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ABSTRACT

We describe a technique for finding field K giants in the outer galactic halo, 10-40 kpc from the galactic
center. A sample of over 150 distant halo giants was located from an automated objective-prism survey of
three high galactic latitude fields, each of 20 square degrees. Radial velocities of these giants show that (1) the
outer halo is at most slowly rotating and (2) the line-of-sight velocity dispersion in our two best studied fields
is approximately constant with distance from the Sun. However, the 60 km s ™! dispersion at the south galac-
tic pole is much less than the 124 km s~ ! dispersion in the SA 127 (I = 272°, b = 38°) field.

Our data on the run of velocity dispersion with distance in the halo fits well to a simple kinematical model
in which the components (og, g4, 0,) of the velocity dispersion in cylindrical polar coordinates (with origin at
the galactic center) remain constant everywhere, and equal to the anisotropic values seen in the solar neigh-
borhood. This model is also an excellent fit to Pier’s data for blue horizontal-branch (BHB) stars in the inner
halo. The corresponding spherical polar model, in which the velocity ellipsoid is everywhere constant and
elongated toward the galactic center, is inconsistent with the data.

Subject headings: galaxies: Milky Way — galaxies: structure — radial velocities — stars: late-type —
stars: Population II — stars: stellar dynamics

I. INTRODUCTION

The kinematics of the outer galactic halo, and the radial
variations of metal abundance, are important astrophysical
parameters for any theory of the formation and evolution of
our Galaxy. However, models of the chemical and dynamical
properties of the halo are only weakly constrained by present
observational data. Detailed chemical and kinematical data for
the halo come only from the halo stars in the solar neighbor-
hood, which are distinguished from disk stars by their spectro-
scopic and kinematic properties rather than by their location.
Most of our present knowledge about the large-scale proper-
ties of the galactic halo comes from the globular cluster system.
Until now, small samples of RR Lyrae variables were the only
field halo stars known beyond 10 kpc from the Sun.

However, it is by no means clear that the globular clusters
and the halo field stars belong to the same dynamical system.
For example, Hartwick (1983) showed that the velocity disper-
sion of 52 metal-weak halo giants (Bond 1980) is (dg, 6, 0.) =
(140, 108, 55) km s~ *. The velocity dispersion of the nearby RR
Lyrae stars (Woolley 1978) is also similarly anisotropic. This is
in contrast to the globular cluster system, which appears to
have an isotropic dispersion of about 118 km s~ ! (Frenk and
White 1980). The reality of this kinematical difference is fairly
well established, but its origin remains unclear; it suggests that
the globular clusters may not be reliable dynamical probes of
the outer galactic halo.

An in situ sample of distant halo stars would probe directly
the properties of the outer galactic halo, and allow us to relate
them to the detailed properties of halo stars in the solar neigh-
borhood. We would like to know whether the local velocity
anisotropy extends into the outer halo, because the global
behavior of the velocity ellipsoid is a very useful indicator of
the dynamical state of the galactic halo. Further, the systemic
rotation of the outer halo is of particular interest, because this
may reflect the angular momentum of the outer protogalactic
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material. The few stars of the outer halo, which are now
passing through the solar neighborhood on highly eccentric
orbits, are unlikely to give a reliable measure of this rotation.
The globular cluster system has a systemic rotation of 60 km
s~ ! as shown by Frenk and White (1980) from radial velocity
measurements. A similar analysis of velocities of distant halo
stars would give an independent and astrophysically more reli-
able measure of the halo rotation.

What kind of stars should we chose for an in situ sample of
the outer halo? First, they need to be intrinsically bright, so
that they can be studied to great distances. Second, their exis-
tence should not depend on the chemical properties of the
outer halo. This argues against the use of RR Lyrae stars
(Woolley 1978; Saha 1984) and blue horizontal-branch (BHB)
stars (Pier 1983) to study the halo, although these have given
very useful information.

For these reasons field K giants have long been recognized
as ideal halo probes (see Kraft 1979). However, finding them is
not straightforward; broad-band photometry is unable to
separate these distant halo giants efficiently from the much
more numerous nearby disk dwarfs of similar apparent magni-
tude and color. This has made these halo giants elusive.

