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Abstract. A new space motion of the Galactic globular clus-
ter Pal 5 has been obtained on the basis of the proper mo-
tion determination from 11 Schmidt plates with a time base-
line of 39 years. A field of 1 square degree with nearly 400
galaxies defining the absolute reference frame has been used in
the differential astrometry from plate-to-plate solutions. Resid-
ual systematic errors after the solutions with2 × 6 plate con-
stant polynomials have been investigated and removed. Typical
proper motion errors of 2 to 3 mas/yr were obtained for in-
dividual stars with magnitudes12 < B < 20. Although our
result for the mean absolute proper motion of Pal 5(µα, µδ) =
(−1.0 ± 0.3,−2.7 ± 0.4) mas/yr looks similar to the result of
Schweitzer, Cudworth & Majewski (1993) based on different
observations and reduction technique, the direction of the space
motion we derive is completely different from theirs. Although
the position of Pal 5 is near the orbital plane suggested for
the Sagittarius dwarf galaxy by Ibata et al. (1997), both proper
motion results suggest a total space velocity of Pal 5 signifi-
cantly different from that to be expected from a tidally stripped
fragment of the Sgr dwarf galaxy. In addition, our direction of
motion of Pal 5 is almost in the opposite sense to that of the Sgr
galaxy. Our Galactic orbit determination of Pal 5 and the star
counts on the deep Schmidt plates indicate a smaller tidal radius
of this globular cluster compared to previously published data
of Webbink (1985) and Trager, King & Djorgovski (1995).
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1. Introduction

The kinematics of the Galactic globular clusters and of local
galaxies are of great interest with regard to a number of issues re-
lated to the formation history of the Galaxy, its dark matter con-
tent, and the dynamical evolution of stellar systems (for a more
detailed discussion see e.g. Majewski & Cudworth 1993). We
have shown that the use of full-scanned Schmidt plates allows
the direct and accurate measurement of the cluster proper mo-
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tions against the absolute reference frame represented by large
numbers of galaxies. From APM scans of Tautenburg Schmidt
plates with 25 years baseline we have obtained mean absolute
proper motions of the Galactic globular clusters M 3 and M 92
with an accuracy of 0.5 mas/year and used the results for the
determination of Galactic orbits (Scholz, Odenkirchen & Irwin
1993, 1994). Extending our work to the dSphs in Draco and Ursa
Minor with very large distances (∼ 70 kpc) we combined APM
measurements of POSS 1 glass copies, second epoch Palomar
and third epoch Tautenburg Schmidt plates (Scholz & Irwin
1994). In a continuation of our programme to investigate the
proper motion of Galactic halo globular clusters, we have used
the APM facility to directly determine the tangential motion
of the globular clusters M 5, M 12 and M 15 from Palomar,
Tautenburg and UKST plates (Scholz et al. 1996).

For the very interesting case of M 5 we obtained a smaller
absolute proper motion still leading to a high space velocity but
not to the extremely large value known till now (cf. Cudworth
& Hanson 1993). Whereas the presently observed Galactocen-
tric distances of M 3, M 92, M 12 and M 15 are typical for
their calculated orbits, we conclude from our results that M 5 is
apparently an outer halo cluster only briefly visiting the nearer
regions.

With a heliocentric distance of 21.8 kpc (Harris 1996) the
globular cluster Pal 5 is one of the more distant clusters within
our programme. There is a special interest in Pal 5 since it has
such a low space motion according to the results of Schweitzer,
Cudworth & Majewski (1993) who obtained an absolute proper
motion of the cluster with respect to a reference frame of only
∼ 20 background galaxies. As the corresponding space veloc-
ity vector is exactly perpendicular to its radius vector to the
Galactic center, Schweitzer, Cudworth & Majewski conclude a
rather eccentric orbit with the present locus of Pal 5 likely at
apogalacticon.

