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Summary

Using a high dispersion, objective prism, 201 CGCG galaxies in the
irregular cluster Abell 1367 have been surveyed for global Ha emission. The
emission, indicative of star formation, is observed in 23 per cent of cluster
galaxies, all of which are of Hubble type 50-a and later. Emission frequency
increases for later type galaxies.

In addition, an objective prism survey for [OII] A3727 A emission, the
first of its kind, is made and we find four per cent of the galaxies in Abell 1367
in emission. Galaxies‘ with [OII] emission are the strongest Ha emitters as
well. Further work needs to be done in order to say anything definitive about
the [OII] emission. For example, the lack of detection may be an effect of the
survey technique.

We attempt to determine the effects of the cluster environment on in-
dividual galaxies and find that Ha emission is not correlated with apparent and
absolute magnitude nor with position within the cluster. However, emission
frequency may increase with increasing local galaxy density. When compared
with field galaxies, the cluster spiral galaxies of early-type Sa - Sab exhibit
more strong emission than field spirals of similar type. Conversely, late-type
cluster spirals, Sc — Irr. exhibit less strong emission than field galaxies of the
same type. Interactions between the intracluster medium and galaxies and
galaxy — galaxy interactions may account for the observations. These subjects

are discussed in view of the results herein presented.






Haec sic pernosces parva perductus opella;
namque alid ez alio clarescet, nec t1bt caeca
noz iter eripiet quin ultima naturai
pervideas: ita res accendent lumina rebus.

“If you take a little trouble you will attain

a thorough understanding of these truths. For one thing
will be illumined by another, and eyeless night will

not rob you of your road till you have looked into

the heart of nature’s darkest mysteries. So surely will
facts throw light upon facts.”

Lucretius, De rerum natura, 1.1114 - 1117
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CHAPTER I

Introduction

1.1 Galaxy segregation by morphological type

Clusters of galaxies are the largest structures in the universe contain-
ing tens (poor clusters) to thousands (rich clusters) of galaxies, extending over
a region of approximately three megaparsecs and with masses greater than 5
x 10 My (Sarazin 1988). Although only about five per cent of galaxies are
collected in groups and clusters whose space density is larger than one galaxy
per cubic megaparsec (Dressler 1984), they provide an interesting laboratory
in which to study topics such as galaxy evolution, segregation by morpholog-
ical type and environmental effects on galaxies. Galaxies not associated with
a cluster or group are said to be “field” galaxies and reside in low-density re-
gions with space density less than or equal to one galaxy per cubic megaparsec
(Dressler 1984).

Numerous systems have been devised to classify clusters, based upon
varying properties. We briefly mention two classification schemes here in or-
der to facilitate the discussion given below. An excellent review of the many
systems of cluster classification can be found in Sarazin (1988).

Abell (1975) classifies clusters of galaxies on a system varying from

regular to irregular., Regular clusters are highly symmetric in shape and have a
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core with a high concentration of galaxies toward the centre. Irregular clusters
have little or no symmetry, no central concentration and exhibit substantial
subclustering.

Oemler (1974) has constructed a classification scheme based upon the
galaxy content of clusters, i.e.. the fraction of galaxies which are spirals, SOs
and ellipticals. He has refined the system of Morgan (1962), defining three
classes of clusters: spiral-rich clusters in which spirals are the most common
galaxies and with the ratios of E:S0:S galaxies of 1:2:3; spiral-poor in which
spirals are less common and SOs are the more common galaxies with ratios
E:50:S of 1:2:1; and ¢D clusters which are dominated by a central cD galaxy
and in which the majority of galaxies are elliptical or SO and with ratios E:S0:S
of 3:4:2. Dressler (1980) finds that representative populations of spiral-rich,
spiral-poor and c¢D clusters have projected galaxy surface densities of approx-
imately 3.2, 32 and 63 galaxies per square megaparsec, respectively, for m, <
16.5 and z < 0.086.

Regular clusters tend to be Oemler spiral-poor or ¢D and have a high
mean density of galaxies. The Coma cluster is a nearby example of a typical
regular cluster. A typical irregular cluster is the Virgo cluster. Clusters of
this sort are usually Oemler spiral-rich. In comparison, the field contains
approximately 81 per cent spiral, 17 per cent SO and 2 per cent elliptical
galaxies (Christensen 1975).

These classification schemes show that there is a link between galaxy
content and environmental density. The percentage of spiral galaxies increases
as the galaxy density decreases with a lower fraction of spiral galaxies in reg-

ular clusters than in the field. Conversely, the percentage of elliptical and SO

galaxies decreases as the galaxy density decreases.

Dressler (1980) finds that a well-defined relation exists over five orders



of magnitude in density between the local density of galaxies and the proportion
of different morphological types. The morphology-density relation is monotonic
but changes slowly so that the low density field is dominated by 80 — 90 per
cent spirals and the high density regions are composed of 80 — 90 per cent
ellipticals and SOs (although all types are represented in all regions) (Dressler
1984).

The fundamental question that may be asked is why there are the
differences in the ratio of morphological types in different density regions. Two
possibilities have been suggested. The first states that the initial conditions in
which galaxies form determine differences in the ratio of morphological types.
Perhaps spiral galaxies require relatively isolated, low-density regions to form;
they are destroyed or their formation suppressed in regions where the galaxy
density is high. The second possibility is that environmental influences are
more important than initial conditions and these cause galaxies to evolve and
change morphological type. High-density regions may cause spirals to change
into SO and/or elliptical galaxies. Because clusters are regions of high galaxy
density they provide excellent laboratories in which to observe the effects, or

lack of them, of environment on individual galaxies.

1.2 Initial conditions of galaxy formation

Initial conditions at the time of galaxy formation may be more impor-
tant than later, environmentally induced changes in determining the variations
in ratio of morphdogical types from region to region. This view holds that reg-

ular clusters never had many spiral galaxies (Abell 1975) but were formed as

they appear now.
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Gott & Thuan (1976) argue that the efliciency of star formation during
galaxy formation is set by the density of the protogalaxy. In a protogalaxy with
sufficiently high density, gas will be la:gély converted into stars during collapse,
forming elliptical galaxies. If the initial density is low, star formation is not
effective and the left-over gas continues to collapse gravitationally. The gas can
efficiently transfer angular momentum as it collapses, through viscous forces,
because it is a collisional fluid. A disk will be the result of such a collapse.
Stars formed subsequently will have circular orbits in the plane of the disk.

If, on the other hand, the gas is totally converted into stars before
it can collapse to a disk the system can no longer be operated on by viscous
forces since the stars are collisionless particles. The stars will not collapse into
a disk but will have random, radial orbits with no preferred plane, forming
an elliptical galaxy. Regular clusters are denser than irregular clusters and if
density is the factor that determines galaxy morphology, then the relationship
of galaxy morphology to cluster morphology can be understood easily. Denser
environments favour the formation of elliptical galaxies.

However, regular clusters do contain some spiral galaxies. One possi-
ble explanation, in light of the above argument, is that spiral galaxies formed
in the lower density regions outside of regular clusters and were accreted later.

Butcher & Oemler (1978) observed that a number of clusters at high
redshift (z ~ 0.4) contain a high proportion of blue galaxies which lie at larger
projected distances from the cluster centre than the redder galaxjes,‘ These
galaxies have colours which are indistinguishable from spirals, but no nearby
cluster contains such active spirals. This observation was taken as evidence that

the galaxies were falling into the cluster and experiencing star formation. Later

workers (Dressler & Gunn 1982; Dressler 1984; Dressler, Gunn & Schneider

1985) have shown that while some of the galaxies are indeed cluster members,
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many are foreground and background objects. The blue cluster galaxies have
spectra unlike present day spirals and may be active galaxies. These may be
galaxies that are just entering the high-density intracluster medium and their
star formation rates may have been enhanced.

Several authors (Moss & Dickens 1977; Tammann & Binggeli 1987)
suggest that the high velocity dispersions and peripheral positions of spiral
galaxies in clusters signify that these galaxies are presently falling into the
cluster core region. This observation seems to be confirmed by Sodre et al.
(1989) who, based upon aﬁ analysis of 15 clusters, find that spiral and irregular
galaxies have higher velocity dispersions than elliptical and SO galaxies. They
speculate that this fact indicates that the late-type galaxies may have been
accreted by the cluster more recently.

Thus, regions of high density may have precluded the formation of late-
type galaxies because they preferentially, and more efficiently, formed early-
type galaxies. Spiral galaxies are, in fact, seen in regular clusters, albeit in
small fractions. These galaxies may have formed in the lower density regions
and were then added to the high density regions through accretion.

A difficulty with the view of Gott & Thuan (1976) is raised in the
objection of Gott (1977) who argues that at the time of galaxy formation (z ~
20 - 30) ! a density enhancement that is to become a cluster of galaxies has a
very small amplitude. Therefore, if galaxies form early and rapidly, they can

not “know” the environment in which they will reside and all regions should

contain all types of galaxies.

11t may be noted that there is no consensus on the formation epoch of galaxies. Many workers
believe that galaxies form at z ~ 3 — 5 (see, for example, Peebles 1989 and Majewski 1989).
However, a thorough discussion of the topic of galaxy formation is beyond the scope of the
present work.
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1.3 Environmental influences on galaxy evolution

If the view of Gott (1977) is correct, it is difficult to see how initial
conditions have led to differences in the ratio of morphological types. Another
possibility is that environmental effects cause the differences. Gott (1977) hy-
pothesizes that density enhancements destined to become regular and irregular
clusters start out with very small differences. All galaxy types may begin to
form in all regions. Eventually, small density variations grow to become large
differences and as the potential well of a high-density region deepeuns, its gas
is heated more than the gas in a low-density region. Incipient spirals in the
high-density regions are then destroyed by the hot, intracluster gas. For ex-
ample, clusters like Coma may never have included fully developed spirals and
their subsequent development may have been precluded when the intracluster
medium was heated to T ~ 10% K.

Therefore, environmental effects may be more important in determin-
ing the differences in the ratio of morphological types. Such environmental
effects may also lead to interactions of galaxies with each other or with the
cluster in such a way that their morphologies are changed. Two possibilities
have been suggested, the transformation of spiral galaxies into SO galaxies be-
cause of gas stripping (cf. Gunn & Gott 1972) and the merging of two galaxies

to form a galaxy of another type (e.g. Schweizer 1983).

1.3.1 THE TRANSFORMATION OF SPIRALS INTO SO GALAXIES

The increase in SO galaxies and the decrease in spiral galaxies in higher

density regions may be due to the fact that spirals evolve to become S0s. Spirals
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are stripped of interstellar gas as they fall through the intracluster medium.
Continuing star formation then exhausts any remaining gas and the spiral
“becomes” an SO galaxy (Spitzer & Baade 1951).

However, there are arguments against the view that environmental
influences cause spirals to become SO galaxies. Dressler (1980) points out a
few:

1.) The bulges of SOs are systematically larger (brighter) than those
of spiral galaxies. Similarly, the disk-to-bulge ratios of spirals are much larger
than those of SO galaxies. This observation would seem to indicate that spirals
and SO galaxies are not from the same parent population and is certainly
inconsistent with the view that SO galaxies are swept spirals.

2.) Significant numbers (80 per cent) of SO galaxies are found in low
density environments, such as the field and the outskirts of clusters, which are
10% - 10° times less dense than regions where stripping is thought to take place.
Also, spiral galaxies and SO galaxies coexist. The gas deficiencies in spirals in
intermediate density environments are modest (2 — 3 times) whereas SOs have
deficiencies of hundreds of times (Dressler 1984).

An alternative process to produce SO galaxies has been proposed by
several authors (Norman & Silk 1979; Sarazin 1979) who suggest that all spiral
galaxies have large, extended haloes. These envelopes resupply gas that has
been exhausted in the disks. A spiral that has lost the envelope through
s.trippin’“g will exhaust its internal gas supply by normal star formation and
become an SO galaxy. While spirals probably do have extended haloes. Keel
(1983) traces the distribution and extent of the optical emission lines in the

nuclei of a number of spirals and concludes that the distribution seems to follow

‘the starlight in outline, supporting an internal origin for the gas, rather than

recent infall from outside. However, not much is known about the haloes nor
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about the effects of gas, returning to the interstellar medium from outside, on

star formation.

1.3.2 GALAXY MERGERS

While the view that spirals evolve to become SO galaxies appears to
have serious problems, the environment can change a spiral in other ways.
For example, the merging of two spirals may form an SO or elliptical galaxy.
Toomre & Toomre (1972) first showed that the unusual structures observed in
many peculiar systems are the results of two galaxies merging. These mergers
manifest themselves by, for example, exhibiting tails, arcs and bridges of matter
that has been.liberated from the galaxies as they pass through or near one
another. The obvious signatures of mergers are short lived but most likely the
galaxies stay together after interacting (Toomre 1977). Other observational
evidence for merging includes multiple cores in cluster ellipticals, the presence
of counter-rotating cores, disks of dusty material and asymmetric envelopes
around ellibticals (Schweizer 1983).

Approximately one-half of the bright field elliptical galaxies show signs
of having accreted disks or parts of disks recently (Schweizer 1983). Schweizer
also concludes that the accretion process must have tended to reduce the num-
ber of disk galaxies and increase the luminosity of bright elliptical galaxies. If
such a large number of mergers have occurred in the field, it might be expected
that mergers are much more common in the high density cluster environment.
Galaxy mergers between various combinations of small and large ellipticals,
disk galaxdes and gas clouds can be invoked to produce observed galaxies. For

example, Schweizer believes that SO galaxies with polar rings or disks can be
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produced when large and small disk galaxies merge. This would explain the
coexistence of SO and spiral galaxies in the field.

Barnes (1988) finds that the merging of disks with haloes leave slowly
rotating remnants that are consistent with slowly rotating, bright elliptical
galaxies. Thus, the merger process seems to provide a mechanism for decreas-
ing the number of spirals and increasing the number of ellipticals and SOs and
may be relatively common in the cluster environment.

There are, however, critics of the hypothesis. Tremaine (1990) sug-
gests that the presence of multiple nuclei in some cluster ellipticals is due to
projection effects of foreground galaxies. In addition, van den Bergh (1990)
suggests that ellipticals could not have been formed by the merging of two
spirals because the frequency of globular clusters in elliptical galaxies is many
orders of magnitude greater than in spirals. The merging process is not thought
to produce the extra globular clusters.

The subject of mergers in galaxies is a vast one and is being debated
widely. We can only touch upon the surface here but it is one viable alternative

to explain the transformation of spiral galaxies into galaxies of earlier type.
1.4 Observed environmental effects on spiral galaxies

What sort of envi;onmental effects on spiral galaxies might be caused
by the cluster? The intracluster gas may interact with the interstellar gas of
a galaxy. If this is the case, what effect will such interactions have on the gas
content and star formation of spiral galaxies? These topics are discussed in

the following sections. Interactions between individual galaxies may be more

frequent in the cluster and they will be discussed in Chapter VIII.
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1.4.1 GAS CONTENT

As a spiral galaxy moves through the intracluster medium, one might
expect its gas to be stripped. In fact, observations suggest that removal of gas
has occurred in cluster spirals. Cluster spirals are deficient in neutral hydrogen
when compared to similar galaxies in the field.

Spitzer & Baade (1951) were the first to suggest that direct collisions
between galaxies would ionize and liberate interstellar gas but leave stars un-
affected, a relatively efficient process. Assuming that all galaxies in the Coma
cluster were equivalent and that the galaxies had radial orbits, Spitzer and
Baade found that a galaxy would be stripped in about 10® years.

