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Abstract. Our procedure to detect moving groups in the solar
neighbourhood (Chen et al., 1997) in the four-dimensional space
of the stellar velocity components and age has been improved.
The method, which takes advantadge of non-parametric estima-
tors of density distribution to avoid anya priori knowledge of
the kinematic properties of these stellar groups, now includes
the effect of observational errors on the process to select moving
group stars, uses a better estimation of the density distribution
of the total sample and field stars, and classifies moving group
stars using all the available information.

It is applied here to an accurately selected sample of early-
type stars with known radial velocities and Strömgren photom-
etry. Astrometric data are taken from the HIPPARCOS cata-
logue (ESA, 1997), which results in an important decrease in
the observational errors with respect to ground-based data, and
ensures the uniformity of the observed data. Both the improve-
ment of our method and the use of precise astrometric data have
allowed us not only to confirm the existence of classical moving
groups, but also to detect finer structures that in several cases
can be related to kinematic properties of nearby open clusters
or associations.
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1. Introduction

The velocity components of early-type stars in the solar neigh-
bourhood are, to a first approximation, normally distributed
around those of the circular orbit at the solar position. How-
ever, detailed analysis reveals irregularities in these distribu-
tions; in other words, certain velocity components are more pop-
ulated than expected from a gaussian distribution. Such stellar
streams were classically referred to asmoving groups(MG here-
inafter). Their consideration as gravitationally unbound systems
that share a common origin is controversial, since galactic dif-
ferential rotation and disk heating efficiently work against their
concentration in phase space.
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Since the appearance of the very first studies outlining the
detection of moving groups, their existence has been rather con-
troversial; the restrictive hypotheses adopted and the quality of
the data used made it difficult to overcome the problem. In Chen
et al. (1997) we presented a moving group detection algorithm
based on the analysis of the velocity and age distributions, which
used a non-parametric density estimator to avoid anya priori
knowledge of a moving group’s properties, and it was applied
to a sample of 1 924 B, A and F main sequence stars, basically
extracted from the Hipparcos Input Catalogue (Turon et al.,
1992). The velocity components of these stars were determined
using ground-based astrometric data from the PPM catalogue
(Roser & Bastian, 1991; Roser & Bastian, 1993) and photo-
metric distances. We used stellar age – derived from Strömgren
photometry and stellar atmospheric and evolutionary models –
since it may be a discriminant variable provided that the moving
group’s members share a common origin; otherwise, it would
not carry additional information, so our results should not be af-
fected when taking it into account. As for age, metallicity could
also have been used as a discriminant variable, but, unfortu-
nately, it cannot be derived from photometry for spectral types
earlier than∼ A3, and therefore it was an unknown variable for
most of our stars (Smalley, 1993).

New contributions to the study of moving groups have ap-
peared since the publication of the precise astrometric data from
HIPPARCOS ESA (1997) mission. Sabas (1997) used the SEM-
MUL algorithm (Celeux and Diebolt, 1986) to decompose the
four-dimensional (velocity components and age) density distri-
bution of a sample of 2 578 B5-F5 stars into a sum of gaus-
sians under a maximum likelihood approach, thereby assuming
a gaussian profile for a moving group’s distribution. In Figueras
et al. (1997) we used Sabas (1997) sample of neighbouring
stars to determine a moving group’s properties through differ-
ent methods, including Chen et al. (1997), Sabas (1997) and a
two and three-dimensional wavelet analysis, which provided an
independent non-parametric procedure to detect moving groups.
We found a good agreement between the different methods, and
the existence of some sub-structures around the Pleiades, Sir-
ius and Hyades classical moving groups’ centers. On the other
hand, by inspecting – also through a wavelet analysis – the
two-dimensional velocity distributions of a sample of A-dwarfs
within 125 pc of the Sun, Chereul et al. (1997) found similar
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results, i.e. major MGs were sub-structured in a number of tiny
velocity clumps. More recently, Dehnen (1998) used the po-
sitions, parallaxes, and proper motions of an extended sample
(11 865 stars) to estimate the velocity distribution of stars using
a maximum-likelihood technique; the study of this distribution
allowed this author to detect several MGs.

