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Abstract. A new space motion of the Galactic globular clustions against the absolute reference frame represented by large
ter Pal 5 has been obtained on the basis of the proper mambers of galaxies. From APM scans of Tautenburg Schmidt
tion determination from 11 Schmidt plates with a time basefates with 25 years baseline we have obtained mean absolute
line of 39 years. A field of 1 square degree with nearly 4Qfroper motions of the Galactic globular clusté 3 and M 92
galaxies defining the absolute reference frame has been useslith an accuracy of 0.5 mas/year and used the results for the
the differential astrometry from plate-to-plate solutions. Residetermination of Galactic orbits (Scholz, Odenkirchen & Irwin
ual systematic errors after the solutions witkx 6 plate con- 1993, 1994). Extending our work to the dSphsin Draco and Ursa
stant polynomials have been investigated and removed. Typibthor with very large distances{ 70 kpc) we combined APM
proper motion errors of 2 to 3 mas/yr were obtained for ilmneasurements of POSS 1 glass copies, second epoch Palomar
dividual stars with magnitudeR2 < B < 20. Although our and third epoch Tautenburg Schmidt plates (Scholz & Irwin
result for the mean absolute proper motion of P45, us) = 1994). In a continuation of our programme to investigate the
(—1.0 £ 0.3, —2.7 £+ 0.4) mas/yr looks similar to the result of proper motion of Galactic halo globular clusters, we have used
Schweitzer, Cudworth & Majewski (1993) based on differetthe APM facility to directly determine the tangential motion
observations and reduction technique, the direction of the spaté¢he globular clusters M 5, M 12 and M 15 from Palomar,
motion we derive is completely different from theirs. Althougffautenburg and UKST plates (Scholz et al. 1996).

the position of Pal 5 is near the orbital plane suggested for

the Sagittarius dwarf galaxy by Ibata et al. (1997), both propelg F?r the very '”tefes“”% lcas(;é_ ol 5 Wehgb;a|ned a srlna!lerb
motion results suggest a total space velocity of Pal 5 signiﬁ- solute proper motion still leading to a high space velocity but

cantly different from that to be expected from a tidally strippe'aOt to the extremely large value known till now (cf. Cudworth

fragment of the Sgr dwarf galaxy. In addition, our direction &.Hinson 1993]2' Whereas the presen(tjly observed Ga_llatlzt?cen-
motion of Pal 5 is almost in the opposite sense to that of the & F |st|an(|:es(;) '\g,?” M 92, N: tz ?n M 15 arei tyﬁca or
galaxy. Our Galactic orbit determination of Pal 5 and the st eir calculated orbits, we conclude rom ourresu tsthatM51is
counts on the deep Schmidt plates indicate a smaller tidal rao?lﬁ)garently an outer halo cluster only briefly visiting the nearer

of this globular cluster compared to previously published ddtad'ons-
of Webbink (1985) and Trager, King & Djorgovski (1995). With a heliocentric distance of 21.8 kpc (Harris 1996) the
globular cluster Pal 5 is one of the more distant clusters within
Key words: globular clusters: individual: P& — methods: sta- our programme. There is a special interest in Pal 5 since it has
tistical — astrometry — stars: kinematics — Galaxy: kinematiggich a low space motion according to the results of Schweitzer,
and dynamics 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
The kinematics of the Galactic globular clusters and of locedther eccentric orbit with the present locus of Pal5 likely at
galaxies are of greatinterest with regard to a number of issuesagegalacticon.
lated to the formation history of the Galaxy, its dark matter con- )
tent, and the dynamical evolution of stellar systems (for a more BOth the sparse appearance of the cluster Pal5 and its stel-
detailed discussion see e.g. Majewski & Cudworth 1993). W& mass function (Smith et al. 1986) are likely explained by
have shown that the use of full-scanned Schmidt plates allofdvanced destruction due to Galactic tidal forces. Owing to its

the direct and accurate measurement of the cluster proper @gtal parameters, it seems possible that PalS is on one of its
last orbits before total dissolution. Therefore, Pal5 is consid-

Send offprint requests t®.-D. Scholz ered as an ideal example for detailed dynamical studies of such

