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Abstract. An investigation has been made to determine the relationships between kinematic and chemical properties of stars covering
all population types in the Galaxy. For this purpose, a sample has
been taken of several hundred high-galactic-latitude F-K stars down
to V = 14.0, measured photoelectrical^ in the Vilnius seven-colour
system during the progress of several photometric programs. Combining the photometric material with the proper motion and radial
velocity data enabled us to compute kinematic parameters of the
sample stars and then to make plots of the galactic orbital eccentricities, angular momenta and velocity dispersions versus [Fe/H], with
much attention drawn to the region where the transition from disk to
halo occurs. It is found that correlations of these types show a significant departure from the continuous trend over most of the [Fe/H]
range, giving thus evidence in favour of discrete rather than continuous entity of stellar populations in the Galaxy. The implications of
these results on the kinematic and chemical distinctness of the thick
disk component are briefly discussed.
Key words: techniques: photometric - Galaxy: stellar populations:
abundances, kinematics

1. Introduction
Since the first reports on the discovery of a correlation between
the kinematics of solar neighbourhood stars and their metal abundances (Roman 1952, 1954), a number of observational studies of
increasing refinement have added considerably to our current understanding of the concept of stellar populations in the Galaxy. Of particular note in this regard, studies carried out by Eggen, Lynden-Bell
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and Sandage (1962), Sandage & Fouts (1987) and Carney, L a t h a m
and Laird (1990) should be mentioned, in which the observed relationships between kinematics and chemistry have been discussed
in terms of the dynamics of the collapsing Galaxy. Eggen et al. in
their classic paper demonstrated the existence of smooth correlations
between the eccentricities of stellar orbits and the metallicity, the Wvelocities and the metallicity and also between angular momenta and
metallicity. This led the authors to the conclusion that the evolution
from an extended, metal-poor halo to the flattened, metal-rich structure of the disk was a smooth process. The main points of the Eggen
et al. claims have been confirmed by the more detailed analysis of
Sandage & Fouts (1987), based on a more extended material. However, critic commentaries discussed by Norris and his collaborators
(Norris 1986, Norris & Ryan 1989, Ryan & Norris 1991a,b), as well
as the results of the surveys by Carney et al. (1990 and references
therein), Majewski (1992) and Schuster et al. (1993) brought much
doubt on the validity of a smooth transition from one stellar population to the other and hence on the picture of a smooth and coherent
evolution of the Galaxy.
Another recent controversy which relates directly to the question of the transition between stellar populations concerns the existence, properties and origins of the thick disk, as an intermediate
component between the ordinary thin disk and the halo. T h e need
for such an intermediate population was demonstrated by Gilmore
L· Reid (1983), and its existence was further confirmed by several
other studies (e.g., Wyse & Gilmore 1986, Sandage & Fouts 1987,
Carney et al. 1989, Fenkart 1989a,b,c,d). However, the question
still remains whether the thick disk is a distinct stellar population
or represents kinematic or chemical continuation of the old thin disk
(or the halo).
In this paper we report on the observational investigation of the
correlations between kinematics and metallicity over the entire range
of stellar populations, relying upon fresh and comparatively large
photometric material obtained in the Vilnius medium-band system.
Here, plots of the orbital eccentricity, e, the rotation velocity, Kot)
and the velocity dispersions συ, ay and σ\γ are used to argue for
the existence of distinct stellar populations in the Galaxy and to
estimate some of the descriptive parameters that characterize these
populations.
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2. Observational material
The observing program involved stars down to V = 14 in three
samples. One sample contains stars in situ in six Kiev proper motion fields, each of 1.4 square degree size, near the North and South
Galactic Poles. Observations of these stars were undertaken as part
of the more extensive program MEGA of investigation of the main
meridional section of the Galaxy by different methods (Andruk et
al. 1992). The second sample is comprised of stars over an extended
area of 900 square degrees near the South Galactic Pole (SGP), that
were selected on account of high proper motion, high space velocity
or some other criteria ensuring the possibility of the old population
membership. Stars of the remaining sample were drawn mostly from
the catalogues of met al-deficient stars (Bartkevicius 1980, 1984a,b).
These stars are not limited to any particular area in the sky and
represent field stars scattered at high, intermediate and even low
galactic latitudes.
Photoelectric observations of the program stars in the Vilnius
seven-colour system were made with the 48-cm and 1-m telescopes
located on Maidanak Mountain in Uzbekistan, Central Asia. During