We have developed automated procedures to locate large in
situ samples of field K giants in the outer halo and open these
distant regions of our Galaxy for more detailed investigation.
This is the first in a series of papers on the method and results
of this survey. Slit spectroscopic observations of the sample are
not yet complete. However, we believe that the kinematical
results for the distant stars in two fields are sufficiently inter-
esting to warrant their presentation at this time.

Section II describes the survey briefly. Section III contains
details of the spectroscopic observations and analysis. The
kinematical results are derived in § I'V and discussed in § V.

II. SURVEY

A full description of the survey will be given in Ratnatunga
(1984), and it is therefore only briefly discussed here.
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We are interested in halo giants between about 5 and 40 kpc
from the Sun. To reach these distances, we restrict the sample
to giants with absolute magnitudes M, < 0.0. These stars will
have apparent magnitudes 13 < V < 18, and colors (B— V) >
0.7. Since the nearby disk dwarfs in this range of color and
magnitude greatly outnumber halo giants (by about 35:1 at the
pole and more at lower latitudes), a very efficient procedure is
required to separate the two populations.

Clark and McClure (1979) showed that the MgH + Mg b
feature at 5100 A is an excellent luminosity discriminant for
stars in the limited color range 0.9 <(B—V) < 14. The
gravity-sensitive MgH band is strong in disk K dwarfs, while it
is not seen in low-resolution spectra of metal weak K giants.
Clark and McClure used intermediate band filters (an exten-
sion of the DDO system) to define a photometric Mg index. It
seemed to us that this feature could be used successfully to
separate halo giants from disk dwarfs with objective-prism
spectra. A preliminary low-resolution (10 A) slit spectroscopic
survey of a complete sample of 126 red stars at the south
galactic pole (SGP) (Bok and Basinski 1964), made with the
Mount Stromlo Observatory 74 inch (1.9 m) telescope, con-
firmed the feasibility of this procedure (Ratnatunga 1982).

We have surveyed three high galactic latitude, 20 square
degree Schmidt fields, designated by the selected areas which
they include: SA 141 (I = 240°, b = —85°); SA 189 (I = 277°,
b = —50°),and SA 127 (I = 272°, b = + 38°). These fields were
selected to give the radial and z velocity dispersions and also
the mean rotation of the outer halo. To find the halo giant
candidates, we first obtained photometry from direct J and F
photographic plates taken for this survey by the United
Kingdom Schmidt Telescope Unit (UKSTU) with the 48 inch
(1.2 m) Schmidt Telescope. A complete catalog of photographic
photometry for about 50,000 stars to a limiting apparent mag-
nitude V = 17.5 was made from automated image analysis of
PDS microdensitometer scans of these plates. The B, and Ry
magnitudes were transformed to B and V by means of trans-
formations published by Carignan (1982). From comparison
with the photometry of Bok and Basinski (1964) and Eriksson
(1978) for a common sample of 400 stars at the SGP, the accu-
racy of our photometry is +0.04 mag in V and +0.06 mag in
(B=V)(s.e.).

This catalog of 50,000 stars contains about 5000 red stars
with (B—V) > 0.9 and 13 < V < 16. Luminosity classifications
were made for these red stars from objective-prism plates taken
for us by the European Southern Observatory on the 1 m
Schmidt telescope at La Silla. The dispersion of the spectra is
450 A mm~! at Hy. The wavelength range 4700-5400 A,
defined by a Schott GG 475 filter and the Illa-J emulsion
cutoff, was selected to classify the luminosity of these red stars
from the MgH + Mg b feature. The classification used plots of
digital spectra obtained after automated analysis of 2-
dimensional PDS scans of individual objective-prism images.
The resolution at Mg b is about 20 A, which is ample to make
the luminosity classification; it is also sufficient for us to be
able to see the Mg b feature itself in the digital spectra of giants
with [Fe/H] > —1. Examples of our objective-prism spectra
are given by Ratnatunga and Freeman (1983).

The spectra of our red stars fell into three well-defined
classes. About 90% of the spectra showed a strong MgH
feature: these stars are the disk dwarfs. About 3% showed no
MgH or Mg b feature: these are almost all metal-weak giants.
We found a total of over 150 of these distant field K giants in
the 60 square degrees surveyed. The third class shows no MgH,

but a distinct Mg b feature is visible: these are mostly relatively
metal-rich giants ([Fe/H] > —1), with a possible contami-
nation of dwarfs among the stars with (B— V) ~ 0.9, where the
MgH luminosity criterion is breaking down.