1. Introduction
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a destruction process (Smith & Miller 1995). Accurate s F ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
velocity data are necessary ingredients for such investige TR ' L leg P
Moreover, the understanding of the dynamical history
therewith the accurate knowledge of the orbital param
are also relevant to the chemical evolution of globular
ters: Enrichment of cluster stars by accretion of the ejecte 0015’
the intermediate-mass stars (Bell et al. 1981) depends
strength of cluster winds and, therefore, on the evolution
depth of the gravitational potential. The extremely low ma
the cluster Pal5 makes it an important test for the hypo
of such self-enrichment. If Pal5 was not much more me
in the past than at present accretion is not a likely origi
CN-enhanced stars in this cluster (Smith 1985, 1996).
Following Zinn’s (1993) classification of globular clus
Pal 5 belongs, with [Fe/H} -1.4 and a an anomalously red |
izontal branch (Smith 1985), to the “younger halo” class
cording to the halo formation scenario by Searle & Zinn (1 —0030" -
these objects have been suggested to be formed in separ: riem  lohiem inam iohmm o
ments which did not participate in the initial halo collapse alpha (1950)
Lin & Richer 1992; Majewski 1993, and references thereir., .., ,
were captured more recently by the Galaxy. The recent diSC(l):\'/g' 1. The 1 square degree field around the globular cluster Pal 5 used

. . oo . the proper motion determination. About 8000 objects measured on
ery of the disrupting Sagittarius dwarf galaxy (Ibata, Gilmore ‘glt least 3 out of 11 Schmidt plates are shown. The dashed circle shows

Irwin 1994) has strongly reinforced this point of view. Globulag,e ¢|yster region with a radius of 6 arcmin. The open circles denote

cluster streams perhaps indicating such satellite accretion hgy\&positions of the galaxies used to define an inertial reference frame.
been suggested by Lynden-Bell & Lynden-Bell (1995).

At the Donald Lynden-Bell 60th birthday conference Pal; .
: . able 1. Plate material
has been suggested as a candidate stripped globular cluster from

0°30' -

0°00' -

delta (1950)

-0°15'

the Sagittarius dwarf galaxy (Lln 1996) But although the pOSI-Te|escope/ pass- epoch Atcgp scale
tion of Pal 5is near the orbital plane suggested for the Sagittariu®ate No. band [year] [min] [arcsec/mm]
dwarf by Ibata et al. (1997) the stripping scenario seems highlOSS 1/01402 U+B  1955.30 12 67.2
unlikely for Pal 5 with respect to its low space motion. POSS 1/e1402 R 1955.30 45 67.2
So, we decided that it would be useful to verify the UKST/j1721 B 197558 60 67.2
Schweitzer, Cudworth & Majewski (1993) result by other obser-YKST/j5193 B 197954 75 67.2
vations and reduction methods. In our opinion measuring IargHKST/r5201 R 197955 80 67.2
numbers £ 1000) of reference galaxies, cluster stars and fielquggg?&;gm F; 11%882‘122 18000 %77‘22
stars in one measuring process yields a better estimate and COR ST/or14989 R 1992:41 60 67:2
rection of systematic errors and should, therefore provide th?autbg/8600 B 1994.27 30 514
most reliable results. Tauthg/8626 B 199435 27 51.4
POSS 2/sf05770 R 1994.37 65 67.2

*

2. Observations and measurements FITS frame taken from the Digitised Sky Survey

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 Tau€rtheless, we selected a smaller, 1 square degree region centered

enburg plates). Altogether, 10 plates were measured with #fePal 5 ((2000) = 15"16™4.9°,(2000) = —0°6'13"), in

APM facility (see Tablé€ll). The POSS 1 plates and the UKSrder to reduce the systematic effects in combining the plates

plate j5193 had already been used in the determination of @fedifferent Schmidt telescopes. However, the removal of sys-

absolute proper motion of the globular cludw5 (Scholz etal. tematic errors is the most extensive part of the proper motion

1996) which is located near to the northern edge of the UK$gduction, described in SeEf. B.1.