Both the sparse appearance of the cluster Pal 5 and its stel-
lar mass function (Smith et al. 1986) are likely explained by
advanced destruction due to Galactic tidal forces. Owing to its
orbital parameters, it seems possible that Pal 5 is on one of its
last orbits before total dissolution. Therefore, Pal 5 is consid-
ered as an ideal example for detailed dynamical studies of such
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a destruction process (Smith & Miller 1995). Accurate space
velocity data are necessary ingredients for such investigations.

Moreover, the understanding of the dynamical history, and
therewith the accurate knowledge of the orbital parameters,
are also relevant to the chemical evolution of globular clus-
ters: Enrichment of cluster stars by accretion of the ejecta from
the intermediate-mass stars (Bell et al. 1981) depends on the
strength of cluster winds and, therefore, on the evolution of the
depth of the gravitational potential. The extremely low mass of
the cluster Pal 5 makes it an important test for the hypothesis
of such self-enrichment. If Pal 5 was not much more massive
in the past than at present accretion is not a likely origin for
CN-enhanced stars in this cluster (Smith 1985, 1996).

Following Zinn’s (1993) classification of globular clusters
Pal 5 belongs, with [Fe/H]≈ -1.4 and a an anomalously red hor-
izontal branch (Smith 1985), to the “younger halo” class. Ac-
cording to the halo formation scenario by Searle & Zinn (1978)
these objects have been suggested to be formed in separate frag-
ments which did not participate in the initial halo collapse (e.g.
Lin & Richer 1992; Majewski 1993, and references therein) but
were captured more recently by the Galaxy. The recent discov-
ery of the disrupting Sagittarius dwarf galaxy (Ibata, Gilmore &
Irwin 1994) has strongly reinforced this point of view. Globular
cluster streams perhaps indicating such satellite accretion have
been suggested by Lynden-Bell & Lynden-Bell (1995).

At the Donald Lynden-Bell 60th birthday conference Pal 5
has been suggested as a candidate stripped globular cluster from
the Sagittarius dwarf galaxy (Lin 1996). But although the posi-
tion of Pal 5 is near the orbital plane suggested for the Sagittarius
dwarf by Ibata et al. (1997) the stripping scenario seems highly
unlikely for Pal 5 with respect to its low space motion.

So, we decided that it would be useful to verify the
Schweitzer, Cudworth & Majewski (1993) result by other obser-
vations and reduction methods. In our opinion measuring large
numbers (∼ 1000) of reference galaxies, cluster stars and field
stars in one measuring process yields a better estimate and cor-
rection of systematic errors and should, therefore provide the
most reliable results.

2. Observations and measurements

In order to get a better accuracy in the proper motion deter-
mination of Pal 5 we used more deep plates from the UKST
archive in addition to the plates earlier measured with the APM
facility in Cambridge (two POSS 1, one UKST and two Taut-
enburg plates). Altogether, 10 plates were measured with the
APM facility (see Table 1). The POSS 1 plates and the UKST
plate j5193 had already been used in the determination of the
absolute proper motion of the globular cluster M 5 (Scholz et al.
1996) which is located near to the northern edge of the UKST
plates listed in Table 1. All measured objects were classified
into stars, nonstellar objects, noise images and merged objects
using the standard APM software.

On all plates listed in Table 1 the globular cluster Pal 5 is
more than 1 degree from the plate edges so that in principle a
large, e.g.2.5◦ ×2.5◦ field could be used in the reduction. Nev-

Fig. 1. The 1 square degree field around the globular cluster Pal 5 used
in the proper motion determination. About 8000 objects measured on
at least 3 out of 11 Schmidt plates are shown. The dashed circle shows
the cluster region with a radius of 6 arcmin. The open circles denote
the positions of the galaxies used to define an inertial reference frame.