III. OBSERVATIONS

We are now acquiring medium-resolution (2 A) spectra of
the giants selected by our survey, using the Anglo-Australian
Telescope (AAT) with the RGO spectrograph and the IPCS,
and the MSO 1.9 m telescope with the Boller and Chivens
spectrograph and the 2-dimensional photon counting array
(2DPCA). We have concentrated on the metal-weak giants.
Our spectroscopic observations of metal weak giants in SA 141
and SA 127 are now more or less complete. Results for the
more metal-strong giants are less advanced; they will be pre-
sented elsewhere.

Almost all of the stars observed were confirmed to be giants.
We compared the Sr 11 14078 and the Fe 1 14064 lines. In K
giants the Sr 11 line is stronger, while in dwarfs of similar tem-
perature the Fe 1 line is much stronger (Morgan, Keenan, and
Kellman 1943). Our spectra show these lines clearly, even for
metal-weak stars. This higher resolution luminosity criterion
removed any remaining dwarf contamination from the sample
selected from objective-prism spectra. The contamination was
found to be less than 5% and mainly among stars with
(B—V) = 0.9, since the MgH feature used in the classification
is weak in these hotter G dwarfs.

Radial velocities for the stars were determined using stan-
dard procedures (for details see Ratnatunga 1983), by cross-
correlating the observations in the Fourier domain with a
template generated by the sum of all the wavelength-calibrated
observations. The zero point of our velocity system comes from
observations of stars in 47 Tuc and w Cen, for which unpub-
lished velocities, accurate to 2 km s~ !, have been measured
previously by Freeman. The AAT-IPCS spectra covered the
wavelength range 3650-5450 A. The interval 4410-5210 A was
used to measure the radial velocity from these observations.
The MSO-2DPCA spectra covered the wavelength range
3600-4600 A. The interval 4065-4275 A was used for the radial
velocity measurement. Table 1 gives the heliocentric radial
velocities V4.

To estimate the abundances and then the distances, accurate
photometry is needed. Photoelectric B, V observations have
been made for the stars observed spectroscopically, using the
Siding Spring Observatory 40 inch (1 m) telescope and the 2
channel chopping photometer. Since reddening in these high
galactic latitude fields is expected to be small, we used the
values determined by Burstein and Heiles (1982).

Since the sample is metal-weak, the Ca 11 H and K absorp-
tion lines were used to estimate the metal abundance. The
calcium index A(Ca) (Norris and Freeman 1983) was calibrated
as a function of metal abundance and (B—V) color from
similar observations of stars in a number of well-studied globu-
lar clusters, 47 Tuc ([Fe/H] = —0.7: Norris, Freeman, and Da
Costa 1983), NGC 6752 ([Fe/H] = —1.5: Norris et al. 1981),
and NGC 6397 ([Fe/H] = —2.2: Norris and Zinn 1977), and
also of two metal-weak field halo stars, HD 122563 ([Fe/H] =
—27: Norris 1983) and CD —38°245 ([Fe/H]=
—4.5: Bessell and Norris 1984), with independent abundance
estimates. Metal abundances measured for our field K giants
covered the range seen in globular clusters, with mean metal
abundance [Fe/H] ~ —1.5.

Absolute magnitudes M, of the giants were determined from
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the (B— V), color and estimated abundance [Fe/H], by inter-
polation in a grid of observed globular cluster giant branches
at different metal abundance. Any age-dependence of this cali-
bration was assumed to be small compared with other uncer-
tainties; the halo giants are assumed to be of similar age to the
globular clusters. The distance d from the Sun to the star is
then calculated directly from the observed apparent magnitude
V, the absolute magnitude estimate M,, and the adopted
reddening E(B— V).

The results of the estimates are given in Table 1 for all the
halo giants measured by us so far. The stars tabulated are not a
complete sample, since many halo giants located in the survey
remain to be observed spectroscopically. Coordinate and
finding charts will be published elsewhere.

