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Abstract. Using absolute proper motions derived from
APM measurements of Tautenburg, Palomar and UK
Schmidt plates (cf. Scholz et al. 1996) we determined
membership probabilities of the globular cluster M 5 in a
four-dimensional space of proper motions and coordinates.
The solution for 19 unknown parameters was obtained by
the maximum likelyhood method. Different mean absolute
proper motions and dispersions were found for three dis-
tribution functions of the cluster stars, near field stars and
distant field stars. In addition to the four-dimensional dis-
tribution functions, we also investigated two-dimensional
distribution functions including either only the proper mo-
tions or only the coordinates. We compared the results
with the colour-magnitude diagram obtained from a B,V
photographic photometry using two of the Tautenburg
plates and with the membership determination of Rees
(1993). In comparison to the last work based on observa-
tions with larger epoch differences and better astrometric
scale, our results are less accurate but extend the mem-
bership investigation of M 5 to fainter stars (B = 19) and
to the outer regions of the cluster. The full APM scans of
the different Schmidt plates were also used for star counts
applying a crowding correction in the central cluster re-
gion based on the area of crowded images and on the stel-
lar luminosity function in the outer cluster region. The
tidal radii from fitting King profiles to the counts of all
objects on the plates and of the cluster members are dis-
cussed. From the deep counts of the full scans we found
an indication of a tidal tail around M 5 (cf. Grillmair et
al. 1995). However, this effect was not confirmed by the
member counts.
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1. Introduction

The globular cluster M 5 is one of the clusters investi-
gated within our programme of determining mean abso-
lute proper motions and Galactic orbits of globular clus-
ters (Scholz et al. 1993, 1994; Scholz et al. 1996). This
programme is based on Schmidt plates with epoch dif-
ferences between 20 and 40 years. The main aim of the
programme is to measure accurate mean absolute proper
motions of globular clusters directly with respect to an
extragalactic reference frame represented by large num-
bers of background galaxies. For this purpose the Schmidt
plates are measured by the Automated Plate Measuring
System (APM) (Kibblewhite et al. 1984) in order to fully
extract all the information available on the plates.

Accurate membership determinations of many globu-
lar clusters based on proper motions have been obtained
by Cudworth and coworkers (e.g. Cudworth 1979). In their
investigations they used refractor plates with a good as-
trometric scale (~ 10 arcsec/mm) taken over a baseline
of more than 70 years so that they obtained very high
accuracies in the relative proper motions (of the order of
several 100 pas/yr). Due to the smaller epoch difference
and the much larger scale factor of the Schmidt plates
(~ 50 arcsec/mm) we can only achieve proper motion ac-
curacies for single stars on the level of several mas/yr.
On the other hand, the Schmidt plates go much deeper
and cover the whole cluster region in comparison to the
known membership studies, which are usually restricted
to the bright cluster stars (V' < 16) and the central clus-
ter region (r < 10 arcsec). For the globular cluster M 3
we have already demonstrated the possibility of extend-
ing membership investigations to the faint stars and to the
outer cluster regions by using Tautenburg Schmidt plates
(Scholz & Kharchenko 1994).

The globular cluster M 5 presents a rich outer halo

cluster in the special state of a close encounter near the
Galactic center. This conclusion may be drawn from the
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high space velocity resulting from the combination of the
present heliocentric distance, the radial velocity and abso-
lute proper motion results. A large absolute proper motion
of M 5 had already been mentioned by Cudworth (1979)
converting the mean relative proper motion of the cluster
to an absolute one via the secular parallax of faint field
stars in the cluster vicinity. Cudworth & Hanson (1993)
used the more accurate relative proper motion results of
Rees (1993) confirming an unusually high space velocity
of the cluster. Although the new absolute proper motion
of M 5 measured directly with respect to more than 1000
reference galaxies (Scholz et al. 1996) is somewhat smaller
than given by Cudworth & Hanson (1993) the space veloc-
ity remains large (420 km/s). The resulting orbit of M 5
on the basis of the Galactic model of Allen & Santillan
(1991) leads through the outskirts of the Galaxy with an
apogalacticon of about 60 kpc. (With the former velocity
values from Cudworth & Hanson (1993) the apogalactic
distance of M 5 would even rise to 140 kpc.) The large
absolute proper motion of M 5 allows to distinguish the
proper motion distribution of the cluster from that of the
field stars even if we plot the results from the Schmidt
data in a vector-point proper motion diagram (see Fig. 4a
in Scholz et al. 1996).

Here we use the proper motion results of Scholz
et al. (1996) in membership determinations in a four-
dimensional space of proper motions and coordinates
with the maximum likelyhood method. The results are
compared with the membership determination from two-
dimensional distribution functions including only the
proper motions or only the coordinates and with the
colour-magnitude diagram (CMD) obtained from a B,V
photographic photometry using two of the Tautenburg
plates. The membership probabilities of the brighter clus-
ter stars in the central cluster region obtained by Rees
(1993) on the basis of proper motions with an order of
magnitude better accuracies than ours provide a good ex-
ternal check of the reliability of our membership determi-
nations.