Table 1.Plate material

Telescope/ pass- epoch ∆texp scale
Plate No. band [year] [min] [arcsec/mm]
POSS 1/o1402 U+B 1955.30 12 67.2
POSS 1/e1402 R 1955.30 45 67.2
UKST/j1721 B 1975.58 60 67.2
UKST/j5193 B 1979.54 75 67.2
UKST/r5201 R 1979.55 80 67.2
UKST/r9115 R 1984.19 80 67.2
UKST/or13078 R 1989.29 100 67.2
UKST/or14989 R 1992.41 60 67.2
Tautbg/8600 B 1994.27 30 51.4
Tautbg/8626 B 1994.35 27 51.4
POSS 2/sf05770∗ R 1994.37 65 67.2

∗ FITS frame taken from the Digitised Sky Survey

ertheless, we selected a smaller, 1 square degree region centered
on Pal 5 (α(2000) = 15h16m4.9s, δ(2000) = −0◦6′13′′), in
order to reduce the systematic effects in combining the plates
of different Schmidt telescopes. However, the removal of sys-
tematic errors is the most extensive part of the proper motion
reduction, described in Sect. 3.1.

In addition to the plates measured with the APM facility
in Cambridge, the data of the second epoch Palomar survey
plate were received from the Digitised Sky Survey. For the im-
age detection and determination of image parameters in this 1
square degree FITS frame we used the software developed for
the Münster Redshift Project (Horstmann et al. 1989).
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The internally calibrated instrumental APM magnitudes
(Bunclark & Irwin 1983) measured on the blue reference plate
j5193 were transformed to approximated B magnitudes with
photoelectric standards in the globular cluster M 5 from Arp
(1962). From 21 standards identified only 15 with stellar clas-
sification on the plate j5193 were included in the external mag-
nitude calibration using a linear polynomial fit.

From several runs of the plate matching with different ref-
erence plates and the number counts of matched objects plate
j5193 was found to be the deepest plate with a limitingB ≈ 22
and was therefore used as the reference plate for the proper
motion study.

The Tautenburg plates have a better scale for astrometric
work (and for the classification of merged objects) but their
limiting B ≈ 20 is about 1-2 magnitudes below the limiting
magnitude of the other Schmidt plates used in this study.

3. Determination of absolute proper motions

With respect to the available plate material, i.e. with a relatively
wide spread of observation epochs, we followed the same princi-
ples of the proper motion determination as in our extended work
in the field of the globular cluster M 3 (Scholz, Meusinger &
Irwin 1997). The idea is to build up a time series of coordinates
for each single object measured onn plates. Within the plate
matching process objects measured on the comparison plates are
identified with objects measured on a deep reference plate. The
plate matching is done iteratively starting with bright objects
and large search radii (up to several mm), finally iterating down
to faint objects within a target search radius of about30µm,
corresponding to 2 arcsec in the scale of the UKST reference
plate.

All matched objects are used in a plate-to-plate solution for
transforming the measured coordinates on the comparison plate
into the coordinate system of the reference plate. After removing
residual mean positional differences between the transformed
coordinates and the coordinates on the reference plate as a func-
tion of the field position (for more details see Sect. 3.1), a zero
point correction is applied by subtracting the mean coordinate
difference of all available galaxies measured on the comparison
plate and on the reference plate (see Sect. 3.2). The absolute
proper motion of each object is then determined from the lin-
ear regression of the coordinates(x, y)j over the epochsEpj ,
with j = 1...npl, where the number of platesnpl for a given
object is mainly dependent on its magnitude. The advantage of
this method are the large numbers of objects used in the differ-
ential plate-to-plate solutions. It is independent of an external
reference catalogue (and the errors of such a catalogue).

3.1. Systematic error removal

The error correction is a substantial part of the reduction in the
differential astrometry with full-scanned Schmidt plates. For
a detailed description of the error reduction technique devel-
oped for the correction of APM scans of Schmidt plates see
Evans (1988) and Evans & Irwin (1995). We followed the same

Fig. 2. Residual errors after the plate-to-plate solution with quadratic
2 × 6 plate constant polynomial and before any correction. As an
example the differencesdx and dy between the coordinates on the
reference plate j5193 and the comparison plate or13078 as a function
of thex-coordinate are shown. There are noy-dependent periodic errors
due to the APM.

principles in our systematic error removal, i.e. we applied a
two-dimensional and one-dimensional correction of errors as a
function of field position. The basic assumption of this tech-
nique is a constant motion over the whole field of all objects
used in the error reduction. The central globular cluster region
(r < 3 arcmin), all faint objects (B > 19.5) as well as the bright
objects (B < 12) were excluded from the sample of objects used
for the determination of the corrections.

