NGC 1901:
Carraro et al. 2007). There is some debate about whether mass
segregation has actually been observed in massive open clus-
ters (Ascenso et al. 2009). We can expect low-mass stars to be
preferentially ejected from open clusters, although quantitative
estimates of this effect are still highly uncertain. It would be
hard to predict the complete two-dimensional model density in
the color—magnitude plane. However, whether or not selective
evaporation plays a large role in the evolution and evaporation
of open clusters, the relation My (B — V) should always hold if
the sample of stars originated from a single star formation event
and the model selection test based on it will not be affected.

The test will hinge on the existence of a background model
that states that the stars in the moving groups are similar to the
local disk population as a whole. In the next section, we will
refine this background model and put it in such a form that we
can use it quantitatively in the model selection test. That is, we
will turn the bulk photometric properties of the local disk stars
in Hipparcos into a photometric parallax relation—predicted
model parallax plus model scatter—which can be compared
to the photometric parallax obtained for a single-burst stellar
population for each star.

5. THE BACKGROUND MODEL

Given that we have at our disposal a large number of stars
with accurate photometry and parallaxes to estimate a one-
dimensional photometric parallax relation, it is unlikely that
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any parametric model could capture the observed relation and
its scatter in all of its details. It is, therefore, advisable to use
a non-parametric approach to estimate the photometric parallax
relation and its intrinsic scatter for the background population.
Principled probabilistic approaches to this exist (e.g., using
Gaussian process regression; Rasmussen & Williams 2006) but
given the low-dimensional nature of the problem and the large
amount of data—from Figure 2 it is clear that at most points
there are at least dozens of stars with which to estimate the
local relation—we can expect simpler procedures to perform
adequately.

To constrain the background model we use all of the 15,023
stars in our Hipparcos sample. Strictly speaking, we are testing
whether one or more of the moving groups is distinct from the
local disk population of stars in that it consists solely of stars of a
narrow age and metallicity range, and therefore, including these
moving group members in the background model mixes into the
background model the stellar populations of the moving groups.
This could complicate model selection, since it will be harder
to distinguish between the background and the foreground
models (for the purposes of this section and the next, the
foreground model for each moving group is that it is a single-
burst stellar population) when the background model is more
like the foreground model than it should be. In principle, we
should test each combination of moving-group/not-a-moving-
group for each of the moving groups and build background
models out of stars that are not believed to be part of a single-
burst stellar population in that particular model selection test.
This would be impractical, not in the least because few of the
stars can be confidently assigned to a specific moving group
or even background, and making subsamples would necessarily
involve making hard cuts on membership probabilities, with all
of the biases that would result from that. We therefore use all of
the stars to construct the background model and investigate each
moving group separately in the following by testing against this
background model. Given that more than 60% of the stars are
believed to be part of the background (see BHR) and that the
population of moving groups taken together would presumably
span some range of age and metallicity, the effect of including
real moving group members in the background sample should
be small. It is important to note, however, that even if the moving
groups significantly affect the background model, this will only
bring the foreground and the background model closer together,
but the foreground model should still be preferred over the
background model when the moving group is a single-burst
stellar population.

From our sample of 15,023 main-sequence stars, we construct
a non-parametric photometric parallax relation: for each star i
we take the stars in our Hipparcos sample in a small color
bin (see below) around star i’s color and consider the absolute
magnitudes of the stars in this color bin to represent the complete
set of absolute magnitudes that a star in this color bin could have,
that is, the probability of the absolute magnitude of star i is given
by

pP(My |(B=V))= >
J
(B=V);~(B—V);

dMy; —My;), 3)

where §(-) is the Dirac delta function. The exact meaning and
implementation of (B — V); ~ (B — V); are discussed in detail
below. Given this finite set of possible absolute magnitudes for
star i, we use the observed V magnitude of star i to derive a
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probability estimate for its parallax s;, that is,

p(i|Vi, My) = 8(r; — m[V;, My]), 4)

[V, My] = 10[(MV—V)/5+2] , 5)

plVi.(B=V))=
J
(B=V)j~(B=V)

8w —w[Vi, My ;]), (6)

where [r] = mas. To define the notion of “nearness,” that is,
the implementation of (B — V); &~ (B — V), in the expressions
above, we use the concept of a kernel (in this sense the method
described here is similar to that of a linear smoother in non-
parametric statistics; Wasserman 2005). Using a kernel w(-; 1)
we define a distance between two colors x; = (B — V); and
x; =(B —V);as w(x; — xj; A), where A is a width parameter
of the kernel, and we use this notion of distance to weight the
contributions of the various stars in the background sample.
These weights are inserted into Equation (3) as follows:

1
PMy|(B = Vi) = 2 3 jwlxi = xj; M) 8(My; = My ;).

J
(7
where x; and x; are the colors of the stars and Wis anormalization
factor equal to ) ; w(x; — x;; A). To compare this photometric
parallax with the observed trigonometric parallax mops; We
convolve this distribution with the observational uncertainty
ox.i, assumed Gaussian:

1
P il Vi (B = Vi) = o ; wx; — x;; A)
XN(T[ObS,i“T[‘/i’MV,j]vagvi) ) (8)

where N (-) is the normalized, one-dimensional Gaussian distri-
bution and m [V, My] is given by Equation (5). The probability
distributions for the observed parallax obtained in this way are
shown for a random sample of stars in Figure 8 together with the
actual observed value of the trigonometric parallax (the kernel
and its width used in this figure are the optimal ones for the
background model as discussed below).

Several considerations play a role in choosing a kernel
function w(-; ). On the one hand, one wants a kernel that is as
smooth as possible, smoothly going from giving high weights to
points that are close in color space to low weights for stars on the
other side of the main sequence. However, it is computationally
advantageous to use a kernel that has a finite support such that in
constructing the photometric parallax prediction in Equation (8)
only a subset of the 15,023 in the whole sample are used. For
this reason, a Gaussian kernel

2
w(u; ) = exp (—%) , 9

while smooth, is unwieldy. Therefore, we have considered the
following finite-range kernels: the Tricube kernel

U3\’
w(u;k):(l—(x>) , U< A, (10)
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Figure 8. Background model predictions for the parallax of nine random stars in the basic Hipparcos sample. The background model consists of a linear smoother with
a Tricube kernel with width parameter A = 0.05. In each panel, the background model has been convolved with the observational parallax uncertainty. The observed
parallax (thick, black line) as well as 95% confidence regions (thin, gray lines) are indicated.

and the Epanechnikov kernel

w(u;k):(l—(%)z) o u<A.

Of these, the Tricube kernel is everywhere differentiable; it
combines the best of both worlds.

Each of the kernels has a width parameter A that is unknown
a priori. We need to train the background model, i.e., establish
a good value of A. We train the background model using leave-
one-out cross-validation (Stone 1974): for each choice of the
width parameter A on a logarithmically spaced grid in A, we
compute the probability of each of the observed parallaxes in
our sample using as the training {B — V, My}-set all of the
other stars in our sample. We then multiply the probabilities
thus obtained for all of the stars and take the logarithm of this
product to compute the “score” for that value of A; this quantity
is also known as the “pseudo-likelihood.” The value of A with
the highest score is the preferred value of A.

We computed the cross-validation score for a range of values
of A for each of the kernels; these are shown in Figure 9.
It is clear that all three kernels agree on the best value of A
(keeping in mind that the Gaussian kernel has infinite range and
only approaches zero for u > 2A). As expected, the resulting
cross-validation score curve for the Gaussian kernel is much
smoother than the corresponding curves for the Tricube and

1)

Epanechnikov kernels and the maximum score for the Gaussian
kernel is somewhat higher than that for the Tricube kernel, but
because computations with the Gaussian kernel are much slower
and the gain in performance is small, we choose the Tricube
kernel for the background model. This is, again, a conservative
choice, since a slightly worse background fit can only make it
easier for the foreground model to be preferred. All three kernels
agree that the optimal width is approximately A = 0.05 mag and
this is the value used in the background model.