For each star, the standard errors of the derived quantities
[Fe/H] and distance were estimated, including both observa-
tional errors and the intrinsic dispersions in the calibrations.
These individual errors are not tabulated but are shown in the
relevant figures. The error estimates used for this calculation
are as follows: (B—V), +£0.02 mag; V, +0.03 mag; E(B—V),
+0.01 mag; A(Ca), +0.02 mag; intrinsic dispersion of [Fe/H]
calibration, +0.15 dex; and intrinsic dispersion of M, cali-
bration, +0.20 mag. The cumulative errors in the resulting
estimates were typically +0.3 dex in [Fe/H], £0.5 magin M,,
and +20% in distance d from the Sun. The error in the radial
velocity was estimated from the observed scatter in the velocity
estimates of the local velocity standards measured many times
over each observing run. The typical error was + 10 km s ~* for
the AAT observations and +15 km s~ ! for the MSO observa-
tions.

Although we observed only those giants which appeared
metal-weak from their objective-prism spectra, a small number
of relatively metal-rich ([Fe/H] > —1) giants have crept into
our sample (see Table 1). We have not excluded these few stars
from the kinematical discussion in this paper, because their
kinematics appear similar to those of the more metal-weak
stars; see Figure 1 for the two best observed fields, SA 141 and
SA 127.

Table 2 gives the number of giants, the mean distance (d),
mean height (z) above the galactic plane, mean abundance,
mean radial velocity ¥, (corrected for the Sun’s peculiar
motion relative to the LSR), and the line-of-sight velocity dis-
persion a,,,, for all stars and separately for stars at heights

TABLE 2
MEAN KINEMATICS

Sub- No. of (d) {(z) Vies? Oios

sample Giants (kpc) (kpc) <{[Fe/H]) (kms~ ') (kms™*)
SA 141 (I = 240°0,b = —85°0)

All ..., 34 136 139 -1.5 3+ 11 60 + 8

z<10....... 12 7.4 7.3 —-14 11 +17 55+ 12

z>10 ....... 22 17.5 17.5 —1.5 -1+ 14 63 + 10
SA 189 (I = 27720, b = —50°0)

All ........... 19 12.5 9.6 —15 53+19 81+ 14

z<10 ....... 14 8.7 6.6 —14 41 £ 16 56 + 11

z>10 ....... S 215 166 -1.7 83+59 117+42
SA 127 (I = 27020, b = +3826)

All ... 39 170 106 —-14 135+20 124+ 14

z<10 ....... 22 10.9 6.8 -1.1 94 +26 120+ 19

z>10 ....... 17 233 145 -1.8 178 +29 114+ 20

below and above 10 kpc from the galactic plane. Figure 2
illustrates the variation of the corrected radial velocity with
distance from the Sun for these stars. The range of distance is
limited by the apparent magnitude and color limits of the
survey: 13 < V < 16 and (B—V) > 0.9. The differences in the
mean velocity and the line-of-sight velocity dispersion in the
two fields are clearly seen.

IV. ANALYSIS

a) SA 141 and SA 127

The analysis of the abundance distribution in the halo will
be possible only after our complete sample has been observed
spectroscopically; so far, we have concentrated our observa-
tions on the more metal-weak giants. Kinematically, however,
we see no significant variations with abundance in our sample.
Therefore, this initial subsample of mainly metal-weak giants
gives a preliminary view of the halo kinematics that is unlikely
to change significantly when the complete sample has been
observed.

From Table 2, the mean velocity for stars at the SGP (SA
141) is near zero, as expected. For SA 127 the mean velocity of
the more distant stars at b = +38° toward antirotation
(I = 270°) is about 178 + 29 km s, as could be expected for a
stellar population that has low mean rotation. There are insuf-
ficient observations in the SA 189 field to imply that the mea-
sured mean of 83 + 59 km s~ ! is significantly different from the
value 140 km s~ ! expected for a population that has zero
rotation (assuming Vg = 220kms™?).

The most significant difference between the SGP field and
the high galactic latitude field SA 127 is the difference in veloc-
ity dispersion. The line-of-sight velocity dispersion for SA 127
is seen to be almost independent of distance, and is 114 + 20 -
km s~! for 17 giants with a mean distance of 23 kpc. The
velocity dispersion for the metal-weak stars at the SGP is again
almost independent of distance. However, its value is much
smaller (63 + 10 km s~ !) for the 22 stars with a mean distance
of 18 kpc.