plates listed in Tablg]l1l. All measured objects were classified In addition to the plates measured with the APM facility

into stars, nonstellar objects, noise images and merged objéct€ambridge, the data of the second epoch Palomar survey

using the standard APM software. plate were received from the Digitised Sky Survey. For the im-
On all plates listed in Tablel 1 the globular cluster Pal 5 mge detection and determination of image parameters in this 1

more than 1 degree from the plate edges so that in principlsquare degree FITS frame we used the software developed for

large, e.g2.5° x 2.5° field could be used in the reduction. Nevihe Miinster Redshift Project (Horstmann et al. 1989).
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The internally calibrated instrumental APM magnitude
(Bunclark & Irwin 1983) measured on the blue reference pla
j5193 were transformed to approximated B magnitudes wi
photoelectric standards in the globular clus#5 from Arp
(1962). From 21 standards identified only 15 with stellar clar
sification on the plate j5193 were included in the external ma g
nitude calibration using a linear polynomial fit. :

From several runs of the plate matching with different rei™
erence plates and the number counts of matched objects p
j5193 was found to be the deepest plate with a limitihg: 22
and was therefore used as the reference plate for the pro
motion study. A R TR

The Tautenburg plates have a better scale for astromet -120 -100 -80 —60
work (and for the classification of merged objects) but the '
limiting B = 20 is about 1-2 magnitudes below the limiting
magnitude of the other Schmidt plates used in this study.

0.02 ' . : o -

-002 |- - _ -

0.02 |- R

3. Determination of absolute proper motions

(mm]
[=)
T

With respect to the available plate material, i.e. with a relative
wide spread of observation epochs, we followed the same prin ©
ples of the proper motion determination as in our extended wc L e R _
in the field of the globular clusteM 3 (Scholz, Meusinger & o0zl - o
Irwin 1997). The idea is to build up a time series of coordinate L R i
for each single object measured orplates. Within the plate P R S RS N S N S R
matching process objects measured on the comparison plates -120 —100 -80 —60
identified with objects measured on a deep reference plate. 1... x [mm]

plate matching is done iteratively starting with bright objectsig 2. Residual errors after the plate-to-plate solution with quadratic
and large search radii (up to several mm), finally iterating down x 6 plate constant polynomial and before any correction. As an
to faint objects within a target search radius of ab&Wytm, example the differencedz and dy between the coordinates on the
corresponding to 2 arcsec in the scale of the UKST refereneéerence plate j5193 and the comparison plate or13078 as a function
plate. ofthez-coordinate are shown. There argadependent periodic errors

All matched objects are used in a plate-to-plate solution fye to the APM.
transforming the measured coordinates on the comparison plate
into the coordinate system of the reference plate. After removing
residual mean positional differences between the transfornféhciples in our systematic error removal, i.e. we applied a
coordinates and the coordinates on the reference plate as a fiifie-dimensional and one-dimensional correction of errors as a
tion of the field position (for more details see S&ci] 3.1), a zefnction of field position. The basic assumption of this tech-
point correction is applied by subtracting the mean coordindti§lue is a constant motion over the whole field of all objects
difference of all available galaxies measured on the comparigéied in the error reduction. The central globular cluster region
plate and on the reference plate (see Ject. 3.2). The absolute 3 arcmin), all faint objects® > 19.5) as well as the bright
proper motion of each object is then determined from the liRbjects B < 12) were excluded from the sample of objects used
ear regression of the coordinates y); over the epoch&p,, for the determination of the corrections.
with j = 1...n,;, where the number of plates, for a given In this process we remove periodic errors of the measuring
object is mainly dependent on its magnitude. The advantagegwdchine as well as residual distortions after a global plate-to-
this method are the large numbers of objects used in the diffplate solution. These distortions are expected to be larger in the
ential plate-to-plate solutions. It is independent of an exterredse of Schmidt plates from different telescopes taken with dif-
reference catalogue (and the errors of such a catalogue). ferent plate centres. The measuring coordinate frame of each
comparison plate was therefore transformed to that of the ref-
erence plate by using a quadrakicx 6 instead of the linear
2 x 3 plate constant polynomial relationship, usually applied in
The error correction is a substantial part of the reduction in théate-to-plate solutions of Schmidt plates of the same telescope
differential astrometry with full-scanned Schmidt plates. Fdaken with similar conditions.
a detailed description of the error reduction technique devel- Although the residual systematic errors after the quadratic
oped for the correction of APM scans of Schmidt plates seelynomial transformation are considerably reduced in com-
Evans (1988) and Evans & Irwin (1995). We followed the sanparison to the linear polynomial transformation we first used