In this process we remove periodic errors of the measuring
machine as well as residual distortions after a global plate-to-
plate solution. These distortions are expected to be larger in the
case of Schmidt plates from different telescopes taken with dif-
ferent plate centres. The measuring coordinate frame of each
comparison plate was therefore transformed to that of the ref-
erence plate by using a quadratic2 × 6 instead of the linear
2 × 3 plate constant polynomial relationship, usually applied in
plate-to-plate solutions of Schmidt plates of the same telescope
taken with similar conditions.

Although the residual systematic errors after the quadratic
polynomial transformation are considerably reduced in com-
parison to the linear polynomial transformation we first used
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Fig. 3. Residual errors after the two- and one-dimensional error re-
moval (cf. previous figure).

a two-dimensional error correction. The two-dimensional cor-
rection is done by binning the whole field into subareas and
simply subtracting the mean shift∆x = xref − xcomp and
∆y = yref − ycomp separately for each subarea and for each
pair of comparison/reference plates. In our case we binned the
1 square degree field into 8× 8 subareas.

After the two-dimensional error correction removing large
scale systematic effects we applied a one-dimensional error cor-
rection removing the periodic errors of the APM in dependence
on thex-coordinate. A detailed description of these errors can
be found in Evans (1988) and Evans & Irwin (1995). There are
no periodic errors of the APM as a function of they-coordinate.

As an example, Fig. 2 shows the uncorrected coordinate dif-
ferences as a function of thex-coordinate for the plate or13078
with respect to the reference plate j5193. The result of the two-
and one-dimensional error correction is seen in Fig. 3.

Note that all corrections are carried out with respect to the
reference plate, i.e. differentially. This technique works well
in the differential determination of proper motions from plate-
to-plate comparisons but does not improve the determination
of equatorial coordinates by the use of an external reference
catalogue with an object density far below the measured object
density on the Schmidt plates.

Throughout the paper we usex- andy-proper motion com-
ponents, which are equal toµα andµδ in this zero declination
field.

3.2. Selection of reference galaxies

The reference galaxies defining the absolute reference frame in
our 1 square degree field were carefully selected using the 4
deepestR plates with first priority. The APM image classifi-
cation becomes uncertain near the plate limits. Therefore, we
selected all objects classified as galaxies on at least three out of
four deepR plates. All objects classified as merged on at least
one of the 10 APM measured plates were excluded from the
sample of galaxies. The FITS frame of the POSS 2 plate was
used for a visual check of the automated image classification
using the MRSP software (Horstmann et al. 1989). 384 refer-
ence galaxies were selected. Their distribution over the field is
shown in Fig. 1.

The central region (r < 3 arcmin) of the globular clus-
ter was excluded in the selection of reference galaxies due to
crowding effects. For comparison with our selection of reference
galaxies, we have also looked for galaxies in the NASA/IPAC
extragalactic database (NED). North from the globular clus-
ter, atα(1950) = 15h13m48s, δ(1950) = +0◦17′ there is a
known cluster of galaxies, Abell 2050, also seen in our selec-
tion (Fig. 1).

The absolute zero point shift was determined for each com-
parison plate with respect to the reference plate using all avail-
able galaxies (from 384) measured on the comparison plate.
The formal zero point error varied in dependence on the num-
ber of galaxies (only 50 galaxies on the Tautenburg plates but
from 230 to 375 galaxies on the other comparison plates) and
on their measuring accuracy on the comparison plate and on the
reference plate. The zero point error was about 70 mas for the
Tautenburg plates and< 30 mas for all other comparison plates.

3.3. Internal accuracy of proper motions

Thex- andy-components of the absolute proper motion of each
individual object were obtained from the linear regression of all
availablex- andy-coordinates of this object over the time. The
coordinates were used independently of the image classification
of the object. No weights were given to the different plates the
object was measured on.