This is a striking result, for the following reason. Let R, =
8.5 kpc be the solar-galactocentric distance. The fields surveyed
are practically on the plane normal to the galactic center—Sun
line. At distances from the Sun d > R, the radial velocity
measures mainly the (spherical polar) radial component of the
star’s motion relative to the galactic center. Therefore, at these
large distances, we would expect the measured line-of-sight
dispersions a,,, in both fields to be close to the radial com-
ponent g, of the velocity ellipsoid. Now assume the velocity
ellipsoid to be spatially spherically symmetric (i.e., its com-
ponents depend only on spherical r, but without any further
restriction on radial variation or anisotropy); we would then
expect g, to be approximately equal in both fields. However,
the large difference observed for the velocity dispersions in
these two fields shows that the halo is kinematically far from
spherically symmetric (in the above sense), at least within 25
kpc from the center. It also suggests that the velocity distribu-
tion of distant halo stars is as anisotropic as in the solar neigh-
borhood. One might have expected that, at such large
distances from the disk, the velocity dispersion in the halo
would be more or less isotropic, as observed for the globular
clusters, and spherically symmetric in the above sense.
However, it now seems clear that the kinematics of the outer
galactic halo cannot be represented by a spatially spherically
symmetric galaxy model.
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F1G. 1.—Line-of-sight velocity vs. [Fe/H]. The distribution shows no significant variation of velocity with abundance for the halo K giants in our fields (a) SA 141

(SGP)and (b) SA 127 (I = 272°, b = +38°).

For any axisymmetric system whose phase-space distribu-
tion function depends only on the two “classical ” integrals of
motion, energy and the component of angular momentum
about the symmetry axis, the velocity dispersions in the radial
and z-directions must be equal (Jeans 1916). The anisotropy
observed in the solar neighborhood, and strongly suggested by
our observations for the outer halo, requires galaxy models
with a third integral. It is interesting to note that the scale-free
model of Richstone (1980) has a velocity ellipsoid which is
elongated toward the axis of symmetry as our data suggest.
Realistic dynamical models will require specific information
about the shape and orientation of the velocity ellipsoid; for
this purpose, we now attempt to give a simple empirical

description of the velocity ellipsoid information derived from
our observations, from the solar neighborhood, and from
Pier’s (1982, 1983) data for BHB stars in the inner halo.

b) A Simple Working Picture

We will test the simple hypotheses that the velocity disper-
sion components are everywhere constant (but not equal), first
in spherical polar coordinates with origin at the galactic center
and then in cylindrical polar coordinates. In the discussion
below, we will refer to these two cases as the spherical and the
cylindrical hypotheses.

Consider now the usual spherical (r, ¢, 6) and cylindrical (R,
¢, z) polar coordinate systems, with origin at the galactic
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center. The angle ¢ is in the direction of galactic rotation. The
colatitude 6 is measured from the Galaxy’s north pole, and z is
positive toward this pole. With our hypothesis of constant
velocity dispersion components, we can calculate the expected
run of g,,; with distance for any galactic longitude and latitude
(I, b). For the spherical hypothesis we assume that (c,, 6, 04)
have everywhere the values (140, 108, 55) km s~ ! derived by
Hartwick (1983) for the solar neighborhood metal-weak giants.
Similarly, for the cylindrical hypothesis, we assume that (op,
04, 0;) = (140, 108, 55) km s~ ! everywhere. The predicted runs
of gy, for our two fields in these two cases are shown in Figure
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3. For the SGP field in particular, the two cases are very differ-
ent. This emphasizes the obvious point that kinematical data
away from the galactic plane are needed to distinguish between
the spherical and cylindrical hypotheses.