In this paper we present an improved version of Chen et al.’s
(1997) moving group detection algorithm, which uses the three
components of the stellar velocity – the U velocity component
pointing towards the galactic center, V towards the direction of
the galactic rotation and W towards the north galactic pole – and
ages. Velocities, computed using the HIPPARCOS catalogue
(ESA, 1997) astrometric data, were referred to the heliocentric
system and corrected for galactic differential rotation. We dealt
with B and A-type stars on the main sequence or in moderately
evolved phases (luminosity classes V, IV-V and IV), since they
are relatively young stars – ages<∼ 109 yr – that, in many cases,
are not still in statistical equilibrium, and therefore they can
provide information on the conditions in which they were born.
Photometric stellar ages in this spectral range can be determined
with confidence (Asiain et al., 1997).

The method we present here includes several improvements
with respect to the former one, concerning the description of
the density distributions, the detection criteria – based now on
the effect of observational errors on the density distribution–,
and the classification of moving group stars in different streams
– performed by considering the distance to the different stellar
clumps in our space, instead of a Cluster Analysis.

The steps we followed to construct the stellar sample used
throughout this study are described in Sect. 2. In Sect. 3 the
details on the moving group detection process are explained,
whereas in Sect. 4 we apply it to our sample, evaluate the effect
of observational errors, and test the whole procedure. Finally,
results are discussed in Sect. 5.

2. Our sample

2.1. Observational data

In order to achieve a good statistical significance in our re-
sults we were interested in constructing a sample as extended
as possible. For each star in our sample we needed its posi-
tion, proper motions, radial velocity, distance from the Sun, and
Strömgren photometry, used here to determine atmospheric pa-
rameters and, from them and by means of stellar atmospheric
and evolutionary models, its age.

Astrometric data used in this paper were taken from the
HIP Catalogue, which implies an important improvement with
respect to ground-based data – as a mean for our stars, HIPPAR-
COS proper motion errors are more than three times smaller
than those in thePosition and Proper MotionCatalogue (PPM)
(Roser & Bastian, 1991; Roser & Bastian, 1993). Radial veloc-
ities came from several sources, sorted here by their priority:
Barbier-Brossat (1989), observations performed at theObser-
vatoire de Haute Provence(France) as a complement to the
HIPPARCOS program (e.g. Fehrenbach et al. 1987; Duflot et
al. 1992; etc), the HIPPARCOS Input Catalogue (HIC) (Turon et
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Fig. 1a and b.Distribution ofa log τ for the whole sample (empty his-
togram) and for those stars withετ/τ <100% (shadowed histogram),
andb εlog τ . Vertical line inb represents 100% error inτ

al., 1992), and other miscellaneous sources from the SIMBAD
database. Concerning Strömgren photometry, the main sources
we used are the Hauck & Mermilliod (1990, 1996) catalogues.
In addition, new photometric data for more than 1 200 A-type
stars were obtained from an observing program developed by
our group since 1988 (Figueras et al., 1991; Jordi et al., 1996;
Torra et al., 1998).

2.2. Ages and velocities

Stellar ages, and their errors, were interpolated among a set of
stellar evolutionary models at a constant metallicityZ = 0.02
(Schaller et al., 1992) by using Asiain et al.’s (1997) algorithm,
which considers stellar effective temperatures and surface grav-
ities, both derived from Strömgren photometry (Figueras et al.,
1991; Jordi et al., 1996), as input parameters. Some restrictions
were applied to ensure good ages; namely, our stars were not
variables, they had no peculiarities in their spectra nor joint pho-
tometry. In Fig. 1, thelog τ histogram of all stars in our sample
is shown, along with that corresponding to its error.

We determined the heliocentric velocity components of our
stars by considering radial velocities and HIPPARCOS proper
motions and parallaxes. Observational errors were propagated
taking into account the correlations between HIPPARCOS as-
trometric parameters – we used an algorithm developed by Meil-
lon et al. (1997).

Additional restrictions were applied in order to avoid high
uncertainties in age and velocity; namely, relative error in age
ετ

τ
< 100% (about a 15% of our stars were removed due to this

condition); distance from the Sun< 300 pc; relative error in

parallax
επ

π
< 50%. Finally, we eliminated stars belonging to

open clusters, in order not to bias our study, as well as a few stars
whose velocity referred to Delhaye’s centroid – (9,12,7) km s−1

– were beyond 65 km s−1, to avoid Population II stars. After this
selection, our sample was reduced to 2 061 stars.

We corrected the stellar velocity components for galactic
differential rotation (Asiain, 1998), which in fact was a small
correction for our stars (its averaged modulus is∼ 2.2 km s−1,
with a dispersion∼ 1.7 km s−1), since they are rather close to
the Sun. In order to account for any systematic effect introduced
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by this correction, the whole moving group detection algorithm
was applied to our stars with and without considering it. Results
we obtained in both cases were not significantly different. Thus,
from now on we only use corrected velocities.