Palomar Schmidt plates have already been used for
star counts in many globular clusters, including M 5, by
King et al. (1968). First attempt to use automated mea-
suring machines for that task were made by Herzog &
Mlingworth (1977). Irwin & Trimble (1984) measured the
southern globular cluster M 55 on plates of the 150" tele-
scope of the Anglo-Australian Observatory with the APM
measuring machine. Recently, Grillmair et al. (1995) ex-
amined the outer structure of 12 Galactic globular clusters
using star counts on UK Schmidt plates scanned with the
APM.

Tautenburg Schmidt plates measured with the APM
were used in an investigation of the density profiles and
luminosity functions of the globular clusters M 3 and M 92
(Scholz & Schmidt 1992). APM scans of different Schmidt
plates with seven other globulars included in the absolute
proper motion programme were also used for star counts
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applying a crowding correction in the central cluster re-
gion based on the area of crowded images and the luminos-
ity function in the outer cluster region (Lehmann 1996).
Here we discuss the tidal radii of M 5 obtained from fit-
ting King profiles to the counts of all objects on single
plates and to the counts of the cluster members. Member
counts had already been used by Tucholke (1992) in order
to improve the determination of tidal radii of the globular
clusters 47 Tuc and NGC 362.

Table 1. Plate material

Telescope Pass- exp. Scale Epoch
band  [min] [arcsec/mm]

POSSI/0O1402 U+ B 12 67.2 1955.30
POSSI/E1402 R 45 67.2 1955.30
Tautbg/3433 B 25 51.4 1972.35
Tautbg/3436 1% 25 51.4 1972.35
UKST/J5193 Bj 75 67.2 1979.54
Tautbg/5821 %4 20 51.4 1982.36
Tautbg/8348 B 32 51.4 1993.37
Tautbg/8353 B 29 51.4 1993.38

2. Observations and measurements

The plates used for the proper motion determination
(see Scholz et al. 1996) were taken with the Tautenburg,
Palomar and UK Schmidt telescopes and are listed in
Table 1. All plates were measured with the APM measur-
ing machine in Cambridge/UK (Kibblewhite et al. 1984).
For more details of the measuring process we refer the
reader to our earlier globular cluster papers (Scholz et al.
1993, 1994). A comparison of the quality of the different
Schmidt plates, concerning their astrometric use is given
in Scholz et al. (1996). Whereas on the Palomar and UKST
plates M 5 was close to the plate edge the Tautenburg
plates were taken centered on the cluster.

All measured objects were classified into stars, non-
stellar objects, noise images and merged objects using the
standard APM software. In the case of M 3 (Scholz &
Kharchenko 1994) we included only the objects classified
on all plates as stellar in the membership determination.
Here we are interested in a more complete sample of clus-
ter members, i.e. including the large number of objects in
the cluster region misclassified as non-stellar (galaxies or
merged objects) due to crowding effects. Of course we have
to consider the much lower accuracy in the proper motions
and in the two-colour photometry of these objects.
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Fig. 1. Distribution of the proper motion errors for images
with stellar (solid line) and non-stellar (dotted line) classifica-
tion a) all objects excluded in the membership determination,
i.e. all faint objects (B > 19) and all objects within 5 arcmin
from the cluster centre b) the objects used in the determina-
tion of membership probabilities (in the solution of (3)) i.e. all
objects with 5 arcmin < r < 50 arcmin and with B < 19. Note
the difference between the proper motion errors e, shown in
this diagram and the proper motion dispersions o, obtained
in the membership analysis

3. Determination of proper motions and B,V
magnitudes

As the plate covering the maximum overlap field of all
plates around the cluster and at the same time being one
of the deepest, plate No. 5821 was selected as reference
plate in the plate matching and astrometric reduction.
The proper motion determination had already been de-
scribed in Scholz et al. (1996). The absolute proper mo-
tions were obtained by a plate overlap solution using about
1200 background galaxies as reference objects. Before that
an extensive error removal technique was applied in or-
der to exclude systematic positional plate-to-plate dis-
tortions of the different Schmidt plates and the known
errors of the measuring machine (cf. Evans 1988; and
Evans & Irwin 1995).

A vector-point diagram of the absolute proper mo-
tions of all stars in the cluster region had already been
included in the previous paper (Fig. 4a in Scholz et al.
1996). The histogram of the total proper motion errors in

441

20

10 -

20 b)

15 - -

10 1 1 1 ] 1 1 1 1 | 1 1
15 20

APM magnitude

Fig. 2. Calibration of the APM magnitudes a) on the V
plate 5821 and b) on the B plate 8348 with photoelectric
standards from Arp (1962). A linear polynomial fit was used.
Objects with stellar classification are plotted as +, those with
non-stellar classification (not used in the fitting) are plotted
as X

dependence on the object classification is shown in Fig. 1.
Except for the faintest stars and for the globular cluster
stars in the central part of the cluster strongly affected
by image crowding typical proper motion errors (peak in
Fig. 1b) of 2 mas/yr were obtained. The median of the dis-
tribution of proper motion errors for stellar images shown
in Fig. 1b is at about 4 mas/yr.

The deepest Tautenburg plates in B (8348) and V
(5821) have been used here for a two-colour photographic
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photometry in order to compare the CMD with the as-
trometric membership determination. The APM magni-
tudes are already internally calibrated (see Bunclark &
Irwin 1983) so that they are almost linearly related to the
standard photometric system. For the external calibra-
tion we used the photoelectric standards from Arp (1962)
well covering the magnitude interval 11 < V < 19.5 of
our study. Among the 21 identified stars from Arp (1962)
there were several objects classified as non-stellar on our
plates due to crowding effects. The accuracy of our photo-
graphic two-colour photometry can be roughly estimated
as +0.1 getting worse at the faint end.