the course of this observational program (1978-1992), photometric
data have been obtained for 469 stars of the in situ sample, 337 stars
of the SGP high-proper-motion sample and 78 stars of the selected
all-sky sample. The results of an earlier series of these observations
may be found in the papers by Bartasiüté (1981, 1984, 1985, 1986)
and Bartkevicius et al. (1981), whereas those newly obtained are as
yet unpublished in full.
In addition to Vilnius photometry, observations of radial velocities were made in 1989-1991 for 125 stars of the in situ sample
(Rastorgouev et al. 1990, Bartasiüté et al. 1993), by using the
CORAVEL-type spectrometer.
To increase the number of halo population stars for the present
investigation, an additional sample of 305 high-to-intermediate galactic latitude stars having radial velocity measures and observed in the
Vilnius system by other authors (Straizys & Kazlauskas 1993) has
been included. This brings the total sample to 1189 stars, mostly of
spectral types F - K and luminosity classes V to III, for which photometric estimates of metallicity, absolute magnitudes, spectral types,
reddenings and distances have been obtained. The average uncertainties in spectral classes, MY, [Fe/H] and EB-V are estimated
to be one subclass, 0.6 mag, 0.20 dex and 0.02 mag, respectively
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(Bartasiüté 1989). Consequently, errors in the distance axe ±28%,
and this is by far the largest source of uncertainty which affects the
precision of the transverse velocity components.
In computations of space motions, the radial velocities (if not
measured by us) and proper motions were taken from a variety of
catalogues and other published sources. For the proper motions, the
following catalogues, in order of preference, were mainly used: PPM
(Röser & Bastian 1991), Carlsberg Meridian Catalogue (1989, 1991,
1992), NLTT (Luyten 1979, 1980), Kharchenko (1987).
3. Results and discussion
In studying observational correlations between the kinematic parameters and metallicity, the stars from the selected and from in situ
samples have been treated together, as allowing for such a mixture
has not appreciably changed the trends of the correlations considered. Spectroscopic binaries (if known), optical binaries with separations near or less than our photometer diaphragm limit, stars lacking
radial-velocity measures and stars with uncertain metallicity determinations or with kinematic parameters of low accuracy have been
excluded from a further treatment.
Consider first Fig. 1, which exhibits the mean values of the planar eccentricity, e, as a function of [Fe/H], binned into metallicity
intervals with comparable numbers of stars in each. For this plot,
the eccentricity was computed from the two-dimensional orbital motions in a model Galaxy potential following the formalism of Eggen
et al. (1962), but adjusted to new values of the galactic constants
(R0 = 8.5 kpc, 0o = 220 kms" 1 , A - Β = 25.9 km s " 1 ) .
The most noticeable feature in the figure is an obvious increase of e with metallicity in the region where the transition between the thin disk and the pure halo occurs, i.e., in the domain
of the thick disk, and perhaps in the intermediate metallicity halo
(—1.0 > [Fe/H] > —1.5). Within the extreme metallicity halo
([Fe/H] < —1.7), there is no sign of a tight correlation between e and
[Fe/H]. The latter evidence argues against a slow, dissipative collapse
of the early Galaxy, though it may also argue against a rapid-collapse
model, if the violent relaxation of the stellar orbits took place due to
strong variations of the gravitational field. The analyses of Norris et
al. (1985), Norris (1986), Morrisson et al. (1990) and Carney et al.
(1990) also show that any correlation between the eccentricity and
metallicity for the halo is at best weak.
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Fig. 1. Planar eccentricity versus [Fe/H].
It should also be noted that as many as 17% of the stars with
[Fe/H] < —1.0 have been found to move on nearly circular orbits
(e < 0.4), in contradistinction to predictions of the rapid collapse
model of Eggen et id. (1962). The percentage of stars with e < 0.4
among the extremely metal-poor stars ([Fe/H] < —1.7) diminishes to
8%. It is possible that this fraction of stars represents the metal-poor
tail of the metallicity distribution of the thick disk stars (see, e.g.,
Beers 1992) that formed at the end of the Galaxy's collapse phase,
when considerable dissipation had already taken place and when the
galactic orbits of the gas clouds had become nearly circular.
While the derivation of orbital eccentricities requires the assumption of a galactic potential, introducing, therefore, additional uncertainty, the results should be more reliable in viewing, instead, the
amplitudes of the space velocity components and their dispersions.
Fig. 2 shows the plot of the rotation velocity relative to the galactic standard of rest, V ro t, against [Fe/H] for the entire sample of the
survey stars. As is apparent from the figure, the stars fall into three
metallicity and kinematic domains, which one can identify with the
thin disk, the thick disk and the halo. The rotation velocity for the
thin disk is nearly independent of the metallicity, keeping constant
at a value of roughly 210 k m s - 1 . However, there is a significant
correlation in the region populated by the thick disk stars: the mean

