Star Clusters and Associations

Several collections of stars can be picked out in
the sky, even with the naked eye. Closer study re-
veals that they really do form separate clusters in
space. E.g. the Pleiades in Taurus and the Hyades
around Aldebaran, the brightest star in Taurus,
are such open star clusters. Almost the whole of
the constellation Coma Berenices is also an open
star cluster. Many objects appearing as nebulous
patches to the unaided eye, when looked at with
a telescope, turn out to be star clusters, like Prae-
sepe in the constellation Cancer, or double cluster
in Perseus (Fig. 17.1). In addition to open clusters
some apparently nebulous objects are very dense
globular clusters, such as those in Hercules and
in Canes Venatici (Fig. 17.2).

The first catalogue of star clusters was pre-
pared by the French astronomer Charles Messier
in 1784. The first version contained only 45
objects, but later Messier himself and Pierre
Meéchain expanded the catalogue to include 103
objects. Later seven more objects were added,
possibly observed by Messier. Messier was inter-
ested in comets, not in those fuzzy objects, and
the reason for the catalogue was to avoid false
alarms. The catalogue contains a mixture of very
different objects, like about 30 globular clusters
and the same number of open clusters, gas nebu-
lae and galaxies.

A larger catalogue, published in 1888, was the
New General Catalogue of Nebulae and Clus-
ters of Stars prepared by the Danish astronomer
John Louis Emil Dreyer. The catalogue numbers
of objects in this list are preceded by the initials
NGC. For example, the large globular cluster in
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Hercules is object M13 in the Messier catalogue,
and it is also known as NGC 6205. The NGC cat-
alogue was supplemented with the Index Cata-
logue in 1895 and 1910. The objects of this cata-
logue are given the initials IC.

With a small telescope stars of distant clus-
ters and galaxies cannot be distinguished as sep-
arate objects; instead the target looks nebulous.
Therefore their true nature was only little by lit-
tle with spectroscopy and large telescopes. That’s
why those old catalogues contain all kinds of dif-
ferent objects.

Even now there is no catalogue of open clus-
ter complete to some limiting magnitude. The
data are collected from several catalogues pub-
lished by various astronomers, and therefore the
nomenclature is not consistent. The problem is
that open clusters concentrate close the plane of
Milky Way, and there are a lot of background
stars. Thus identifying the cluster members may
require rather detailed studies of the properties of
the stars. Also the members may already have dis-
persed to a very wide area making it difficult to
decide which of them belong to the same clus-
ter.

17.1  Associations

In 1947 the Soviet astronomer Viktor Amaza-
spovich Ambartsumyan discovered that there are
groups of young stars scattered over so large re-
gions of the sky that they would be very difficult
to identify merely on the basis of their appear-
ance. These associations may have a few tens of
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members. One association is found around the
star ¢ Persei, and in the region of Orion, there are
several associations.

Associations are groups of very young stars.
They are usually identified on the basis either
of absolutely bright main sequence stars or of
T Tauri stars. According to the type, one speaks
of OB associations and T Tauri associations. The
most massive stars of spectral class O stay on the
main sequence for only a few million years, and
therefore associations containing them are neces-
sarily young. The T Tauri stars are even younger
stars that are in the process of contracting towards
the main sequence.

Studies of the internal motions in associations
show that they are rapidly dispersing. There are

so few stars in an association that their gravity
cannot hold them together for any length of time.
The observed motions have often confirmed that
the stars in an association were very close to-
gether a few million years ago (Fig. 17.3).

Large amounts of interstellar matter, gas and
dust nebulae often occur in connection with asso-
ciations, supplying information about the connec-
tion between star formation and the interstellar
medium. Infrared observations have shown that
stars are now forming or have recently formed in
many dense interstellar clouds.