However, direct Spitzer-Baade collisions are rare. With an increase
in the cosmic distance scale it is now realized that stripping of this sort will
take abqut a Hubble time, far too long to be effective (Bothun 1982).

Gunn & Gott (1972) proposed a model of ram pressure stripping to
sweep the H I from disk galaxes in clusters. In this scenario, the external
pressure exerted on the interstellar gas as the galaxy moves rapidly through the
intracluster medium would strip the galaxy. According to Bothun (1982), the
effects of ram pressure stripping may be a strong function of the orientation of a
galaxy as it moves through the intracluster medium. Galaxies moving through
the intracluster medium face-on will have their gas easily swept. However, if a
galaxy moves through the intracluster medium edge-on the interstellar medium
may not be swept, but compressed.

Cowie & Songaila (1977) hypothesized that the high temperature (T

~ 10® K), intracluster gas interacts with cooler gas embedded within galaxies

‘causing thermal evaporation of the galaxy gas.” According to these authors, this

effect, rather than ram pressure stripping, may be responsible for the absence

10
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of the [OII] A3727 A line in elliptical galaxies within rich clusters, since ram
pressure stripping will not remove nuclear gas but thermal evaporation will.

Davies & Lewis (1973) were the first to observe that spiral galaxies
in the Virgo cluster exhibited deficiencies of H I when compared to field spi-
rals. This finding was later confirmed (Chamaraux, Balkowski & Gerard 1980;
Giovanardi et al. 1983; Giovanelli & Haynes 1983).

Giovanelli & Haynes (1985), from H I data for galaxies in nine clusters,
argue that spirals in regions of high galaxy density are substantially deficient
in their H I content. The H I disks of deficient Virgo cluster spirals are clearly
smaller than those of field galaxies of the same or earlier morphological type.
The H I deficiency strongly correlates with radial distance from the cluster
centre; galaxies near the core exhibit the greatest deficiencies. In clusters in
which the deficiency is pronounced, the proportion of swept spirals is larger.
Ifa deﬁ;iency is observed, then most, if not all, spirals passing through the
core are affected. These results are confirmed by Haynes & Giovanelli (1986)
who find that Virgo galaxies are undergoing gas removal by interactions with
the surrounding medium. Giovanelli & Haynes (1985) find that H I deficiency
correlates with the presence of a hot X-ray intracluster medium. The largest
deficiencies are found in clusters with the highest X-ray luminosity.

Similarly, Gavazzi (1987) finds that in a sample of 53 galaxies in
Coma/Abell 1367, spiral galaxies within one Abell radius from the core of
Coma contain three times >less H I, on average, than isolated galaxies. How-
ever, spiral galaxies in the groups and multiple systems of Coma have HI
content not dissimilar to isolated galaxies. The average deficiency increases to

five times in the-core of Coma, a high density region of this regular cluster,

and drops to about two times in Abell 1367, an irregular, spiral-rich cluster.

There is a tendency for galaxies that are more severely depleted to be redder

11
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and of earlier Hubble type. Late-type spirals in Abell 1367 have “normal”
H I content., suggesting that they have not yet entered the dense intergalactic
environment or that they have resided in it for a time shorter than the strip-
ping timescale (consistent with the hypothesis that these galaxies have been
accreted recently).

According to Stauffer (1983), the majority of spirals in Virgo that
are H I deficient have had time to adjust their colours to the H I content,
thus the H I deficiency can not have occurred recently (T < 10° years). In
contrast to the global H I deficiency, Stauffer finds that the nuclei of Virgo
spirals have apparently normal supplies of ionized gas as inferred from the
nuclear Ho emission-line strength. This finding is contrary to Gisler’s (1978)
result that there is less ionized gas in the nuclei of spirals in clusters. Obviously
the mechanism for causing H I deficiency is more efficient at removing gas from

the disk of a spiral than from its nucleus.

1.4.2 EMISSION-LINES FROM IONIZED GAS

Osterbrock (1960) was the first to point out that the frequency of
emission of the [OII] A3727 A line is lower for cluster ellipticals than for ellip-
ticals in the field and that there are differences between the cluster and field
populations. Gisler (1978) found, for a sample of 1316 galaxies collected from
the literature, that the total fraction of galaxies observed in emission increases
toward later galaxy types and there is a strong tendency for galaxies in less
compact associations to be reported more frequently in emission. He also found
that ionized gas in the nuclei of spiral galaxies occurs less frequently in dense
clusters and that H II regions in the nuclei of galaxies (spiral and elliptical)

are less commonly found in galaxies inside dense clusters than among galaxies

12
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in general. He concluded that the substantial intracluster medium does binder
the formation of H II regions in the nucles of galaxies.

Dressler, Thompson & Shectman’s (1985) nuclear observations of 1095
galaxies in rich clusters and 173 field galaxies confirm the earlier results that
the frequency of emission line galaxies in the field is higher than in clusters.
Emission-line galaxies comprise 31 per cent of the field galaxies but only 7 per
cent of the cluster galaxes.

However, based on photometric observations of 200 spirals in 9 clus-
ters, Bothun, Schommer & Sullivan (1982) conclude that cluster galaxies are
not unlike field galaxies in many of their integrated properties. These authors
state that the data argue against environmental effects as having been impor-
tant in the evolution of most cluster members and that only in Coma is there
evidence for environmental modification.

Stauffer (1983) agrees with this conclusion. Using previously pub-
lished 21 cm data and optical emission-line fluxes from a ﬁuclear survey of
Virgo cluster spirals, he concludes there is no ;igniﬁcant difference in Ha emis-
sion equivalent width between field and Virgo cluster spirals. He also finds that
the [N1I]/Ha ratio correlates well with the nuclear magnitude; in the sense that
large ratios correspond to bright nuclei, and concludes large [NII]/Ha ratios
are internally generated and not due to an external process.

Kennicutt & Kent (1983), in their study of 200 field and Virgo cluster
galaxies, found that Ho emission is only weakly correlated with H I content.
This suggests that the H I gas density is probably not the only causative
parameter which determines the global rate of star formation.

These authors can identify distinct nuclear and disk components in the

‘Ha emission. The strong nuclear components consist of large H II regions in

the inner disk and bulge regions. Sa — Sab galaxies with strong He invariably
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turn out to have such nuclei. They find no correlation between disk and nuclear
emission properties among the galaxies surveyed (cf. their Figuré 6).
Kennicutt (1983a) combines global Ha measurements with published
HIand B - V colour data to compare the properties of Virgo cluster spirals
with a large sample of field spirals. The Virgo core members exhibit signif-
icantly weaker emission compared to the field. A substantial fraction of the
spirals are also gas poor. Taken together with Stauffer’s (1983) data, Kenni-
cutt agrees that the Virgo environment has significantly altered the gaseous and
stellar content of the disks without significantly altering the nuclear regions.
Kennicutt, Bothun & Schommer (1984), in a global, photometric
study of 65 field and cluster spirals, report that He fluxes and colours in-
dicate H I deficiency has not altered the star formation or stellar content of
the galaxies. Cluster members in general, possess a distribution of gas exhaus-
tion timescales not unlike those for field galaxies. They find no evidence for a
strong deficiency of Ha emission from spirals in rich clusters. In fact, there is
a sizable population of high emission galaxies in the very centre of Coma and
Abell 1367, indicating recent, high rates of star formation. Imaging shows that
the emission arises from the disk H II regions, not the nuclei. Similarly, Moss
(1988) shows that early-type spirals (S0-a - Sb) in clusters are more likely to

be detected in emission than field spirals of the same type.
1.4.3 RADIO EMISSION FROM SPIRAL GALAXIES

Based upon a study of Coma and Abell 1367 cluster members, Gavazzi
& Jaffe (1985, 1986) conclude that the stripping of gas, which is supposed to be
a major cause for hydrogen deficiency in spirals, does not prevent but enhances

radio-continuum emissivity and star formation (in agreement with Kennicutt,
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Bothun & Schommer 1984). These authors suggest that interactions with the
intracluster medium lead to a collapse of molecular clouds, enhanced star for-
mation, generation of cosmic rays via supernovae and the observed optical
peculiar morphologies. Cluster systems have stronger H I deficiency with re-
spect to field galaxies and, yet, have higher ratios of radio to optical luminosity,

which indicates enhanced star formation.
1.4.4 DISCUSSION

Does the observed gas deficiency in cluster spirals lead to less star
formation? Removal of gas is thought to slow down star formation activity
in spiral galaxies (Kennicutt & Kent 1983). Evidence from various authors
(Osterbrock 1960; Gisler 1978; Dressler, Thompson & Shectman 1985) suggests
that emission from spiral galaxies is, indeed, reduced when compared to field
galaxies. Howe?er, there is also surprising evidence that emission from cluster
spirals may be no different than emission from field spirals (Bothun, Schommer
& Sullivan 1982; Stauffer 1983: Kennicutt 1983a; Kennicutt & Kent 1983) and
may even be enhanced (Kennicutt, Bothun & Schommer 1984; Gavazzi & Jaffe
1985, 1986; Moss 1988).

Obviously, the observations are contradictory. If, however, there 1s
emission in cluster spirals how does it come about? Shocks induced by ram
pressure effects have been-proposed by some authors (Kennicutt, Bothun &
Schommer 1984; Gavazzi & Jaffe 1985, 1986; Gavazzi 1987) to cause star forma-
tion activity. Star formation occurs in molecular clouds that may be too dense

to be stripped and are, perhaps, more centrally concentrated. Ram/thermal

pressure of the cluster medium may trigger collapse of these clouds. Stripped

from the periphery of galaxies, H I does not contribute to star formation in
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any case. Young, Scoville & Brady (1985) and Kenney & Young (1989) find
that CO and molecular gas is not deficient in stripped spirals, supporting this
hypothesis.

The idea that shocks lead to star formation is an old one (Shu et al.
1972; Elmegreen & Lada 1977; Larson & Tinsley 1978). Schweizer (1987) states
that as a shock propagates throué;h the gas, most pre-existing H, molecules
dissociate but dust survives. These grains then allow the H, to form again in
the high density post-shock regions where the gas can actually become fully
molecular. Such gas at high densities cools very fast forming ideal conditions
for fragmentation and rapid star formation. Large-scale dynamical collisions
appear to make big differences because they lead to the formation of shocks
of galactic dimensions which in turn form 10 to 100 times more molecular gas
than normal.

vGiaknt molecular clouds resist removal because of their large surface
densities and location deep in the gravitational potential well of the inner disk.
Kenney & Young (1989) rule-out galaxy collisions, tidal stripping and thermal
evaporation as mechanisms for gas removal and conclude that ram pressure
stripping is the one simple model consistent with observations. These authors
conclude that ram pressure stripping may facilitate the conversion of H I to
H,, but it is less plausible that it causes the enhéncement of star formation.
Magnetic and turbulent forces which support molecular clouds are generally
much stronger than the raIﬁ pressure forces making it unlikely that the galaxy—
cluster interaction will accelerate the collapse of molecular clouds and increase
star formation.

Another, alternative mechanism to enhance star formation may be
tidal effects caused by galaxy-galaxy interactions. (Interactions are discussed

in detail in Chapter VIII). Such interactions drive a large amount of gas into

16



the nuclear regions of the galaxies, fueling activity, and. incidentally, removing
gas from the disks (Byrd et al. 1986; Noguchi 1988; Byrd & Valtonen 1990).
Star formation is expected to be enhanced in the outer disk regions while

nuclear starbursts and the formation of bars are induced, according to models

by Noguchi (1988).
1.5 The present survey

It is obvious from Section 1.4 that the observations have led to con-
tradictory and confusing conclusions. One of the more surprising results is
that even though cluster galaxies show gas deficiencies, star formation may be
enhanced.

Clues to some of the above mentioned problems may be gained from
a systematic study of the star formation in cluster galaxies. In addition, more
data will help to clarify the confusion in the field. With these ideas in mind.,
we have surveyed the galaxies of the irregular cluster Abell 1367 for global
Ha + [NII] emission.

Subsequent sections of this work are organized as follows. Star for-
mation indicators in general, and the justification for the use of Ha + [NII]
emission as an indicator of star formation in particular, are the subjects of
Chapter II. The survey method, which follows the technique developed by
Moss, Whittle & Irwin (MWI) (1988), is discussed in Chapter III. This tech-
nique allows for rapid surveys of nearby (z < 12000 km s~') clusters, determi-
nation of radial velocities and measurements of Ha flux and equivalent width.
Chaptér IV discusses the radial velocity measurements, and Ha fluxes and
equivalent widths are presented in Chapter V. In addition to the Ha survey, a

high dispersion, objective prism survey for the [OII] A\3727 A emission line in
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cluster galaxies was made. The survey is the first of its kind and the results

are presented in Chapter VI.

Using the data. we then investigate how star formation rates in the
galaxies depend upon various galaxy properties (e.g. magnitude and type).
This material is discussed in Chapter VII. The effects of the cluster envi-
ronment on star formation in cluster galaxies (i.e., how emission varies with
position within the cluster and the comparison of cluster and field galaxies)

are discussed and possible explanations are presented in Chapter VIII. Finally,

the conclusions are given in Chapter IX.

18



CHAPTER II

Star Formation Indicators

2.1 Summary of indicators

2.1.1 GALAXY COLOUR

Larson & Tinsley (1978) studied a sample of galaxies taken from the
Hubble Atlas of Galazies (Sandage 1961) and the Atlas of Peculiar Galazies
(Arp 1966) with measured UBV colours. The Hubble galaxies (which these
authors assumed to be “normal”) exhibit a well-defined relation between U —
B and B - V with the scatter approximately the mean error. The Arp galaxies
have a much greater scatter and extend to considerably bluer colours in both
B - V and U - B. The authors state that the scatter is not due to larger erroré
for the Arp galaxies, since the quoted average errors are no larger than for the
Hubble group.

Although reddening is the greatest source of error it does not greatly
affect the overall distribution in the two-colour diagram. Similarly, gaseous
emission lines and non-thermal emission are not considered important for
the galaxies studied. Chemical composition affects a galaxy’s colour but not
enough information is known to correct for this effect. In addition, the varia-
‘tion of the initial mass function of stars in the galaxies can affect the colours

and may account for some, but not all, of the observed scatter in the two-colour
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diagram. Therefore, the scatter in the observed UBV colours of galaxies must
be due mainly to differences in the star formation history.

Models of star formation show that the position of a galaxy on the
common two-colour line is almost uniquely determined by the star formation
rate per unit mass averaged over the past 10® years. The spread of galaxies
perpendicular to the normal distribution of the two-colour diagram can be
explained as being due to recent bursts of star formation. Bluer U — B colours

indicate more recent star formation bursts.
2.1.2 OPTICAL EMISSION LINES

Gaseous nebulae in star forming regions are photoionized by ultravio-
let radiation from hot stars with surface temperatures T. 2 3 x 10* K (Oster-
brock 1989). The emission-line spectra of such nebulae include forbidden lines
such as [OITI] AX4959,5007 &, [NII] AA6548,6583 A and [OII] AA3726,3729 A
and the permitted lines of Ha A6563 A, HA A4861 A, Hy 4340 A, He I A53876
A and He II \4686 A. Weak forbidden lines and faint permitted lines of other
elements are also seen, such as C II, C III, C IV, O II, et cetera.