The mean velocity of our total sample was (U,V,W) = (-
10.2,-10.3,-7.1) km s−1, a little different from Delhaye’s el-
lipsoid, whereas the mean velocity errors were (εU, εV, εW)
= (2.8,2.8,2.2) km s−1, more than 1 km s−1 smaller than what we
would have obtained from PPM data. By analysing the covari-
ance matrix we determined a mean vertex deviationφ = 23.◦8±
1.◦2, and a ratio between the velocity dispersionsσU : σV : σW
= 1: 0.76: 0.50 (withσU = 16.0 km s−1). When stars younger
than∼108 yr were not considered we obtainedσU : σV : σW
= 1: 0.66: 0.50.

3. Procedure description

3.1. Density distributions

Most of the published techniques to detect moving groups im-
pose strong assumptions, such as small dispersions in their mean
V-velocity component, or thea priori knowledge of their mean
velocity components. Following Chen et al. (1997), the proce-
dure presented here was designed to use the maximum available
information and to avoid preconceptions as far as possible. The
only relevant hypothesis we adopted concerns the gaussian na-
ture of the velocity distribution of field stars (Schwarzschild,
1908), which has been demonstrated to provide a good descrip-
tion of the general distribution of neighbouring disk stars.

MGs were detected by assuming that they are responsible
for the local irregularities over the smooth field distribution in
the four-dimensional space (U,V,W,log τ ). In other words, the
observed probability density function (pdf hereafter) of the to-
tal sample (ρtot) is composed of the field star (ρfield) and MG
member’s (ρMG) contributions, i.e.

ρtot(x) = ρfield(x) + ρMG(x) , (1)

wherex is a vector in the four-dimensional space (U,V,W,log τ )
– in fact, each of these coordinates was linearly transformed to
make their variances equal to unity (normalized coordinates).
To describe the observed distribution of the total sample we used
a normal kernel probability density function, i.e.

ρtot(x) =
Σ−1/2

nhd
tot(2π)d/2

×
n∑

i=1

e
−

1
2h2

tot
(x − xi)T (Σ)−1(x − xi)

(2)

whered is the dimension of our variables (=4),n is the number
of stars in our sample,htot a smoothing parameter,(Σ) the co-
variance matrix, andxi (i = 1, . . . , n) is the sample set defined
in our four-dimensional space. The field distribution function
was separated in two independent parts, one accounting for the
velocity distribution (ρv(v)) and the other for thelog τ distri-
bution (ρτ (τ)),

ρfield(x) = ρv(v)ρτ (τ).

As already mentioned, we assumed thatρv(v) followed an el-
lipsoidal distribution, i.e.

ρfield(v) =
1

Σ1/2(2π)d/2 e
−

1
2
(v − µ)T (Σ)−1(v − µ)

,

whereµ is the mean velocity components vector. As it can be
seen in Fig. 1 thelog τ distribution is far from being gaussian
(as assumed in Chen et al. 1997). To determineρτ (log τ) we
applied a kernelpdf similar to that given by Eq. 2, withd = 1,
h = hfield and(Σ) = 1.

When using a kernelpdf to describe the density distribu-
tion of a variable, the window width (or smoothing parameter)
h must be carefully selected – small values ofh emphasize
noisy structures while largeh’s smooth all the details of the
distribution. For a gaussian distribution it can be demonstrated
(Silverman, 1986) that the optimumh value is:

hgau =
(

4
d + 2

)1/(d+4)

n−1/(d+4).

As shown below, the four-dimensional distribution of our total
sample had several peaks, which means that a properhtot to
describe such a distribution must be smaller thanhgau. The
log τ distribution of field stars was smoothed to remove all
possible “bumps” due to moving groups, sohfield > hgau. From
this point on we adopted the valueshtot = 0.5·hgau andhfield =
1.5 · hgau. The adoption of a different pair of windows’ widths
may have important consequences for the main properties of
MGs, especially for the velocity dispersions and the number
of MG members detected. We will come back to this point in
Sect. 4.

3.2. Threshold function

Our method detects MG members by comparing both the to-
tal pdf (ρtot) with the field one (ρfield). In order to avoid the
classification of noisy structures as real MGs, the first condition
imposed to detect MG stars is:

ρtot(x) − ρfield(x) > C(x), (3)

whereC(x) (Threshold Function) was determined by recom-
puting m times (m=100) the density estimatorρtot(x), each
time randomly shifting the position of our stars in the space
(U,V,W,log τ ), once normalized, according to the observational
errors1. We definedC(x) as the dispersion of this kernel function
at the pointx, i.e.