Associations are strongly concentrated in the
spiral arms in the plane of the Milky Way. Both in
the Orion region and in the direction of Cepheus,
three generations of associations have been iden-

Fig. 17.1 Open clusters. (a) The Hyades slightly to the
lower left in the photograph. Above them to the right the
Pleiades. (Photograph M. Korpi.) (b) The Pleiades pho-
tographed with the Metsdhovi Schmidt camera. The di-
ameter of the cluster is about 1°. Reflection nebulae are
visible around some of the stars. (Photograph M. Pouta-

nen and H. Virtanen, Helsinki University.) 4 and x Persei,
the double cluster in Perseus. The separation between
the clusters is about 25'. Picture taken with the Met-

sdhovi 60-cm Ritchey Chrétien telescope. (Photograph T.
Markkanen, Helsinki University)
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Fig.17.2 The globular
cluster w Centauri. The
picture was taken with the
Danish 1.5-m telescope at
La Silla, Chile. Thanks to
the excellent seeing, one
can see through the entire
cluster in some places.
(Photograph T. Korhonen,
Turku University)

Fig.17.3 ¢ Persei
association. O and B stars
are shown as open circles.
The proper motion vectors
show the movements of the
stars in the next 500,000
years

+35°

+30°

tified, the oldest ones being most extended and the Milky Way (Sect. 17.3) and external gravita-
the youngest ones, most dense. tional disturbances tend to gradually disperse the
open clusters. Still, many of them are fairly per-

17.2 Open Star Clusters manent; for example, the Pleiades is many hun-
dreds of millions of years old, but nevertheless,

Open clusters usually contain from a few tens to quite a dense cluster.

a few hundreds of stars. The kinetic energy of The distances of star clusters—and also of
the cluster members, the differential rotation of associations—can be obtained from the photo-
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metric or spectroscopic distances of their bright-
est members. For the nearest clusters, in partic-
ular for the Hyades, one can use the method of
kinematic parallaxes, which is based on the fact
that the stars in a cluster all have the same average
space velocity with respect to the Sun. The proper
motions in the Hyades are shown in Fig. 17.4.
They all appear to be directed to the same point.
Figure 17.5 explains how this convergence can be
understood as an effect of perspective, if all clus-
ter members have the same velocity vector with
respect to the observer. Let 6 be the angular dis-
tance of a given star from the convergence point.
The angle between the velocity of the star and
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Fig. 17.4 Proper motions of the Hyades. The vectors
show the movement of the stars in about 10,000 years.
(van Bueren, H.G. (1952): Bull. Astr. Inst. Neth. 11)

Fig.17.5 If all stars move in the same direction, their tan-
gential velocity components appear to be directed towards
the convergence point K

the line of sight will then also be 6. The veloc-
ity components along the line of sight and at right
angles to it, vy and vy, are therefore given by

vr =vcos0,
(17.1)
vy =vsinf.

The radial velocity v; can be measured from the
Doppler shift of the stellar spectrum. The tangen-
tial velocity vy is related to the proper motion p
and the distance r:

V= ur. (17.2)
Thus the distance can be calculated:
ve vsinf v
r=—= = —tan@. (17.3)
w u

By means of this method, the distances of the
individual stars can be determined from the mo-
tion of the cluster as a whole. Since the method
of (ground-based) trigonometric parallaxes is re-
liable only out to a distance of 30 pc, the mov-
ing cluster method is an indispensable way of de-
termining stellar distances. The distance of the
Hyades obtained in this way is about 40 pc. The
distance obtained from the trigonometric paral-
laxes measured directly by the Hipparcos satellite
in the 1990’s is 46 pc. The Hyades is the nearest
open cluster.

The observed HR diagram or the correspond-
ing colour-magnitude diagram of the Hyades
and other nearby star clusters show a very well-
defined and narrow main sequence (Fig. 17.6).
Most of the cluster members are main sequence
stars; there are only a few giants. There are quite
a few stars slightly less than one magnitude above
the main sequence. These are apparently binary
stars whose components have not been resolved.
To see this, let us consider a binary, where both
components have the same magnitude m and the
same colour index. If this system is unresolved,
the colour index will still be the same, but the ob-
served magnitude will be m — 0.75, i.e. slightly
less than one magnitude brighter.