One indicator of star formation is the Ha A6563 A emission, which
will be discussed in more detail below, in Section 2.2. Cohen (1976) observed
emission from He and [NII] lines in the disks of 53 spiral and irregular galaxies
and concluded that the amount of emission at Ho correlates with the B = V
colour of a galaxy in the sense that the bluer the galaxy, the larger the Ha
emission. She shows that the emission itself does not directly affect the B -
V colour to produce the correlation and that two-thirds of the observed light

comes from the disk. The Ha emission in the normal spirals can be accounted

for by emission from ordinary H II regions of reasonable size and number. The



conclusion of the study is that the range of Ha emission is a result of the
varying properties of O and B stars capable of photoionizing the gas relative

to cooler stars.

Gallagher, Bushouse & Hunter (1989) find [OII} A3727 A flux highly
correlated to HB flux and that the equivalent width of an emission line pro-
duced via photoionization from OB stars is a measure of recent star formation

histories. Therefore, the [OII] line flux can also be used to derive approximate

star formation rates in galaxies.
2.1.3 INFRARED

Almost all energy produced by newly born stars emerges as infrared
radiation from the parental gas and dust clouds. Thus, the infrared is an
excellent waveband to study the distribution of energetics and rates of star
formatioﬁ in galaxies (de Jong et al. 1984). Infrared emission lines from the
gaseous nebulae are also expected. These include [Nell) A12.8 pm and [OIlI]
A88.4 um (Osterbrock 1989).

Lamb et al. (1988) studied 108 colliding pairs of spiral galaxies and
83 isolated spirals and find that Ha correlates with infrared flux at 60 and
100um for the interacting pairs. They conclude that interactions can lead to
enhanced star formation. Similarly, Trinchieri et al. (1989) find tight corre-
lations between far-infrared, He, and blue luminosities for a sample of 178

normal galaxies observed by Kennicutt & Kent (1983) in Hor.
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2.1.4 RADIO

Supernovae may be intimately connected to star forming regions. Mas-
sive stars form and “die” as supernovae, which in turn compress the surround-
ing gas to initiate the next generation of star formation (Mueller & Arnett
1976). Radio emission from supernovaé and their remnants would, therefore,
indirectly indicate star formation. Synchrotron emission is expected from su-
pernovae remnants while supernovae, themselves, emit 6 cm continuum and 20
cm line radiation (Weiler & Sramek 1988 and references therein). In addition,
emission nebulae in star forming regions have strong radio continua, mostly
due to thermal bremsstrahlung (Osterbrock 1989).

Gavazzi & Jaffe (1985), in a study of Coma and Abell 1367 cluster
galaxies, find that the ratio of radio luminosity to optical luminosity, R, corre-
lates well with B-V and the Ha equivalent width suggesting that R is a good
indicator of star formation.

Fitt et al. (1988) believe that non-thermal radio emission in the disks
of spiral galaxies arises from the cosmic rays energized by supernovae in regions
of active star formation. They find a tight correlation between far-infrared
and radio emission. However, the far-infrared emission is powered not only
by young star forming regions but also by the old disk population. An even
better correlation is found between the radio and far-infrared emission when
the contribution from the old disk population is removed from the far-infrared
emission. Therefdre, the authors suggest that the radio luminosity at low
frequencies is a better tracer of young star forming activity than the far-infrared

emission.
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2.2 The use of global Ho + [NII] emission as a star formation in-
dicator

Global He + [NII] (Lerein after referred to as simply Ha) emission has
been shown to be associated with H II regions (Cohen 1976). The emission is
related to the total number of OB stars in a galaxy and, therefore, is thought
to be an indicator of current, massive star formation. The equivalent width of
these lines (the line-to-continuum ratio) represents the ratio of young to old
stars and. hence, the relative star formation rate (Kennicutt & Kent 1983).
These authors obtained ph(;tometric and spectrophotometric observations of
Ha emission for 200 field and Virgo cluster galaxies and find that Ha equivalent
width increases for later type galaxies Wikth a large dispersion among galaxies
of the same Hubble type.

Kennicutt & Kent attempt to verify that the Ho emission measures
the relative rate of star formation and that the dispersion is not due to extra-
neous factors such as instrumental error, nuclear emission, large H II regions,
[NII]/Ha variations or variations of extinction by dust. Their discussion pro-
ceeds as follows.

Instrumental errors are small, on the order of 2 A for equivalent width
measurements. Therefore, these authors conclude that this source of error is
not expected to affect the observed dispersion of Ha equivalent widths.

Strong nuclear emission arises from large H II regions in the inner
disk and bulge of galaxies. While this fact may present a problem for small-slit
spectrometer data, it rarely dominates the integrated photometry. In any case,

Kennicutt & Kent find that the nuclear emission amounts to a few per cent or

less of the total disk emission. The conclusion drawn is that nuclear emission is

rarely significant and that the large dispersion in the emission-line properties



of the late-type galaxies is a ‘property of the star forming disks and not the
nuclei. |

While emission may be dominated by several large H II regions, Ken-
micutt & Kent find that this is not the case. For high luminosity galaxies, the
contribution of the largest H II regions is uniform and small, about 10 per cent
of the total emission (although they warn that this may not hold for lower
luminosity irregular galaxies).

Variations in He and [NII] emission lines from galaxy to galaxy could
account for the large observed dispersion in emission properties, especially if
[NII]/He is large. However, [NII]/Ha variations are shown to cause only £5 -
20 per cent of the observed dispersion in Ha emission.

Finally, dust extinction is found to be the largest source of uncertainty
in interpreting Balmer line fluxes. Extinction by dust is considerable in most
galaxies and extinction variations may produce considerable variations in the
Ho emission, independent of the star formation rate. However, Kennicutt
& Kent state that the effect can hardly explain the very large dispersion in
emission properties observed in their analysis and that there is little or no
anti-correlation observed betweén the stellar absorption and the Ha equivalent
width.

The authors conclude that although dust may play a significant role
in the dispersion of the Ha emission, the other contributions to the dispersion
are small. Therefore, for spiral galaxies of types Sab and later, the large dis-
persion in observed Ha properties must reflect @ real dispersion in the relative
star formation activity. Galaxies with very large equivalent widths (> 50 &)
invariably prove to be galaxies which appear to be undergoing intense star
formation bursts. Galaxies with low equivalent widths almost always possess

morphologies and integrated colours which are consistent with low star for-



mation rates. Equivalent widths of Ho emission are strongly correlated with
colour in the sense that galaxies with blue colour have large equiw;alent widths.
Kennicutt & Kent conclude that the Ha + [NII] emission of a spiral galazy 13
a good measure of the current rate of ma,.s.sipe 3iar formation.

Kennicutt (1983b) confirms these findings and assumptions. He per-
formed the first attempt at measuring the total star formation rate in a large
sample of field spirals and irregulars using photometry of Ha emission. Nuclear
emission is found to be negligible (< 5 per cent of total) in most of the spirals
studied. Absorption by Ha in the underlying red continuum is small, as well,
since the light is dominated by G and K glants with typical equivalent width
of ~ 1 — 2 A. Therefore. the uncertainties in the Ho flux are small.

Emission of Ha is produced by massive stars (10 - 100My) while the
red continuum is provided mostly by low mass (0.7 — 3Mg) red giants. Thus,
the Ha equivalent width is a sensitive indicator of the initial mass function
slopes ovér that range of stellar masses. Using this fact, Kennicutt finds that
star formation has proceeded at a relatively constant rate over the lifetimes of
most late-type galaxies and that the Ho emission is an indicator of the current

rate of star formation normalized to the average past star formation rate.

2.3 Low mass star formation

The above mentioﬁed indicators all relate to massive star formation.
Low mass stars may be less easy to detect but their presence may lead to
an enhancement of red céntinuum light. Johnstone & Fabian (1989) explain
i-band excesses irm the surface brightness profile of a giant elliptical galaxy as

being due to stars in the mass range 0.2 — 0.5 M.




CHAPTER III

An Objective Prism Ha Survey of Abell 1367

3.1 Abell 1367

Abell 1367 is an irregular, Bautz-Morgan Type II-III cluster with a
moderately high spiral fraction (Bahcall 1977) and is part of the Coma —
Abell 1367 supercluster (Gregory & Thompson 1978). Clusters designated
as Bautz-Morgan Type II-III are intermediate between Bautz-Morgan Type IT
clusters whose dominant galaxies are between cD and normal giant ellipticals
and Bautz-Morgan Type III with no dominant cluster galaxies (Bautz & Mor-
gan 1970). Oemler (1974) categorizes Abell 1367 as spiral-rich (E:S0:Sp; 1:2:3) |
with a total luminosity of 3.3 x 10'? Lg. The redshift of the cluster is z =
0.0215 with a velocity dispersion of 832 km s~! (Struble & Rood 1987). An
optical photograph of Abell 1367, from the Palomar Sky Survey red plate, is
shown Figure 3.1.

The cluster X-ray luminosity is relatively low, L, ~ 1.6 x 104 h~2
erg s~' (where h = H,/100 km s~! Mpc~!) with an inferred temperature of
the intracluster gas, T, ~ 3 x 107 K (Mushotzky 1984). The X-ray emission
of Abell 1367 has an irregular, clumpy appearance typical of an unrelaxed
cluster (Jones et al. 1979). Bechtold et al. (1983) observed the cluster with
the E’zln.stein sateilite and discovered 11 resolved peaks‘ in the X-ray emission

assoclated with cluster galaxies, constituting about six per cent of the total



cluster X-ray emission. These galaxies have X-ray luminosities in the range
1040-42 h-1 erg s~1. Bechtold et al. find the X-ray core radius to be r, = (1.6
x 0.8) h~! Mpc for the semimajor and semiminor axes of the distribution.
Hanisch (1980) finds that the radio emission (at 430 and 1400 MHz)
of Abell 1367 is dominated by the strong radio galaxy 3C 264 (= NGC 3862
= CGCG no. 097.127) and that a diffuse source of emission remains when the
contribution from 3C 264 is subtracted. The diffuse emission is significantly
different than that of a regular cluster such as Coma in that it is located well
away from the cluster centre, is in a region not well populated with galaxies

and the source size is small (~ 0.2 Mpc).

3.2 Observations

3.2.1 PLATE MATERIAL

Observations of Abell 1367 were made by C. Moss using the Burrell
Schmidt telescope (61-/94-cm) on Kitt Peak equipped with a 2° + 4° objective
prism combination for plates A and B (in Table 3.1) and a 10° objective prism
for plates C and D. The dispersion of the 10° prism is 400 A mm~! (MWI) and
780 A mm-™! for the 2° + 4° prism combination (see below, Section 4.2.3), at
the rest wavelength of Ha. The dispersion direction of the prisms was oriented
north-south. Four exposures were made on IIIaF emulsion, hypersensitized by
baking at 65° C in forming gas (2 per cent hydrogen and 98 per cent nitrogen).
Exposure times range from 75 minutes to 120 minutes. The physical plate
size is 19.8 x 19.8 cm and the Burrell Schmidt plate scale is 96.6 arcsec mm™

providing a usable field of 5°.1 x 5°1. A square RG 645 filter was used for plates

A and B in Table 3.1, while for plates C and D a circular RG 630 filter was
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Figure 3.1: The cluster, Abell 1367, in a photograph reproduced from the
Palomar Sky Survey red plate.




employed, giving a field of 3°1 diameter. (See MWTI for a thorough discussion
of the survey of Abell 1367 using plates C and D). |

The RG 645 filter is preferable to the RG 630 since it blocks the
two [OI] night sky lines at 6300 and 6364 A (McCarthy & Treanor 1970). In
addition, since the filter is square it allows the entire 5°1 x 5°1 fleld to be
used. The combination of RG 645 + IIIaF emulsion gives a bandpass which
has a full width at half maximum of ~ 350 A centred on 6655 A with a peak
sensitivity at ~ 6717 A (the peak sensitivity of the II1aF emulsion) (MWI). The

sensitivity curve for this filter-emulsion combination is shown in Figure 3.2.

Two plate pairs of the cluster field were obtained using the 10° prism
and 2° + 4° prism combination to allow one to reject spurious detections due
to plate flaws and photographic grain clumping (sometimes resembling weak
emission features). In addition, weak emission features can be confirmed more
easily when two plates are used. Plates were taken with the telescope on the
cast and west side of the pier. This procedure has the effect of reversing the
prism and, hence, the dispersion direction, and is useful in cases when a galaxy
spectrum is overlapped by a nearby object (more common for clusters at low
Galactic latitude but not a problem in the present study). Reversing the prism
also allows one to measure redshifts, employing the method discussed below in
Section 4.2.

In addition, plates E and F in Table 3.1 are two exposures of Abell
1367 using 11TaJ emulsion. a 4°.5 UV prism and a circular UGS filter on the
Burrell Schmidt telescope. The field of view is 5°1 in diameter. The filter-
emulsion combination gives a bandpass of ~ 750 A centred on ~3600 A with a
peak sensitivity at ~ 3700 & The relative sensitivity of the IITaJ emulsion and
UG5 filter is shown in Figure 3.3. These plates are used for the [OII] A3727 A

emission survey of Abell 1367 discussed below in Chapter V1.
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Figure 3.2: The relative sensitivity of the IIIaF emulsion + RG 645 filter
combination plotted as a function of wavelength. The steep cutoff redward of

~ the peak at 6717 A is due to the loss of sensitivity of the IITaF emulsion.
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Figure 3.3: The relative sensitivity of the [11aJ emulsion + UG5 filter combi-
nation plotted as a function of wavelength. The loss of sensitivity redward of
the peak at 3700 A is due to the cutoff of the filter. The atmosphere attenuates

. ultraviolet flux blueward of 3200 A.




Finally, plate G in Table 3.1 is an excellent quality, direct plate centred
on Abell 1367 and taken with the Palomar Schmidt by C. Mackay. A Wratten
2C filter, which has a sharp cutoff for A < 3850 A, and IITaJ emulsion were
used for the exposure. This plate was used to determine the morphological
types of the galaxies in the survey.

The plate material used in this survey is summarized in Table 3.1.
Shown in the table are the plate designations (column 1) and, in column 2, plate
number. Column 3 gives the date of observation while columns 4 and 35 give
the right ascension and declination of the plate centres. The prism, filter and
emulsion used for the exposures are given in columns 6, 7 and 8. respectively.
Column 9 gives the exposure time and column 10 gives the telescope on which
the exposure was made (BS = Burrell Schmidt and PS = Palomar Schmidt)
and the orientation of the telescope (East or West of the pier).

Plates A and B were taken on the Burrell Schmidt telescope equipped
with a 2° 4+ 4° objective prism combination, an RG 645 filter and IIIaF emul-
sion. The present study makes use of these two plates for the first time. Plates
C and D were used in the study of MWI and were taken with the Burrell
Schmidt telescope equipped with a 10° objective prism, an RG 630 filter and
IITaF emulsion. In addition to these four plates used for the main survey, plates
E and F are used for the survey of [OIT] A3727 A emission. They were taken
on the Burrell Schmidt equipped with a 4°.5 UV prism, a UG5 filter and IIlaJ
emulsion. Flate G is a Palomar Schmidt direct plate on IITaJ emulsion with a
WR 2C filter. All plates are of high quality.