C(x) =




m∑
i=1

(
ρi
tot(x)− < ρtot(x) >

)2

m




1/2

.

1 The m new positions of each star follow a normal distribution
around the mean values, with dispersions equal to the observational
errors
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Fig. 3. (U,V) (left) and (U,log τ ) (right) kernel density distribution of the total sample (in this ploth = hgau in order to compare it with the
field distribution in Fig. 5)

With this first criterion we select all stars belonging to MGs,
but also those field stars sharing the same kinematic and age
properties. Only from a statistical point of view we can randomly
assign stars to MGs according to the probability

P(x) = 1 − ρfield

ρtot
.

This method does not allow us to decide whether a certain star
classified as MG really belonged to a moving group or if it was
a field star. However, each of these possibilities have a different
probability, which is accounted for byP(x) (e.g. stars assigned
to MGs that are located at the wings of theρtot distribution
have a higher probability of being real MG members than those
located at its most dense parts). In any case, the mean MG
properties are not affected by this assignation procedure.

The procedure is iterated considering the remaining field as
the input sample, so a new set of moving group stars is added
to the first one, and a new field is obtained. As described in
Fig. 2, these iterations are stopped when no new moving group

members are found. Finally, moving group stars are separated
into different groups, as is described in Sect. 4.2.

4. Application to our sample

In Fig. 3 we show the kernelpdfof the total sample in the (U,V)
and (U,log τ ) planes. Some bumps appear on this distribution
nicely located at the position of some nearby open clusters and
MGs, as the Pleiades open cluster (Palous̆ et al., 1977) and Sirius
MG (Eggen, 1992a; Eggen, 1996).

In Fig. 4 we show the projection of the functionC(x) on the
(U,V) plane at a constant W component (= 0 km s−1) andlog τ
(= 8.5 dex). Empirically we observed a nearly linear relation
between lnC and lnρtot, i.e.

C(x) = αρβ
tot(x), (4)

where the fitted values for (α,β) are (0.039,0.47) respectively
(correlation coefficientr = 0.96). This good correlation was
used in further calculations to test the whole method.
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Fig. 4.C(x) in the (U,V) plane, considering a constant value of W and
log τ (0 km s−1 and 8.5 dex respectively)

After applying our moving group detection algorithm, our
sample was divided in two parts: 574 stars classified as belong-
ing to MGs, and 1487 stars belonging to the field. Five iterations
were needed before convergence was achieved. The kernel den-
sity functions of both groups of stars are shown in Fig. 5.

4.1. Field stars

The mean field properties did not seem to be significantly af-
fected by the elimination of MG stars. The mean velocity com-
ponents are now (U,V,W) = (-10.2, -10.8, -7.2) km s−1. With
a sample of B, A and F main sequence stars, in Chen et al.
(1997) we derived mean velocity components of (-13.4, -11.1,
-6.9) km s−1, whereas Sabas (1997), working in a similar spec-
tral range, obtained (-11.5, -14.1, -8.6) km s−1. The difference
in our results must be related to the composition of the stel-
lar sample used. The covariance matrix of the field was also
very similar to the total sample one, which means that both the
velocity dispersions and the vertex deviation did not change
significantly once MG stars were eliminated (σU : σV : σW =
1: 0.73: 0.50 withσU = 17.0 km s−1; φ = 20.◦2 ± 1.◦3). This
is not compatible with the suggestion that the vertex deviation
in early-type stars is a consequence of the presence of stellar
streams in the solar neighbourhood (e.g Mihalas and Binney
1981; Paloŭs 1986; Dehnen 1998).

We realize that the (U,V) distribution of field stars in Fig. 5
is a gaussian to a first order approximation. A part of the dis-
crepancy with the gaussian distribution comes from the noise
allowance introduced byC(x).

4.2. Moving groups

When inspecting the density distribution of MG stars in Figs. 5
and 6 we realized that their typical classification in a few MGs
(e.g. Chen et 1997) was only a rough approximation to reality,
as suggested by the number of peaks appearing in these figures.
Thus, for instance, several maxima in the (U,log τ ) plane are
centered at the same U component (roughly corresponding to
Pleiades open cluster) but correspond to different ages.