The main sequences of open clusters are gen-
erally located in the same section of the HR or
colour-magnitude diagram (Fig. 17.7). This is be-
cause the material from which the clusters formed
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Fig.17.6 Colour—magnitude diagram of the Hyades. Ap-
parent visual magnitude on the left-hand vertical axis; ab-
solute visual magnitude on the right-hand one
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Fig. 17.7 Schematic colour-magnitude diagrams of star
clusters. M3 is a globular cluster; the others are open clus-
ters. Cluster ages are shown along the main sequence. The
age of a cluster can be told from the point where its stars
begin to turn off the main sequence. (Sandage, A. (1956):
Publ. Astron. Soc. Pac. 68, 498)

has not varied much, i.e. their initial chemical
composition has been fairly constant. In younger
clusters the main sequence extends to brighter
and hotter stars and earlier spectral types. Usu-
ally one can clearly see the point in the diagram

where the main sequence ends and bends over to-
wards the giant branch. This point will depend
very strongly on the age of the cluster. It can
therefore be used in determining the ages of open
clusters. Star clusters are of central importance in
the study of stellar evolution.

The colour-magnitude diagrams of star clus-
ters can also be used to determine their distances.
The method is called main sequence fitting. By
means of multicolour photometry the reddening
due to interstellar dust can be removed from the
observed colours B — V of the stars, yielding the
intrinsic colours (B — V). Most star clusters are
so far away from us that all cluster members can
be taken to be at the same distance. The distance
modulus

’

17.4
10 pc ( )

my, — My =5lg
will then be the same for all members. In (17.4),
my, is the apparent, My the absolute visual mag-
nitude of a star, and r the distance. It has been
assumed that the extinction due to interstellar
dust Ay has been determined from multicolour
photometry and its effect removed from the ob-
served visual magnitude my:

my, =my — Ay.

When the observed colour-magnitude dia-
gram of the cluster is plotted using the apparent
magnitude my, rather than the absolute magni-
tude My on the vertical axis, the only change
will be that the position of the main sequence
is shifted vertically by an amount correspond-
ing to the distance modulus. The observed (my,,
(B — V)p) diagram may now be compared with
the Hyades (My, (B — V)g) diagram used as
a standard. By demanding that the main se-
quences of the two diagrams agree, the distance
modulus and hence the distance can be deter-
mined. The method is very accurate and efficient.
It can be used to determine cluster distances out
to many kiloparsecs.

17.3 Globular Star Clusters

Globular star clusters usually contain about 10°
stars. The distribution of the stars is spherically
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symmetric, and the central densities are about ten
times larger than in open clusters. Stars in glob-
ular clusters are among the oldest in the Milky
Way, and therefore they are of great importance
for studies of stellar evolution. There are about
150-200 globular clusters in the Milky Way.

The colour-magnitude diagram of a typical
globular cluster is shown in Fig. 17.8. The main
sequence only contains faint red stars; there is
a prominent giant branch, and the horizontal and
asymptotic branches are clearly seen. The main
sequence is lower than that of the open clusters,
because the metal abundance is much lower in the
globular clusters.

The horizontal branch stars have a known ab-
solute magnitude, which has been calibrated us-
ing principally RR Lyrae type variables. Because
the horizontal branch stars are bright, they can
be observed even in distant clusters, and thus us-
ing them the distances of globular clusters can be
well determined.