4. Determination of cluster membership

Cluster membership can be estimated from kinematical
data (i.e. proper motions and/or radial velocities), from
the number density of the stars around an assumed clus-
ter centre, from the CMD or from a common analysis of
these data which allows to obtain more reliable results.
Astrometric membership probabilities from proper motion
data can be computed using different criteria. After shift-
ing the origin of the proper motion diagram to the cen-
ter of the proper motion distribution of the cluster stars,
Ebbinghausen (1942) applied a probability factor
P =a - ¢, where €, is the rms error of an individual stel-
lar proper motion and a is v/2,2 or 2v/2 for, as he called,
high probable, probable and low probable members, re-
spectively. This approach can be successfully used if the
proper motion distribution of the cluster members shows a
concentration to a point different from the distribution of
the field stars. Vasilevskis (1962) fitted the proper motion
distribution with two bivariate Gaussians and calculated
the membership probability for each star as the relation
between the distribution functions of cluster members and
of all stars. Sanders (1971) suggested to use the maximum
likelyhood method for the fitting and computed distribu-
tion parameters of cluster and field stars and cluster mem-
bership probabilities. Nevertheless, the determination of
membership probabilities by the method of Sanders (1971)
can also lead to uncorrect results if the distribution func-
tions of cluster and field stars are overlapping. Frequently,
the proper motions of cluster and field stars separated by
this method are not normally distributed. This effect is
clearly visible with large numbers of stars included in the
investigation (cf. the results for the globular cluster M 3
by Scholz & Kharchenko 1994).

Especially if we use deep Schmidt plates with mod-
erate scale and relatively small epoch differences of a few
decades a membership determination based only on proper
motions is difficult for distant clusters. That is due to the
low significance of the individual proper motions of the
cluster stars and to a large number of faint field stars
which have proper motions of the same order as the cluster
stars. Kharchenko & Schilbach (1995) met these difficul-
ties when they were trying to obtain membership probabil-
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ities of four open clusters located in the Saggitarius Carina
spiral arm of the Galaxy. As far as the fit of two bivariate
Gaussians to the proper motion distribution did not yield
stable results they suggested to use the information on
both proper motion and position distributions of the stars
near the clusters. The parameters of cluster and field star
distributions were computed in a four-dimensional space
of proper motions (4, tty) and plate coordinates (X,Y").
We apply this method here to the globular cluster M 5 and
compare the results with those obtained from the mem-
bership determination by using only the proper motions
or only the positions of the stars.

The distribution function F'(uz, pty, X,Y) of the stars
in the vicinity of the cluster can be described as the sum
of two distribution functions, respectively of the field stars
and of the cluster stars:

F(piz, oy, X, Y) = Fy(pa, pry, X, Y) + Fe(pia, pry, X, Y).

The cluster itself can in principle also be divided into
two parts - the core and the korona - with different velocity
dispersions. If we speak about a core region in our mem-
bership analysis we do not mean the real cluster core in
the astrophysical sense. The real core radius r. of the clus-
ter is less than 1 arcmin (see Table 5). This very central
region of the cluster is not resolved at all on the Schmidt
plates. In all membership solutions we used only the im-
ages outside a cluster radius of 5 arcmin (but computed
membership probabilities for all objects). As we will see
later there is no indication of two different cluster pop-
ulations from our membership determination. Note that
in the star counts using the whole measuring data of the
Schmidt plates (see Sect. 8.1.) we applied a crowding cor-
rection in order to reach the inner regions of the cluster.
The stellar population in the field is also not homogeneous
as far as we observe field stars at rather different distances
and, therefore, with different kinematical properties. To a
first approximation we can consider two groups of stars -
main sequence stars with spectral classes A, F, G, K and
red giants of the disk, respectively with absolute magni-
tudes My = 4...6 and My = 2...3. The mean distances of
these two groups of stars T in the given magnitude interval
differ by a factor of 5, whereas their mean space velocities
v usually differ only by a factor of 2 (Kharchenko 1980).
The proper motions are proportional to v/r, therefore the
distribution function of the field stars is again the sum of
at least two components. We can neglect other field stars,
i.e. high luminosity stars and stars of other luminosity
classes due to their small numbers. So we get

F = Ff + Fc — anear* + Ffdistant* + Fccore + Fckorona. (1)

The parameters of the distribution function can be de-
termined by the maximum likelyhood method. These pa-
rameters are independent of each other in such a system of
coordinates (P, @) and of proper motions (up, iq), where
the corresponding correlation coefficients are equal to zero.
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That means, our four-dimensional coordinate system must
be rotated by angles ®,, and ®,s. These angles are deter-
mined by the condition that the correlation coefficients be-
tween the parameters reach a minimum. Assuming normal
distributions of the proper motions of all stellar groups
and of the coordinates of the cluster stars and a uniform
distribution of the coordinates of the field stars within a
radius Ry we can write the following equations in the new
coordinate system for the cluster stars (core or corona):
_Hy+Hy
Ne- e 2

2 2
ar (JNPC JNQC OP. JQC)

Fc(:”P?MQ?‘P?Q) =

and for the field stars (nearby or distant stars):