To assign MG stars to the different MGs that are observed
in Fig. 6 we first determined the kernelpdf of these stars and
looked for its maxima – a windowh = 0.5 · hgau was used in
order not to oversmooth this multimodal function. Stars were
then assigned to the closest maximum, which was determined
by using euclidian distances. This method was performed in
both (U,V,W,log τ ) and (U,V,log τ ) spaces, conveniently nor-
malized to variance unity, thereby evaluating the effect of the
third velocity component on this process2. Results are given in
Tables 1 and 2. Minor groups containing≈ 5% of the MG’s
stars are not shown in these tables. The significance level of our
moving groups was evaluated by comparing the size of irreg-
ularities in the four-dimensional kernelpdf, due to MGs, with
the noise level, by means of the functionγ(x):

γ(x) =
ρtot(x) − ρfield(x)

C(x)
.

By construction, all the moving group stars fulfilledγ ≥ 1. The
maximum value of this function inside a MG (γmax), given in
Tables 1 and 2, was taken here as an indicator of their signifi-
cance.

MGs were referred to by means of one letter – lowercase
when working in four dimensions, and capitals in three dimen-
sions – followed by one number. Those groups sharing similar
velocity components were named with the same letter, though
different numbers (e.g. a1, a2, etc).

Four-dimensional analysis produced many more groups
than the three-dimensional one, as expected. Individual MG’s
velocity dispersions in 4D were (σU, σV, σW)∼ (4-7,2-6,1-
3) km s−1, whereas in 3D (σU, σV, σW)∼ (5-6,3-4,2-7) km s−1.
The most critical difference concerned the W component, which
may be responsible for some doubtful MGs with extremely low
σW.

In order to evaluate how the adoption of the window’s widths
htot = 0.5 · hgau andhfield = 1.5 · hgau affected our results,
the whole procedure was applied for reasonable combinations
of htot andhfield, using the three-dimensional analysis to sepa-
rate MGs; thus, for the determination of the total sample kernel
pdf (Eq. 2) we considered the valueshtot/hgau = 0.3, 0.5 and
0.7, whereas for the fieldlog τ pdf (ρτ (log τ)), we considered
hfield/hgau = 1.2, 1.5 and 1.8. We found that the mean velocity
components and ages of the most significant groups, along with
their dispersions, were not seriously affected by the selection
of theseh values; differences were< 2 km s−1 in the velocity
components (but in general<∼ 1 km s−1) and< 1 km s−1 in their
dispersions, whereas differences in age were< 5 · 107 yr, and
even smaller for its dispersion. The less significant groups, how-
ever, appeared as a mixture of those in Table 2. Thoughhfield
did not affect the resulting number of moving group members,
htot was critical in this sense. Thus, forhtot = 0.3hgau we ob-
tained∼ 300 members, whereas forhtot = 0.7hgau this number
increased up to∼ 800 members.

2 Since the frequency in the vertical motion of disc stars is almost
twice the epicycle frequency, unbound systems of stars loose their
common W velocity-component in a timescale shorter than that of the
other component
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Field stars

MG stars

Fig. 5.Kernelpdf’s for field stars (top) and MG stars (bottom) projected on the (U, V) (left hand) and (U,log τ ) (right hand) planes (h = hgau

for field stars, andh = 0.5 · hgau for MG stars)

Fig. 6. Kernelpdf for MG stars projected on the (U, V) (left hand) and (U,log τ ) (right hand) planes (h = 0.5 · hgau). The position of MG
centers in Table 2 are also indicated
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Table 1. Velocity components and ages (along with their dispersions) and significance level (γmax) of the groups found when classifying MG
stars in the (U,V,W,log τ ) normalized space

Number of U V W τ γmax Moving Group
members [km s−1] [km s−1] [km s−1] [108 yr]

76 9.2(7.0) 2.6(4.2) −8.9(1.8) 5.0(1.5) 5.2 a1
52 7.5(6.4) 3.1(3.8) −1.1(3.0) 5.7(1.8) 4.8 a2
13 12.3(4.4) −1.2(2.4) −16.3(2.9) 4.4(1.3) 3.2 a3
8 1.7(4.2) 6.6(2.0) −15.9(1.3) 5.2(0.8) 2.7 a4

33 −4.3(4.6) −20.2(3.3) −5.5(1.9) 0.2(0.1) 7.0 b1
96 −11.5(5.9) −17.1(6.2) −6.1(2.4) 0.6(0.2) 6.2 b2
80 −13.4(5.2) −21.6(4.7) −5.7(2.5) 2.1(0.7) 4.2 b3
20 −8.5(6.0) −26.7(5.2) −13.9(2.4) 1.3(0.5) 3.9 b4
9 −11.0(5.3) −24.6(2.7) −11.2(2.4) 4.5(1.8) 2.9 b5