We now compare these predicted runs of a,,, with our obser-
vations. Velocity dispersion values were generated at mean
distances separated by about 5 kpc, in the following way. At
each nominal distance we include all stars at +40% of this
distance, and derive the true mean distance and dispersion for
this subsample. For SA 141, we assume that the mean velocity
for each subsample is zero, so the dispersions shown in Figure
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F1G. 2—Line-of-sight velocities (corrected for the Sun’s peculiar motion) of all the halo K giants observed in our fields (a) SA 141 and (b) SA 127 are shown
plotted against their estimated distance from the Sun. Note in particular the high velocity dispersion in SA 127, compared with the much lower dispersion in the

SGP field SA 141, and also the higher mean motion in SA 127.
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3a are dispersions about a zero mean. In the case of SA 127, the
mean velocity of each subsample is not known a priori, so the
velocity dispersions shown in Figure 3b are dispersions about
the mean for each subsample. The error bars represent the
dispersion about the mean distance and the standard error of
the velocity dispersion for each subsample. Each star (except
the most distant star in SA 127) appears in at least one sample.
Most stars appear in more than one sample, so the data points
in Figure 3 are not entirely independent. They do, however,
represent the trend of velocity dispersion with distance.

We also show in Figure 3 a single point that represents the

01« that would be observed, in the directions of our fields, for a
nearby population with the velocity dispersion (145, 124, 71)
km s~ ! derived by Woolley (1978) for metal-weak RR Lyrae
stars. Woolley’s value is obviously consistent with Hartwick’s
estimate for the nearby giants, as used to calculate the predict-
ed 0,s-

From Figure 3, we see that either hypothesis is consistent
with the data for SA 127. However, the low velocity dispersion
in the SGP field SA 141 is clearly inconsistent with the assump-
tion that the velocity ellipsoid is everywhere elongated toward
the galactic center (spherical hypothesis). Our alternative
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hypothesis, of spatially uniform velocity dispersion com-
ponents in cylindrical coordinates, gives a good representation
of the data.

c¢) Other Halo Samples

There are several other halo samples that we can check
against these hypotheses (see Table 3). Pier’s (1982, 1983) data
for halo BHB stars give a few more fields. We have grouped
Pier’s data in the following way to make up several galactic
fields, each containing at least 20 stars. First, we estimated
photometric parallaxes from his photometry, assuming the
absolute magnitude—color relationship for the horizontal
branch of M3. Most of Pier’s stars lie between 2 and 10 kpc
from the Sun. We excluded stars with distances less than 4 kpc,
to derive velocity dispersion estimates independent of the solar
neighborhood. For the first field, at the SGP, we have included
only the 23 BHB stars with |b| > 81, to avoid contamination of
o, by components of the motion parallel to the galactic plane.
Next, there is an anticenter field at (I = 186°, b = —53°) and
then three fields toward the galactic center, at latitudes b =
—57°, —28°, and —17°. Finally, we have combined the rota-
tion fields near [ = 90° and 270°, b = —60° to derive a single
velocity dispersion value, making use of the obvious anti-
symmetry. Our data for SA 189 (I = 277°, b = —50°), while
insufficient for detailed analysis, give another halo sample.
Note the excellent agreement of gy, for Pier’s field (Pier f in
Table 3) and our SA 189 field, which have similar (I, b) but
different distances.

The number of stars, mean galactic coordinates, mean dis-
tances, and line-of-sight velocity dispersions a,,,, corrected for
quoted measuring errors, are given in Table 3 for these
samples. We will compare these values of g, with the line-of-
sight velocity dispersion predicted under the two hypotheses
described above. These predicted dispersions were calculated
for each field, using the individual distances to each star, and
are given in the last two columns of Table 3.

Figure 4 shows the predicted dispersion, under the two
hypotheses, against the observed dispersion for these seven
fields. Our hypothesis of constant velocity dispersion com-
ponents in cylindrical coordinates (Fig. 4a) is apparently con-
sistent with all the available velocity dispersion data for
nonkinematically selected halo stars. Our alternative hypothe-
sis of constant velocity dispersion components in spherical
coordinates is clearly not consistent with the data shown in
Figure 4b. The fields which give the best discrimination
between the two hypotheses are the SGP field and the fields
toward [ = 0° at intermediate latitude (Pier ¢ and Pier d). At
the SGP, the line of sight lies along the minor axis of the
velocity ellipsoid in the cylindrical hypothesis and approaches
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the major axis for distant fields in the spherical hypothesis. On
the other hand, for fields toward | = 0° and intermediate lati-
tude and with distances of about 6 kpc from the Sun, the line of
sight lies along the minor axis of the velocity ellipsoid in the
spherical hypothesis: hence the low predicted a,,, for these
fields.