_Hz
ng-e 2
Ff(,uPan7P7 Q) =

22 (Uupf Ouq, )? R%

with
b — B 2 _\2
H1:< p MPC> +<NQ MQC> ’
Oup, Ouq,
— 2 — 2
P_Pc - Yc
m= (F25) +(92F)
JPC JQC
and

2 2
Hsy = Hp — Up; + HQ — HQ¢ )
JNPf O—MQf

If we consider the proper motions and coordinates of
N stars as an N-dimensional random vector with inde-
pendent components its probability density will be deter-
mined by the likelihood function

N

L(IJ’P7IJ'Q7P7Q7S):HFi(:U’P7/1’Q7P7Q)7 (2)
=1

where

Hp = {IU’Pi}7IJ’Q = {:uQi}7PE {PZ}7QE {Ql}

and S is the vector of the parameters to be determined.
The function (2) reachs the maximum at S = S,. With
these conditions we get a system of j equations for the
determination of the components of the vector S:

82&1 lnFi(:U/PnU’Q7 P? Q)
as,

=0. (3)
Sio

If F; corresponds to (1), we have j = 1,2,...,28. After
rotating the coordinate system back to the system (X,Y)
and (ftz, fty) the membership probabilities of cluster stars
were computed as

—0.5 02105 )

P. = e( (4)
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with

= 2 — \2
= e 2/1%) Ll 2uyc)

Juwc o—uyc
and

X -X.)?2 (Y -Y,)?

gy o X (T

ox. oy,

Membership probabilities P, and Py, respectively com-
puted only from proper motions or only from the positions
are

Py = 0572 (5)
P, = e 057 (6)

Table 2. Parameters of distribution functions

parameter M 5  near field stars  distant field stars
n 1573 2224 1276
X [arcmin]  —3.63
ox 8.94
Y [arcmin] +1.84
oy 8.93
[z [mas/yr] +5.51 —0.41 —2.52
Ous 5.39 13.60 5.96
Ly [mas/yr] —7.75 —5.80 —-1.72
Oy 5.02 12.63 5.59

Stars with cluster membership probabilities P higher
than 61, 14 and 1 per cent are located at distances
less than 10,20 and 30 from the maximum of the four-
dimensional distribution function. Respectively, they were
considered as high probable, probable and low probable
cluster members.

The number of unknown quantities in the system of
Egs. (3) is too large for getting a stable solution even with
large numbers of stars. Additional assumptions concern-
ing for instance the symmetric distribution of the cluster
members in the space of coordinates and proper motions
(cf. Kharchenko & Schilbach 1995) are needed. In our case
we did not made assumptions concerning the symmetry of
the proper motion dispersion or of the dispersion in the
positional distribution of the cluster stars, but we could
reduce the number of the components of the distribution
function (1). As expected we did not find any indication
of two different distributions of cluster stars in the re-
gion investigated (r > 5 arcmin) in preliminary member-
ship determinations using only the proper motions. With
a heliocentric distance of 7.6 kpc (Peterson 1993) for M 5
and the probably small internal velocities of the cluster
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Fig. 3. Colour-magnitude diagrams for cluster members obtained in the four-dimensional space of proper motions and coor-
dinates (upper left), in the two-dimensional membership determinations using only the proper motions (upper right) or using
only the coordinates (lower left) and for the field stars (lower right). The high probable cluster members, probable members
and low probable members (respectively, within 1o, 20 and 3o from the centre of the distribution) are marked by crosses, small
crosses and dots, respectively. In the lower right diagram the dots represent all stars in an annulus around the cluster

stars (~2 km/s) corresponding to about 0.06 mas/yr we
must observe similar proper motion distribution functions
of a cluster core and korona dominated by the rms errors
of the stellar proper motions. On the other side we did
also not find different parameters for two cluster popula-
tions in the membership solution using only the coordi-
nates. Therefore, we excluded the core distribution func-
tion F$°™ from Eq. (1) and left with 19 unknowns in the
case of a membership solution by use of proper motions
and coordinates (i.e. for the cluster stars: the mean proper
motion components and their dispersions, the centre co-
ordinates and their dispersions and the number of cluster
stars; for near field stars: their mean proper motion com-
ponents and dispersions and their number; for distant field
stars: their mean proper motion components and disper-
sions and their number).

For the solution of Eq. (3) we excluded obvious non-
members, i.e. stars located outside a cluster radius of
50 arcmin and high proper motions stars with total proper
motions larger than 40 mas/yr. We also excluded stars
with large colour indices (B — V') > 1.8. In order to get
more reliable results we did not use the faintest stars
with B > 19 and the stars inside a cluster radius of
5 arcmin, strongly affected by image crowding on the
Schmidt plates. By the last two conditions we excluded
most of the stars with large proper motion errors. Among
the remaining 5073 stars we determined 1573 cluster stars,
1276 distant field stars and 2224 near field stars with the
parameters given in Table 2.
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5. Comparison of membership probabilities with
colour-magnitude diagram

Figure 4 shows the CMDs for the cluster stars determined
in the four-dimensional space of proper motions and co-
ordinates with membership probabilities according to Eq.
(4) in comparison to the two-dimensional membership de-
terminations using only the proper motions (Eq. 5) and
only the coordinates (Eq. 6). For the two-dimensional
membership determination we applied additional restric-
tions concerning the coordinates or proper motions of the
stars. The fourth CMD represents the field stars located
far outside the cluster region.