54 −13.4(6.4) −6.4(3.7) −3.3(2.7) 3.7(1.9) 3.3 c1
19 −15.9(4.6) −0.5(4.9) −9.7(1.8) 3.3(1.3) 3.2 c2
13 −13.9(7.4) −6.0(2.7) −14.2(2.2) 5.4(1.2) 2.5 c3
7 −13.6(5.2) −6.1(3.3) −17.0(2.0) 1.9(0.3) 2.1 c4

36 −30.3(5.6) −14.6(3.9) −0.3(3.2) 4.9(1.8) 3.2 d1
22 −27.8(6.2) −14.4(3.9) −9.6(2.2) 4.1(1.8) 3.0 d2
6 −43.1(2.4) −18.4(2.7) −9.2(1.3) 6.6(1.5) 2.3 d3

Table 2.Same as Table 1, working now in the (U,V,log τ ) normalized space

Number of U V W τ γmax Moving Group
members [km s−1] [km s−1] [km s−1] [108 yr]

148 8.7(6.6) 2.8(4.1) −6.9(5.8) 5.2(1.6) 5.2 A

34 −4.5(4.7) −20.1(3.3) −5.5(1.9) 0.2(0.1) 7.0 B1
75 −10.7(5.3) −18.8(3.7) −5.6(2.2) 0.6(0.2) 6.2 B2
50 −16.8(5.1) −21.7(2.7) −5.6(4.6) 3.0(1.2) 4.2 B3
53 −8.7(4.8) −26.4(3.3) −8.5(4.7) 1.5(0.5) 3.9 B4

62 −10.5(5.0) −5.0(2.6) −7.5(6.0) 4.0(2.0) 3.1 C1
48 −17.1(5.6) −12.0(3.4) −5.7(4.3) 2.8(1.2) 3.3 C2
22 −17.4(6.1) −5.9(5.8) −10.0(4.7) 0.6(0.2) 3.4 C3

55 −32.0(6.0) −14.0(4.2) −6.0(6.7) 5.6(1.7) 3.2 D

4.3. The effect of observational errors

We were interested in quantifying the effect of the observational
uncertainties on the MG mean properties. With this purpose we
createdN (=25) “copies” of our sample by randomly shift-
ing each star’s observed parameters – parallax, proper motions,
radial velocity, position and age – around their actual values
according to the observational errors.

Our algorithm was applied to the sample’s copies, thereby
producingN samples of the MG’s members; each of these sam-
ples were separated into different MGs in the three-dimensional
(normalized) space (U,V,log τ ). Not all the groups obtained
with each sample’s copy could be identified with those in Ta-
ble 2. The most populated MGs – groups A, B1, B2, C1 and D –
appeared in all the copies. By considering theN copies of each

of these MGs, we determined their averaged velocities, ages,
and their dispersions, which were almost identical to those in
Table 2, as well as the dispersions around these averaged values.
These last dispersions, which are a consequence of the obser-
vational errors, were<∼ 2.5 km s−1 in U and V, and<∼ 1 km s−1

in W, much smaller than the mean intrinsic dispersions. It was
also found that the contribution of the observational errors to
the dispersion in age was smaller than 30%.

In most copies we also obtained a group whose kinematics
and age (and also their dispersions) resembled those of B3,
except for its U-component, which is -13.2 km s−1, and the
number of components, 77 (closer to b3). In only one third of
the copies we detected a small group centered at (-41.9,-18.4,-
6.6) km s−1 and aged 6.6·108 yr, which is very similar to “d3”,
identified with the Hyades MG.
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4.4. Testing the procedure

In order to test our procedure as a whole, we generated a sam-
ple whose properties were close to the real sample ones, that
is to say, a field sample with 1487 stars following, for simplic-
ity, a four-dimensional gaussian – three velocity components
andlog τ – with mean velocity components, mean age and co-
variance matrix equal to those corresponding to the field; each
moving group also followed a four-dimensional gaussian distri-
bution with properties taken from Table 2.

The effect of possible noise was accounted for by Eq. 3,
whereC(x) was estimated by means of expression 4. Once our
moving group detection algorithm was applied to the simulated
sample, we found 1704 field stars, with velocity components
(-10.3,-10.6,-7.2) km s−1 (dispersion ratiosσU : σV : σW = 1:
0.67: 0.49, andσU = 16.7 km s−1) andlog τ= 8.4 dex (σlog τ

= 0.4 dex), which are, except for the number of stars, in perfect
agreement with the original values.