To test whether the background model with the chosen kernel
parameters actually provides a good fit to the data or whether it
is merely the best possible fit among the possibilities explored
(note that we do not expect this to be the case as this is a non-
parametric model), we have checked whether the background-
model parallax probability distribution in Equation (8) is a
consistent description of the parallax distribution in that all of
the quantiles of the distribution are correct. Figure 10 shows
the distribution of the quantiles of the parallax distribution
at which the observed, trigonometric parallaxes are found. If
the background model is a good description of the observed
parallaxes, then this distribution should be uniform. That is, if
Equation (8) correctly predicts the 95% confidence interval, the
90% interval, and so on, then the background model is a good
fit to the data. The distribution in Figure 10 is flat over most
of the range between 0 and 1, with the only major deviations
near the edges of this interval, and we can therefore say that the



626 BOVY & HOGG Vol. 717
O F T T T T T T T T T T T T T
Tricube kernel 1.4 k i
—-1000F E 1.2+ ]
2 o000k 1.0} :
< -2000 : I |
Y f < 08f ]
— —3000F o I 1
< i 0.6F .
—4000 é‘ 3 04+ -
3 max(log L) = -41724 t |
—5008 S | | | | 0.2r 7
: Epanechnikovkernelé ool
_1000E E 00 02 04 06 08 1.0
f(<m)
g —2000 E Figure 10. Distribution of the quantiles at which the observed parallax is found
— of the background-model predictive distribution for the parallax. This curve
gﬂ E should be flat for perfectly consistent predictive distributions—meaning that
~ _3000 E they correctly predict all of the quantiles of the distribution.
< F
4000 3 ground sample is a broad model, roughly consisting of a mean
: photometric parallax relation and a large amount of scatter
E max(log L) X > A
: . . . . . . . around this mean, the foreground model’s photometric paral-
o[ =—=+"" ' T ] lax relation is very narrow, or informative, in that it is given
i Gaussian kernel . by the single isochrone corresponding to an assumed age and
—2000F - metallicity (single in the sense of being the unique isochrone
in the Padova database), smoothed by the observational uncer-
g - tainty. The probability of an observed, trigonometric parallax
= —4000p ] Tops,i @ssuming a certain age and metallicity Z, and given the
& i star’s color (B — V);, apparent magnitude V;, and observational
o —6000F 4 uncertainty, oy ;, is given by
[ P(Tobs,ilAge, Z, 0, Vi, (B = V)i) =
- - . 2
8000 x(og 1) = 41608 N (toms 17 [Vis (B = Vi, Age, Z1,02,),  (12)

-20-18-16-14-12-1.0-0.8-0.6
log,, A [mag]

Figure 9. Selection of the width parameter A of the kernel used in the kernel-
regression background model.

background model provides a good fit to the bulk of the data.
That the background model fails for stars at the edges of the
parallax distribution is not surprising as these are rare: nearby
and faint or distant and bright stars are sparsely sampled regions
of the color-magnitude diagram in a magnitude-limited sample
as is clear from Figure 2.

6. THE MOVING GROUPS ARE NOT SINGLE-BURST
STELLAR POPULATIONS

The goal of this section is to establish whether the moving
groups could conceivably arise from an evaporating cluster, or
whether their stellar content is inconsistent with being produced
by a single burst of star formation. We will fit a model of a single-
burst stellar population to each of the five moving groups and
test whether this model is a better fit to the moving-groups data
than the background model described in the previous section.
The foreground hypothesis for the purpose of this section is
therefore that the moving group is characterized by a single age
and metallicity.

Like the background model, the foreground model defines a
photometric parallax relation. While that defined by the back-

where the photometric parallax 7 [V;, (B — V);, Age, Z] is de-
rived from the isochrone absolute magnitude as in Equation (5).
The absolute magnitude is derived from the isochrone by reading
off the absolute magnitude along the isochrone corresponding
to the assumed age and metallicity at the star’s observed color
(B—V).

Equation (12) is not the whole story. First, Figures 5 and
6 show that even an open cluster itself is not perfectly fit by
a single isochrone, that is, the right histogram in Figure 6
is much broader than the unit variance Gaussian distribution.
We find that there is 0.2 mag of root variance in absolute
magnitude with respect to the isochrone locus of the stars in
Figure 5. We propagate this to a variance in the parallaxes of
the Hyades cluster members and add it in quadrature to the
observational parallax uncertainty. The resulting photometric
parallax—observed parallax comparison is also shown in Figure 6
as the dashed histogram. This distribution has close to unit
variance; the open-cluster scenario now provides a good fit to
the data (this procedure is somewhat equivalent to adding a
small amount of unmodeled noise or “jitter”).

Second, the assumption of a certain age and metallicity for
a moving group is too easily falsified. When we observe a star
that is a member of a moving group, but that has a color that
is inconsistent with that age and metallicity, e.g., because the
star is too young to still be on the main sequence of an old
population of stars, this combination of age and metallicity is
ruled out by the existence of this single star alone. As useful as
the idea of falsification has been in epistemology, and as helpful
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as it could be in this case if we had high-probability members
of the moving groups in our sample, the ease of falsification
is actually problematic since we cannot confidently assign any
of the stars in our sample to moving groups and we need to
take the odds that a star is in fact a background interloper into
account. The proper way to take this interloper’s probability into
account is to divide the probability of a star’s properties among
the foreground and background hypotheses in a way that is
proportional to the probability that the star is part of the moving
group or not. Thus, we write the probability of the observed
parallax of each star as

P(Tobs.i) = P(Tops,i |foreground)?” P (Tobs.i [background)! =Pi |

(13)
where p;; is the probability that star i is a member of moving
group j; see Equation (2). A low-probability member of a
moving group, one that is most likely not a member, has the
bad property that it can rule out a certain age and metallicity
due to its color being inconsistent with it, since the first factor
in Equation (13) will be zero for any non-zero p; and the
probability of an age and metallicity of a moving group is given
by Bayes’s theorem

P(Age, Z|{ons.i}) o p(Age, Z) [ | p(ros.ilAge, Z),  (14)

A

where we have implicitly assumed the other observational prop-
erties of the star (i.e., its color, apparent magnitude, and obser-
vational parallax uncertainty) in the conditional probabilities.
A single star with a color that is inconsistent with the age and
metallicity under investigation for the moving group therefore
rules out this age and metallicity, as it factors in a zero proba-
bility in the product in Equation (14).

Instead of just using the isochrone prediction in evaluating
the probability of an observed parallax under the foreground
model in Equation (12), we add a small contribution from the
background into the probability, such that the first factor in
Equation (13) becomes

P(Tobs,i [foreground) = (1 — o) p(mops,i|Age, Z)
+ ap(meps,i|background),  (15)

where the background probability is given by Equation (8).
The parameter o is, in general, a free parameter and is a
measure of the amount of background contamination. The total
foreground probability is obtained by substituting this equation
into Equation (13). A star whose color is inconsistent with an
assumed age and metallicity will now automatically resort to its
background probability, since then p(mops i |Age, Z) is zero and

(o foreground) = [(1 - @) p(mans|Age, 2)
+ ap(Tobs,; |background)]?
X P(Tobs.i |backgr0und)l—ﬂ//
= o’ p(7ops, i |background).  (16)

Low-probability members have p;; ~ 0 such that «?7 ~ 1.
This expression shows that when « is a free parameter, it will be
advantageous to make it large when high-probability members
are inconsistent with the assumed age and metallicity, to make
the fit at least as good as the background fit.