Table 3. Cluster parameters dependent on membership
probabilities

membership N Tmax Hz Ty
probability [arcmin] [mas/yr] [mas/yr]
P:. > 61% 218 9.5 +5.57 £0.20 —7.85+0.20
P > 14% 1025 19.3 +5.81 £ 0.19 —-7.92 +£0.17
P. > 1% 1562 27.6 +4.73 £0.19 —-7.29 £ 0.17

Comparing the CMDs we see that the membership de-
termination in the four-dimensional space of proper mo-
tions and coordinates provides the best results. The “best”
CMD was selected visually on the basis of the smallest
spread of the cluster members along the known lines of
globular cluster CMDs. In comparison to the CMD of Arp
(1962) who’s photoelectric magnitudes were taken as ref-
erence in our photographic photometry we obtain cluster
members in three “non-characteristic” regions:

1) (B—V)>1landV >16.5,
2) (B—V)<0.2and V > 18.0,
3) (B-V)<0.0and V > 16.0.

We checked these stars for their concentration to-
wards the cluster centre. All three groups of stars show a
strong concentration so that we conclude they are cluster
members.

6. Mean absolute proper motion and cluster radius
from membership analysis

The mean absolute proper motion of the cluster given
in Scholz et al. (1996) had been determined without
the knowledge of membership probabilities for individ-
ual stars. The contamination with field stars in the clus-
ter region was considered statistically on the basis of the
number density and mean proper motion of the field stars
outside the cluster. The ratio of the number of cluster
stars to the number of field stars in the cluster region de-
fined in Scholz et al. (1996) as 4 arcmin < r < 14 arcmin
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was 845/215. Note that in this case only the faint objects
with stellar classification were used in the averaging of the
proper motions. Stars brighter than V' = 17.5 were not
used in order to correspond to the magnitude interval of
the reference galaxies and to prevent possible magnitude
dependent systematic errors.

Here we look according to the conditions used in the
membership calculations only for objects with » > 5 ar-
cmin and B < 19. As a compromise between the number
of stars used in the averaging and the expected contam-
ination with field stars the mean cluster proper motion
given in the second row of Table 3 seems to represent the
most reliable result. Comparing the vector-point proper
motion diagrams of the stars listed in Table 3 we find the
most symmetric distribution in the case of P, > 14%. In
all three cases the median values of u, tend to be slightly
larger than the mean values given in Table 3. For P, >
14% the median of u, is at 6.15 mas/yr. Nevertheless,
there remains a somewhat smaller value of fi; in compar-
ison to the result (7iz, fy) = (+6.7 £ 0.5,-7.8 £ 0.4)
of Scholz et al. (1996). This difference may be the result
of a small magnitude dependent systematic error in g,
previously not detected. In the other proper motion com-
ponent, i, a magnitude equation had already been men-
tioned and corrected for in Scholz et al. (1996). A smaller
value of T, (e.g. +5.8 instead of 4+6.7 mas/yr) does not
change the character of the Galactic orbit of M 5, unless it
leads to a decrease in the total value of the space motion
of the cluster (from 421 to 391 km/s), and therefore, to a
smaller apogalactic distance (44 instead of 61 kpc) of the
cluster (Odenkirchen 1996). Nevertheless, the former re-
sult of Scholz et al. (1996) remains more reliable, as far as
it dit not include the bright cluster stars probably affected
by a systematic magnitude dependent error with respect
to the mean magnitude of the reference galaxies (V = 19).

As result from the membership analysis in the four-
dimensional space of coordinates and proper motions we
find cluster members at a maximum radius of about 28
arcmin (cf. Tables 3 and 4). If we plot the CMDs for all
cluster members within 30 from the centre of the four-
dimensional distribution function (P, > 1%) in three dif-
ferent zones around the cluster (Fig. 4), so we obtain in all
three zones a CMD which is different from the CMD of the
field stars (cf. Fig. 4). With increasing distance from the
cluster centre the contamination with field stars increases.
However, even in the outer zone (19.3 arcmin < r < 27.6
arcmin) the diagram looks typical of a globular cluster
CMD.

Table 4 shows the mean proper motions of cluster
members determined in the four-dimensional membership
analysis (with P, > 1%) and of cluster members obtained
from a membership analysis using the proper motions only
(with P, > 14%) in comparison to the non-members with
total proper motions less than 18 mas/yr. In the inner
zone between 5 and 10 arcmin there is a higher number
density of non-members. This effect is due to the larger



446

N. Kharchenko et al.: Membership and structural parameters of the globular cluster M 5 from Schmidt plates

Table 4. Cluster and field stars parameters in radial zones around M 5

Zone Pe > 1% (M 5) P, > 14% (M 5) P. =0 (field stars)

Ar N He iy N e Hy N o Hy
[arcmin)] [mas/yr] [mas/yr] [mas/yr] [mas/yr] [mas/yr] [mas/yr]