Measurements on at least three plates were required for the
determination of the proper motion of an object. The final cat-
alogue of proper motions contains nearly 8000 objects in a 1
square degree field centered on the globular cluster Pal 5. Their
internal errors as obtained from the linear regression of min. 3
to max. 11 data points are shown in Fig. 4 (mean errors as a
function of magnitude) and Fig. 5.

On the average the errors of objects with stellar classification
on the reference plate are about 1 mas/yr smaller than the overall
proper motion errors.
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Fig. 4. Mean proper motion errors as a function of magnitude. The indi-
vidual proper motion errors of the bright objects (B < 12) were binned
in two intervals of 2 mag width, whereas the binning for fainter objects
was done using a width of 1 mag. The× and+, respectively show the
internal proper motion errors inµx andµy for all objects measured on
at least three plates. Smaller symbols represent mean proper motion
errors of objects with stellar classification on the reference plate.

Fig. 5. Histogram of internal proper motion errors inµx andµy for
all objects measured on at least three plates (solid line), objects with
stellar classification on the reference plate and with measurements on
at least three plates (dotted line) and star-like objects measured on more
than 6 plates (dashed line).

4. Mean absolute proper motion of the cluster

Due to the large heliocentric distance of Pal 5 and the moder-
ate accuracy in the proper motions of individual stars (in com-
parison to the high accurate relative proper motion studies of
many Galactic globular clusters by Cudworth and coworkers,
e.g. Schweitzer, Cudworth & Majewski 1993) we have not tried

Fig. 6. Mean proper motion of all star-like objects in the magnitude
interval16.5 < B < 21.0 measured on at least 5 plates with internal
proper motion errors< 12 mas/yr as a function of the distance from
the cluster centre. The data were binned in radial annuli of 2 arcmin
width around the cluster. Error bars show the error of the mean proper
motion in an annulus.

to obtain membership probabilities. For the determination of
the mean absolute cluster proper motionµc we averaged the
proper motions of all stars within a given cluster radiusrc and
corrected the resultµc+f for the contamination with field stars
in the selected cluster region:

µc = (1 + nf/nc)µc+f − (nf/nc)µf (1)

The number of contaminating field stars in the cluster region
nf was estimated from the comparison of the number density in
the cluster region with that of the field stars outside the cluster
region. The mean absolute proper motion of the field starsµf

can be determined very accurately due to their large numbers in
a sufficiently large sky region betweenrf1 andrf2 outside the
globular cluster (rc < rf1 < rf2).

Systematic errors are always a significant concern in proper
motion reductions. Therefore, several selection criteria for the
objects used in the determination of the mean absolute cluster
proper motion were tested and the results from different samples
of objects compared:

– number of observations per star
– internal proper motion accuracy
– image classification
– radius of the cluster regionrc

– field region betweenrf1 andrf2
– magnitude interval (in order to investigate possible system-

atic errors as function of magnitude)

Fig.6 shows as an example the mean absolute proper motion
as a function of cluster radius for all objects in the magnitude
interval16.5 < B < 21.0, classified as stars on the reference
plate, measured on at least 5 plates, with proper motion errors
less than 12 mas/yr.

According to the observed radial density profile of the glob-
ular cluster (Fig. 7a and b) the cluster region withrc < 6 arcmin
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contains almost all cluster stars. On the other side, the number
of cluster stars in a sufficiently large field region, e.g. between
rf1 = 10 arcmin andrf2 = 24 arcmin can be neglected in the
determination of the mean absolute proper motion of the field
starsµf . However, a contamination of the field star sample with
galaxies has to be considered.