3.1. Systematic error removal
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Throughout the paper we use andy-proper motion com-
ponents, which are equal [q, andy; in this zero declination

0.02 |- : ' - x
| S B o field.
E - 3.2. Selection of reference galaxies
= o
> L The reference galaxies defining the absolute reference frame in
©

S ' T our 1 square degree field were carefully selected using the 4
. o ST o1 deepestR plates with first priority. The APM image classifi-
_0.02 ' 4 cation becomes uncertain near the plate limits. Therefore, we
L . . ] selected all objects classified as galaxies on at least three out of
T TN B four deepR plates. All objects classified as merged on at least
-120 —100 -80 —-60  one of the 10 APM measured plates were excluded from the
' . sample of galaxies. The FITS frame of the POSS 2 plate was
002 ' _ o 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{ < 3 arcmin) of the globular clus-
ter was excluded in the selection of reference galaxies due to
S : e crowding effects. For comparison with our selection of reference
A o] galaxies, we have also looked for galaxies in the NASA/IPAC
—002 . SRR - o extragalactic database (NED). North from the globular clus-
. o : 1 ter, ata(1950) = 15"13™48% §(1950) = +0°17' there is a
o known cluster of galaxies, Abell 2050, also seen in our selec-
-120 -100 -80 -60  tjon (Fig[1).
x [mm] The absolute zero point shift was determined for each com-
Fig.3. Residual errors after the two- and one-dimensional error f@arison plate with respect to the reference plate using all avail-
moval (cf. previous figure). 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

a two-dimensional error correction. The two-dimensional coP! their measuring accuracy on the comparison plate and on the

rection is done by binning the whole field into subareas af@f€reénce plate. The zero point error was about 70 mas for the
simply subtracting the mean shifiz = ,.; — Zeomp and Tautenburg plates and 30 mas for all other comparison plates.

Ay = Yref — Yeomp S€Parately for each subarea and for each
pair of comparison/reference plates. In our case we binned $8. Internal accuracy of proper motions

1 square degree field into>8 8 subareas. - q tthe absol ) teach
After the two-dimensional error correction removing large o~ 2" y-components of the absolute proper motion of eac

. . : . individual object were obtained from the linear regression of all
scale systematic effects we applied a one-dimensional error cor-

rection removing the periodic errors of the APM in dependengga'lablex' andy-coordinates of this object over the time. The

. . - coordinates were used independently of the image classification
on thez-coordinate. A detailed description of these errors c%@ the obiect. No weiahts were given to the different plates the
be found in Evans (1988) and Evans & Irwin (1995). There ar Ject. 9 9 P

o X . object was measured on.
no periodic errors of the APM as a function of theoordinate. .
P Measurements on at least three plates were required for the

As an example, Fig]2 shows the uncorrected coordinate difsiormination of the proper motion of an object. The final cat-
fe.rences as a function of tbecoordn_ﬂate for the plate °r13078a|ogue of proper motions contains nearly 8000 objects in a 1
with respect to the reference plate j5193. The result of the tWos e degree field centered on the globular cluster Pal 5. Their
and one-dimensional error correction is seen inHig. 3. internal errors as obtained from the linear regression of min. 3

Note that all corrections are carried out with respect to the max. 11 data points are shown in Hig. 4 (mean errors as a
reference plate, i.e. differentially. This technique works weflinction of magnitude) and Fig] 5.
in the differential determination of proper motions from plate-  On the average the errors of objects with stellar classification

to-plate comparisons but does not improve the determinatigfthe reference plate are about 1 mas/yr smaller than the overall
of equatorial coordinates by the use of an external refereng®per motion errors.

catalogue with an object density far below the measured object
density on the Schmidt plates.

dx [mm]
=3
T
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T O S S S S R SO S N Fig. 6. Mean proper motion of all star-like objects in the magnitude
10 15 20 interval 16.5 < B < 21.0 measured on at least 5 plates with internal
B magnitude proper motion errorsc 12 mas/yr as a function of the distance from

the cluster centre. The data were binned in radial annuli of 2 arcmin

Fig. 4. Mean proper motion errors as a function of magnitude. The indfz4th around the cluster. Error bars show the error of the mean proper
vidual proper motion errors of the bright objects & 12) were binned 1, 54i0n in an annulus.