The present study is important for the following reasons. A larger
area is studied in this analysis than in any previous study using objective prism
plates, and we have, therefore, a larger sample of galaxies. Because the area

covered by the MWI study lies within the overlap region of plates A and B we
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can compare the performance and efficiency at detecting emission-line galaxies
between the lower dispersion 2° + 4° prism combination and ihe 10° prism.
For emission-line galaxies in common between the two studies we will compare
independent measurements of flux and equivalent width. These measurements
will be compared, in turn, to measurements obtained with photoelectric meth-
ods. In addition, the spectra could be used to study the two-dimensional nature
of the Ha emission. However, this is not done in the present analysis. Finally,

the objective prism plate method is employed for the first time to search for

[OII] A3727 A emission in galaxies.
3.3 The galaxy sample

Figure 3.4 shows the area of the cluster covered by the four prism
plates A, B, C and D. The largest overlap region of a plate pair is between
plates A and B and constitutes an area of 23 square degrees, more than 1.6
Abell radii from the core, in which there are 172 CGCG galaxies. It may be
noted that there are no galaxies in the non-overlap region of plates A and I.
In what follows, we will refer to the “overlap region” as that region overlapped
by plates A and B. The overlap region of plates C and D is elliptical and is
practically contained within the overlap region. This is the region studied by
MWTI and we are, therefore, able to compare many aspects of the present study
with their work.

Whereas MWI looked at all galaxy spectra in the overlap region of
plates C and D, this study analyzes CGCG galaxies only. We have limited the
present study to' CGCG galaxies because it is easy to obtain morphological
Atypes for these galaxies, this being more difficult for fainter galaxies. MWI

find that the magnitude limit of the CGCG, m, = 15.7, is an approximate
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detection limit for the sur;tre}f method. While there are a considerable number
of detected emission-line galaxies with magnitudes fainter than m, = 15.7
(35 per cent of the MWI sample have magnitudes greater than this limit), the
fraction of galaxies detected in emission drops steeply compared to the fraction
of brighter galaxies detected in emission. For m, < 15.7 the detected fraction
of galaxies is relatively constant (cf. Section 7.2).

Plates A and B were systematically searched using a low power (~ X
12) binocular microscope. In this way, the objective prism spectra of a total
of 201 CGCG galaxies in the fields of view of all four plates were studied for

Ha emission.

Table 3.5 (on page 46) lists the CGCG galaxies observed. In column
1 the CGCG number is given (an asterix indicates that the galaxy appears
on only one plate). The NGC (IC with an asterix) and UGC (Nilson 1973)
numbers are given in columns 2 and 3, respectively. The galaxy coordinates
are giveﬁ in columns 4 and 5. These were meaéured with an accuracy of ~
2 arcsec from the Palomar Sky Survey (PSS) prints using a coradograph (a
manual XY measuring machine) and are the centres of the optical images.
Photographic magnitudes from Zwicky & Herzog (1963) are given in column
6, and morphological types of the galaides in column 7. Galaxy types were
estimated from an examination of the high-quality, Palomar Schmidt plate,
plate G in Table 3.1. Types marked with an asterix are off the edge of the
field of plate G and were examined on the PSS blue print. These types are
less well determined. Column 8 gives the plates on which the galaxy spectra
are observed. Heliocentric velocities, taken from the literature, are given in
column 9 along with source references in column 10. In most cases, velocities
-are derived from 21 cm observations. Finally, references to notes on individual

objects are given in column 11. In total, 201 CGCG galaxies are observed in
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Figure 3.4: The area of the cluster Abell 1367 covered by the four objective
prism plates. The cluster centre (at R.A. and Dec (1950): 11 41™.9 +20° 07')
is marked and the cluster scale, in Abell radii (Abell 1958) is indicated. Plate
A is represented by the solid line, plate B by the dashed line, plate C by the
dot-dashed line and plate D by the dotted line. Plates A and B are 5°1 square
-and plates C and D have a 5°.1 diameter.
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the area covered by one or more plates. In the overlap region, 172 galaxies are

observed while 130 galaxies are in the overlap region of plates C and D.
3.4 Identification of emission-line galaxies

All of the CGCG galaxies were examined for Ha emission and the
results are given in Table 3.6 (on page 57). The CGCG numbers are given in
column 1. An asterix indicates that a galaxy appears on only one plate. These
are galaxies that appear on plate C only. Columns 2 and 3 give the galaxy
numbers on platés C and D, respectively, and refer to the previous study of
these plates by Moss, provided here for reference purposes. A qualitative de-
scription of the emission visibility on all plates A, B, C and D is given in
columns 4, 5, 6 and 7, respectively. The presence or absence of emission is
described as follows: an ellipsis indicates that the galaxy does not appear on °
the plate; “No” indicates no detection of emission; S, MS, M, MW and W indi-
cate that emission was detected and refers to the visual appearance (‘Strong’,
‘Medium-strong’, ‘Medium’, ‘Medium-weak’ and ‘Weak’, respectively). MWI
find that the parameter correlates loosely with the Her flux but not with the
He equivalent width (this is confirmed in the present study). The visibility
parameters for gal;udes on plates C and D (columns 6 and 7, respectively) are
taken from MWI. Columns 8 — 11 contain a qualitative description of the con-
centration of the emission fegions: very diffuse (VD), diffuse (D), concentrated
(C) or very concentrated (VC). A blank space in these columns indicates that
there is no emission, or that the concentration appearance is unremarkable.
The concentration parameter for galaxies on plates C and D (columns 10 and
"11, respectively) are taken from the analysis of MWI. Finally, references to

notes on individual objects are given in column 12.
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Figure 3.5 shows three representative galaxies (left) and their spectra,
(right). The top panel is CGCG no. 126.110, with emission characterized as
visually strong and very concentrated. The emission of CGCG no. 097.093 is
characterized as visually medium and with normal concentration and is shown
in the middle panel. Weak and very diffuse emission from CGCG no. 097.033
is shown in the lower panel.

Independent analysis of the concentration parameters indicate that
while these are subjective qualities, classification of an emission region is rel-
atively constant from individual to individual. As a test, the concentration
parameter for galaxies on plates C and D (columns 10 and 11, respectively, in
Table 3.6) were re-examined by Pesce and the results were found to correlate
well with the parameter as determined by Moss. The results of the analysis are
shown in Table 3.2, with the measurements of Pesce in the rows and those of
Moss in the columns. The numbers represent the number of galaxies with the
concentration as given by Pesce and Moss. If there were no differences between
the way individuals classify emission we would expect all measurements to lie
on the diagonal line from top left to bottom right. In general, the agreement
is good. If we were to limit the classification of emission concentration to cate-
gories, either VC, C and normal or VD and D as is done below, we are in total
agreement.

Galaxies were included in a final list of emission-line galaxies if they
appeared in emission on two or more of the four plates surveyed. Exceptions
to this criterion were galaxies which lie on single plates only, and with visually
strong emission. There are three such galaxies, CGCG nos. 126.074, 126.075
and 126.091 (all on plate C). In the total sample of 201 CGCG galaxies, 23 per
cent (n = 46) show Ha emission. Of the 172 CGCG galaxies in the overlap

region 25 per cent (n = 43) show emission.
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Figure 3.5: Representative spectra of emission-line galaxies. The panels on
the left are the galaxy images from the Palomar Sky Survey red plate while
the panels on the right show the spectra from plate B. The top panel shows
CGCG no. 126.110 whose emission is characterized as visually strong and very
concentrated. CGCG no. 097.093 is characterized as visually medium and with
normal concentration and is in the middle panel. Weak, very diffuse emission
from CGCG no. 097.033 is shown in the lower panel.
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Table 3.2: Comparison of concentration parameter classifications.

vC| 1 |11

C 1

P — 15
D 5 1
VD 1 3
v C — D VD

M

The final list of emission-line galaxies is given in Table 3.7 (on page 62).
The first line of column 1 is the CGCG number and the second line gives the
alternate CGCG number. The first line of column 2 gives the NGC number (IC
number if proceeded by ’an asterix) and the second line is the UGC number.
Line 1 of column 3 is the MCG number and line 2 the JRAS number. Note
that because of the proximity of CGCG nos. 097.12‘2 and 097.120, these two
galaxies are given the same IRAS identification. Ellipses in columns 2 and 3
indicate that the galaxies are not found in the catalogues. Positions measured
with a coradograph and accurate to ~ 2 arcsec are given in columns 4 and 5,
while CGCG photographic magnitude is given in column 6. The morphological
type, as determined for Table 3.5 (see above, Section 3.3) appears in column
7. Columns 8 and 9 give the emission visibility and concentration parameters,
respectively. The plates on which the galaxy appears is given in column 10.
Heliocentric velocities are given in column 11 with references on line 2, and
references to notes on individual objects are given in column 12.

The final list of emission-line galaxies consists of 46 (43 in the over-

lap region) galaxies, none of which have morphological types earlier than SO.
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The fraction of emission-line galaxies detected is 23 per cent, similar to that

detected by MWI.

3.5 Comparison with the MWI survey

It is desirable to compare the performance of the 2° + 4° prism com-
bination to that of the 10° prism in detecting emission-line galaxies. Table 3.3
shows the number of galaxies detected on the prism plate combinations, in the
overlap region of all four plates. Based on detection of emission-line galaxies
we can rank the plates according to their quality, from best to worst. Plates A
and B are the best, plate D the second best while plate C is the worst. In the
overlap region of all the plates, no galaxies were detected on plate C that were
not detected on other plates, i.e., the poor quality of plate C did not cause

spurious galaxy detections.

The exposure time, as given in Table 3.1, for plate C is 20 to 40 per
cent lower than the exposure times for the other plates. One might assume
that the plate’s poor quality is due to this factor alone. However if true, plate
D, with the longest exposure, should be the best which is clearly not the case.
It is well known that seeing affects the quality of a plate. Most probably, seeing
is the other major factor, besides exposure time, affecting plate quality.

At present it is not possible to determine if the 2° + 4° prism combina-
tion is better than the 10° prism. However, the current analysis indicates that
the 2° 4 4° prism combination is, at least, no worse at detecting emission-line
galaxies than the 10° prism. This signifies that the lower dispersion of the 2°

+ 4° prism combination (780 A mm™!) compared to the dispersion of the 10°
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Table 3.3: Emission-line galaxies detected on plate combinations.

Plate Combination Number Detected
A+ B 32
A+D 25
B+D 25
A+C 22
B+ C 22
C+D 20

prism (400 A mm™!) does not adversely affect the detection of emission-line

galaxies.
3.6 Sizes of galaxies and emission regions

Table 3.4 lists measurements of the major axis diameter, D, of the
emission-line galaxies taken from plate G. Diameters of emission regions were
measured from plates A and B and the average is listed as d.. The ratio d./D
is given also and all measurements are in arcmin.

Diameters were measured with a binocular microscope at x 56 using
a reticule placed directly onto the surface of the plates. The reticule has 28
divisions per millimeter. CGCG nos. 097.087 and 127.095 were not measured
because they have several emission regions, nor was CGCG no. 097.067 because
itisa foreground object.

For strong, concentrated emission the diameters of the emission re-




gions can be measured relatively accurately because the outer edge of such
regions is clearly defined. On the other hand, it is difficult to ascertain the

outer extent of weak emission regions, so these values are, perhaps, less accu-

rately measured.

3.7 Individual objects

Several emission-line galaxies may be noted for their interesting ap-
pearance; CGCG no. 097.087 (cf. Gavazzi et al. 1984) has four or five distinct
knots and CGCG no. 127.095 is a barred spiral with emission knots at the
centre and at locations that correspond to regions at either end of the bar
visible on the PSS prints. Véron-Cetty & Véron (1989) classify CGCG nos.
126.110 and 127.052 as Seyfert 1 galaxies. CGCG no. 097.067 is a foreground
galaxy (Vg = 918 km s7!) and individual H II regions are seen. Note that

Zwicky & Herzog (1963) misidentify CGCG no. 127.085 as I1C 2958.

43




R e L i e AP

Table 3.4: Sizes of galaxies and emission regions.

CGCG D de r=d,/D
no. (arcmin) (arcmin)
OIC) (3) (4)

126.103 0.43 0.35 0.73

126.104 0.92 0.37 0.40

126.110 0.48 0.29 0.60

097.027 0.60 0.29 0.48

097.026 0.68 0.29 0.43

097.033 0.76 0.23 0.30

097.044 0.76 0.32 0.42

097.062 0.64 0.29 0.45

097.063 0.40 0.20 0.30

097.068 0.88 0.29 0.33

097.070 0.88 0.55 0.62

087.072 0.92 0.23 0.25

097.073 0.64 0.38 0.59

097.079 0.56 0.35 0.58

097.092 0.60 0.20 0.33

097.091 1.00 0.20 0.20

097.093 0.60 0.20 0.33

097.114 0.40 0.17 0.43

097.120 1.32 0.17 0.13

097.122 1.01 0.40 0.40

097.125 0.36 0.17 0.47

127.046 0.79 0.32 0.41

127.045 1.04 0.29 0.28

097.130 . 0.32 0.14 0.45

097.138 0.60 0.38 - 0.83

127.049 0.83 0.20 0.23

127.051 0.72 0.23 0.32

127.052 1.32 0.20 0.15

127.055 0.40 0.20 0.50

127.056 0.88 0.35 0.44

127.058 0.36 0.20 0.56

097.160 0.44 0.17 0.39

127.067 0.32 0.23 0.72

127.068 0.64 0.35 0.535

127.071 0.48 0.17 0.35

127.074 0.64 0.23 0.36

097.168 0.68 0.40 0.59

127.082 0.60 0.40 0.67

127:085 0.84 0.17 0.20

097.180 0.92 0.35 0.38
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Table 3.4 — continued

Explanation of Columus

Column 1: CGCG number from Zwicky & Herzog (1963).

Column 2: Galaxy major axis in arcmin, measured from plate G.

Column 3: Diameter of the emission region in arcmin. This is an average of the
values determined from the emission diameters on plates A and B.

Column 4: The ratio of the diameters of the emission regions
to the galaxy diameters.
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Table 3.6: Ha emission in CGCG galaxies.

CGCG Galaxy no. Emission visibility Emission Concentration Notes
no. C D A B C D A B C D
L @ e ® G e (M ® @ (1) (12
097.001% .- --- No
097.002* 8 Mo e e e D
097.003% ... ... N
097.005* 9 M - e ... VD
097.007* .. ... No e e
097.008% ... ... No
097.009% .- ... No
097.011% -+ - No
097.013* .- ... No
097.017% - ... No -
097.018% 34 ... M - .. ..o VD
097.021 No No No No
097.022 33 - oo MW O MWo... ... D D e 16
097.023  --- .- No No No No
097.025 .- ... No No ---
097.026 25 8 S S S S
097.027 .-+ e W W No No VD VD
097.030 No No -+ -
097.033 .-+ .- W W No No VD VD
097.035% ... ... No e
097.036 cee e No No No No
097.037 .- .- No No No No 1
097.041 -+ .- No W No No VD
097.043 -+ e No No No No ;
097.044 38 17 MW W No W D D D
097.046 .- .- No W No No VD 2
097.048 .-+ .- W No --- VD ...
097.050 .- --- No e No No
097.051 R No No No No
087.052 .-+ .- No No No No
097.053 -+ - % No No No VD
097.054 .-+ .- No W No No VD
097.055 -+ .- No No No No 1
097.060 .- .- No No No No
097.061 .-+ .- No No No No
097.062 66 44 M M M S
097.063 .- 45 wo-Ww No W
097.064 .- .- %% No No No VD
097.066 .- ... No W No No VD
097.067 78 535 M M S S vVC VC C VC 3
097.068 65 46 S S S S
097.069 .- ... No W No No VD 1
097.070 75 54 M M S S D D D D
097.072 64 . 43 W W W W VD VD VD VD
097.073  --- 42 MW M No S D D VD
097.074 -+ .- No No No No
097.076 o+ .. No No No No
097.077 -+ .- No No No No
097.078 .-+ .- No No No No
097.079 63 41 S S S M 1




Table 3.8 - continued

CGCG  Galaxy no.

no.