Using the known distances, the linear sizes of
globular clusters can be calculated. It is found
that most of the mass is concentrated to a central
core with a radius of about 0.3-10 pc. Outside
this there is an extended envelope with a radius
that may be 10-100 times larger. At even larger
radii stars will escape from the cluster because of
the tidal force of the Galaxy.
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Fig. 17.8 Colour-magnitude diagram of the globular
cluster M5. In addition to the main sequence one can see
the giant branch bending to the right and to its left the hor-
izontal brunch. (Arp, H. (1962): Astrophys. J. 135, 311)

The masses of globular clusters can be roughly
estimated from the virial theorem, if the stel-
lar velocities in the cluster have been measured.
More precise values are calculated by fitting theo-
retical models to the observed density and veloc-
ity distributions. In this way masses in the range
10*-10° M, have been obtained.

The globular clusters in the Milky Way fall
into two classes. In the classification given in
Table 18.1 these correspond to intermediate and
halo population II. The disk globular clusters are
concentrated towards the centre and the plane of
the Milky Way and they form a system that is
rotating with the general rotation of the Milky
Way. In contrast, the halo clusters are almost
spherically distributed in an extensive distribution
reaching out to at least 35 kpc. The system of halo
clusters does not rotate, but instead the velocities
of individual clusters are uniformly distributed in
all directions. The abundance of heavy elements
is also different in the two classes of clusters. For
disk clusters it is typically about 30 % of the so-
lar value, for halo clusters it is only about 1 %. In
some clusters the heavy element abundances are
only 1073 times the solar value. The smallest val-
ues, as low as 1074~107> have been detected in
some field stars of the halo. They therefore give
important information about the production of el-
ements in the early Universe and during the for-
mation of the Milky Way.

All globular clusters are old, and the halo clus-
ters are among the oldest known astronomical ob-
jects. Determining a precise age is difficult, and
requires both accurate observations of the turn-
off point of the main sequence in the HR dia-
gram, as well detailed theoretical stellar evolu-
tion models. The ages obtained have been about
13 x 107 years. This age is close to the age of
the Universe calculated from its rate of expansion
(see Chap. 20).

17.4 Example

Example 17.1 Assume that a globular cluster
has a diameter of 40 pc and contains 100,000 stars
of one solar mass each.

(a) Use the virial theorem to find the average ve-
locity of the stars. You can assume that the
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average distance between stars equals the ra-
dius of the cluster.

(b) Find the escape velocity.

(c) Comparing these velocities, can you tell
something about the stability of the cluster?

(a) First, we have to estimate the potential en-
ergy. There are n(n — 1)/2 ~ n*/2 pairs of
stars in the cluster, and the average distance
of each pair is R. Thus the potential energy is
about

m? n?

U=-G——,

R 2

where m = 1 M. The kinetic energy is
L.

T =-—mv°n,
2

where v is the root mean square velocity. Ac-
cording to the virial theorem we have T =
—1/2U, whence

2,2

| m-n
R 2

1
—mvn=—

2 2
Solving for the velocity we get

v2

_ Gmn
2R

6.7x10~ 1 m3kg~1s2x2.0x1030 kgx 10°
- 40x3.1x1016 m

=1.1 x 10" m?®s~2,

which gives v ~ 3 kms™.

(b) The escape velocity from the edge of the
cluster is

2Gmn
Ve =/
R

= V42 =2v=6kms .

(c) No. The average velocity seems to be smaller
than the escape velocity, but it was derived
from the virial theorem assuming that the
cluster is stable.

17.5 Exercises

Exercise 17.1 A globular cluster consists of
100,000 stars of the solar absolute magnitude.
Calculate the total apparent magnitude of the
cluster, if its distance is 10 kpc.

Exercise 17.2 If the apparent magnitude of the
cluster of the previous exercise is 10, what is its
distance if the interstellar absorption in the direc-
tion of the cluster is 1.5 mag/kpc?

Exercise 17.3 The Pleiades open cluster con-
tains 230 stars within 4 pc. Estimate the veloci-
ties of the stars in the cluster using the virial the-
orem. For simplicity, let the mass of each star be
replaced by 1 M.
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