in two intervals of 2 mag width, whereas the binning for fainter objects

was done using a width of 1 mag. Tkeand+, respectively show the . . . L
internal proper motion errors i, andyz, for all objects measured on to obtain membership probabilities. For the determination of

at least three plates. Smaller symbols represent mean proper moliifh mean absolute cluster proper motjonwe averaged the
errors of objects with stellar classification on the reference plate. Proper motions of all stars within a given (?Iuste.r raQthlsand
corrected the resuli. s for the contamination with field stars

I L in the selected cluster region:

1900 e = (L4 nyg/ne)pet s — (ng/ne)py 1)

The number of contaminating field stars in the cluster region
ny 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 stars
can be determined very accurately due to their large numbers in
a sufficiently large sky region betweemp, andr s, outside the
globular cluster®, < r¢; < ryo).

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

[ SR B [T B R of objects compared:
0 10 20 30 0 10 20 30 i
s_pmx [mas/yr] s_pmy [mas/yr] — number of observations per star

Fio 5. Hi i | _ _ du f — internal proper motion accuracy
1g. o. Istogram of internal proper motion errors i an [y TOr _ image classification

all objects measured on at least three plates (solid line), objects with - .
A . — radius of the cluster region.
stellar classification on the reference plate and with measurements on,. .
field region between;; andr s,

atleast three plates (dotted line) and star-like objects measured on more ) ) . . . .
than 6 plates (dashed line). — magnitude interval (in order to investigate possible system-

atic errors as function of magnitude)

1000

500

frequency per 1 mas/yr

Figl6 shows as an example the mean absolute proper motion
as a function of cluster radius for all objects in the magnitude
Due to the large heliocentric distance of Pal 5 and the modenterval 16.5 < B < 21.0, classified as stars on the reference
ate accuracy in the proper motions of individual stars (in corptate, measured on at least 5 plates, with proper motion errors
parison to the high accurate relative proper motion studiesle$s than 12 mas/yr.

many Galactic globular clusters by Cudworth and coworkers, According to the observed radial density profile of the glob-
e.g. Schweitzer, Cudworth & Majewski 1993) we have not triaalar cluster (Fig.7a_and b) the cluster region with< 6 arcmin

4. Mean absolute proper motion of the cluster
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contains almost all cluster stars. On the other side, the numl

of cluster stars in a sufficiently large field region, e.g. betwee

rr1 = 10 arcmin andr ¢, = 24 arcmin can be neglected in theE 10
determination of the mean absolute proper motion of the fieg
starsu. y. However, a contamination of the field star sample wit &
galaxies has to be considered. o 5

The tidal radii of Pal 5 given in the literature are reIativeI)Z
large: 18.2 arcminaccording to Webbink (1985)and 15.9arcm g ¢
according to Trager, King & Djorgovski (1995). However, the ™
slightly increased number density from 10 arcmin to 18 arcm_é‘
in comparison to the region outside> 18 is obviously notan ¢
indication of the tidal radius of Pal 5 but caused by the gaIa>3
cluster Abell 2050. This can be seen in the comparison of tl
radial density profile for objects with stellar classification witt
those for objects with non-stellar classification and for merge
objects (Figl 7a.and ba). The image classification near the pl.__ o
limits is problematic so that a relatively large fraction of galaxie £ 10

can be expected among the faint objects measured on the d g

O

X

T T TTIT1TT]
X
Xx] 0 b

(0114

X0 ob
Xo g

T
+ X

+ X 00>
@0

+ XOp
+ XOO0>
+ Xo0p
X0 >

+ xXoObp
+ Xanp

+

0.1 + o

T
(o]

3] +
. . e . +
Schmidt plates with stellar classification. s °© 0 o6 o
. . . . o O [e] (e]
Due to strong image crowding in dense globular cluster o L * © © °° i

such & M 3 or M 5,there is a central minimum in the density ,_
profiles of these clusters measured on deep Schmidt plates, 3, 1