When « is allowed to take any value between 0 and 1, it
is clear that if the fit prefers a value of « that is close to 1,
this will be an indication that the single-burst stellar population
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Table 1
Best-fit Single-stellar-population Models for the Low-velocity Moving Groups
Group Age V4 o?
Myr)
NGC 1901 180 0.030 0.41
NGC 1901 56 0.030 0.98
Sirius 350 0.026 0.53
Sirius 413 0.023 0.90
Pleiades 67 0.030 0.57
Pleiades 67 0.030 0.90
Hyades 488 0.029 0.58
Hyades 679 0.027 0.86
Hercules 180 0.030 0.83
Hercules 180 0.030 1.00

Notes. The first line for each group lists the best-fit age and
metallicity for the fixed value for « in the last column—this value was
obtained from a global contamination analysis (see the text)—the
second line lists the overall best-fit age, metallicity, and «.

2 Background contamination level.

model is not a very good fit to the moving-group data. But
what value of o do we expect if the data are consistent with
the moving group having originated from a single burst of star
formation? In order to answer this question, we look at the
overall properties of the velocity distribution. We look at the
fraction of stars in one of the moving groups as a function of a
hard cut on the membership probabilities p;; to assign moving-
group members. We find that a hard cut of p;; > 0.4 gives
rise to a fraction of moving-group substructure consistent with
the overall fraction of the substructure observed in the velocity
distribution, i.e., 40%. We can then ask: what is the accumulated
fraction of membership probability of stars with membership
probabilities less than this hard cut? This gives an estimate
of the background contamination for each moving group, that
is, it gives an indication of the influence of the background
stars on inferences using the membership probabilities. These
background contamination levels « are given in Table 1 on the
first line for each moving group.

If we allow the fit to vary the background contamination level
a and we find that the fit prefers values of « that are much
larger than the value of « estimated for each moving group from
the global analysis described above, that is a strong indication
that the moving groups are not single-burst stellar populations.
This does not rule out that certain parts of the moving group
are consistent with being created in a single burst—a preferred
value of « that is close to but not equal to unity could suggest
this. Therefore, we perform two fits: one in which we fix « at the
value determined in the last paragraph and the other in which
we allow « to take on any value between 0 and 1. In both cases,
we vary the age and metallicity of the underlying isochrone on
a grid in log age and metallicity space. The best fit is then given
by the combination of age, metallicity, and—if left free—o« that
maximizes the probability of the foreground model in

plog Age, Z(, @) o [ | p(rrans.il log Age. Z(.@)),  (17)

2

where the individual conditional probabilities are given by
Equation (13) and the parentheses around « indicate that we
either fix o or vary it. This is a maximum-likelihood fit or,
equivalently but relevant in what follows, the maximum of
the posterior probability distribution for age, metallicity, and
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Figure 11. Logarithm of the likelihood of different single-burst stellar population models characterized by an age and metallicity Z for the low-velocity moving groups,
with the background contamination level « for each group set to the value obtained from a global contamination analysis (see the text). The best-fit model is indicated

by a white cross.

o with uniform priors on log age, metallicity, and «. The latter
attitude permits marginalization over subsets of the parameters.
In performing the fit, the last factor in Equation (13) is irrelevant,
as it does not depend on any of the fit parameters, but in the
model selection it does need to be taken into account.

The results of this fit when fixing « are shown in Figure 11 for
each of the five moving groups. The logarithm of the expression
in Equation (17) (up to an arbitrary normalization term) is
shown and the best-fit value of age and metallicity is indicated.
These best-fit values are given in Table 1 on the first line for
each moving group. For the moving groups with an associated
open cluster the best-fit ages are similar to those of the open
clusters, but the metallicities are very different. This confirms
the result from Section 3 that the moving groups are not made
up of former open cluster members. The posterior distribution
for age and metallicity is rather broad for all of the moving
groups, indicating that there is no clear preference for a specific
age and metallicity. Given the amount of data on each moving
group—each moving group has a weight of about 10% in the
full velocity distribution, translating into about 1000-1500 stars
in our sample—this is another indication that the moving groups
contain more than a single stellar population.

When allowing the background contamination parameter o
to be fit as well, the best-fit ages and metallicities are similar
to those obtained for fixed «, but the parameter « is drawn to
values close to unity. The posterior distribution for the age and
the metallicity, marginalized over « using a uniform prior on «,
is shown in Figure 12; the posterior distribution for «, likewise

marginalized over the logarithm of the age and the metallicity, is
shown in Figure 13. The best-fit values are listed in Table 1 on the
second line for each moving group. It is clear from these results
that the best-fit level of background contamination is very high
for each of the moving groups; for Hercules, the best-fit value
of « is actually equal to unity. Especially in the marginalized
distributions for «—our degree of belief concerning « given
that we believe that part of the moving group was produced in
a single burst of star formation without caring about the age
and metallicity of that event—the peak of the distribution is at
large values of @ and even at « = 1 for the NGC 1901 and
Hyades moving groups, and in all cases much higher than the
expected level of background contamination indicated by the
vertical line. This tells us that most of each moving group, if not
all of it, is better fit by the background than by any single-burst
stellar population.

Although it is telling that the background contamination level
in each moving group, if left as a free parameter in the fit,
is drawn to high levels of contamination, we will take our
hypothesis testing one step further by examining which of
the two hypotheses for each moving group, i.e., that it is an
evaporating cluster or that it is merely a sparse sampling of
the background population of stars, is better at predicting the
properties of an external data set. As this external data set we
use the stars in the GCS sample (Nordstrom et al. 2004), which
consists of a subset of the Hipparcos data set with additional
radial velocities. We select stars that are not suspected to be
giants or to be part of a binary in exactly the same way as
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Figure 12. Logarithm of the likelihood of different single stellar population models characterized by an age and metallicity Z for the low-velocity moving groups,
marginalized over the background contamination level o with a uniform prior on or. The best-fit model is indicated by a white cross.

described in Section 2.4 in BHR. At this point, we only take
the radial velocities of this sample of 7682 stars, consulting
the revised Hipparcos catalog (van Leeuwen 2007) for all of the
other properties of these stars. This sample of stars contains stars
that are in the basic Hipparcos sample that we used before to fit
the age and metallicity of the moving groups and that we used
to construct the background model as well. The trigonometric
parallaxes are therefore not an entirely independent sample of
parallaxes. But the GCS sample is completely external in the
following sense: we can use the radial velocities from the GCS
catalog to calculate the membership probabilities p;; for all of
the stars in the GCS sample in a similar way as in Equation (2)
but with R; now the projection onto the line-of-sight direction.
This way of assigning membership probabilities is independent
of the way we assigned membership probabilities before, since
those were calculated using the tangential velocities. It is in
this sense that the GCS data set is external; in what follows,
we will determine whether the foreground model trained on the
basic Hipparcos sample using tangential velocities predicts the
properties of the moving group members in the GCS sample,
assigned using radial velocities, better than the background
model.

The background model predicts the distribution of the ob-
served parallax in Equation (8). For the foreground model,
specified by an age, a metallicity, and optionally a value of
the background contamination level, the predicted distribution
is given by Equation (13), where the first factor is given by
Equation (15) and the membership probabilities p;; are calcu-
lated using the radial velocities.

In Figure 14, we show figures similar in spirit to Figure 7.
For a few specially selected stars (high-probability members of
the Sirius moving group) we have calculated the background
prediction for the parallax (left panel in each row), the fore-
ground prediction when fixing « at the value determined from
the global contamination analysis (middle panel in each row),
and the foreground prediction when fitting the background con-
tamination (right panel in each row); in making these figures,
we chose the best-fit parameters for the Sirius moving group
from Table 1. The two stars in this figure are chosen to illustrate
the model selection and do not reflect the general trend. The first
row shows an example where the foreground model performs
well: the foreground model with fixed & makes a good predic-
tion for the parallax of this star and, by virtue of being narrow
and informative, gives a higher probability to the observed par-
allax than the background model—note the difference in scale
on the y-axes. The second row shows the much more common
situation in which the foreground model misses completely and
the observed parallax is found in the tails of the predicted dis-
tribution; the background model performs better by virtue of
being broader.