Furthermore, MG mean velocities and ages, found by means
of the three-dimensional analysis, were quite similar to those
obtained from real data, the differences in velocity components
being<∼ 2 km s−1. However, the number of MG members sig-
nificantly decreased in all cases, due to the use of the function
C(x). This means that in the real case we are under-estimating
the number of MG stars, specially for those MG located around
the field center, for whichC(x) takes its highest values.

5. Discussion

Most of the MGs listed in Tables 1 and 2 show kinematic prop-
erties that are similar to the classical MG’s and to those of some
nearby open clusters. Next we analyse such similarities, and
compare our results with some recent studies.

Groups named “a” or “A” have a positive U component, and
their kinematics resemble that of the classical Sirius MG – see
Eggen (1996), Palous̆ and Hauck (1977), Soderblom & Mayor
(1993) and Dehnen (1998). They contain roughly a 30% of the
whole MG stars, which are distributed in four sub-structures
when working in four dimensions; some of these structures were
also reported by Sabas (1997) and Figueras et al. (1997). As it
can be seen in Fig. 6, the Sirius MG (indicated by the label “A”)
is quite extended, which suggests it is composed of several sub-
groups. The age of these structures is≈ 5 ·108 yr, in perfect
agreement with those determined by Eggen (1996), Palous̆ &
Hauck (1977), Sabas (1997), and Figueras et al. (1997), and
only slightly bigger than recent estimations of the Ursa Major
cluster’s age (the nucleus of Sirius MG), i.e. 3·108 yr as found
by Soderblom & Mayor (1993), or 4·108 yr according to Eggen
(1996).

A second family of groups was labeled “b” or “B”, and its
velocity components are close to Pleiades open cluster ones,
so they all are often referred to as the Pleiades MG. In both
the three and four-dimensional analysis this structure is mainly
composed of four sub-groups (especially well separated in age,
as it can be seen in Fig. 6), spatially distributed as shown in Fig. 7
(most of these stars lie on the Goult Belt). The most significant
and youngest sub-group, “b1” or “B1”, has small velocity dis-
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Fig. 7. Position in the Galactic and meridional planes of the Pleiades
sub-groups found using the three-dimensional analysis to separate
groups. The coordinate system used here is centered on the Sun, with
ξ increasing towards the center of the Galaxy,η towards the galactic
rotation, andζ towards the north galactic pole

persions, and it is the only one that is concentrated in space
(full circles in Fig. 7). 25 of these stars (∼ 75%) were iden-
tified as members of the Scorpio-Centaurus OB association by
de Geus et al. (1989), and most of the rest are located around this
association. They occupy an elongated volume that is inclined
∼ 40◦ with respect to the direction of the Galactic rotation, and
∼ 20◦ with respect to the galactic plane.

A second sub-group, “b2” or “B2”, is the most populated
one. Its (U,V) components and age are compatible with those of
α Persei – this open cluster has a velocity components (-10.8,
-20.5, -0.7) km s−1 (Paloŭs et al., 1977) and an age of5 · 107 yr
(Mermilliod et al., 1997) – and it is also similar to the Pleiades
MG as found by Eggen (1992b), (-11.6,-20.7,-10.5) km s−1, or
the “A” group of Sabas (1997), i.e. (-10.1,-23.2,-5.3) km s−1.

There are small differences between sub-structures “b3” and
“B3”, not only concerning the number of members, but also the
U velocity component and the age. Though “b3” is also close
to the Pleiades MG (e.g. Eggen 1992b, Dehnen 1998), and is in
perfect agreement with the results of Chereul et al. (1997), this
group is much older than the Pleiades open cluster (1 · 108 yr,
Mermilliod 1997). However, Eggen (1992b) pointed out that
the Pleiades MG appears to cover the age range6 · 106 yr to
2 ·108 yr. On the other hand, the (U,V) components of “B3” are
centered near the position of the Puppis MG (Roser & Bastian,
1994), i.e. (-21,-20,-14) km s−1 (see Fig. 6). Nevertheless, both
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its W component and its age – estimated to be<∼ 2 ·107 yr – are
quite different from our “B3” group ones (moreover,“B3” stars
are not spatially concentrated, in contrast with the Puppis MG
members).