The transition

21

between stellar populations in the Galaxy

250

I I I I I I I I I I I I ι I II I ι I I I I ι I I II 1I I I I

225
200
175
150
S
Τ 125

to

E 100
I 75
50
25

0
-25
- 5 -3.0
0

-2.5

-2.0

-1.5
-1.0
[Fe/H]

-0.5

0.0

0.5

F i g . 2. T h e relation between V^0t and metallicity.

value of Vrot decreases from 200 k m s - 1 at [Fe/H] « —0.4 to about
170 km s - 1 at [Fe/H] « -0.9. From this it follows that the lag behind
the solar rotation (the asymmetric drift) of the thick disk is of the
order of 20-50 kms" 1 .
Around a metallicity of -1.0 dex, where the transition from the
thick disk to the halo takes place, the number of stars is too small
and hence the bins are too wide for a meaningful attempt to characterize the features of the trend. Below this metallicity value, there
is a slight tendency for Vtot to decrease with metallicity, but for the
[Fe/H] values less than, say, -1.7 dex, the data do not show any clear
trend of the relation between the parameters concerned. Therefore,
based on the VT0t data alone, we cannot decide if the correlation of
this kind does really exist for the halo.
It should be noted that Sandage & Fouts (1987) showed, however, a continuous change of V^0tj as they sampled met al-deficient
stars. Norris (1986) and Schuster et al. (1993), on the contrary,
claimed that stars with [Fe/H] < —1.3 have kinematics which are
independent of the abundance in the interval sampled. The same
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conclusion has been reached by Carney et al. (1990) who determined
metallicities by more precise spectroscopic means. If the latter claims
appeared to be conclusive, this would imply a negligible collapse and
very slow dissipation during the formation of the most-metal-poor
halo.
Consider now Figs. 3-5, which give plots of the velocity dispersions συ, σγ and a w versus [Fe/H]. The most important feature to note is that the appearance of all three figures is consistent
with a discontinuous trend of the velocity dispersions over most of
the [Fe/H] range. The radial dispersion συ (Fig. 3), for instance,
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Fig. 3. The relation between radial dispersion and metallicity.
appears to be uniform for the young-to-intermediate age thin disk
metallicities (0.3 > [Fe/H] > -0.1), for the old thin disk metallicities (-0.1 > [Fe/H] > -0.5) and for the extremely-metal-poor halo
stars ([Fe/H] < -1.7). This may be true also for the stars with
intermediate halo metallicities ([Fe/H] around -1.5 dex), but the
issue remains to be clarified by invoking more reliable data on U or
other velocity components. Within the thick disk metallicity range
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(-1.0 < [Fe/H] < -0.5), however, there is a clear increase in συ
(equivalently, an increase in binding energy) with decreasing [Fe/H].
The rotational dispersion oy (Fig. 4) is likely to be increasing
with decreasing metallicity up to the halo values, although not all the
way smoothly. For the stars with halo metallicities, [Fe/H] < —1.0,
σ ν is most probably uniform, if to permit the exclusion of the most
metal-poor and most scanty populated (only 12 stars) bin centered
at [Fe/H] « —2.8. Also, the correlation implied by Fig. 4 suggests
that the bulk of the thick disk is not kinematically related to the
bulk of the halo population.
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F i g . 4 . The relation between rotational dispersion and metallicity.

In our case, the vertical velocity dispersion a w appears to be the
most valuable diagnostics of the relationships at issue, mainly for two
reasons. First, the kinematic bias owing to the high-proper-motion
selection criteria is much less, or negligible, in the VT-velocity (as
well as in the V-component), compared to the U-velocity. Second,
the main body of our observations are confined to the galactic polar
regions, where the PF-velocity component depends almost completely
on the radial velocity and scarcely at all on the distance and proper
motion which axe usually impaired by largest uncertainties.
From the trend of the vertical dispersion with [Fe/H] (Fig. 5),
one can consider the stars to fall into five distinct domains, each
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F i g . 5. The relation between vertical velocity dispersion and metallicity.

with a definable mean dispersion and little or no variation in this
mean. Judging by the metallicity values covered, these components
may be identified with the~^oung-to-intermediate age thin disk, old
thin disk, thick disk, intermediate halo and extreme halo populations. Also, Fig. 5 shows that the old thin disk velocity dispersion
becomes asymptotically constant at a value of 24 km s - 1 , thus giving
no evidence for the continuous extension of the old thin disk to the
lower-abundance, higher-velocity-dispersion thick disk component,
as suggested by Norris (1987) and Norris h Green (1989).
The same needs to be said about the transition between the thick
disk and the halo. A thick disk dispersion of ~ 40 k m s " 1 is too low
and ail intermediate halo dispersion of « 88 k m s - 1 is too high if one
wants to consider a continuous progression from the one population
to the other.
Therefore, the relationships displayed in Figs. 1-5 indicate that
the thick disk is a kinematically discrete component. Within this
component itself, however, there is a progressive, continuous increase
of the kinematic parameters with decreasing metallicity. From this
it seems likely that a significant star formation and rapid increase in
the dissipation rate took place during the period of the formation of
this population.
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Furthermore, it is interesting to see if there is evidence or otherwise for the chemical discreteness of the thick disk population. The
metallicity distribution to test this from our sample of stars is set
out in Fig. 6. Here, only stars that have the kinematic age parameter
/ > 0.35, or equivalently, ages exceeding IO10 yr (Grenon 1987), have
been admitted to the final sample, in order to have representatives
of the thick disk and halo populations only.