5-10 792  45.71 £0.28 —-7.82+£0.27 573 +588+0.23 —-786+0.25 47 —-2.74 £ 146 +1.58 £ 1.33
10-12.5 207 +5.80 £ 0.47 —7.69 £0.38 166 +6.28 +0.47 -—-7.91+042 11 —8.04+ 2.57 —0.01 £ 2.95
12.5-15 140 +4.11 £ 0.62 —6.82 + 0.62 98 +5.20+£0.61 —-7.67+0.58 15 —3.96+ 1.58 —0.43 £1.71
15-17.5 118 +43.47 £0.69 —6.24 £+ 0.52 78 +4.14£068 —-720+0.65 21 —4.72+ 154 +0.28 £ 1.52
17.5-20 104 +2.88+0.65 —6.38 £ 0.58 77 4+429+067 -691+069 29 -—507+1.16 +1.64+£1.16
20-22.5 91 +1.56 £ 0.61 —6.09 + 0.62 72 43.056+0.72 —-697+0.68 35 —4.37+£0.98 +1.59 £ 1.42
22.5-25 74 +1.78 £0.67 —-6.39+0.57 66 +248 +074 —-647£070 50 —4.38+1.03 —1.54+0.96
25-27.6 36 +2.86 +£0.62 —6.28 + 0.62 69 +4+3.01+073 —-543+0.72 65 —-3.90+£0.79 —0.90 =+ 0.86

individual proper motion errors in the inner cluster region
resulting from stronger crowding effects. With increasing
cluster

radius we can see a systematic change in the mean proper
motion of the cluster members in direction of the mean
proper motion of the field stars (cf. Table 2). But com-
paring the data of Tables 4 and 2 even in the outer zone
between 25 and 27.6 arcmin we see a significant differ-
ence between the mean cluster and mean field star proper
motion for both membership probabilities P, and F,,.

In Table 4 we compared the results for P, > 1% and
P, > 14% in order to investigate the most reliable mem-
bership probabilities, particularly in the outer cluster re-
gion. With P, > 14% there are no cluster members outside
20 arcmin from the cluster centre. On the other side with
P.,, > 1% the mean proper motion components change
more rapidly from +5.73 to +0.20 mas/yr for 7i; and
from —8.07 to —4.79 mas/yr for 7i,, respectively from the
5 — 10 arcmin zone to the 25 — 27.6 arcmin zone.

The number of field stars ns contaminating the mean
cluster motion can be estimated from

Nelle + ng 1223

Mtc = Ne + 1 (7)
where pg. is the mean proper motion of the cluster con-
taminated with field stars. The number of field stars in-
cluded in the numbers of cluster members given in Cols.
2 and 5 of Table 4 is about 20 per cent and does not
exceed 30 per cent even in the outer zone (19.3 arcmin
< r < 27.6 arcmin). Therefore, we conclude from the
membership determination alone that the cluster radius
is not less than 27.6 arcmin.

7. External comparison of M 5 membership
probabilities

The membership analysis of Rees (1993) includes 515 stars
in the magnitude interval 10.9 < V < 15.7 covering the
central 12 x 12 arcmin? region of M 5. Only 33 per cent
of these stars are located outside of 5 arcmin from the

cluster centre. Allowing half an arcsec differences in the
coordinates we matched 149 stars from the catalogue of
Rees (1993) with our sample.

The relative proper motions of Rees (1993) are ex-
tremely accurate: with total proper motion errors rang-
ing from 0.15 mas/yr in the inner cluster region (r < 8
arcmin) to about 0.30 mas/yr for the stars in the outer
cluster region of his catalogue (r ~ 12 arcmin). He
achieved a further improvement in comparison to the for-
mer work of Cudworth (1979) by including more plates
and by a modified proper motion and membership deriva-
tion. The proper motion accuracy of our catalogue is more
than 10 times worse (cf. Fig. 1) with a different trend (bet-
ter accuracy in outer cluster region compared to the inner
region) caused by image crowding. Due to the much bet-
ter proper motion accuracies of Rees (1993) we can use
his membership probabilities as 100% true reference.

In order to compare our membership probabilities with
those of Rees (1993) we did not exclude the inner cluster
region (r < 5 arcmin) but instead decided not to use the
stars with large total proper motion errors. From 104 stars
with total proper motion errors of less than 7 mas/yr there
were 82 members and 22 non-members according to Rees
(1993). Figure 5 shows the histogram of our membership
probabilities for these true members (solid lines) and non-
members (dashed lines). In addition to the membership
probabilities P, P, and P, we plotted the histogram of
the averaged membership probabilities (P, + Pep)/2.

If we define from our membership analysis all stars
above a certain membership probability level as members
and all stars below that level as non-members, so we ob-
tain in the best case (at the level P, = 2%) 85 per cent
of all 104 stars having the same membership classifica-
tion as given by Rees (1993). The next best segregation is
obtained with (P, + Pcp)/2 = 22% (correct membership
classification for 82.5 per cent of the stars). As far as only
a region close to the cluster centre could be used for an
external comparison of our membership probabilities the
reliability of our membership probabilities in the outer
cluster region can only be estimated on the basis of the
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Fig. 4. Colour-magnitude diagram for cluster members with
P. > 1% in three radial zones: r < 9.5 arcmin, 9.5 < r < 19.3
and 19.3 < r < 27.6 (cf. with CMD of field stars = lower right
CMD in Fig. 3)
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Fig. 5. Comparison of different membership probabilities with
the accurate membership probabilities of Rees (1993): a) P,
b) P.y, ¢) Pep. The last plot d) shows the histogram of aver-
aged membership probabilities Pav = (Pey + Pep)/2 (not the
average of the histograms b) and c)). The solid line shows the
histogram of our membership probabilities for cluster members
from Rees (1993) whereas the dashed line shows the histogram
of our membership probabilities for non-members from Rees
(1993). From 149 cross-identifications with the catalogue of
Rees (1993) only the objects with total proper motion errors
of less than 7 mas/yr are included in the comparison. As far
as only a region close to the cluster centre could be used for
the comparison, our membership probabilities based only on
the proper motions (affected by larger errors due to crowding
effects near the cluster centre) show the worst result

knowledge of the mean proper motion and number density
of the field stars using relationship (7) and by comparison
with the CMD of the cluster (see previous section).