Structures “b4” and “B4” are very similar, excepting the
W-component and velocity dispersions. Their kinematics and
ages are quite close to the Pleiades open cluster ones, i.e. (-
5.8,-24.0,-12.4) km s−1 (Paloŭs et al., 1977) and1 ·108 yr– this
age is close to the time elapsed since the passage of the LSR
through the center of the Sagittarius spiral arm (e.g. Comerón
et al. 1994).

The U and V velocity components and ages of groups “c1”,
“c3” and “C1” are very similar to group “D” found by Sabas
(1997), i.e. (-12.5,-6.2,-8.3) km s−1 and3.2 · 108 yr (their “D”
group is probably a mixture of our “c” groups), and to one of
the MGs detected by Dehnen (1998), i.e. (-10,-5,-8) km s−1,
associated by the authors to the “Coma Berenices” open clus-
ter – nontheless this open cluster has velocity components (-
1.8,-8.2,-0.7) km s−1(Paloŭs et al., 1977). In fact, the (U,V)
velocity components of these MGs are very close to those of
the Cassiopea-Taurus association, i.e. (U,V)=(-9.9,-6.1) km s−1

(Comeŕon, 1992), though their ages are completely different (it
would be more appropriate to name it as the Cas-Tau MG, rather
than Coma Berenices MG).

The velocity components of “C2” are closer to those of the
IC 2391 open cluster, (-18.3,-13.5,-5.9) km s−1, than Eggen’s
(1991) IC 2391 MG were. Its age, however, is too large com-
pared with the open cluster age,3 · 107 yr (Mermilliod et al.,
1997), but compatible with Eggen’s IC 2391 MG age,0.8-
2.5 · 108 yr.

Groups “d1”, “d2” and “D” have a very large negative U
component, though not so much as the Hyades open cluster.
Similar groups were reported by Sabas (1997) and Figueras
(1997), but they do not seem to be related to any nearby open
cluster. The small group “d3” has a velocity vector and age that
are very similar to the Hyades open cluster, i.e. (-41.7,-19.2,-
1.1) km s−1 (Paloŭs et al., 1977; Perryman et al., 1998) and
6.3·108 yr (Mermilliod et al., 1997; Perryman et al., 1998). The
low number of members in “d3” may be due to the fact that
this MG is not well represented in the spectral type range we
considered.

6. Conclusions

Our method to detect moving groups among solar neighbour-
hood stars was applied to a sample of early-type stars, for which
good determinations of (photometric) ages, (trigonometric) dis-
tances, and spatial velocities were available. We used a non-
parametric approach (a gaussian kernel density estimator) to
describe the density distribution of the variables involved in our
analysis, i.e. the three components of velocity (in the heliocen-
tric system corrected for differential rotation) and age. Unlike
previous studies, we did not impose any “a priori” knowledge
on the velocity or age distribution of moving groups.

Local density irregularities over the smooth field distribu-
tion were identified as moving groups, and then separated into

different groups by linking each star to the closest density distri-
bution maximum in both the (normalized) spaces (U,V,log τ )
and (U,V,W,log τ ). In this way we found several structures,
most of them being compatible with classical moving groups,
although we clearly detected substructures inside these groups.

In order to avoid noisy structures, we defined aThreshold
Functionthat accounted for the effect of observational errors on
the density distribution function. By construction, the moving
groups we found were beyond the “noise level” introduced by
this Threshold Function. The sizes of the irregularities in the
field density distribution due to moving groups were∼ 3–7
times greater than the noise, which clearly proves the presence
of these moving groups among the early-type stars.

We also evaluated the way in which observational uncer-
tainties were affecting our results by randomly shifting each
star’s observed parameters around their actual values according
to their observational errors. We then applyed our algorithmm
to the new samples generated in this way, and found that we
could recover most of the main groups. On the other hand, we
generated a sample of field and moving group stars with sim-
ilar properties to those found with the real sample to test the
whole moving group detection algorithm; after applying our al-
gorithm, the resulting field and moving group’s properties were
fairly similar to those obtained from real data. However, the
number of moving group’s members significantly decresed due
to the use of theThreshold Function.

Moving group velocity dispersions were large compared
with classical results, which cannot be explained from either the
detection algorithm itself (it may account only for∼ 2 km s−1)
or propagation of the observational errors (<∼ 2.5 km s−1). We
are led to consider that moving groups can survive even though
their V velocity component does not have a very small disper-
sion.

In a future paper we will describe how a moving group’s
properties help us in the study of its origin, its evolution in
phase space, and its persistence over time in spite of the effect
of galactic differential rotation and disc heating.
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