(1)

097.082
097.083
097.084
097.085
097.086
097.087
097.088
097.089
097.080
097.091
097.092
097.093
097.094
097.095
097.096
097.097
097.099
097.100
097.101
097.102
097.105
097.106
097.108
097.109
097.110
097.111
097.112
097.113
097.114
097.115
097.116
097.117
097.118
097.119
097.120
097.121
097.122
097.123
097.124
097.125
097.127
097.128
097.129
097.130
097.131
097.133
097.134
097.135
-097.136
097.137

Emission visibility

Emission Concentration

C D A B C D A B C D
2) 3 @ (5 (6 (O (8) (9 (10) (11)
No No No XNo
No No No No
No No No No
No No No No
No No No No
62 40 S S S S
No No No No
No No No No
No No No No
61 39 M M S S
59 37 M MS S S
67 47 MW M M S
No No No No
No No No No
No No No No
No No No No
No No ©No No
No No No No
W No No No
No No No No
No No No No
No No No No
81 No No W No VD
No No No No
No ©No No No
No No No No
No No No No
W No No No
70 49 M M S S
. No No No No
57 No No No W vD
No No No No
No No No No
51 No No No No
48 M W No M D VD D
No No No No
71 52 S M S S
No No No No
No No No No
69 50 M M M S
No No No No
No No No No
No No No No
W W No No VD VD
No W No DNo VD
W No No No VD
No No No No
No No No No
59 No No No No
No No No No

58

Notes

(12)



Table 3.8 — continued

CGCG Galaxy no. Emission visibility ~Emission Concentration Notes
no. c D A B C D A B C D
(1) 2) (3 (&) (6 (8 (1) (&) (9 (10) (1) (12)

097.138 ... ... W W No No VD
097.139 -+ .- No No No No
097.140 .-+ --- No No No No
097.141 .- .- No No No No
097.142 .. .- No W No No VD
097.143 -+ .- No No No No
097.144 -+ .- W No No No
097.147 oo .- No No No No
097.148 .-+ .- No No No No
097.149 .- .- No No No No
097.151 +-- - No No No No
097.152 -+ e No No No No
097.153 -« - No No No No
097.154 --- 69 No No No No
097.155 -+ - No W No No VD
097.160 ... 92 w w ... W D D D 1
097.161 No No No No
097.162 .-+ .- No W ©No No VD
097.168 .-+ 89 W W No VD VD
097.169 -o- 91 No No --- No
097.172 W No .-- No
097.173 - - No No --- No
097.174 -+ - No No --- No
097.176  +--  --- No W ... No VD
097.178 No No --- No 8
097.180 --- 88 w W ... S VD D e VD 9
097.182  --e .- No --- No --- 10
097.183 No No --- No 11
097.184% ... ... T o
(097.185 s e No W ... No vh - 12
126.073% - .- ... ... YXNo
126.074% 3 .- S D
126.075* 7 S
126.077F 2 s cee No
126.081% -+ ... .e. ... No
126.083* 4 e e M
126.091% 16 S . VD
126.097 R e No No
126.100 23 4 .+« ... No No
126.102 -+ .- No --- No No
126.103 24 6 W W M M VD VD VD VD
126.104 22 5 M M S D D VD VD
126.106 - - No No
126.108 .- 7 No No --- No
126.110 20 13 S S S S VC VC VC C 13
127.002 .- .- No No No No
127.006 --- -+ No W No .- VD
127.007 .- .- No No No
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‘labplie $.0 — conlninuea

CGCG Galaxy no. Emission visibility Emission Concentration Notes
no. C D A B C D A B C D
M @B @ 6 6 (M (3 (9 () 1) a2

127.009 .- --- No No No No

127.010 --- .- No No No No

127.011 21 ... No No W No VD

127.012 ... .- No W No --- VD

127.013 .- .- No No No No

127.014 -+ .- No No No e

127.015 .- ... No No No No

127.016 --- --- No No No No

127.017 -+ .. No No No No

127.024 .- ... No No No No

127.032 --- ... No No No No

127.036 .- ... No No No No

127.040 --- --- No Ne No No

127.045 --- ... MW MW No No D D

127.046 49 25 M M S No D D C

127.047 .- .. No No No No

127.048 .- ... No No No No

127.049 83 30 S MS S S C VC

127.050 --- .- No No No No

127.051 84 33 S MS S S 14

127.052 8 ... MW MW W No C

127.054 ... ... No W No No

127.055 82 64 M M S S

127.056 --- 65 W W No S VD VD VD

127.058 --- 61 M MW ... M <.

127.059 .. ... No No - --- No

127.062 ... .- No No .-+ No

127.063 .- - No No .-+ No

127.066 -+ .- No No --- No

127.067 --- 79 w A% .-« No D D cee

127.068 --- 75 W w ... W VD VD ... VD

127.069 -+ ... No W ... No vD ...

127.070 --- .- No Noe --- No

127.071 --- 77 S S cee S vVC VC

127.072 .-+ .- No No --- No

127.073 ... ... W No ... No

127.074 .- 78 M M -++ S

127.075 .- ... . No No --- No

127.076 .- .- No No .-+ No

127.078 .- ... No No .-+ No

127.079 --. ... No No .-+ No

127.080 -+ ... No No --- No

127.082 --- 80 W w ... M VD D D 1

127.083 .- ... No No .- No e

'127.085 - .- w W -+ No

127.088 --- - No No --- No

127.089 - ... No No -+ No

127.090 .- .- No No --- No

127.092 --- .- No No ..+ No

©127.085 --- 81 MW MW ... W cee 15
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Table 3.8 - continued

CGCG Galaxy no. Emission visibility ~Emission Concentration Notes
no. cC D A B C D A B C D
1 @ 3 @ (5 (8 (M) (& (9 (1 a1y  (12)

127.096 ... .- No No --- No
127.098 .o .- No No --- No
127.100 -+ - No No -+ No

Explanation of columns.

Column 1. CGCG number from Zwicky & Herzog (1963). An asterix indicates that the object
appears on one plate only.
Columan 2. Galaxy identification number on plate C from the analysis of Moss, Whittle & Irwin

(1988). .

Column 3. Galaxy identification number on plate D from the analysis of Moss, Whittle & Irwin
(1988).

Column 4. A visibility parameter (S strong, MS medium-strong, M medium, MW medium-weak.
W weak) describing the visual appearance of the emission for galaxies on plate 4. An ellipsis
in this, and the next 7 columns indicates that the galaxy is not on the plate.

Column 5. A visibility parameter for galaxies on plate B.

Column 6. A visibility parameter for galaxies on plate C.

Column 7. A visibility parameter for galaxies on plate D.

Column 8. A concentration parameter (VD very diffuse, D diffuse, C concentrated, VC very
concentrated) for galaxies on plate A. A blank in this, and the next 3 columuns indicates that
emission is not detected, or that the spectral appearance is unremarkable.

Column 9. A concentration parameter for galaxies on plate B.

Column 10. A concentration parameter for galaxies on plate C.

Column 11. A concentration parameter for galaxies on plate D.

Column 12. References to notes on individual objects, given below.

Notes on individual objects.

Galaxy spectrum is overlapped by a star on plates A,B,C,D.

The galaxy is near the edge of plate A.

A foreground galaxy. Several knots of emission are detected.

Four (or possibly five) distinct knots of emission are visible.

This galaxy is interacting with 097.093 (Moss & Whittle 1991).

This galaxy is interacting with 097.088 (Moss & Whittle 1991).

Also CGCG 127.042. Double system (Zwicky & Herzog, 1963).

Also CGCG 098.001.

Also CGCG 098.002.

10. Also CGCG 098.004.

11. Also CGCG 098.005.

12. Also CGCG 098.007. :

13. The galaxy is near the edge of plate D. A second continuum source showing weak emission
lies 7 arcsec west of the galaxy centre.

14. The galaxy showing emission is the SE component of a double galaxy system.

15. There is an emission knot at the centre and two emission knots which are 19 arcsec to

the east and 17 arcsec to the west of the nucleus, respectively. These correspond to regions

of high surface brightness at either end of the galactic bar visible.on the PSS blue print.

16. Near the edge of plate B, spectrum is noisy.

R N

©
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CHAPTER IV

Redshift Measurements

4.1 Plate digitization

The objective prism plates were digitized using the Automatic Plate
Measuring (APM) facility at Cambridge (Kibblewhite et al. 1984). A 10 pm
(Gaussian FWHM) spot was stepped at 7.6 pm intervals to give a raster scan
of 384 pixels in the dispersion direction and 256 pixels in the perpendicular
direction. Between 30 and 120 pixels (depending on the width of the spectra)
perpendicular to the dispersion direction were summed to produce a spectrum,
and the sky background was subtracted. Four galaxies, CGCG nos. 097.067,
097.070, 097.087 and 097.122, exhibit emission that is “tilted” with respect to
the dispersion direction due to the emission being in the plane of the galaxy,
and the galaxy plane being inclined with respect to the dispersion direction.
These galaxies were not included in the analysis which follows. Appendix A

shows the 2-D pixel maps and spectra of each of the 42 galaxies exhibiting

emission on the plates.
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4.2 Redshifts

4.2.1 THE ONE-PLATE METHOD

The galaxy CGCG no. 126.075 has no previously measured redshift.
In this case the “one-plate method” was employed to determine the redshift.
The shape of the continuum of the prism spectra is determined by the filter-
emulsion combination with the peak of the continuum coinciding with the peak -
sensitivity of the IITaF emulsion (6717 A1), as described above in Section 3.2.1.
Therefore, the offset of the Ha emission feature relative to the continuum
peak may be used to estimate the galaxy redshifts. However, this method
can only be used if a continuum is present and only if the centres of the Ho
emission and continuum distributions are assumed to be spatially coincident
in the dispersion direction, as noted by MWL
| Using the dispersion curve (for the 10° prism, since CGCG no. 126.075
was observed on plate C only), the redshift can be determined for a given
offset between the Ha emission and the continuum peak. The 1o uncertainty
of redshifts determined in this way is ~ 550 km s~! (MWI). The velocity for

CGCG no. 126.075 is 6600 km s~
4.2.2 THE TWO-PLATE METHOD

For the galaxies in the overlap region of plates A and B, accurate red-
shifts can be obtained by measuring the separation between emission features
on two plates t_aken with opposite dispersion directions. The separation of the
Ha emission is directly related to the radial velocities of the galaxies.

The “two-plate method” used here was developed by Stock & Osborn
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(1980) to measure radial velocities of stars and was first emplpyed by MWI
to determine galaxy redshifts. As explained by MWI, the two-plate technique
has several advantages over the one-plate method: firstly, redshifts can be de-
termined for faint gmission-ﬁne galaxies with weak or no observed continuum,
secondly, it is not necessary to assume that the centre of the Ho emission is
spatially coincident with the galaxy continuum emission and, finally, the accu-
racy achievable is much greater (Av ~ 970 km s~!, ¢f. Section 4.2.2.b below)

than that from the one-plate method (Av ~ 550 km s71).

4272.a plate-to-plate distortions

Before redshifts can be measured, correction for distortions in position
introduced by the objective prism must be made. The distortions have a
quadratic deﬁendence on position. Once corrected, the separation between
lines in the dispersion direction is monotonically related to the galaxy’s radial
velocity and may be calibrated with known velocities.

Stock & Osborn (1980) used absorption lines in a set of reference stars
spread uniformly over the area of interest to determiné and correct distortions.
However, in this analysis the spectra have a limited bandpass centred near
Ha; an area where few, if any, absorption features occur in stellar spectra.
The general spectral shape 1s determined by the filter-emulsion combination
with the peak of the continuum coinciding with the peak sensitivity of the
IIIaF emulsion, at ~ 6717 A, (see Figure 3.2). To first order, the shape is
independent of the colour of an object. Therefore, the continuum shape of
<refere'nce stars diétributed over the plates may be used to determine and correct
the positional distortions. Accordingly, 58 reference stars, with magnitudes ~

12.5, in the field of the plates were selected from the Hubble Space Telescope
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Guide Star Catalog (cf. Appendix C). The plates were scanned at the APM
facility following the method of MWI, described below.

An input list of equatorial coordinates, for the objects of interest, was
converted to X,Y positions on the APM plate table using an approximate con-
version. The prism plate was aligned on the APM machine and X,Y positions
were measured for typically 15 SAO stars. A least-squares solution was ob-
tained for the linear relation between X,Y and standard coordinates (&, m; 1€,
equatorial coordinates projected on to the tangent plane, where the tangential
point is the plate centre) for these stars. A standard scanning mode was used
in which the input list of positions was employed to automatically drive the
APM machine to each object position, where a pixel map (described above,
Section 4.1; refer to Appendix A) of the object was produced and stored on
magnetic tape for later processing.

The position of each reference star spectrum was determined by cross-
correlation with an idealized, two-dimensional continuum shape using the FI-
GARO routine SCROSS. Two such positions were determined for each star,
one for each plate (S4 and Sp). These positions were used to compute the
plate-to-plate separations (S4 — Sp) for each reference star as a function of
standard coordinates. Figure 4.2(a) depicts, schematically, these shifts. The
separations include the quadratic distortions introduced by the objective prism,
small linear systematic errors from the conversion of X,Y positions to standard
coordinates and random errors from position measuring accuracy. These sep-

arations are plotted in Figure 4.1(a). The systematic errors are well modelled

by a full quadratic fit of the form,

S = Af + By + C + DE* + Eén + Fn*.
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Table 4.1: Constants for the plate distortion model.

Constant Value

A -1.59705058 x 1071
-6.96754903 x 1072
+2.34986432 x 1072
~1.52076597 x 10!

-1.52682483 x 107!

55 T = T v R @ N v

-1.45001202 x 10!

Given the values of S = S4 — Sp and (£, n) for each rsference star, values
for the six constants were determined using a standard least-squares method.
Values for the general constants obtained in this manner are given in Table 4.1.

VThe modelled distortions for each position were then subtracted from
the star’s separations (S4 ~ Spg) to check the procedure. The remaining resid-
nals are shown in Figure 4.1(b) and are of the order a few pixels. They are the

random errors involved in measuring the shifts.

4.2.2.b analysis of galaxy spectra

Galaxy spectra from each plate were then analyzed to determine the
shift in position of the Ha emission between the plates (AS) and, hence, the
redshift. The FIGARO routine ABLINE was used to fit a seventh order polyno-
‘mial to the continuum; line limits were determined interactively and ABLINE

provided the line centroid, allowing AS to be calculated. The procedure used
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Figure 4.1: (a.) Map of the overlap region of plates A and B in standard co-
ordinates, i.e., equatorial coordinates pro jected onto the tangent plane, where
the tangential point is the plate centre. Shown are the plate-to-plate separa-
tions in the positions of the objective prism plate spectra of reference stars.

(b.) The same plot with the modelled quadratic distortions subtracted. A shift

of five pixels is shown in the bottom right-hand corner of each plot.