We present the cylindrical hypothesis only as a simple
working picture that appears to fit all the velocity dispersion
data for halo stars, from a galactocentric distance of 3 kpc out
through the solar neighborhood to a distance of at least 25 kpc
from the Sun. Clearly, there is a large range of more compli-
cated models that could represent the available velocity disper-
sion data for the halo stars. For example, although the data are
inconsistent with the hypothesis of strict constancy of ¢ in
spherical coordinates, the large discrepancies for the fields near
I =0°, seen in Figure 4b, would disappear if the minor axis of
the velocity ellipsoid were allowed to increase toward the
galactic center. However, we cannot account for the small
velocity dispersion observed at the SGP in this way.

d) The Circular Velocity

Our samples of distant giants at intermediate galactic lati-
tudes can also be used to estimate galactic rotation, using stan-
dard procedures (Frenk and White 1980). Assuming a value for
either the circular velocity ¥, at the Sun, or the systemic rota-
tion of the outer galactic halo, it is possible to determine the
other.

Consider the 22 more distant (z > 10 kpc) giants in the SA
127 and SA 189 fields. Assuming a zero mean rotation velocity
for the outer halo gives a value of V, =212 + 34 km s !;
assuming a rotation velocity of about +60 km s~ ! (similar to
that of the globular clusters) loads to an estimate V, = 241

+ 34 km s~ . These results are close to the generally accepted
value of 220 km s~ ! for the circular velocity at the Sun; they
show that our distant halo sample belongs to a slowly rotating
population.

It is interesting to compare these estimates of mean rotation
with those for the nearby kinematically selected samples. These
samples give (V> =192+ 13 km s~! (Sandage 1969) and
LSR, toward [ = 90°, b = 0°. The close correspondence of these
values suggests that the V-motions, at least, are not biased
significantly by the kinematic selection.

In estimating the circular velocity from our data in SA 127,
and also in our discussion of the velocity dispersion in §§ IVa
and IVb, we have assumed that the distant stars come from a
single kinematical population. However, inspection of Figures
1b and 2b suggests that this may not be so: to the eye, the stars
appear bimodal in velocity, with one mode near 50 km s~ ! and
the other near 250 km s~ . Statistical tests on the velocities of

TABLE 3
COMPARISON OF MODELS

PREDICTED
OBSERVED
No. oF ! b (d) Oios Ooon Gen
SAMPLE StARs  (deg) (deg) (kpc) (kms™!) (kms™') (kms™Y)

Piera .......... 23 78 —85 6.6 61+ 9 94 56
Pierb .......... 21 186 —53 58 110+ 17 122 95
Pierc .......... 26 1 =57 60 89+ 12 63 89
Pierd .......... 32 0 -28 64 116415 74 126
Piere .......... 36 2 —17 65 112+13 94 133
Pierf........... 20 86/266 —54 6.7 83413 107 80
SA 189 ......... 16 276 —50 13.6 84 + 15 125 89

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1985ApJ...291..260R

' 268 RATNATUNGA AND FREEMAN

150 .

Vol. 291

r (b)

100 —

Observed velocity dispersion (km s')

50 1 1 1 1

I - 1 1 - -

50

100
Predicted dispersion; Spherical (km s™)

150

150 T T T T

100 —

Observed velocity dispersion (km s ')

50 1 L 1 1

l o} 1 1 1

50

100
Predicted dispersion: Cylindrical (km s ')

150

FI1G. 4—The observed velocity dispersions for Pier’s fields designated a to fin Table 3 are shown plotted against the expected dispersions under the assumption
that the velocity ellipsoid remains constant in (a) cylindrical and (b) spherical coordinates. See text for details. The triangle corresponds to our data for SA 189. The
dotted line represents equality. Again, the cylindrical case gives a much better representation of the velocity dispersions in these halo fields.

the 39 stars in SA 127 show that their distribution does not
differ significantly from a single Gaussian. However, if we were
to take this apparent bimodality seriously, then the low-
velocity mode would represent a rapidly rotating metal-weak
component of the halo, while the high-velocity mode would
correspond to a retrograde star stream (unless ¥, > 330 km
s~ 1). Both modes would be relatively cold (g, & 50 km s~ 1).
The possibility of a retrograde stream of metal-weak stars is
reminiscent of the suggestion by Rodgers and Paltoglou (1984)
on the origin of globular clusters with apparently retrograde
orbits. At this stage, however, our evidence for this stream is
weak, and would raise more problems than we wish to discuss
here about the dynamics and structure of the halo.