We repeat this for all of the stars in the GCS sample. We
only consider the 7577 stars with colors B — V < 1 mag.
We marginalize over the parameters of the foreground model
to compute the foreground probability of each parallax in the
GCS sample and from this calculate the total probability of the
parallaxes of stars in the GCS sample. The logarithm of this is
given in Table 2 for each of the moving groups. Note that the
prior distributions assumed for age, metallicity, and o do matter
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Figure 13. Posterior distribution for the background contamination level « for each of the moving groups, marginalized over age and metallicity of the foreground
model with uniform priors on the metallicity and the logarithm of the age. Total contamination—« = 1—is preferred in most cases. The value of o obtained from a
global contamination analysis—the value used in Figure 11—is indicated by the vertical line.

now since these provide the integration measure on the space of
properties through which we can integrate over these properties.

A first thing to note is that the foreground model when fixing
o, both using only the best-fit values for the parameters as when
marginalizing over the posterior distribution for the parameters
of the foreground model, predicts the GCS parallaxes worse than
the background model, except in the case of the Hercules moving
group. That the Hercules moving group could be considered
a single-burst stellar population is somewhat surprising, as
it is generally regarded as the best established example of a
moving group with a dynamical origin. The preference for the
foreground model is only slight and the fact that, if left free, the
background contamination parameter runs to o = 1 is strong
evidence against it being an evaporating cluster. When we let
a be a free parameter, all of the foreground models perform at
least as well as the background model, although only slightly for
most groups. There might be a subsample of stars in each of the
moving groups that is the remnant of a cluster of stars. However,
at the best-fit background contamination levels in Table 1, hardly
any stars are assigned to the moving groups when using the
relevant hard cut on membership probability.

In the case of Hyades, even though the foreground model
only performs as well as the background hypothesis, the best-
fit foreground model is very similar to the Hyades cluster’s
properties, such that a subset of stars in the Hyades moving
group may have originated from the open cluster. This is not
entirely unexpected, as there must be some stars that have
already been lost to the open cluster but that still share its
space motion. However, this fraction is not simply equal to the

difference between the best-fit values of « in Table 1 and one.
In the analysis above, we did not remove open-cluster members
from our sample, and, for example, 28 of the stars in our sample
are confirmed Hyades members—they are part of the sample
from Perryman et al. (1998) described in Section 3. These 28
stars make up 11% of the expected 261 Hyades members for this
sample—they are all high-probability members of the Hyades
moving group—comparable to the 14% of non-background
found in the best fit to the Hyades moving group. These 28
stars were selected using a stringent membership criterion and
therefore we can expect the actual number of Hyades-open-
cluster members present in our sample to be even higher. Thus,
we find that only a very insignificant fraction—at most a few
percent—of a moving group can be explained by the evaporation
of a single open cluster, in disagreement with the 15%—-40%, for
low- and intermediate-mass stars respectively, found by Famaey
et al. (2007).

7. ARESONANT DYNAMICAL ORIGIN OF THE
LOW-VELOCITY MOVING GROUPS

Now that we have firmly established that none of the mov-
ing groups can be entirely interpreted as being an evaporating
open cluster, we can turn to investigating the possible dynami-
cal origins of the moving groups. If not an evaporating moving
cluster, the next most likely a priori explanation of the moving
groups is that they are generated by one of the non-axisymmetric
perturbations to the Galactic potential, e.g., by the bar or spi-
ral arms. This is not to say that there are no other possible
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Figure 14. Model selection using the GCS sample: the background model prediction for two individual stellar parallaxes in the GCS sample is contrasted with the
best-fit foreground single-burst stellar population model for a fixed value of the background contamination « and the best-fit value for « for the Sirius moving group
(see Table 1 for the details of these best-fit single-burst stellar populations). The foreground models are trained using probabilistic moving-group assignments from
the Hipparcos tangential velocities, while the GCS radial velocity is used to probabilistically assign the two GCS stars featured in this figure to moving groups. The
top row shows an example where the informative foreground prediction does better than the broad background model prediction; the bottom row shows an example
where the narrow foreground prediction is wrong and the uninformative background predictions performs better. In each panel, the probability of the parallax = is
conditional on the star’s positional, kinematic, and photometric data (except for the observed trigonometric parallax).

explanations of the moving groups’ existence—e.g., projec-
tion effects of partially mixed phase-space structure (Tremaine
1999)—but theoretical work has suggested that moving groups
naturally arise in various non-axisymmetric scenarios. As men-
tioned in Section 1, the evidence for the dynamical origin of
the moving groups has been largely circumstantial, amounting
to little more than finding that the moving groups display some
variety of ages and metallicities. The purpose of this section is
to test the hypothesis of a dynamical origin in a more specific,
albeit generic, manner.

We can broadly distinguish between two classes of dynamical
origin for the moving groups: those in which the moving
groups are generated through steady-state non-axisymmetric
perturbations and those in which they are due to transient
perturbations. This section will mostly test the former category.
Steady-state perturbations such as those associated with the
bar or spiral structure are characterized by a pattern speed,
which could potentially vary although this is not the case in any
of the dynamical scenarios considered in the literature so far.
Since orbits have associated natural frequencies—the radial and
azimuthal frequencies in the plane, or the epicycle and angular
frequencies in the epicycle approximation—strong interactions
between the non-axisymmetric perturbations and the stars occur
when these two sets of frequencies are commensurate, that is,
when the difference between the perturbation’s frequency and
the angular or azimuthal frequency of the orbit is commensurate
with the radial frequency. This gives rise to the co-rotation
resonance, where the period of the perturbation is equal to
the angular period of the orbit, and the Lindblad resonances,
which are associated with closed orbits in the rotating frame

Table 2
Model Selection Using the GCS Sample: Is the Single-stellar-population
Model for the Moving Groups Preferred?

Group  Best-fit SSP, Marginalized SSP, Best-fit SSP, Marginalized SSP,
fixed o fixed o free o free «
NGC 1901 —262 —262 17 17
Sirius —61 —61 0 1
Pleiades -70 —70 1 5
Hyades -8 -8 0 0
Hercules 2 2 0 15

Notes. The difference between the logarithm of the probability of the parallaxes
of the 7577 stars in the GCS sample used in Section 6 (B — V< 1 mag) under
the various foreground models and that under the background model is given for
each moving group. The logarithm of the likelihood of the background model
is —23,155. “Marginalized” probabilities have the uncertainties in the best-fit
values integrated out by marginalizing over the posterior distribution for age,
metallicity, and, if applicable, background contamination level «.

of the perturbation that do not cross themselves (e.g., Binney
& Tremaine 2008). The influence of a weak non-axisymmetric
perturbation to the overall potential is therefore most strongly
felt at these resonances (e.g., Lynden-Bell & Kalnajs 1972).
If the moving groups’ origin lies in steady non-axisymmetric
perturbations, we would expect the Sun’s present location to be
near one of the resonances of the non-axisymmetric structure to
account for its strong influence on the velocity distribution.
Simulations confirm this basic picture. Several simulations
have shown that moving-group-like structures form near the
resonances associated with the bar (e.g., Dehnen 2000; Fux
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Table 3
High/Low Metallicity Model Selection: Do the Moving Groups have Higher or Lower Metallicities than the Background Disk Population?

Group R.(L)* Expected A[Fe/H]° Expected o[Fe/H]P

(A[Fe/H])¢ o[Fe/H]° High Metallicity Low Metallicity

(kpc) (dex) (dex) (dex) (dex)
NGC 1901 8.0 0.02 0.025 0.02 0.16 —203 —144
Sirius 8.5 —0.03 0.015 —0.03 0.15 —108 -8
Pleiades 7.6 0.05 0.015 0.02 0.16 —43 -37
Hyades 7.6 0.05 0.003 0.11 0.14 3 —14
Hercules 7.2 0.10 0.040 0.01 0.17 —40 —106

Notes. The difference between the logarithm of the probability of the parallaxes of the 9330 stars in the GCS sample (0.35 mag <
B — V< 0.95 mag) under the higher/lower metallicity foreground models and that under the background model is given for each
moving group. The logarithm of the likelihood of the background model is —27,882.