The tidal radii of Pal 5 given in the literature are relatively
large: 18.2 arcmin according to Webbink (1985) and 15.9 arcmin
according to Trager, King & Djorgovski (1995). However, the
slightly increased number density from 10 arcmin to 18 arcmin
in comparison to the region outsider > 18 is obviously not an
indication of the tidal radius of Pal 5 but caused by the galaxy
cluster Abell 2050. This can be seen in the comparison of the
radial density profile for objects with stellar classification with
those for objects with non-stellar classification and for merged
objects (Fig. 7a and ba). The image classification near the plate
limits is problematic so that a relatively large fraction of galaxies
can be expected among the faint objects measured on the deep
Schmidt plates with stellar classification.

Due to strong image crowding in dense globular clusters,
such as M 3 or M 5,there is a central minimum in the density
profiles of these clusters measured on deep Schmidt plates, i.e.
the core region can not be resolved into single objects. Unless
the Pal 5 cluster centre can be resolved on the Schmidt plates,
the image crowding causes some problems. As seen in Fig. 7a,
there is a concentration of objects with non-stellar and merged
classification, which is in the sum even larger than the central
density of stellar objects. On the other hand, as a result of image
crowding there is no concentration of the faintest objects toward
the cluster centre (Fig. 7b).

In order to reduce systematic effects in the determination
of the mean absolute proper motion of the cluster due to image
crowding and different contamination of the cluster and field
stars with galaxies, the objects with non-stellar classification
and all faint objects (B > 21) were not used. In dependence on
further parameters describing the reliability of the proper motion
determination of single stars the number of cluster starsnc in
the magnitude interval16 < B < 21 and withrc < 6 arcmin
varied from 250 to 100. The rationf/nc varied between 1/2.5
and 1/1.

The mean result of the absolute cluster proper motion from
about 20 alternative computations changing the selection cri-
teria - internal proper motion errors of single stars, number of
plates they were measured on, smaller magnitude intervals -
was:(µα, µδ) = (−1.0 ± 0.3,−2.7 ± 0.4) mas/yr. All single
runs yielded a result within the given errors which were also
comparable to the formal errors of each computation. No sys-
tematic magnitude dependent effects were found.

Our results and the results of Schweitzer, Cudworth & Ma-
jewski (1993)(µα, µδ) = (−2.44±0.17,−0.87±0.22) mas/yr
look superficially similar in heliocentric terms. However, the
results differ at the 4-sigma level in bothµx and µy, us-
ing the quadratically combined errors to estimate sigma. If
we compare the results in Galactocentric terms, i.e. ours:
(0.50,−1.05) mas/yr versus theirs:(−0.94, 0.78) mas/yr we

Fig. 7a and b. Radial density profile obtained from counts in annuli
around Pal 5 with a width of 2 arcmin.a in dependence on image
classification: all objects measured on the reference plate (open circles),
objects with stellar classification with additional measurements on at
least two other plates (+), non-stellar classification (×), merged objects
(triangles).b all faint objects measured on the reference plate and at
least two other plates:B > 21.5 (+), 21.0 < B ≤ 21.5 (triangles),
20.5 < B ≤ 21.0 (open boxes),20.0 < B ≤ 22.5 (open circles),
19.5 < B ≤ 20.0 (×). The dashed lines show the cluster region
(r < 6 arcmin) used in the determination of the mean cluster motion
and the tidal radius of 18 arcmin according to Webbink (1985).

see that the direction of the space motion we derive is com-
pletely different from theirs.

5. Space motion and Galactic orbit of Pal 5

Knowing the cluster’s absolute proper motion and also its dis-
tance (d = 21.8 ± 2.2 kpc, Harris 1996) and radial velocity
(vr = −56 ± 4 km/s, Smith 1985) with respect to the Sun,
we finally proceed to its motion in three-dimensional Galactic
space. On the assumption ofR� = 8.5 kpc for the distance
Sun - Galactic center andvLSR = 220 km/s for the rotation of
the local standard of rest (IAU 1986) and with the ’basic solar
motion’ of Delhaye (Mihalas & Binney 1981) as a reasonable
estimate of the Sun’s peculiar motion in the LSR , the cartesian



R.-D. Scholz et al.: New space motion of Galactic globular cluster Palomar 5 537

Table 2.Galactocentric position and space velocity

X Y Z U V W
[kpc] [km/s]