74



is illustrated schematically in Figure 4.2(b). Quadratic positional distortions,
modelled as discussed in Section 4.2.2.a, were then subtracted.

As a check to determine whether the continua affected the determi-
nation of the line centre, continua, fitted previously with ABLINE, were sub-
tracted and the line centres remeasured. There were no apparent changes in

the position of the line centres.

Because systematic errors have been removed we can be confident
that the remaining errors in radial velocities are limited only by the informa-
tion content (i.e., signal-to—noise) on the plates. The position of line centres
on plates A and B and the correction factor, S, for each object are given in
Table 4.2. In this table, AS' is the corrected separation between the emission
on both plates (AS = line centre (A) - line centre (B) - S) and is a simple,
monotonic function of radial velocity.

Of the 42 emission-line galaxies analyzed, 35 have previously measured
redshifts which can be used to calibrate the two-plate method. Two galaxies,
CGCG nos. 126.074 and 126.091, appear on one plate only and CGCG no.
126.103 has a usable spectrum on plate A only, and, hence, can not be used
for this analysis, leaving us with 32 galaxies.

In Figure 4.3 the previously determined radial velocities are shown
plotted against the shift in He, ASV'. The curve, a quadratic, is the best, least-
squares fit. All 32 galauﬂdeé with previously measured redshifts in emission on
plates A and B are plotted. The scatter about the curve corresponds to a
(1) velocity uncertainty of ~ 270 km s—! for the sample as a whole, with no
dependence on redshift, galaxy magnitude, the measure of emission concentra-
‘tion, flux or equivalent width. As stated by MWI, the accuracy obtainable for

the galaxy redshifts is sufficient not only for estimating cluster membership
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Figure 4.2: (a.) Schematic representation of the spectral shift due to dis-
tortions induced by the objective prism (exaggerated for clarity). Shown is a
stellar spectrum on plate A (left) and plate B (right) and a template spectrum
for each (dashed line). The position of the centre of the template is the same
on both plates relative to the centroid of the target object. Shifts in the stel-
lar spectrum away from the template centre on plates A and B (S4 and S,
respectively) represent the distortion, § = S4 - S3. S =0 for distortion free
plates. (b.) A highly exaggerated schematic representation of the shift, AS',
between the line centre of the Ha emission of a galaxy on plate A and plate

‘B. The centre of the galaxy spectrum (GC) is at the same position on plates

A and B, after correcting for plate distortions.
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Table 4.2: Plate-to-plate displacements for emission-line galaxies.

CGCG Line centre Line centre Correction AS Notes

no. Plate A Plate B Factor (S)

(mm) (mm) (mm) (mm)

(1) (2) (3) (4) (5) (9
126.104 1.4153 1.5397 0.0164 -0.1408
126.110 1.3919 1.5527 -0.1378 -0.0230
097.027 1.4036 1.4434 0.1427 -0.1825
097.026 1.4353 1.4588 0.1441 -0.1676
097.633 1.4086 1.3558 0.1701 -0.1173
097.044 1.5934 1.2168 0.2790 0.0976
097.062 1.5696 1.3285 0.3389 -0.0978
097.063 1.5227 1.3534 0.3350 -0.1657
097.068 1.4920 1.3330 0.3326 -0.1736
-097.072 1.4867 1.3177 0.3428 -0.1738
087.073 1.6481 1.4241 0.3484 -0.1244
097.079 1.5468 1.3184 0.3490 -0.1206 a
097.092 1.5168 1.3451 0.3406 -0.1698
097.091 1.5756 1.3012 0.3485 -0.0741
097.083 1.5122 1.3807 0.3620 -0.2305
097.114 1.6189 1.3036 0.3614 -0.0461 b
097.120 1.5310 1.3590 0.3607 -0.1887
097.125 1.6313 1.3282 0.3607 -0.0576
127.046 1.5096 1.4761 0.1383 -0.1048
127.045 1.5453 1.3872 0.3134 -0.1553
097.130 1.6186 1.3981 0.3584 -0.1379
097.138 1.5058 1.3788 0.3430 -0.2160
127.049 1.5480 1.3883 0.2824 -0.1227
127.051 1.5752 1.3685 0.3042 -0.0975 c -
127.052 1.4879 1.3386 0.3066 -0.1573
127.055 1.4794 1.4856 0.1491 -0.1553
127.056 1.4695 1.4549 0.1303 -0.1157
127.058 1.3849 1.4403 -0.1109 0.0555 C
097.160 1.3925 1.5492 0.0092 -0.1639 d
127.067 1.4271 1.4931 0.0880 ~0.1540
127.068 1.3983 1.5109 0.0259 -0.1385
127.071 1.4159 - 1.5394 0.0285 -0.1520
127.074 - 1.2813 1.6033 0.0402 -0.3622
097.168 1.4909 1.4400 0.1387 -0.0878
127.082 1.3837 1.5689 -0.0239 -0.1613
127.085 1.4350 1.5282 0.0271 ~-0.1203
127.095 1.3732 1.5893 ~-0.0476 -0.1685
097.180 1.3460 1.5483 -0.0361 -0.1662
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Table 4.2 — continued

Explanation of columns.

Column 1. CGCG number from Zwicky & Herzog (1963).

Column 2. Position of the line centre of Ha emission on plate A, in mm.

Column 3. Position of the line centre of Ha emission on plate B, in mm.

Column 4. The modelled correction factor for plate distortions (S).

Column 5. The shift in Ho emission between plates A and B. AS' is the
result of subtracting columns 2,3 and 4, in mm.

Column 6. Notes on individual objects, given below.

Notes on individual objects.

a. Overlapped by a stellar spectrum, see Appendix A.

b. Spectrum on plate A is partially overlapped by debris. A
nearby galaxy distorts the continuum.

c. Noise spike due to dust (7) on plate A spectrum.

d. Nearby star distorts the continuum.
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but also for determining the velocity dispersions of the emission-line galaxies
within a cluster.

New redshift estimates for the six galaxies on plates A and B without
previously measured radial velocities are shown in Table 4.3. They have a 1o

uncertainty of ~ 270 km s~! and are determined from the curve in Figure 4.3.
4.2.3 DISPERSION CURVE FOR THE 2° + 4° PRISM COMBINATION

From the redshift analysis and Figure 4.3 the dispersion curve for the
2° + 4° prism can be obtained. In Figure 4.4 we plot one-half of the shift of
emission between plates A and B (1/ 2AS') versus the wavelength of the Ha
emission. In order to determine the dispersion we fit the data with a curve,
differentiation of which gives the dispersion value. In this analysis, a straight
line provéd the best fit to the data, the reciprocal of the slope of which is the
dispersion. For the 2° + 4° prism combination we find that the dispersion,

dA/dX, is 780 A mm™!, approximately twice the dispersion of the 10° prism.
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Figure 4.3: A plot of the plate-to-plate separations of Ha emission versus
previously determined radial velocities for 32 galaxies in emission on plates A
and B. The curve is the best, least squares fit to the data; a mild quadratic
function. The scatter of points about the curve corresponds to a (1o) velocity

-uncertainty of ~ 270 km s~ for the sample.
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Table 4.3: Redshifts of emission-line
galaxies (objective prism measurements).

CGCG Ve
no. (km s71)
126.075% (6600)
127.058 10200
097.160 6300
127.067 6500
127.068 6800
097.168 7700
127.085 7100

The velocity in parentheses was obtained from a single plate and has a 1o
error of ~ 550 km s~1. All other velocity errors are ~ 270 km s1.
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Figure 4.4: The dispersion curve for the 2° 4 4° objective plate prism. Plotted
are the wavelengths of the He emission versus X (one-half of AS’, the shift of
the Ha emission line between plates A and B; refer to Table 4.2). The best
fit is a straight line, the reciprocal of the slope of which yields the dispersion,
d\/dX = 780 A mm™'.
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CHAPTER V
Ha Fluxes and Equivalent Widths for Emission-line Galaxies

5.1 Flux measurements

In order to obtain flux measurements the emission-line galaxy spectra
were smoothed, using a gaussian function with ¢ = 1 pixel, over eight pixels.
For plates A and B, one pixel is equivalent to 7.6 pym or 5.9 A. The continua
were fit by a seventh order polynomial with the FIGARO routine, ABLINE.
After the line limits were chosen interactively the continua were subtracted
and the femainjng Ha emission line was integrated to provide the total emitted
flux.

Because the detector sensitivity varies over the wavelength region of
interest, raw fluxes must be corrected to give the true values of the relative
flux. The measured flux was divided by the normalized detector response
(cf. Figure 3.2) at the observed wavelength of the Ha emission, to give a
corrected flux value. For the main velocity region of interest, 5000 — 8000 km
s~1, the corrections are quite small; approximately 10 per cent or less. The
correction is 20 pér cent for velocities less than 2000 km s~! and 46 per cent
for velocities greater than 10 000 km s~*. These corrected, relative fluxes were
then cpnverted to absolute flux units using measurements in common with

Kennicutt et al. (1984) for 11 galaxies and Gavazzi (1990) for three galaxies.

83




' 5.1.1 ERROR ANALYSIS

s Table 5.1 presents a comparison between values of the combined He + [NII]
flux obtained with the objective prism methods and the values of Kennicutt et
al. (1984) and Gavazzi (1990) obtained photoelectrically. Of the 14 values in
common between the present study and those of Kennicutt et al. (1984) and
Gavazzi (1990), four are uncertain values in the present study and have been
marked with a colon. In order to compare the relative errors of individual flux
measurements between tﬁe three samples (MWI, Kennicutt et al. (1984) +
Gavazzi (1990) and the present study), the following error analysis was used.

A quantity (F,) is measured independently three times with three
methods, Fi4, Fp and Fg, for an individual galaxy. Each measurement has

unknown errors, €, ¢ and . Measurements are made on N4, N and Ng¢

- galaxies in each sample:

Fy1 = F,1 + € Fgy = Fo1 + ¢13 For=For +
FA.2:F0,2+€2; FB,2=F0,2+¢'2; FC,Z:F0,2+¢2
Fiz = Fo3 + €33 Fgs = Fo3 + ¢33 Fos = Fos + U3
FA,NA = O,NA + GNA; FB,NB = O,NB + ¢NB; FC,NC = D,IVC + 11[71\]0

Comparing measurements A and B gives:

Nas Nan
> (Fai— Fp)'= > {(Foi+e)— (Foit b:)}*

=1 =1
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1V_4 B

= > (& —2ei¢i + 62).

=1

Since ¢ and &; have equal probability of being positive or negative (i.e., un-

correlated if they are really random), the cross terms cancel and,

1 Naip Nug Nap

= Y (Fa = ot (L 4 1 ) = (e + (o)

Nap = Pt

Similarly, for comparison between measurements A and C:

1 Nac Nac Nac

> (Fai= Foil m (S 4 2 ¥ = () + (00

and measurements B and C:

Npc 1 Npc Npc
o X (o= Fo = (3 9+ 2 ) = 60+ (40),

where N4p, Nyc and Npc are the number of galaxies in common between
samples AB, AC and BC, respectively. The numbers do not have to be the

same. The L.H.S. of the equations are measured quantities and hence, we have
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Table 5.1: Comparis

in Abell 1367.

CGCG
no.

(1)

126.104
126.110
097.026
097.044
097.062
097.068
097.072
097.073
097.079
097.092
097.091
097.093
097.114
097.120
097.125
127.046
097.138
127.049

097.180
097.129
127.054
127.050
127.100
097.149

on of flux and equivalent width measurements for emission-line galaxies

Log {(Ha) (erg cm~2% s71) Wi(Ha) ()
P MWI KBS G P MWI KBS G
@ @ @ ® ® O ® (9)

-12.67: -12.72 93: —
-11.92 -12.00 66 £ 10 T4 =E5
-12.08 -12.19 -12.26 76 +£10 92+ 4 88 + 6
-12.58 -12.57: 5+ 10 —
-13.22 -13.10 46 + 10 45 £ 10
~12.44 -12.83 -12.51 35 +£10  (33) 44+
-13.14: -13.05: -13.5: 7+ 10 — 543
-13.04 -12.84 -12.84 80 + 10 — 80 + 12
-12.27: -12.54 -12.64 151 + 10 — 145 £ 15
-12.87 -13.06 29 £ 10 —
-12.66 -—12.92 -12.74 23+10 20+3 23 £ 3
-12.73  -12.95 50 + 10 59:
-12.62 -12.82 58: 79:
-13.17 -13.2: 3+£10 44 2
-12.75 -13.13 26 £ 10 29 %4
-12.84 -13.05 50+ 10 61 %11
-13.28: -13.09 34 £ 10 31+ 4
-12.58 -12.95 48 +£10 59 %4
-12.77: -12.88 -12.83 33+10 38%£3 26 £ 5
-12.60 -12.85 41 £ 10 436
-12.84 -13.14 20410 26 £ 7
-12.44 -12.72 -12.83 88 + 10 T2 x 12 325
-12.57 ~12.75 37+10 45%4
-13.09 -12.86 16 + 10 22 + 3
-12.90 -12.63 10 £ 10 15+ 3
-13.27: -13.03: 54: —

-12.58 10 £ 2

-13.00 543

-12.80 16 £ 5

-13.14 10+ 3

-13.38 134£5

Explanation of columns.

Column 1: CGCG number from Zwicky & Herzog (1963).
o & 3: Flux measurements from photographic surveys: this work (P) and

MWI, respectively.

Columuns

Columans 4 & 5: Flux measurements from w

Cotumns 6 & 7: Integrated Ha equi

respectively.

Columns 8 & 9: Integrated He equivale

and Gavazzi (1990), respectively.
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three equations with which we can determine (e2),{¢?) and (¢?), the variances
of the errors for the three methods ((€*) = % S €h).

Using an analysis of this sort for the log of the flux measurements in
each of the studies, the present study, that of Kennicutt et al. (1984) and
MWI, we obtain standard deviations of op = 0.18, oxg = 0.17 and op =
0.16, respectively (in units of erg cm~2 s71). There are 14 galaxies in common
between the present study and that of Kennicutt et al. (+ Gavazzi 1990),
eight galaxies in common between Kennicutt et al. + Gavazzi and MWI and
20 galaxies in common between the present study and MWI. Because the errors
are similar between the three analyses we can say that fluxes measured with the
objective prism plate method have a similar accuracy to those measured with
the photoelectric technique. Figure 5.1 shows a comparison of fluxes obtained

with the photographic methods and photoelectric methods.

5.2 Equivalent width measurements

Equivalent widths for the emission-line galaxies were measured. The
continua were fit with a cubic spline anchored at six positions in the spectra.
After subtracting the continua, line boundaries were determined and the con-
tinua and lines integrated. Equivalent widths calculated in this way are in
units of pixels and are then converted to angstroms (5.9 A pixel™).

Comparisons with equivalent widths obtained via the photographic
method of MWTI and the photoelectric method of Kennicutt et al. (1984) and
~Ga.vaz.zi (1990) a,lle given in Table 5.1. An error analysis, as described above in
Section 5.1.1, was performed on the three independent samples of equivalent

width measurements, the results of which are op = 6 A, o = 10 Aand oy =
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Figure 5.1: A comparison between values of global Ha + [NII] flux measured
from objective prism spectra (mean values from this paper and MWI) and
wide-aperture photoelectric photometry (Kennicutt et al. 1984 and Gavazzi
'1990). The dashed line shows y = x and the open circles indicate uncertain
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9 A. Figure 5.2 shows a comparison between equivalent widths measured with
the photographic methods and the photoelectric methods. |

While the equivalent widths in this study agree favourably with those
measured in other studies, it should be noted that equivalent widths are ex-
tremely difficult to measure with a prism of low dispersion. Continuum fit-
ting was found to present a possible, large source of error, as seemingly small
changes in the fit produced large differences in the equivalent widths. How-
ever, with this caveet in mind and with the knowledge of the general shape
of continua (which vary little from galaxy to galaxy) it is possible to produce

accurate fits and, hence, equivalent widths.