* Galactocentric radius of the circular orbit with the same angular momentum as the center of the moving group.

b Expected metallicity anomaly and spread based on the mean radius (= R.(L)), the velocity width of the moving group and a

metallicity gradient of —0.1 dex kpc~!.

¢ Average metallicity and spread of each moving group, computed by weighting the metallicities in the GCS sample with the
membership probabilities (see Equation (18)). The width includes the measurement uncertainty, which is about 0.08 dex.

2001) or spiral structure (Quillen & Minchev 2005) or at the
overlap of resonances of these two (Quillen 2003). Even though
spiral arms are observed to start near the end of the bar in many
galaxies, the pattern speeds of these two features are probably
not strongly related in a dynamical sense, i.e., their resonances
would generically be independent of each other because their
pattern speeds are in general very different (Sellwood & Sparke
1988). Note that in order to explain the Hercules moving group
as being due to the outer Lindblad resonance (OLR) of the bar
and the lower velocity moving groups as being due to resonances
of the spiral structure, the Sun would have to be in a rather special
location in the Galaxy to be at exactly the right spot with respect
to all of these. More observational evidence for either of these
scenarios is thus needed to check that the velocity distribution
is not being overfit.

It is instructive to see what happens to the orbits of stars that
are near one of the resonances to understand what properties
we expect the moving-group members to have if they are
associated with a resonance of dynamical origin. Generically, in
the neighborhood of a resonance we expect to see a bifurcation
of the orbits into two families (Contopoulos 1975; Weinberg
1994; Kalnajs 1991). This bifurcation could be such that one of
the families is on nearly circular orbits and the other significantly
lagging with respect to the local standard of rest, as is the case
near the OLR of the bar (Dehnen 2000), or it could be such
that there are no longer any stars on nearly circular orbits and
one family lags with respect to the local standard of rest, while
the other family moves faster than purely circular location (in
both cases, this is at the present location of the Sun in the
successful dynamical scenarios). At azimuths where these two
families cross, we expect to see streams in pairs in the velocity
distribution.

Under the hypothesis of an OLR origin for the Hercules
moving group, there is a family of orbits that are anti-aligned
with the bar and spend most of their time inside the OLR, and
there is a family of orbits that are aligned with the bar and spend
most of its time outside the OLR (Contopoulos & Grosbgl 1989).
When invoking steady-state spiral arms to explain the existence
of the Hyades/Pleiades moving groups and the Coma Berenices
(which we do not study in this paper because it did not show
up at high significance in the reconstruction of the velocity
distribution in BHR) or Sirius moving group, the Sun’s present
location is near the 4:1 ILR and there is one family of orbits
that is elongated, square-shaped, and that spends most of the

orbit outside of the ILR, and another family of orbits that is also
elongated, square-shaped, and is more typically found inside the
ILR (Contopoulos & Grosbgl 1986). Varying the parameters of
the spiral structure, moving-group-like structure also forms for
other types of orbits, but generically one family of orbits’ mean
radius is inside the resonance and the other family’s mean radius
is outside the resonance. This is even somewhat the case when
the moving groups are created by the transient behavior of the
bar—e.g., recent bar growth (Minchev et al. 2009)—although
the situation is a lot messier in these cases because of the time-
dependent nature of the problem.

Thus, if the moving groups are particular manifestations of
the dynamics near the resonances of the bar or spiral structure,
then the previous argument shows that the orbits of stars in the
moving groups concern different and mostly non-overlapping
regions of the Galaxy: stars that are part of moving groups
that on average lag the local circular motion are near their
apogalacticon, so their orbits will be mostly confined to the
inner Galaxy. Stars in moving groups that are ahead of circular
motion on average are near their perigalacticon, so these stars
spend most of their orbits in the outer Galaxy. Therefore, we
can expect the stellar populations of moving groups to be
different depending on their position in the v,—v, plane, as these
populations of stars are born in different physical conditions. We
will test this hypothesis in this section.

Specifically, the hypothesis we set out to test is the following.
If moving groups are associated with a family of orbits that either
spend most of the orbits inside of the solar circle or outside
of it, then, since stars reflect the conditions of the regions in
which they are born, stars in moving groups will either have a
higher than average metallicity, or lower than average metallicity
because there is a metallicity gradient in the Galaxy, declining
outward from the Galactic center (e.g., Shaver et al. 1983;
Afflerbach et al. 1997; Nordstrom et al. 2004; Rudolph et al.
2006). For each moving group we can estimate this expected
metallicity difference by calculating the mean metallicity at the
mean radius of each moving group if it was moving in a simple
axisymmetric potential. We can approximate this mean radius
by the radius of the circular orbit that has the same angular
momentum as the center of each moving group. The mean
radii found by assuming a flat rotation curve with a circular
velocity of 235 km s~! and a distance to the Galactic center of
8.2 kpc (Bovy et al. 2009) are listed in Table 3. Assuming a
metallicity gradient in [Fe/H] of —0.1 dex kpc™! (e.g., Mayor
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Figure 15. Color—-magnitude diagram of the magnitude-limited GCS sample of
9575 stars used in Sections 7 and 8 with relative parallax uncertainties <10%.

1976; Nordstrom et al. 2004) these mean radii translate in the
expected metallicity differences of a few hundreds of a dex
to a tenth of a dex for Hercules in Table 3. In reality, we can
expect these differences to be larger, since the resonance-trapped
orbits will make larger excursions inward or outward than in this
simple axisymmetric argument.

There will be some spread around this mean value, but this
spread will certainly be smaller than the width of the full thin-
disk metallicity distribution, which is, as we will show below,
about 0.14 dex. We can estimate the expected width of a moving
group’s metallicity distribution based on its velocity width by
using the same procedure that we used in the last paragraph.
Using the velocity widths from BHR we find expected widths
of a few hundreds of a dex or less; these are given in Table 3.
These expected widths are smaller than the expected metallicity
offset for each moving group except for NGC 1901. Therefore,
we expect each moving groups’ metallicity distribution to be
largely contained in either the higher than average or lower than
average part of the local thin disk metallicity distribution and
this effect should be detectable.

Thus, we ask for each of the moving groups whether it is
better fit by a model with a higher or lower metallicity than
the background model, which reflects the full metallicity distri-
bution in the solar neighborhood. Since the Hipparcos sample
that we have been using throughout this paper does not include
spectroscopic metallicity information, we use a sample selected
from the GCS catalog instead. We use less conservative cuts on
the binary and giant contamination of this sample to maximize
the number of stars in the sample. Giant contamination is in
fact very small in this sample of F and G dwarfs, and the pres-
ence of binaries is not really an issue since the multiple radial
velocity epochs available for all stars in the GCS data allow
for an accurate determination of the mean motion, although the
photometric parallax technique that we use will be slightly bi-
ased by the presence of unresolved binaries. This affects both
background and foreground models—foreground models in this
section are those with low /high metallicities—and is taken care
of in the non-parametric photometric parallax relation that we
will again establish (all models effectively use a noise-in, noise-
out approach as far as unresolved binaries are concerned).
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Figure 16. Metallicity distribution in the solar neighborhood: the distribution
of metallicities of the 9575 stars in the GCS sample. The best-fit two-Gaussian
decomposition is overlaid: the two components as the dashed lines (the “thin”
disk component has been scaled down for clarity) and the resulting distribution as
the full line. The parameters for the best-fit two-Gaussian distribution are given
in the top-left corner as the mean =+ standard deviation of each component.

As before we will train a non-parametric model to represent
the background hypothesis—a non-parametric photometric par-
allax relation that we will establish for the GCS stars in ex-
actly the same way that we trained the background model in
Section 5. We cannot re-use the previous background model,
as the GCS data are a much finer sampling in a narrow color
range of the rich color-magnitude diagram than our previous
Hipparcos sample. Rather than using a parametric model for the
foreground hypothesis, we will build a non-parametric model
similar to the background model by training it on stars that have
higher or lower metallicity than average.