DX

the core region can not be resolved into single objects. Unle_ E X x X ox x| y E
the Pal 5 cluster centre can be resolved on the Schmidt plaira - a x X x X ]
the image crowding causes some problems. As seen in Fig. £ B o A T
there is a concentration of objects with non-stellar and merg= i N a sl et T
classification, which is in the sum even larger than the centt 4 L |
density of stellar objects. On the other hand, as a result ofima C 11 I IR S T N R R =
crowding there is no concentration of the faintest objects towa 0 10 20 30
the cluster centre (Fig. 7b). radius [arcmin]

In order to reduce systematic effects in the determinatifig. 7a and b. Radial density profile obtained from counts in annuli
of the mean absolute proper motion of the cluster due to imagjeund Pal 5 with a width of 2 arcmim in dependence on image
crowding and different contamination of the cluster and fiejassification: all objects measured onthe reference plate (open circles),
stars with galaxies, the objects with non-stellar classificati§Riects with stellar classification with additional measurements on at
and all faint objects®8 > 21) were not used. In dependence Oﬁz.asttwo other pla.tesK),.non-stellarclassification<(), merged objects
further parameters describing the reliability of the proper motidfji2n9!es)-b all faint objects measured on the reference plate and at
det inati f single st th b f clust . east two other plated3 > 21.5 (+), 21.0 < B < 21.5 (triangles),

N ermlng lon 0. single stars the num er_o cluster %m 20.5 < B < 21.0 (open boxes)20.0 < B < 22.5 (open circles),
the magnitude interval6 < B < 21 and withr, < 6 arcmin

) ) b 19.5 < B < 20.0 (x). The dashed lines show the cluster region
varied from 250 to 100. The ratioy /. varied between 1/2.5 ;- < ¢ arcmin) used in the determination of the mean cluster motion

and 1/1. and the tidal radius of 18 arcmin according to Webbink (1985).
The mean result of the absolute cluster proper motion from
about 20 alternative computations changing the selection | that the direction of the space motion we derive is com-
teria - internal proper motion errors of single stars, number[Bfete|y different from theirs.
plates they were measured on, smaller magnitude intervals -
was: (ta, s) = (—1.0 £ 0.3, —2.7 & 0.4) mas/yr. All single ) ) )
runs yielded a result within the given errors which were alsb SPace motion and Galactic orbit of Pal 5

comparable to the formal errors of each computation. No sy&owing the cluster's absolute proper motion and also its dis-
tematic magnitude dependent effects were found. tance § = 21.8 + 2.2 kpc, Harris 1996) and radial velocity
Our results and the results of Schweitzer, Cudworth & Mdw, = —56 + 4 km/s, Smith 1985) with respect to the Sun,
jewski (1993) tia, tts) = (—2.44+0.17,—0.87+0.22) mas/yr we finally proceed to its motion in three-dimensional Galactic
look superficially similar in heliocentric terms. However, thspace. On the assumption Bf, = 8.5 kpc for the distance
results differ at the 4-sigma level in botfa, and u,, us- Sun - Galactic center ang.sr = 220 km/s for the rotation of
ing the quadratically combined errors to estimate sigma. tife local standard of rest (IAU 1986) and with the ’basic solar
we compare the results in Galactocentric terms, i.e. oumsotion’ of Delhaye (Mihalas & Binney 1981) as a reasonable
(0.50,—1.05) mas/yr versus theirg:—0.94,0.78) mas/yr we estimate of the Sun’s peculiar motion in the LSR , the cartesian
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Table 2. Galactocentric position and space velocity <0
X Y z u \Y w
[kpc] [km/s]

10

(1) +6.7 +0.2 +156  +50 —47 —108
+1.6 +0.0 +1.6 427 +51  +26

(2) +6.7 +02 +156 —121 —4  +57 2
+£1.6 +0.0 £1.6 417 +37 417 ~ 0
(1) this work. (2) with the p.m. from Schweitzer et al. (1993) N

—10

components of the Galactocentric position and velocity of Pal 5
come out as shown in Tablé 2. As viewed from a point near
the Sun the present location of the cluster lies on the opposite <0 B g
side of the Galaxy. It has a height of 16 kpc above the Galactic 0O 5 10 15 20
plane and a projected distance of 7 kpc from the Galactic cen-
ter. While the direction of the velocity vector depends on the ROFTTTT
choice between the two different proper motion results given i
above (see the two cases in Tdble 2), the absolute value of the 10 ]
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 B
this particular orientation of the velocity vector. Nevertheless, x [kpe]

th_e conclusion that Pal 5 is near apogglact_icon_ remains trqe %%?8- Orbit of Pal5 in the time interval§10; 0] Gyr. Upper plot:
with regard to the proper motions obtained in this paper. This Cgfarigional Projection onto cylindrical coordinatés z. Lower plot:
be anticipated from the fact that the total space velocity is mughyjection on the Galactic plane.