5.3 Flux and equivalent width values

‘Table 5.2 gives the values of flux and equivalent width for all emission-
line galaxies in Abell 1367. The table gives the CGCG galaxy number in
column 1. The log fluxes, in column 2, are weighted mean values. Column
3 gives the number of flux measurements used to compute the mean flux in
column 2. The weighted mean values of equivalent width are given in column
4 and the number of measurements used to compute the mean are given in
column 5. References to notes on individual objects are given in column 6.

Mean errors on equivalent widths are computed as follows. Well-
determined errors on individual values in the studies of Kennicutt et al. (1984)
and MWI are taken as published. Equivalent width uncertainties for the
present study are not known, but are set to 10 A, based on the error analysis
performed above. The uncertainties on the weighted mean values are simply

the inverse of the square root of the summed weights.
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Figure 5.2: A comparison between values of global Hoa + [NII] equivalent
width measured from objective prism spectra (mean values of this study and
MWI) and wide-aperture photoelectric photometry (Kennicutt et al. 1984 and
Gavazzi 1990). The dashed line shows y = x. Filled circles are the data from

Kennicutt et al. and open circles represent data from Gavazzi.
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Table 5.2: Ha flux and equivalent width measurements for
emission-line galaxies in Abell 1367.

CGCG <Log > N <W,> N Notes

no. (erg cm™? s71) (A)

(1) (2) 3) (¢ 6 (8
126.074* — — 33+£10 1
126.075* — — 50+ 10 1
126.091% — -— 40 £ 10 1
126.103 — — 10+£10 1
126.104 -12.70: 2 93: 1 e
126.110 -11.96 2 72+ 4 2
097.027 -13.41: 1 144+10 1 a
097.026 -12.18 3 89 £ 3 3
097.033 -12.91: 1 21: 1 d
097.044 -12.58: 2 5410 1
097.062 -13.16 2 46 + 7 2
097.063 -13.67 1 15+10 1
097.068 -12.59 3 42+ 5 2
097.072 -13.23: 3 5+ 3 2 b
097.073 -12.91 3 80 £ 8 2
097.079 -12.55: 3 149 £8 2 c
097.092 -12.97 2 29 £10 1
097.091 -12.77 3 22 £ 2 3
097.083 -12.84 2 53+ 10 2
097.114 -12.72 2 69: 2 c
097.120 -13.18 2 4+ 2 2
097.125 -12.94 2 29 £ 4 2
127.046 -12.95 2 55 £ 7 2
127.045 -12.80 1 10£10 1
097.130 -13.31 1 74 10 1
097.138 -13.15: 2 31+ 4 2 f
127.049 -12.77 2 57T+ 4 2
127.051 -12.84: 3 35+£3 3 d
127.052 -13.42: 1 7+ 10 1 a, b
127.055 -12.73 2 43+ 5 2
127.056 -12.86 1 214+£10 1
127.058 -12.61: 1 48: 1 d
097.160 —-13.10: 1 20: 1 c
127.067 -12.98 1 42+ 10 1
127.068 -12.99 2 24 £ 6 2
127.071 -12.66 3 61 + 4 3
127.074 -12.66 2 44 £+ 4 2
097.168 -13.07 1 35+£10 1
127.082 ~12.98 2 22+ 3 2
127.085 -13.09 1 29 + 10 2
127.095 -12.77 2 15+ 3 2
097.180 -13.15: 2 54: 1 f
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Table 5.2 — continued

Column 1: CGCG number from Zwicky & Herzog (1963).
Columans 2: Weighted mean of the Ha + [NII] flux measured from
the objective prism spectra and photoelectric values.
Column 3: Number of measurements used to compute the mean flux.
Column 4: Weighted mean of Ha + [NII] equivalent width measured from
the objective prism spectra and photoelectric values.
Column 5: Number of measurements used to compute the mean equivalent width.
Column 6: Notes on individual objects, listed below.

Notes:

All values of equivalent width and flux are the weighted mean of values in Table

5.1.

a.) Emission line on plate A is weak.

b.) Emission line on plate B is weak.

c.) Continua are contaminated by nearby stars on plates A and B.
d.) Spectra on plate A are contaminated by a noise spike.

e.) Spectra on plate B are contaminated by a noise spike.

f.) Spectra are noisy on plates A and B.
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5.4 Galaxy detection limits

In the overlap region, Kennicutt et al. (1984) obtained Her flux and
equivalent width measurements for 18 galaxies. Of these, we detect 14 in the
present study. Shown in Figure 5.3(a) and (b) are the distributions of equiva-
lent width and flux, respectively, for detected (shaded boxes) and undetected
(open boxes) galaxies. There is a sharp cutoff, in equivalent width, between
detected and undetected galaxies at Wy = 20 A, as observed by MWI. For Wi
< 20 A this study detects three out of seven galaxies, while for Wy > 20 A
11 out of 11 galaxies are detected. The flux cutoff appears to be less clear;
for f < 2 x 10713 erg cm™? 57! six out of nine galaxies are detected while for
fluxes greater than this eight out of nine are detected. Again, this confirms
the results of MWL

‘Because both flux and equivalent widths are relevant to the detection
of the emission, MWI suggest that the combined parameter of f X Wy may
be a good indicator of the ease of detection. For a cutoff of f x Wy <3 X
10-'% erg cm™? s~ A, the present study detects three out of six galaxies while
for larger values, 11 out of 12 galaxies are detected. Thus, the most reliable
limits appear to be the equivalent width (W = 20 A) and the combined flux

and equivalent width parameter.
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Figure 5.3: A sample of 18 galaxies in Abell 1367 detected in Har emission
by Kennicutt et al. (1984). The histograms show the distributions of galaxies
detected (shaded) and not detected (open) using the objective prism tech-
nique. The distributions of detected and undetected galaxies with Ho equiv-
alent width and flux are shown in (a) and (b), respectively. The distribution
with a combined parameter, f x Wy, is shown in (c).
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CHAPTER VI

A Survey for [OII] A3727 A Emission

A tracer of star formation is the [OII] A3727 A emission line, pro-
duced in star forming regions (Gallagher, Bushouse & Hunter 1989). Moss has
proposed the method for detecting [O1I] emission in galaxies, discussed below.
The present objective prism survey is, as far as is known, the first of its kind
to be performed.

Using the Burrell Schmidt telescope equipped with a UGS filter, 4°.5
UV objective prism and using IIIaJ emulsion, two plates, E and F in Table 3.1
(above, Section 3.2.1) were obtained of Abell 1367. The experimental set-up
is described thoroughly in Chapter III. As for the Ha analysis, the two plates
allow for confirmation of questionable detections and are of a similar quality,
although plate F is slightly better than E because of its longer exposure time.
There are 201 CGCG galaxies in the overlap of the two plates.

The plates were scanned with a binocular microscope at X 12. Among
the sample of 201 CGCG galaxies, nine (of which seven are cluster members)
are detected in emission and are listed in Table 6.1. Emission was charac-
terized by visibility using the same five-point scale as for the Ha survey (W,
MW, M, MS, S) and by concentration (VD, D, normal, C, VC). We find that
most galaxies exhibiting [OII] emission have medium-weak to medium-strong
Avisibility.

The [OII] emission was rather difficult to detect and it is possible
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that emission exists in more galaxies but their detection is beyond the limit of
the present, visual inspection. There are several factors which contribute to
the difficulty of detecting [OIl] emission. Firstly, the [OII] emission is not as
strong as Ha emission and, therefore, does not stand out from the background
as well as the Ha emission. Secondly, unlike the spectral region of Ha, there
are numerous emission and absorption lines near [OII]. These lines hinder the
immediate identiﬁcation of [OI1]. Finally, strong [OII] emission simply may not
be present in spiral galaxies.

All of the galaxies exhibiting [OII] emission are observed in Ha as
well. These Ho emission-line galaxies are among the strongest emitters. The
average Ha equivalent width for [OII] emission-line galaxies is 80 A while
for the rest of the Ha emission-line galaxies it is 30 A. Figure 6.1 shows the
number distribution of [OII] emission-line galaxies with Ha equivalent width.
The stippled boxes indicate galaxies with [OII] emission.

Table 6.2 shows the emission statistics for [OII] and Ha emission-
line galaxies. There is some suggestion that the [OII] emission, like the Ha
emission, increases for later type galaxies, although the effect is not statistically
significant due to the small number of galaxies detected. As can be seen in
Table 6.3, 13 per cent of galaxies (of types Sa — Irr) within one Abell radius
exhibit [OII] emission compared to only four per cent beyond this radius. Most
! (71 per cent, or five galaxies) of the [OII] emission-line galaxies have a given
Hubble type but are also recognized as ‘peculiar’. This can be compared with
65 per cent of Ha emission-line galaxies which are also recognized as peculiar
(in addition to a given Hubble type) and only eight per cent of non-emission-
’ ‘ line galaxies.

’ | Since [OII] emission is associated with some of the strongest Ha emission-

line galaxies, we have attempted to determine if there are other, unique proper-
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Figure 6.1: The number distribution of [OII] emission-line galaxies with Ha
equivalent widths. The stippled boxes represent galaxies with [OII] emission.
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Table 6.3: Location of [OII] emission-line galaxies in the cluster.

ry < 1.0 rg > 1.0
Total Spirals (Sa-Irr) 30 47
[OII] emission galaxies 4 (13%) 2 (4%)
Ha emission galaxies (Wy > 60 A) 2 (7%) 4 (9%)

ties that these galaxies exhibit. The majority of Ha emission-line galaxies (83
per cent) with Ha equivalent widths greater than 60 A exhibit [OII] emission
(cf. Figure 6.1, above). In contrast, only seven per cent of Ha emission-line
galaxies with Ha equivalent widths less than 60 A have [OII] emission as well.
However, there is no position dependence for galagies with equivalent widths
greater than 60 A (¢f Table 6.3), though we must caution, once again, that
the numbers are too small to make a definitive statement.

In conclusion, the [OIl]-emission detection method is successful and
we detect seven out of 172 cluster galaxies (or four per cent). However, [O11)
emission is difficult to detect. The galaxies that exhibit [OII] emission tend
to be among the strongest of He emitters as well. The average Ha equivalent
width for these galaxies is 80 A while it is only 30 A for the rest of the Ho
emission-line galaxies. Emission from [OII] may be position sensitive, since 13
per cent of galaxies within one Abell radius exhibit emission compared to four
per cent beyond one Abell radius, and it may increase for later type galaxies.
Most of the [OII] emission-line galaxies, in addition to a given Hubble type,
are recognized as being peculiar. Much more work needs to be done, however,
in ordgr to say more about the results presented herein. For example, the lack
of detection of [OII] emission may be due to the survey technique, but we do

not have enough information to determine whether this is the case or not.
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CHAPTER VII

Properties of Emission-line Galaxies in Abell 1367

7.1 The galaxy sample

Figure 7.1 shows the velocity histogram for all galaxies on one or
more plates. As can be seen, the cluster extends from ~ 5500 km s™! to ~
7500 km s~!, with many background galaxies and a small cluster of foreground
galaxies at ~ 3300 km s~!. Galaxies with velocities beyond 3¢ from the cluster
mean velocity (Vg > 8946 km s™! and Vg < 3954 km s™') have been removed
leaving iTT galaxies in the sample as a whole and 40 emission-line galaxies
(23 per cent). The galaxies without measured redshifts are assumed to be all
cluster members, although one can expect that ~ 11 per cent of them are either
foreground or background objects. In this case, we could obtain a maximum
of 25 per cent emission-line galaxies in Abell 1367. When restricted to include
only galaxies in the overlap region (overlap of plates A and B), the sample
consists of 153 galaxies of which 37 (or 24 per cent) show emission. This is the

sample analyzed in what follows.

7.2 Frequency of emission as a function of galaxy magnitude

The sample of cluster galaxies was binned according to magnitude as

in Table 7.1. This table gives the number of galaxies in each bin, the number
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Figure 7.1: The velocity histogram for all galaxies on one or more plates.
As can be seen, the cluster extends from 5600 < Vg < 7300 km s~!. There
appears to be a small clustering of foreground galaxies at ~ 3300 km s~ 1.
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of emission-line galaxies in each bin and their percentage. Also shown are the
expected percentages of emission-line galaxies, computed as follows.

In each magnitude bin, the number of galaxies of each morphological
type was counted. This number was multiplied by the percentage of galaxies in
that morphological type exhibiting emission (refer to Table 7.3 on page 108).
Summing the expected numbers over all morphological types gives the total
number of galaxies expected to be in emission in each magnitude bin. The
expected numbers compare favourably with the observed numbers (x* = 0.95,
p ~ 0.80) and there is no evidence for a systematic effect in the detection
frequency over the magnitude range. Because the values in Table 7.1 refer to
cluster members only, the observed range in apparent magnitude can be taken
to correspond to a range in absolute magnitude. Therefore, we see that there
is no systematic effect with absolute magnitude either, in agreement with the
findings of Kennicutt & Kent (1983).

Making use of our 20 A equivalent width cutoff, Table 7.2 shows the
emission as a function of magnitude, as in Table 7.1, but for emission-line
galaxies with equivalent widths greater than 20 A only. The observed numbers

compare favourably with the expected numbers (x? = 1.13, p ~ 0.75).
7.3 Frequency of emission as a function of galaxy morphology

Table 7.3 shows the total number of galaxies, the number of emission-
line galaxies and the fractions of galaxies in emission for each morphological
type (‘f* for individual galaxies; 'F’ for combined types). Galaxies with a given
Hubblé type but .also noted as peculiar galaxies are included in the relevant
morphological type bins. No SO galaxies are detected in emission and emission

is seen to increase for SO — a galaxies through later type spirals, although

106



the fraction of detected emission-line galaxies of combined types, Sa — Sab,
Sb — Sbc and Sc - Irr, remains relatively constant. These combined types
are discussed below, in Section 8.2. For obvious emission-line galaxies (i.e.,
those with Wy > 20 & only), as in Table 7.4, this trend of emission frequency
increasing for later type galaxies is more clearly seen. The results agree with
the findings of Kennicutt and Kent (1983).

Table 7.5 shows the number of barred and unbarred galaxies in emis-
sion. The numbers in parentheses indicate the numbers of emission-line galax-
ies for which emission is characterized as very concentrated, concentrated or
normal only. Edge-on galaxies have been removed from the sample. For all
emission types, we find that there is no correlation between the presence of a
bar and Ha emission (x? = 0.47, p = 0.50). Nor is there a correlation when the
emission types are limited to very concentrated, concentrated and normal ( x?
= 0.28, p = 0.59). Although there are a slightly higher percentage of barred
emission-line galaxies (26%) than unbarred emission-line galaxies (18%), this
result is not significant due to the small sample size.