(1) +6.7 +0.2 +15.6 +50 −47 −108
±1.6 ±0.0 ±1.6 ±27 ±51 ±26

(2) +6.7 +0.2 +15.6 −121 −4 +57
±1.6 ±0.0 ±1.6 ±17 ±37 ±17

(1) this work. (2) with the p.m. from Schweitzer et al. (1993)

components of the Galactocentric position and velocity of Pal 5
come out as shown in Table 2. As viewed from a point near
the Sun the present location of the cluster lies on the opposite
side of the Galaxy. It has a height of 16 kpc above the Galactic
plane and a projected distance of 7 kpc from the Galactic cen-
ter. While the direction of the velocity vector depends on the
choice between the two different proper motion results given
above (see the two cases in Table 2), the absolute value of the
velocity is in both cases close to 130 km/s (see Table 3b). This
confirms that Pal 5 is indeed among the clusters with the lowest
space velocity in the globular cluster system of the Galaxy.

Schweitzer, Cudworth & Majewski (1993) have pointed out
that using their proper motion for Pal 5, the velocity vector is
perpendicular to the position vector and hence the cluster is very
close to apogalacticon. Our proper motion results do not confirm
this particular orientation of the velocity vector. Nevertheless,
the conclusion that Pal 5 is near apogalacticon remains true also
with regard to the proper motions obtained in this paper. This can
be anticipated from the fact that the total space velocity is much
below the circular velocity of the Galaxy, and it is confirmed in
a more precise manner by the results of a numerical calculation
of the cluster’s Galactic orbit.

In analogy to our previous studies on other globular clus-
ters we integrated the orbit of Pal 5 for the past 10 Gyrs, us-
ing the model by Allen & Santillan (1991) as a representa-
tion of the Galactic gravitational potential. The resulting or-
bital parameters are summarised in Table 3 and a plot of the
orbital path is shown in Fig. 8. While with the proper mo-
tion from Schweitzer, Cudworth & Majewski (1993) the dis-
tance of the cluster from the Galactic center is limited by the
current distance of 17 kpc, with our proper motion the orbit
yields a maximum distance of 18.9 kpc and the most recent
apogalacticon lies 0.05 Gyr (i.e. 1/8 of a mean orbital period)
back from present. Perigalactic distances are found to be not
smaller than 5.3 kpc. The eccentricity of the orbit (as measured
by e = (Rmax − Rmin)/(Rmax + Rmin)) returns a value
of 0.56. Naturally, the distribution of values of Galactocentric
distanceR is such that most of the time the cluster is seen
at relatively large distances (R > 14 kpc). Since the orbit is
highly inclined, the distance from the Galactic plane can rise
up to 18.5 kpc, but on the time average along the orbit this dis-
tance has only about half of the maximum size. The inclination
of the (instantaneous) orbital plane with respect to the Galac-
tic plane remains almost constant at about 79◦. Following the

Fig. 8. Orbit of Pal 5 in the time interval [−10 ; 0] Gyr. Upper plot:
Meridional Projection onto cylindrical coordinatesω̃ , z. Lower plot:
Projection on the Galactic plane.

proper motions of this paper, the cluster is in prograde rotation
around the Galacticz-axis with an average rotation velocity of
about 56 km/s, which is similar to the overall mean rotation
velocity of the globular cluster system. On the other hand, with
the proper motions found by Schweitzer, Cudworth & Majew-
ski (1993) the cluster yields az-angular momentum almost zero
and hence a nearly polar orbit (i.e. 90◦ inclination) with an av-
erage rotational velocity componentΘ of only 1 km/s. Despite
these differences one finds agreement in the fact, that in both
cases the cluster has a mean period of revolution of 0.4 Gyr (cor-
responding to 25 revolutions around the Galacticz-axis within
10 Gyrs).