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. proper motions of this paper, the cluster is in prograde rotation
In analogy to our previous studies on other globular cluaround the Galactie-axis with an average rotation velocity of
ters we integrated the orbit of Pal 5 for the past 10 Gyrs, uabout 56 km/s, which is similar to the overall mean rotation
ing the model by Allen & Santillan (1991) as a representaelocity of the globular cluster system. On the other hand, with
tion of the Galactic gravitational potential. The resulting otthe proper motions found by Schweitzer, Cudworth & Majew-
bital parameters are summarised in Tdble 3 and a plot of #id (1993) the cluster yields:aangular momentum almost zero
orbital path is shown in Fig.]18. While with the proper moand hence a nearly polar orbit (i.e.°d@clination) with an av-
tion from Schweitzer, Cudworth & Majewski (1993) the diserage rotational velocity componeatof only 1 km/s. Despite
tance of the cluster from the Galactic center is limited by thibese differences one finds agreement in the fact, that in both
current distance of 17 kpc, with our proper motion the orbitases the cluster has a mean period of revolution of 0.4 Gyr (cor-
yields a maximum distance of 18.9 kpc and the most recemsponding to 25 revolutions around the Galaetixis within
apogalacticon lies 0.05 Gyr (i.e. 1/8 of a mean orbital periodp Gyrs).
back from present. Perigalactic distances are found to be notlIn order to find out how much the orbital characteristics
smaller than 5.3 kpc. The eccentricity of the orbit (as measureltange within the estimated range of error in our proper motions,
by e = (Rmaz — Rmin)/(Rmaz + Rmin)) returns a value we modified the cluster’s initial velocity accordingly and calcu-
of 0.56. Naturally, the distribution of values of Galactocentri@ated a number of alternative orbits. The result of this test was,
distanceR is such that most of the time the cluster is seehat the distance parameters do not undergo extreme changes,
at relatively large distances?(> 14 kpc). Since the orbit is i.e. R4, and |Z|,,q. fell within 18 and 20 kpc and?, .,
highly inclined, the distance from the Galactic plane can riseas between 3 and 8 kpc. The direction of rotation was in all
up to 18.5 kpc, but on the time average along the orbit this disases prograde with average rotational velocities between 30
tance has only about half of the maximum size. The inclinati@md 70 km/s. Although the-angular momentum of Pal 5 is
of the (instantaneous) orbital plane with respect to the Galam a low level, (in the range 130 to 450 kkm/s) there was
tic plane remains almost constant at about. #bllowing the no indication for the appearance of chaotic motion, because all

—R0H .
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Table 3. Orbital parameters for time interval-fL0 ; 0] Gyr 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
a) Geometry of the orbit an isolated Pal 5, but could well have significantly decayed the
Rovii Rows B Rico . Zlmas 121 orbit of a previously much more massive host system, leading
[kpc] [kpc] 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). Withr, = 15.9 arcmin andd = 21.8 kpc the linear

(1) 53 189 137 170 056 185 9.2
(2 86 170 134 170 033 170 9.0

b) Absolute velocity and kinetic energy

Umin  Umae U Uieo v2/2 radius is 101 pc. Assuming a mass of Pal 5 of logM = 3.92
[km/s] [km?/s?] (Mandushev et al. 1991) and using common formulae for the
1) 88 366 188 128 20471 classic tidal radius (e.g. formula (4) in Odenkirchen et al. 1997)
2) 131 299 198 134 20535 we get a tidal radius between 12 pc at perigalacticon and 43 pc
at apogalacticon. The conservative value of 43 pc corresponds
c) Rotation around-axis to 7 arcmin which is in good agreement with our Kig. 7adnd b
— — and our discussion of possible errors in the measurements of the
Omin  Omaz O Ot=0 T = Nrev tidal radius of Pal 5 caused by the galaxy cluster Abell 2050.
[km/s] [Gyr]
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