We construct the GCS sample used in this section as follows.
From the GCS catalog we take all of the stars that have a
Hipparcos counterpart and take their radial velocities with
uncertainties and their metallicities from the GCS catalog (the
latest reduction; Holmberg et al. 2007, 2009). We take the rest of
the spatial, kinematic, and photometric data from the Hipparcos
catalog (ESA 1997; van Leeuwen 2007). From this sample we
select those stars with accurate parallaxes (w/o, > 10); this
leaves a sample of 9575 stars. The color-magnitude diagram of
these stars is shown in Figure 15.

The metallicity distribution of this sample is shown in
Figure 16. Instead of taking a straight average of the metal-
licities, we fit it as a mixture of two components, anticipat-
ing a sizeable contribution from thick disk stars, which could
skew the inferred average thin-disk metallicity. We perform
this fit using the same deconvolution algorithm that we used
to deconvolve the velocity distribution (Bovy et al. 2009b), as-
suming an uncertainty of 0.08 dex on the GCS [Fe/H] values.
The resulting components are shown as the dashed curves in
Figure 16, with arbitrary normalizations for display purposes.
The best-fit parameters—mean and width of the two component
Gaussians—are given in the top-left corner of the figure and the
amplitude of the largest component is given as well. We can
identify these two components with the thin and thick disks.
The average thin disk metallicity is —0.13 dex with a spread
of 0.14 dex. Note that because of the large amount of data,
this mean thin disk metallicity can be considered to be very
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well determined: an estimate of the uncertainty in the mean is
0/ finin N, where ¢ = 0.16 dex is the width of the thin disk
distribution convolved with the typical uncertainty in the GCS
[Fe/H] values, N = 9575, and fui, = 0.9; the uncertainty in
the mean is therefore about 0.002 dex. Of course, this uncer-
tainty does not include the uncertainty in the thin—thick disk
decomposition, but this is expected to be small.

To get a first sense of the metallicities of the various moving
groups, we have computed the average metallicity of the stars
in the GCS sample described in the previous section (before the
color cut, but the results are the same after the color cut) by
weighting the individual metallicities by the probability that the
star is part of the moving group in question, i.e.,

E ; pij[Fe/H];
Fe/H), = &80 7770
<[ e/ ])/ Zi y

In the same way, we can calculate the second moment of the
metallicity distribution of each moving group. These average
metallicities and widths are given in Table 3. All of the moving
groups except for Sirius have higher metallicities than the
average thin disk metallicity, which we established above to be
—0.13 dex. The Hyades moving group has a distinctively higher
metallicity than average (see also Famaey et al. 2007, who find
about the same value from a simple cut in velocity space); for
the other moving groups, the difference is smaller and it is not
clear what the significance of this result is. The fact that the
second moment of each moving group’s metallicity distribution
is comparable to that of the full local metallicity distribution
indicates that the moving groups’ metallicity distributions are
all very similar to that of the background. To test the significance
of the non-zero offsets from the average metallicity, we perform
a simple hypothesis test to see whether the moving groups’
metallicities are significantly different from that of the general
thin disk population.

We create two subsamples from the full sample of 9575 stars
by taking the stars with metallicities larger than the average
thin disk metallicity, and the stars with metallicities lower
than the average; these samples contain 4593 and 4737 stars,
respectively. That the latter suffers from some contamination
from thick disk stars does not matter for our purposes as we are
merely interested in creating a model with lower metallicities
than the average thin disk.

We now fit a non-parametric photometric parallax relation to
each of these samples—the background model consisting of all
of the stars and the two foreground models consisting only of the
low/high metallicity subsamples of the full sample—in exactly
the same way as in Section 5. In order to avoid an excessively
spiky non-parametric model, we focus on the color region
0.35 mag < B — V < 0.95 mag in the color-magnitude diagram
(see Figure 15). This cut only removes a very small number
of stars (245 out of 9575), but makes sure that the optimal
smoothing scale is not unduly affected by the sparse sampling
of certain color regions. The width parameter of the Tricube
kernel is again set by leave-one-out cross-validation.

As before, we can now calculate the total probability of the
moving-group stars’ parallaxes under the assumption that they
are merely background stars, or under the assumption that they
have higher than average or lower than average metallicities.
The probability of an observed, trigonometric parallax based on
the star’s color, apparent magnitude and the full GCS training
sample is again given by the expression in Equation (8), where
the sum is now over the stars in the GCS sample (with the color
cut discussed above). The probability of the observed parallax
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under the foreground model is again a mix between that of
assuming the star has a higher/lower probability by virtue of
being part of the moving group, and that of the background
model, since we can only probabilistically assign membership.
Thus, for each star the foreground probability is given by

p(nobs,i |foreground) = p(nobs,i |high/lOWZ)p’f
X p(Tobs.; |background)' =71, (19)

where we now make use of the full kinematical information
for the GCS stars, since we have all three components of the
velocity to assign moving-group membership for this sample.
The logarithm of the total probability under both foreground
models and the background model thus calculated is tabulated
in Table 3. If a moving group shows clear signs of a higher
or lower metallicity, and thus of a resonant origin in a steady-
state non-axisymmetric potential, we would expect the moving
group’s properties to be better fit by the higher/lower metallicity
subsample than by the background model. As is clear from
Table 3, no moving group shows convincing evidence that this
is the case.

The only moving group that shows weak evidence that it has a
different metallicity than the background of solar-neighborhood
stars is the Hyades moving group, confirming the result for
the Hyades found above by calculating a weighted average of
the metallicities of Hyades members. That the Hyades moving
group has a slight preference for a higher metallicity could
indicate that it is associated with a family of orbits whose
mean radii are within the solar circle, although the evidence
is very weak. This may seem like a large factor, but one needs
to consider that this is for a sample opyages N = 0.017 x 9330 ~
159 stars. Nevertheless, since the two competing models are
qualitatively similar, we conclude that there is some weak
evidence here that the Hyades is made up of stars with higher
than average metallicity.

The moving group which has the lowest likelihood of having
either higher or lower metallicity than average is the NGC 1901
moving group. This is hardly surprising. The NGC 1901 moving
group sits right on top of the bulk of the thin disk velocity
distribution and it is therefore very hard to identify its members;
its weight in the mixture of Gaussian decomposition of the
velocity distribution is also rather large for a moving group,
such that it was suggested in BHR that a large part of this
Gaussian component might simply be part of the background
distribution. The analysis here confirms this intuition.

As for the other moving groups, they are all best-fit by the
background model, but we can nevertheless ask which of the
two foreground models is preferred (ignoring the background
model). The Sirius moving group prefers the low-metallicity
foreground model over the high-metallicity model, confirming
what we found above. Taken together with the result that the
Hyades moving group has higher than average metallicity, this
could be interpreted as tentative evidence in favor of the scenario
in which these two moving groups arise through spiral pertur-
bations near the ILR (as discussed above; Quillen & Minchev
2005). The evidence in favor of this explanation is not strong, but
given the difficulty with which group membership is established
through kinematic association, it may be compelling.

As for the Pleiades moving group, it has often been assumed
that its origin is strongly linked to that of the Hyades moving
group, since some reconstructions of the velocity distribution did
not resolve the difference between the moving groups (Famaey
et al. 2005) and because they are part of the same branch in
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the Galactic-plane part of the velocity distribution (Skuljan
et al. 1999). Although in the metallicity test performed here the
Pleiades moving group is best fit by the background model, the
runner-up is the foreground model with lower metallicity than
average, as opposed to the best-fitting model for the Hyades,
which has higher than average metallicity—note that this result
is not confirmed by the calculation of the average metallicities
above. This argues against a common origin for the Pleiades
and Hyades moving groups. Recent bar growth has recently
been proposed as a scenario in which the Hyades and Pleiades
have a different origin (Minchev et al. 2009). Because of the
transient nature of the effect of bar growth on the local velocity
distribution, it is quite possible that the stars that make up the
Pleiades moving group do not have a preference for a single
metallicity at the present epoch.