V. DISCUSSION

We have described our survey for distant halo K giants, and
have presented results on their kinematics. The main points are
the following.

1. The outer halo is at most slowly rotating.

2. The velocity dispersion for halo giants at the SGP (60 km
s~ 1) is approximately constant from the solar neighborhood to
z-distances of about 25 kpc. It is much less than the velocity
dispersion in the intermediate-latitude field SA 127: this is
again constant with distance, at about 124 km s 1.

3. Our data on the run of velocity dispersion with distance
for the outer halo giants is well represented by a simple kine-
matical model, in which the components (g, 0,4, 0,) of the
velocity dispersion in cylindrical polar coordinates remain
constant everywhere. This model is also an excellent fit to
Pier’s (1983) kinematical data for BHB stars in the inner halo.

Although our observed value for the z-dispersion of the
distant halo K giants at the SGP (60 + 8 km s~ !) may seem
surprisingly low, it is consistent with other halo samples select-
ed on nonkinematical criteria. Woolley (1978) finds 71 + 26
km s~! for the nearby metal-weak RR Lyrae stars, and Hart-
wick (1983) derived 55 + 31 km s~ ! for the nearby halo giants.
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For Hartkopf and Yoss’s (1982) sample of 23 metal-weak G
and K giants at the galactic poles, with {|z|) = 4.3 kpc, the
dispersion is 51 + 8 km s~ . Pier’s SGP sample at (z) = 7 kpc
(Pier a in Table 3, with o, = 61 + 9 km s~ ') also agrees well
with our value. The only other sample of distant halo stars at
the galactic poles is the RR Lyrae stars at the NGP (Butler,
Kinman, and Kraft 1979). Their systemic velocities are,
however, more difficult to measure because of atmospheric
effects. It will be interesting to see whether their kinematics
show the same low dispersion as our field K giants. The mea-
surements will need to be done to an accuracy of at least +20
km s™!, with proper corrections for internal velocity varia-
tions, if a dispersion of 60 km s~ ! is to be measured from the
observations.

Our value for the z-dispersion of the halo giants is, however,
significantly lower than the value of 98 + 7 km s~ ! for nearby
kinematically selected metal-weak stars in the same abundance
range (Eggen 1979; see also Sandage 1969). The reason for this
difference between the nearby kinematically selected sample
and the in situ nonkinematically selected samples (nearby and
more distant) is not as yet clear. Presumably both samples
come from the same metal-weak population. Proper dynamical
models will be needed to see whether the kinematic selection
introduces a sufficient bias to explain the different velocity
dispersions in the z-direction. We note that the velocity disper-
sions in the R-direction are similar for the kinematic and non-
kinematic samples, at about 150 km s~ ! (see Hartwick 1983;
Eggen 1979).

Some extensions of this survey are planned. Another SGP
field will be studied to improve on the statistics of the more
distant giants in this field, which is so important for con-
straining the shape and orientation of the velocity ellipsoid. A
distant field toward the anticenter will also be surveyed: this
will show us directly whether the radial component of the
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velocity dispersion remains constant with distance. Finally,
although our data strongly suggest that the velocity dispersion
¢ is everywhere anisotropic in the halo, we do not of course
have direct measurements of more than one component of ¢ at
any place. For example, we have a value of o, at the SGP
(R = 8.5kpc, z = 14 kpc), and it would be very helpful to know
og and o, at the same location. There is no immediate prospect
of obtaining this information. However, it would be almost as
good to have an estimate of o, and o, at another location in
the Galaxy, with the same (R, z) values. For example, at [ = 0°,
b = —39° the line of sight passes through (R = 8.5kpc, z = 14
kpc), at a distance of 22 kpc from the Sun: o, samples pri-
marily the radial component of the velocity ellipsoid at this
location. We plan to survey this field.

The apparent large-scale anisotropy of the velocity disper-
sion has interesting implications for the orbits of stars in the
galactic halo, and therefore for the dynamical equilibrium and
origin of the galactic halo itself. This is outside the scope of the
present paper; we hope to discuss the dynamical consequences
of the observed anisotropy in a later paper.
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