Fig. β. Metallicity distribution for stars with the kinematic age parameter / > 0.35.
As can be seen from the figure, the distribution is clearly bimodal, implying thus that the thick disk is chemically discrete.
Modelling the number frequency by a sum of two Gaussian curves
gives for the thick disk population the best fit with the mean value
([Fe/H]) = —0.62 and a dispersion about this mean of « 0.5 dex.
An attempt has been made also to estimate the mean kinematic
parameters (i.e., the velocity dispersions and the mean rotation velocity) within each of the galactic components, provided the metal
abundance range for the distinct plateau on most of the diagrams
considered represents a separate population. Guided by Figs. 2-5,
we select for the halo population the stars having [Fe/H] < -1.0,
with a subsequent subdivision into groups of intermediate
( - 1 . 7 < [Fe/H] < -1.0) and extreme ([Fe/H] < - 1 . 7 ) metallicity.
For the thick disk population, the range -1.0 < [Fe/H] < - 0 . 4 has
been adopted. The remaining stars have been assigned to the thin
disk population, with the subdivision into the groups of young-tointermediate age stars ([Fe/H] > -0.1) and of old thin disk stars
( - 0 . 4 < [Fe/H] < -0.1). The mean kinematic parameters for these
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chemically defined populations are summarized in Table 1. Here,
staxs from the in situ sample and from inhomogeneous (or selected)
sample have been treated separately. But in spite of the possible
bias built in due to kinematic selection effects, however, the results
for stars in our inhomogeneous sample appear to be quite consistent
with those of other authors that were based on nonkinematic selection (for summary of the published results see, e.g., Table 6 of Ryan
& Norris 1991a). As can be seen from the table below, the ratios of
the velocity dispersions still satisfy συ > cry > awTable 1. Mean kinematic parameters

[Fe/H] range
>-0.1

-0.1

to

-0.4

Ν

Sample

216±2

120

224±2

144

inhomogen,
stars in situ

210±3

125

23±2** 220±3

126

inhomogen,
stars in situ

συ

σν

aw

(kms-1)

(kms-1)

(kms-1)

( W
(kms-1)

33±2

20±2

14±1

33±2

23±1

13±2*

44±3

30±2

24±2

39±3

30±2

-0.4

to

-1.0

64±5

49±3

42±3

181±5

114

inhomogen.

-1.0

to

-1.7

122±8

103±8

88±8

50±10

102

inhomogen.

<-1.0

140±6

105±5

101±6

29±7

195

inhomogen.

<-1.7

157±8

103±7

114±9

5±11

93

inhomogen.

Notes:
t Adopting 220 k m s - 1 as the rotation velocity of the Sun relative to
the external frame.
* N=34.
** Ν=41.

4. Conclusions
The orbital eccentricity, mean rotation velocity and the velocity
dispersions συ, σγ and a w do not appear to vary monotonously
and continuously with abundance over most of the [Fe/H] range. In
particular, there is a distinct (i.e., abrupt) transition from the thin
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disk to the thick disk population and from the thick disk to the halo,
as evidenced by the a w , [Fe/H] trend. In addition to the kinematic
discreteness of the thick disk, our observational data suggest also
the chemical discreteness of this intermediate component. Within
the thick disk itself, a smooth correlation between kinematics and
metallicity is observed, thus indicating that large-scale dissipative
phenomena might have played an important role in the formation of
this population. The lack of the variation with metallicity of most
of the kinematic quantities of the extremely metal-poor halo ([Fe/H]
around - 2 dex) implies, therefore, an insignificant collapse and very
slow dissipation during the formation of this subsystem.
To sum up, the results emerging from the present study of the
correlations between kinematics and metallicity give a mounting evidence in favour of discrete rather than continuous entity of stellar
populations in the Galaxy. The observed correlations also suggest
that the halo and the thin disk may each represent a superposition
of definably discrete subsystems. This last prospect is particularly
important to understanding the halo formation, since it relates directly to the merger history of the Galaxy as suggested by the Searle
& Zinn (1978) scenario.
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