8. Star counts and profile fitting

8.1. Counts of complete measurements on different

Schmidt plates

In order to increase the accuracy of the tidal radius of M 5
known from Peterson & King (1975), Bahcall & Hausman
(1976), Kron et al. (1984) and Trager et al. (1995) we
used the full APM scans of 8 Schmidt plates (cf. Table 1)
for star counts (Lehmann 1996). The automated counts
are characterised by a higher statistical significance in the
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Fig. 6. Projected surface density profile of M 5. Logarithm of
surface density in stars per arcmin® versus logarithm of the
mean annulus radius r. [arcmin]. The line shows the best fit
with the empirical density law from King (1962). In the fit-
ting procedure only the star counts (dots with error bars) and
the data from King (1966) (crosses) were used. Also shown are
the data from Kron et al. (1984) (triangles) and from Kron
& Mayall (1960) (boxes). The dotted line indicates the back-
ground surface density

outer region of globular clusters in comparison with the
human detection. Due to crowding effects the central clus-
ter region could not be resolved in a range of 1 —3 arcmin
(in dependence on the plate scale, seeing and limiting
magnitude). There were also significant crowding effects in
the range of 3.0 < 7, < 14.0 arcmin (r. - the mean radius
of the annulus). Therefore we applied a luminosity depen-
dent crowding correction based on the luminosity function
in the outer cluster region and the statistical probability
of overlapping star images (for more details see Lehmann
1996).

Note that the crowding correction was not applied in
the APM on-line reduction (improved image detection
in crowded fields of Irwin 1985) as done in Grillmair et
al. (1995). Instead here we used standard APM measure-
ments, originally carried out for astrometry. The crowding
correction converted the high number of images with non-
stellar classification appearing in the inner annuli around
the cluster centre on the basis of their pixel area into ad-
ditional numbers of stellar images. For this purpose the
luminosity function of stellar images in the outer cluster
region (not affected by crowding) obtained after the sub-
traction of the background was assumed to be valid in the
inner cluster region, too. The subtracted background sur-
face density was determined from a large region adjacent
to the cluster in an annulus between 25 and 50 arcmin
from the cluster centre.

The projected surface density profiles of M 5 from the
different plates were matched to a single profile and cor-
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related with photoelectric and electronographic surface
brightness measurements from Kron & Mayall (1960),
King (1966) and Kron et al. (1984). Because of the spread
of the surface brightness data in the innermost part of
the cluster we used the above mentioned data in differ-
ent combinations for the fit of the whole profile by the
empirical density law of King (1962). The best fit was
obtained by combining our star counts with the data of
King (1966). By fitting with the Levenberg-Marquardt-
method (Press et al. 1992) we got the tidal radius of M 5
ry = 27.93 £ 0.80 arcmin, the core radius r. = 0.44 + 0.04
arcmin and the concentration parameter ¢ = 1.80 £ 0.04.
Whereas the core radius agrees well with the data from
Trager et al. (1995) the tidal radius from our profil is 1.7
arcmin lower than their value (see Table 5).

Table 5. Structural parameters 7, . and c of M 5 as obtained
by different authors and methods

Tt Te c reference
[arcmin]  [arcmin]
28.84 0.48 1.78 Peterson & King (1975)V
16.03 0.32 1.70 Bahcall & Hausman (1976)"
24.74 0.44 1.75 Kron et al. (1984)%
29.64 0.40 1.87 Trager et al. (1995)%
27.93 0.44 1.80 Lehmann (1996), this paper?

! star counts by eye

2 electronographical photometry
3 CCD photometry

4 automated star counts.

Figure 6 shows for 7. > ry an increased surface den-
sity which may be an indication for a tidal tail - a halo of
unbounded stars around the globular cluster as recently
discussed by Grillmair et al. (1995). These authors inves-
tigated 12 Galactic globular clusters, mainly at southern
declinations, measured on UK Schmidt plates by means of
the APM and found extra-tidal wings in the density pro-
files for the majority of clusters in their sample. The seven
globular clusters studied by Lehmann (1996) on the ba-
sis of Tautenburg, Palomar and UK Schmidt plates also
scanned with the APM are located at northern declina-
tions. There is only one cluster (M 15) included in both
studies. It is interesting that Lehmann (1996) also found
indications of tidal tails for 5 clusters.

Grillmair et al. (1995) investigated the nearby cluster
background in more detail in order to decide whether the
increased density at r > ry is physically existent or an
artifact of an incorrect background subtraction. Here we
check the reliability of the tidal tail of M 5 obtained in
the counts of all objects measured on 8 different Schmidt
plates using the member counts for the King profile fit-
ting. Tucholke (1992) proposed this method for globular



N. Kharchenko et al.: Membership and structural parameters of the globular cluster M 5 from Schmidt plates

clusters with rich or variable background (and/or fore-
ground) of field stars.