Finally, we observe that the Hercules moving group, long
thought to be a signature of the OLR of the bar and the
moving group with the largest and most significant expected
metallicity anomaly, is not preferentially fit by a model with
higher metallicity than average, as would be the case if the
resonant origin were correct, but is instead better fit by the
background model. The background model is preferred by quite
a large margin. Focusing only on the preferred foreground
model, however, we see that the higher metallicity model is
strongly preferred over the lower metallicity model. If one
prefers to think that the overall preference for the background
model is due to the difficulty of assigning group membership, or
perhaps due to the slight offset between the Gaussian component
identified in the reconstruction of the velocity distribution used
here and other reconstructions of the velocity distribution, then
this strong preference for the higher metallicity model over
the lower metallicity model could be taken as evidence for the
resonant origin of the Hercules moving group.

Because of the many assumptions and simplifications made
in estimating the expected metallicity distribution of the various
moving groups, the test we performed in this section is largely
qualitative. Nevertheless, the fact that most of the moving groups
are best fit by the background model as opposed to the higher
or lower metallicity models challenges the explanation that the
moving groups are associated with resonances related to the
bar and/or spiral structure. If the moving groups nevertheless
have a dynamical origin, then the dynamical effect is probably
transient and less cleanly described in terms of supporting orbits.
The predictions of the transient spiral or bar models in which
moving groups arise in the literature (e.g., De Simone et al. 2004;
Minchev et al. 2009) do not contain very definite descriptions
of the expected stellar content of the moving groups generated
through transient perturbations. Therefore, at this time it is hard
to say whether these models are preferred by the data, but they
do gain in likelihood if only because of the relative drop in
likelihood of the resonant models due to their not being strongly
supported by the data here.

8. HINTS OF RECURRENT SPIRAL STRUCTURE

If the solar neighborhood is currently near the ILR of
the current cycle in the recurrent spiral structure scenario of
Sellwood & Kahn (1991) described in Section 1, we would
expect to see a feature in the local energy—angular-momentum
distribution corresponding to stars being scattered at the ILR.
Some tentative signs of this have been detected in the distribution
of the Hipparcos stars (Sellwood 2000), although this analysis
made use of the reconstruction of the local velocity distribution
derived from tangential velocities alone by Dehnen (1998). With
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Figure 17. Lindblad diagram: distribution of the GCS stars in energy—angular-
momentum space assuming a Mestel disk model for the Galaxy with circular
velocity of 235 km s~ and Ry = 8.2 kpc; E. = E.(L) is the energy of a
circular orbit with angular momentum L, L.(Ry) is the angular momentum of
the circular orbit going through the Sun’s present location. The location of high
probability (p;; > 0.5) members of the moving groups in this diagram is shown
in the remaining panels. None of the moving groups stand out as a feature in
this diagram.
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the full kinematical information in the GCS catalog, we can
construct the energy—angular-momentum distribution without
making any symmetry assumptions, and we can ask whether any
of the moving groups are actually a manifestation of the groove
feature in the angular-momentum distribution that drives spiral
structure.

In order to calculate the integrals of the motion of the stars
in the GCS sample we need to assume a Galactic disk potential
to convert positions and velocities into energy and angular
momentum. We use a simple model for the disk potential, a
Mestel disk (Mestel 1963; Binney & Tremaine 2008), which
has a flat rotation curve and is uniquely characterized by the
circular velocity; we assume a circular velocity at the Sun of
V. = 235 km s~! and calculate Galactocentric distances using
Ry = 8.2 kpc (e.g., Bovy et al. 2009). The resulting distribution
in energy and angular momentum of the 9575 GCS stars that
was used in the previous section is shown in Figure 17. The
lower cutoff in energy as a function of angular momentum is a
selection effect: since the stars are all within about 100 pc from
the Sun, stars on nearly circular orbits with angular momenta
different from that at the solar circle do not make large enough
excursions to make it into our sample.

We have also indicated the locations of the moving groups in
this diagram, by making hard assignments of stars to moving
groups using p;; > 0.5, where p;; is again calculated using
the full three-dimensional velocity vector and the level of the
hard cut is set to the value that gives an overall fraction of
stars in moving groups of about 40%. There does not seem to
be a clear scattering feature in this distribution. The Hercules
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moving group is, unsurprisingly, the only moving group that
could potentially be associated with a scattering feature, but
since it lies very close to the selection cutoff, it is hard to tell
whether the Hercules moving group corresponds to a genuine
scattering feature in this diagram or whether this is just the
selection cutoff.

Recently, Sellwood (2010) has argued that the Hyades moving
group rather than the Hercules moving group corresponds to the
inner-Lindblad scattering feature. This feature is not apparent
in Figure 17, since it concerns stars with an order of magnitude
less random energy. For ease of comparison with Sellwood
(2010), Figure 18 shows the GCS stars from Figure 17 with
the smallest random motions, as well as the Hyades moving-
group members. It is clear from this figure that the Hyades
members do indeed correspond to the weak feature apparent in
the top panel, confirming that the Hyades moving group might
be a telltale sign of the recurrent nature of the Milky Way’s
spiral structure. This explanation does leave a few questions
unanswered. The other low-velocity moving groups do not
stand out in the energy—angular-momentum space. Ignoring the
Hercules moving group, which can potentially be explained by
the bar, how are the other moving groups formed if they are not
the result of inhomogeneous star formation? Since the recurrent
spiral structure is supposed to move inward, with the next spiral
pattern’s corotation radius near the inner Lindblad radius of the
previous pattern, it is unlikely that the other moving groups are
the result of scattering features associated with previous patterns
since these features should be at larger values of the angular
momentum and random energy. The result that the Hyades
moving group is created by the scattering of stars at the ILR
is also slightly at odds with the higher metallicity preference
for the Hyades moving group found in Section 7: since stars are
scattered inward at the ILR, the Hyades stars originate at greater
Galactocentric radii and should therefore be, if anything, less
metal-rich than average.
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9. DISCUSSION AND FUTURE WORK

The tests and discussions above have all focused on deter-
mining the nature of the moving groups identified in Figure 1,
and we have been able to rule out and provide support for some
possible scenarios through which these moving groups may
have formed. However, the groups shown in Figure 1 have been
determined as Gaussian components in a deconvolution of the
observed velocity distribution using 10 Gaussians. BHR found
that the best-fitting mixture-of-Gaussians model contained only
10 components: when using more components, the velocity dis-
tribution was overfit as it became clear by testing its predictions
of the external GCS radial-velocity data set. This does not, how-
ever, constitute an endorsement that the individual components
have any physical interpretation: only the mixture itself, that is,
the full distribution, can be considered real, the individual com-
ponents are just positioned in such a way as to best describe the
overall velocity distribution. It is therefore fair to ask whether
the results in this paper have not been unduly influenced by our
identification of moving groups with individual components of
the mixture.

In BHR, we argued that moving groups can be associated
with individual components of the mixture for a few different
reasons. The overall reconstructed velocity distribution contains
a number of distinct peaks (see Figure 1). These peaks can
be unambiguously identified with specific components of the
mixture, and therefore we can cross-correlate structures in the
velocity distribution with the Gaussian components. Peaks,
or overdensities, in the velocity distribution are what are
generally called moving groups. Thus, since peaks in the
velocity distribution are what define moving groups, and these
peaks can be identified as individual components in the mixture,
we can associate individual components with moving groups.
Furthermore, the peaks in the velocity distribution compare
favorably with the fiducial locations of the classical moving
groups that are studied in this paper, although there are some
small differences, such as that the Pleiades is resolved as two
components, and that the Hercules moving group is both more
smoothly connected to the bulk of the distribution than is
generally thought to be the case and is located at slightly lower
velocities than usual.