In order to find out how much the orbital characteristics
change within the estimated range of error in our proper motions,
we modified the cluster’s initial velocity accordingly and calcu-
lated a number of alternative orbits. The result of this test was,
that the distance parameters do not undergo extreme changes,
i.e. Rmax and |Z|max fell within 18 and 20 kpc andRmin

was between 3 and 8 kpc. The direction of rotation was in all
cases prograde with average rotational velocities between 30
and 70 km/s. Although thez-angular momentum of Pal 5 is
on a low level, (in the range 130 to 450 kpc·km/s) there was
no indication for the appearance of chaotic motion, because all
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Table 3.Orbital parameters for time interval [−10 ; 0] Gyr

a) Geometry of the orbit

Rmin Rmax R Rt=0 e |Z|max |Z|
[kpc] [kpc]

(1) 5.3 18.9 13.7 17.0 0.56 18.5 9.2

(2) 8.6 17.0 13.4 17.0 0.33 17.0 9.0

b) Absolute velocity and kinetic energy

vmin vmax v vt=0 v2/2
[km/s] [km2/s2]

(1) 88 366 188 128 20471

(2) 131 299 198 134 20535

c) Rotation aroundz-axis

Θmin Θmax Θ Θt=0 T nrev

[km/s] [Gyr]

(1) 18 300 56 49 0.40 24.9

(2) 0 130 1 0 0.40 25.0

d) Angular momentum and orbital plane

Jz J ∆J/J i ∆i
[kpc · km/s] [degree]

(1) −325 1893 ±15% 79 ±2

(2) −3 2408 +25%; −12% 90 ±0

(1) this work. (2) with the p.m. from Schweitzer et al. (1993)

test orbits showed the characteristics of regular (quasiperiodic)
motion, similar to the orbit of Fig. 8.

6. Discussion of the results

The total space velocity and hence specific angular momen-
tum of Pal 5 are significantly different from that to be expected
from a tidally stripped fragment of the Sgr dwarf galaxy (eg.
Lynden-Bell & Lynden-Bell 1995). Our (mean) angular mo-
mentum of Pal 5 is only about half of that of the Sgr dwarf, if
we take the Sgr dwarf proper motion obtained by Ibata et al.
(1997). Furthermore, our direction of motion of Pal 5, south
toward the Galactic Plane, is almost in the opposite sense to
that of the Sgr galaxy which at the equivalent point in its orbit
would be heading north away from the Galactic Plane (Ibata et
al. 1997). Admittedly, if we used the proper motion obtained by
Schweitzer, Cudworth & Majewski (1993) then this latter prob-
lem would be much reduced. Nonetheless both proper motion
results suggest an apogalacticon for Pal 5 of only 17–19 kpc
which is virtually impossible to reconcile with a detached satel-
lite of the Sgr dwarf which has a perigalacticon of this order, but
whose apogalacticon is likely be greater than 50 kpc or more.

It is possible that Pal 5 could be a detached cluster of an
alternative, now defunct, satellite galaxy since that would help
to explain how such a low density cluster could have survived

for the best part of a Hubble time in such a low attitude orbit.
Dynamical friction would have a negligible effect on the orbit of
an isolated Pal 5, but could well have significantly decayed the
orbit of a previously much more massive host system, leading
to capture and eventual tidal disruption.

Considering our results of the Galactic orbit of Pal 5 we
may also conclude that the tidal forces along this orbit would
lead to a smaller tidal radius compared to the 18.2 arcmin of
Webbink (1985) and 15.9 arcmin of Trager, King & Djorgovski
(1995). Withrt = 15.9 arcmin andd = 21.8 kpc the linear
radius is 101 pc. Assuming a mass of Pal 5 of logM = 3.92
(Mandushev et al. 1991) and using common formulae for the
classic tidal radius (e.g. formula (4) in Odenkirchen et al. 1997)
we get a tidal radius between 12 pc at perigalacticon and 43 pc
at apogalacticon. The conservative value of 43 pc corresponds
to 7 arcmin which is in good agreement with our Fig. 7a and b
and our discussion of possible errors in the measurements of the
tidal radius of Pal 5 caused by the galaxy cluster Abell 2050.
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