8.2. Member counts with different membership
probabilities

The member counts which we present below do not go as
deep as the counts of the full scans of the plates combined
into one profile. This is due to the restriction of the sample
of objects used in the proper motion study and in the
two-colour photometry, i.e. only the objects measured on
the reference plate (5821) and on a second plate (8348)
were investigated. No further restrictions concerning the
magnitude range of the stars used in the member counts
were made.

25 ,
2.0 -
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10 -
05 |-

0.0 —

log density

|
o
o

T

-1.0

-15 —

—20 1

Fig. 7. Density profile of M 5 from counts of cluster members
with membership probabilities P. > 14% (membership deter-
mination using coordinates and proper motions). Logarithm of
surface density in stars per arcmin? versus logarithm of the
mean annulus radius r. [arcmin]. The line shows the best fit
with the empirical density law from King (1962). The dotted
lines show the radial fitting range

For the member counts we first used the stars with
membership probabilities P. > 1% and P. > 14% ob-
tained in the four-dimensional analysis including the co-
ordinates. These membership probabilities are the most
reliable ones, although the assumption of a normal distri-
bution of the coordinates of the cluster stars (see Sect.
4) pre-determines the shape of the density profile. For
P. > 14% the fit with the empirical density law of King
(1962) was more accurate. The results are shown in Fig. 7
and in Table 6.

For the member counts based on membership proba-
bilities obtained only from the proper motions we present
the result for the tidal radius for both using all stars with
P, > 14% and with P, > 1% in Table 6. As one can see
the radial fitting range is larger than in the case of the
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Fig. 8. Density profile of M 5 from counts of cluster mem-
bers with membership probabilities P, > 1% (membership
determination using proper motions only). Logarithm of sur-
face density in stars per arcmin? versus logarithm of the mean
annulus radius 7e [arcmin]. The line shows the best fit with
the empirical density law from King (1962). The dotted line
shows the subtracted background of field stars with Pe,, > 1%
outside of 35 arcmin, the dotted-dashed lines show the radial
fitting range

Table 6. M 5 tidal radius from member counts

membership T4 radial fitting  xZq
probability [arcmin] range [arcmin|
P. > 14% (20)  30.31 £ 3.15 7.0 — 18.0 2.40
Pey > 14% (20) 2713 4£221 7.0 —27.0  0.86
Pey > 1% (30)  27.68 + 2.12 7.0 — 28.0 0.65

P, - membership from proper motions and positions
P, - membership from proper motions only.

member counts using the four-dimensional membership
analysis. Whereas in the member counts with P. > 14%
there was no background to be subtracted, here we had
to consider the number of field stars with proper motions
similar to those of the cluster stars.

The values of r; obtained in the member counts are
well in agreement with those of Peterson & King (1975),
Trager et al. (1995) and of the complete scans of all
Schmidt plates used in this project combined to one pro-
file (Lehmann 1996). But there is no indication of a tidal
tail for M 5 as found from the complete scans of the plates
(Lehmann 1996). This discrepancy may be due to the dif-
ferent magnitude limits of the full counts and of the mem-
ber counts.
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9. Conclusion

We have extended the membership investigation of the
globular cluster M 5 to fainter stars and to the outer
cluster regions by the use of Schmidt plates completely
scanned with the APM measuring machine. For our mem-
bership study we used a four-dimensional space of proper
motions and coordinates and obtained mean absolute
proper motions and dispersions for three distribution func-
tions of the cluster stars, near field stars and distant field
stars by the maximum likelyhood method. Unless the high
accuracy of membership investigations based on proper
motion studies from plates with much better astrometric
scale and longer epoch differences can not be achieved,
we find a correlation of our membership results with the
colour-magnitude diagram of the cluster. The reliability
of our membership determination is estimated between 70
and 85 per cent from both the statistical contamination
with field stars and from an external comparison with the
very accurate membership probabilities in the catalogue
of bright cluster stars of Rees (1993).

If we compare the mean absolute proper motion of the
cluster obtained from the membership analysis with that
determined without the knowledge of membership prob-
abilities of the stars (Scholz et al. 1996) we mention a
somewhat lower value of fi;. This difference can be ex-
plained as a small magnitude dependent systematic error.
In Scholz et al. (1996) only the faint stars were used in the
determination of the mean cluster motion in order to cor-
respond to the magnitude interval of the reference galax-
ies and to prevent such magnitude dependent systematic
errors.

From the full scans of the different Schmidt plates
(5 Tautenburg, 2 Palomar, 1 UKST) with the APM
measuring machine we obtained a tidal radius of M 5
r¢ = 27.93 £+ 0.80 arcmin. Using the additional infor-
mation of the membership determination we determined
r¢ = 30.31 £ 3.15 arcmin from the member counts based
on the four-dimensional membership analysis (proper mo-
tions and coordinates) and ry = 27.68 + 2.12 arcmin from
counting the cluster members determined only from their
proper motions. An indication of a tidal tail as recently
discussed by Grillmair et al. (1995) for 12 other globular
clusters was found in the counts of the complete scans of 8
different Schmidt plates used in this project but not con-
firmed by the member counts. This is probably caused by
the lower magnitude limit (B ~ 20.0) of the membership
determination in comparison to the combined counts of
the complete measurements on 8 plates (B ~ 21.5).
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