The generally accepted kinematic properties of the moving
groups amount to not much more than a rough location and an
even rougher estimate of the size and orientation of the mov-
ing group. The shape of the moving groups in the direction
out of the plane is rarely discussed, although all of the mov-
ing groups’ vertical velocities are presumably as well mixed
as those of the general background population, because of the
efficiency of phase mixing in the vertical direction. Similarly,
until BHR, the weight of the individual moving groups in the
velocity distribution, or even the total weight of the substructure
in the distribution had never been quantitatively determined. It
is hard to make quantitative estimates of group membership for
individual stars, especially if not all of the velocity components
of the stars are measured. The locations, shapes, and relative
importance that we used in this paper allow for an objective
way to estimate membership probabilities for a large sample of
stars for all of the moving groups. While one can argue over
whether these locations, shapes, and relative weights are ex-
actly right for the moving groups, the objective, probabilistic
procedure that we followed in this paper should be preferred
over ad hoc choices on which to base membership assignments.

We also do not expect small biases in the parameters of the
moving groups to affect the conclusions of this paper very
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much. If the moving groups are actually located at slightly
different locations in velocity space, if their profiles deviate from
Gaussians in the wings, or if their relative weights are slightly
higher or slightly lower than that which was assumed here, the
computed membership probabilities will be somewhat incorrect,
but not by large factors. That is, high-probability members based
on the parameters that we assumed for the moving groups will
remain high-probability members even for slightly different
parameters. If the moving groups had shown a clear preference
for an explanation of their existence over the others in the
previous sections, e.g., if they were much better fit by a single-
burst stellar population than by the background distribution, this
conclusion would have stood out at high significance even if
we computed the membership probabilities slightly incorrectly.
Thus, the main conclusion of this paper—that no moving group
shows clear evidence of having originated through one of the
scenarios discussed here—holds whatever one believes about
our parameterization. The more tentative conclusions reached
here, however, should be interpreted with care.

Another caveat has to do with the possibility of radial mixing
playing an important role in the chemical evolution of the
Galactic disk. Radial mixing (Sellwood & Binney 2002) is
the process in which stars can migrate radially from their
birthplaces over large distances while remaining on nearly
circular orbits. Such mixing causes a wider range of birth radii
to be present at any Galactocentric radius and can therefore
weaken expected correlations between, for example, metallicity
and Galactocentric radius or metallicity and age (e.g., RoSkar
etal. 2008). Radial mixing occurs naturally in galactic disks with
a transient spiral structure—only stars scattered at corotation
can be scattered without increasing their random motion, so
a large range of frequencies needs to be present for radial
mixing to occur throughout the disk—but recently it has been
shown that the coupling between a steady-state bar and steady-
state spiral arms can also lead to significant radial migration
(Minchev & Famaey 2009). In this scenario, stars from a wide
range of birth radii and metallicities can migrate radially and be
trapped into the bar’s and spiral structure’s resonances, leading
to a potentially significant dilution of the metallicity-offset
effect we searched for in Section 7. More work is necessary to
test whether the resonance-overlap radial mixing is consistent
with observations of the solar neighborhood (cf. Schoénrich &
Binney 2009) and whether the metallicity distributions of the
moving groups created by the resonances are consistent with the
results from Section 7.

The scenarios discussed and explicitly tested here do not
constitute an exhaustive set of the possible origins of the
moving groups. We have only tested some of the simplest
explanations for the existence of moving groups, but these
simple explanations do command a considerable amount of
weight in the discussion on the origin of the moving groups. Our
tests considered all of the main classes of explanations for the
origin of the moving groups; however, within these classes we
did not test whether the moving groups are related to transient
non-axisymmetric perturbations to the Galactic potential, nor
did our test of the evaporating-cluster scenario include the
possibility that the moving groups are the remnants of several
open clusters. All of these alternative explanations provide a
priori reasonable explanations of the moving groups’ existence
and should therefore be tested. Testing these explanations will
be harder because the stellar content of the moving groups will
have to be determined in greater detail than what has been
done here. Theoretical work and simulations will also have to
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establish the nature of the moving groups in the scenarios where
they are due to transient perturbations to allow the data on the
stellar content of the moving groups to be interpreted in terms
of these models.

Future work to elucidate the origin of the moving groups
could go beyond the simple tests performed here by fitting more
complicated models for the chemical composition and star for-
mation history of each moving group. This “chemical tagging”
(Freeman & Bland-Hawthorn 2002) could lead to greater in-
sight into the kind of stars or orbits that make up the moving
groups. Fitting these more general models will be considerably
more complicated than what has been done here. Nevertheless,
the probabilistic approach followed here in which all stars in the
sample are carried through the analysis of each moving group
with appropriate membership-probability weights—a weak cut
could be done for computational efficiency—will be essential in
these more sophisticated analyses to study the kinematic struc-
tures that are the moving groups.

10. CONCLUSIONS

We summarize our results as follows.

1. We use large samples of stars extracted from the Hipparcos
and GCS catalogs to study the properties of the five most
prominent low-velocity moving groups: the NGC 1901
group, the Sirius group, the Pleiades group, the Hyades
group, and the Hercules group. Using membership prob-
abilities calculated in a probabilistic manner based on the
tangential velocities of the stars, the radial velocities, or
both, and by propagating these membership probabilities
through our whole analysis, we are able to use the maximum
number of stars in the study of each moving group—an
order of magnitude improvement for most of the moving
groups—and avoid any possible biases that could result
from making hard cuts on membership probabilities in
analyses of this kind.

2. For the four moving groups in our sample with an associated
open cluster, we asked whether the moving groups could
consist of stars that have evaporated from these open
clusters. By comparing the parallaxes of the stars that we
predict, if the stars in the moving groups have the same
age and metallicity as the open cluster that the moving
group is associated with, with the observed trigonometric
parallax, we establish that a large part of each moving
group is poorly fit by the assumption that it has the same
stellar population as the open cluster. This establishes
beyond any reasonable doubt that the moving groups are
not fundamentally associated with their eponymous open
clusters.

3. Next, we studied whether each moving group could con-
ceivably be associated with any open cluster, not necessar-
ily the one normally associated with it. We constructed a
background model in which the moving group is nothing
more than a sparse sampling of the local disk population of
stars and single-burst stellar population foreground mod-
els parameterized by an age, a metallicity, and a level of
background contamination. For reasonable values of the
background contamination, we find that only the Hercules
moving group displays marginal evidence that it could be a
remnant of a past star formation event. However, letting the
level of background contamination run free, all of the mov-
ing groups prefer very large values of the contamination,
reaching values close to complete contamination by the
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background, especially in the case of the Hercules moving
group. Therefore, we can confidently conclude that none of
the moving groups is a remnant of a single open cluster.

4. To test scenarios in which moving groups are formed as a
consequence of resonances associated with the bar and/or
spiral structure, we asked whether the moving groups are
better fit by a model with higher than average—or lower
than average—metallicity, such as would generically be the
case in resonant models for the moving groups. We find that
of all the moving groups only the Hyades moving group
shows a metallicity preference, and that is toward higher
metallicity. All of the other moving groups are best repre-
sented by the background population of stars, although the
Sirius moving group prefers a lower than average metallic-
ity over higher than average, which together with the higher
than average metallicity of the Hyades could be an indica-
tion of a spiral-structure-associated resonance origin for the
Hyades and Sirius moving groups. The Pleiades moving
group is preferably fit by a lower than average metallic-
ity rather than a higher than average metallicity, arguing
against a common origin for the Hyades and Pleiades mov-
ing groups. The Hercules moving group has a preference
toward higher metallicity, consistent with it being associ-
ated with the OLR of the bar. We stress that all of this
evidence is very tentative and the background model is the
preferred model in most cases, raising the likelihood of
transient non-axisymmetric perturbation scenarios for the
origin of the moving groups.

5. We confirm the result of Sellwood (2010) that the
Hyades moving groups might be associated with features—
grooves—in the angular momentum distribution as would
be expected in some models of recurrent spiral structure.
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