Finally, Table 7.6 compares the number of normal spirals in emission
and those that have a given Hubble type but also appear peculiar. More
emission-line galaxies are peculiar spirals (63%) than normal spirals (36%). A
chi-squared test confirms this, although the result is only slightly significant

(x? = 3.3, p = 0.059).
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Table 7.5: Emission in barred and unbarred galaxies.

Barred Unbarred
Galaxies with emission 7(4) 19 (10)
Galaxies with no emission 20 88
Per cent in emission 26% (17%) 18% (10%)

Table 7.6: Emission and ‘peculiar’ spirals.

‘S’ peculiar normal
Galaxies with emission 12 20
Galaxies with no emission 7 36
Per cent in e@ssion 63% 36%
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CHAPTER VIII

Variation of Emission with Environment

8.1 Location within the cluster

In what follows, we define emission-line galaxies as those galaxies with
Ha equivalent widths greater than 20 A (our detection cutoff). Figure 8.1
shows a map of Abell 1367. Only the cluster galaxies in the overlap region
are included. Filled circles represent the emission-line galaxies. There is a
significant north-south asymmetry in the emission-line galaxies (i.e., the arc
of emission-line galaxies at approximately —1.4 r4). Shown in Figure 8.2(a) is
the cumulative number distribution function for all cluster spiral galaxies, Sa
and later (outside of the overlap region, as well). The solid line represents all
non-emission-line spirals in the sample while the dashed line represents only
the emission-line galaxies. There appear to be slightly more emission-line than
non-emission-line galaxies in the inner 0.5 r 4, as was seen before, although the
shapes of the distributions are essentially the same.

The cumulative number distribution of morphological types is shown
in Figure 8.2(b). As can be seen, all types are present throughout cluster, with
the inner 0.5 Abell radius dominated by elliptical and SO galaxies, as expected.
Rather' unexpectea, though, is the distribution of galaxies with given Hubble

type but also noted as being “peculiar”. These galaxies follow the distribution
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Figure 8.1: A map of Abell 1367; only cluster galaxies in the overlap region
are depicted. Filled circles represent emission-line galaxies.




of the elliptical and SO galaxies. Spiral galaxies, Sa — Irr, are present uniformly
throughout the cluster. |

It may be noted that the distributions of most galaxies except, perhaps
Sbc — Irregular spirals, instead of leveling off at large Abell radii, as might be
expected, start to rise again around 1.5 r4. The rise in the distribution is clearly
seen in Figure 8.2(a). We believe this unexpected increase in the number of
galaxies at large Abell radii is due to substantial subclustering in the outer
regions of Abell 1367. That is, within ~ 1.5 r4 we are observing the cluster
proper. The cumulative distribution increases and then levels off. Beyond 1.5
r4, subclusters mimic the main cluster and we see the cumulative distribution
rise and then level off, again, at about 2.6 r4.

Although extremely interesting, this finding may mean that we can not
compare galaxies throughout the range of Abell radii depicted in Figure 8.2
because they are not from the same “cluster”. Because of this possible problem,
we have determined the “local galaxy density” in the following manner. We
count the number of galaxies within a circle of radius 0.2 r4 centred on all
galaxies. The number obtained is defined as the local galaxy density (orp)
and is not affected by the fact that galaxies at large Abell radii may not be part
of Abell 1367, proper, but are members of subclusters instead. Local galaxy
density ranges from 0 to 32 and, for H, = 50 km s~! Mpc~!, this corresponds
to projected galaxy densities of 0.9 to 29 galaxies Mpc™2.

Figure 8.3 shows -the distribution of galaxies with the local galaxy
density. The solid line represents spiral galaxies, Sa — Irr, elliptical (E, E - S0)
galaxies are the dashed line and the dotted line is SO and SO — a galaxies. As
expected, most of the spirals are in the lower density regions while ellipticals

and SO galaxies are in the higher density regions, though a substantial number

appear in the low density regions as well.
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Figure 8.2: (a) The cumulative number distribution for cluster spiral galaxies.
The solid line represents all non-emission-line spiral galaxies, Sa and later,
while the dashed line represents only emission-line galaxies. (b) The cumulative
number distribution for different morphological types. The solid line represents
E and E — SO galaxies, the dotted line, SO and S0-a galaxies, the dot-dashed
line is Sa — Sb galaxies, the dashed line is Sbc — Irregular galaxies and the

dash-dot-dot-dot line represents all galaxies with a given Hubble type but also

noted as “peculiar”.
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Figure 8.3: The distribution of cluster galaxies with the local galaxy density,
orep. Shown are spiral galaxies (Sa — Irr) as the solid line, elliptical galaxies
(E, E = S0) as the dashed line and S0, SO — a galaxies with the dotted line.
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Table 8.1: Emission and local galaxy density.

Low Density (< 2) High Density (> 2)

Emission-line galaxies 15 11
Non-emission-line galaxies 33 17
Per cent emission-line galaxies 31% 39%

]
We now test to see if there are a higher percentage of emission-line

galaxies in the higher density regions. Figure 8.4 is a histogram of the number
of Sa — Irr galaxies for given local galaxy densities. Emission-line galaxies are
depicted as the stippled boxes. For spirals with no other galaxy within 0.2 r4,
emission-line galaxies make up 33 per cent of the sample (8 out of 24). The
percentage is 29 per cent (7 out of 24) for a local galaxy density of one and
increases to 39 per cent (11 out of 28) for local galaxy densities greater than
one. If we define “high” density to signify orgp > 2 and “low” density to
signify orop < 2, Table 8.1 gives the results. (This local galaxy density is the
approximate mean density of galaxies located at 0.5 r4). Although there is a
slight increase of emission-line galaxies for ogp > 2, it is not significant (x*
= 0.21, p ~ 0.06).

Figure 8.5(a) shows the histogram of spirals with local galaxy density.
Emission-line galzi}cies with compact emission regions, defined as d./D < 0.37,
are shown as the stippled boxes. Figure 8.5(b) shows the same histogram but
for emission-line galaxies with diffuse (d./D > 0.37) emission regions. Com-
Apa,risolns between‘ low and high density regions for emission-line galaxies with

compact and diffuse emission regions are given in Tables 8.2 and 8.3, respec-
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Figure 8.4: The number of cluster Sa — Irr galaxies with the local galaxy
density, orgp, defined in the text. The stippled boxes represent emission-line
galaxdes.
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Table 8.2: Compact (d./D < 0.37) emission and local galaxy density.

Low Density (< 2) High Density (> 2)

Emission-line galaxies 3 5
Non-emission-line galaxies 45 23
Per cent emission-line galaxies ™% 18%

Table 8.3: Diffuse (d./D > 0.37) emission and local galaxy density.

Low Density (< 2) High Density (> 2)

Emission-line galaxies 12 6
Non-emission-line galaxies 36 22
Per cent emission-line galaxies 33% 21%

tively. We see that there are slightly more emission-line galaxies with compact
emission in the higher density regions but this is not significant (x* = 14,
P~ 0.25) and that emission-line galaxies with diffuse emission are spread uni-
formly through all densities (x? = 0.005, p ~ 0.96).

Although it is difficult to tell for certain, the frequency of emission-
line galaxies mdy increase with increasing local galaxy density. However, this is
not significant since the numbers are small. In addition, there may be a slight
tendency for emission-line galaxies with compact emission to be predominately

in the higher (> 2) density regions (but, again, this is not significant).
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Figure 8.5: The number of cluster Sa — Irr galaxies with the local galaxy
density, o16p. (a) The stippled boxes represent emission-line galaxies with
compact, d./D < 0.37, emission regions. (b) The same histogram but for
emission-line galaxies with diffuse, d./D > 0.37 emission regions.
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8.2 Comparison of Ha equivalent widths for field and cluster galax-
ies ‘

We now wish to compare the Ha emission in cluster galaxies with that
in field galaxies. To this end, we have selected 134 field galaxies from the study
of Kennicutt & Kent (1983). Figure 8.6 is a comparison of the distribution of
cluster and field galaxy Ha equivalent widths. Three galaxy morphological
types are compared, Sa — Sab, Sb — Sbc and Sc — Irr. These three groups
exhibit similar percentages of emission-line galaxies (cf. Section 7.3, above).
Cluster galaxies are represented with filled symbols: filled circles are normal
galaxies and filled triangles are galaxies of a given Hubble type also noted as
being peculiar. For the field sample, crosses indicate normal galaxies and open
triangles, the peculiar galaxies. Arrows signify upper limits for non-detected
cluster galaxies. The horizontal, dashed line is the 20 A equivalent width
detection cutoff determined in Section 5.4. We choose this detection cutoff
because above it we detect 100 per cent of galaxies in emission while below it
we only detect some ill-defined fraction. Galaxies classified as ‘S...", ‘S pec’ or
simply ‘pec’ have not been included.

As can be seen in Figure 8.6, cluster Sa — Sab galaxies are significantly
different than the field galaxies, in that cluster galaxies show more, strong
emission (y? = 8.9, p = 3.5 x 107%). Cluster and field Sb — Sbc galaxies are
not substantially different (y2=0.6,p= 0.44). Late-type spirals and irregulars
are different than field galaxies of the same type, exhibiting less emission than

expected (x* = 14.2, p < 5 x 107*). We note that of the six Sa — Sab peculiar

cluster galaxies, four are within one Abell radius of the cluster centre.
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Figure 8.6: A comparison of Ha equivalent width distributions for cluster
and field galaxies (from Kennicutt & Kent 1983). The horizontal, dashed
line indicates the 20 A equivalent width cutoff. Normal cluster galaxies are
indicated with filled circles and cluster galaxies of a given Hubble type also
noted as being peculiar with filled triangles. Arrows indicate upper limits for
non-detected galaxies. Field galaxies are marked with crosses (normal) and
" open triangles (peculiar).
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8.2.1 ABSOLUTE MAGNITUDE

Several points should be addressed concerning these observations. The
Kennicutt & Kent (1983) sample is magnitude limited and it is possible that
the field galaxies are intrinsically fainter than the cluster galaxies. While there
appears to be no dependence of Ha equivalent width on magnitude or lumi-
nosity (Kennicutt & Kent 1983), one could expect that brighter field galaxies
may exhibit stronger emission.

In order to test whether there is, indeed, a difference between the ab-
solute magnitudes of the cluster and field samples, we have taken absolute blue
magnitudes for the field galaxy sample from the Revised Shapley-Ames Catalog
of Bright Galazies (RSA: Sandage & Tammann 1981) and computed absolute
photographic magnitudes for the cluster galaxies. For both calculations of ab-
solute magnitude, H, = 50 km s~! Mpc~! has been assumed. Although the
blue and photographic magnitudes are not the same, the difference between the
two systems should be slight and is, in any case, dominated by uncertainties
in the distance modulus for the cluster galaxies.

Figure 8.7 shows the number distribution of absolute magnitudes for
the Sa — Sab galaxies in the two samples. The cluster galaxies are in the
lower panel and with a dashed line. Stippled boxes signify cluster emission-
line galaxies. Th¢ mean absolute magnitude and standard deviation for the
field galaxies is —21.09 # 0.73, while for cluster galaxies the mean absolute
magnitude is —20.54 & 0.61. There is no significant difference between the two
samples.

We obtain similar results when the absolute magnitudes for field and

cluster Sc ~ Irr galaxies are compared, as in Figure 8.8. The mean absolute
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Figure 8.7: A comparison of the absolute blue magnitudes for the sample of
Sa — Sab field galaxies (from Kennicutt & Kent 1983) taken from the RSA and
the absolute photographic magnitudes of the cluster Sa — Sab galaxies. The
number distribution of the absolute magnitudes for field galaxies is shown in
the upper panel and that for cluster galaxies is shown in the lower panel, with
the dashed line. Stippled boxes signify cluster emission-line galaxies.
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Figure 8.8: A comparison of the absolute blue magnitudes for the sample of
Sc - Irr fleld galaxdes (from Kennicutt & Kent 1983) taken from the RSA and
the absolute photographic magnitudes of the cluster Sc — Irr galaxies. The
number distribution of the absolute magnitudes for field galaxies is shown in
the upper panel and that for cluster galaxies is shown in the lower panel, with
the dashed line. Stippled boxes signify cluster emission-line galaxes.
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magnitude for the field galaxies is —20.52 & 1.09 and for the cluster galaxies,
—20.69 =+ 0.71. Therefore, the assumption that we can compare the two samples

fairly, in regard to absolute magnitude at least, is valid.
8.2.2 MORPHOLOGICAL TYPE CLASSIFICATIONS

Another factor which might possibly lead to the results discussed
above in Section 8.2 is the misclassification of morphological types. In or-
der to determine if galaxies have been misclassified in the present study, types
are compared to galaxy types from the study of Moss & Whittle (1991).

Table 8.4 shows the morphological classifications from the present
study in the rows and those from Moss & Whittle in the columns. The num-
bers indicate the number of galaxies given each type by both studies. Exact
agreement would cause all galaxies to lie on the diagonal line from upper left to
lower riéht. The agreement between the classifications from the two indepen-
dent studies is good and hence we do not expect that serious misclassification

has caused the results discussed above.
R.2.3 TRANSFORMATION OF MORPHOLOGICAL TYPE

Cluster Sa — Sab spirals may really be Sb — Sbc galaxies that have been
modified by the cluster environment to look like Sa — Sab galaxies. In fact,
the cluster Sa — Sab galaxies, when compared to the field Sb — Sbc galaxies are

not significantly different than the field galaxies. This hypothesis is discussed

below on page 135.

125




Table 8.4: Comparison of morphological type classifications.

S0-a
Sa
Sab
Sb
Sbe
Sc
Scd
Sd

Irr

4 3 1
11 5
22 1
12 8 1
6 2 10
2 2 1
2 2 2 10 1
1 1 2 1 2 1
3
1
1
E E-S0 SO S0-a Sa Sab Sb Sbc Sc Scd Sd Iirr
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8.3 Discussion

For the sample of emission-line galaxies in the cluster, early-type
galaxies Sa — Sab exhibit more emission and late-type galaxies, Sc — Irr, ex-
hibit less emission when compared to a similar sample of field galaxies. This
finding is in agreement with Moss (1988). In addition, these results appear to
be real and not an effect of magnitude differences between the two samples or
misclassification of galaxy morphological types.

Less emission in late-type galaxies compared to the field galaxies of the
same type can be explained by the fact that these galaxies have been stripped
of their interstellar gas. Stripping could be expected to affect a late-type
galaxy more than a galaxy of earlier type since the gas is less tightly bound.
However, the explanation for enhancement of emission in early-type spirals
is more problematic. To reiterate, we observe a pronounced enhancement of
Ha emission for early-type, Sa — Sab, galaxies when compared to field Sa -
Sab galaxies. The enhancement might be explained by ram pressure effects
(v.e., interactions between the intracluster gas and the galaxies; cf. Chapter I,
Section 1.4.1). Another, attractive hypothesis is that interactions between
galaxy and cluster or galaxy and galaxy may explain our observations. Such

interactions are discussed in the sections that follow.
8.3.1 CGALAXY-CLUSTER INTERACTIONS: TIDAL EFFECTS

Byrd & Valtonen (1990) find that cloud - cloud collisions within a
galaxy, due to tidal interaction between galaxies and the cluster fleld, are
much more effective at inducing clouds to collapse and, therefore triggering

star formation, than are ram pressure effects of the intracluster medium. This
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is because the intracluster medium is thin compared to the internal density
of molecular clouds. The greatest effects of interactions with the intracluster
medium would be the removal of gas from the outer disk and halo of a spiral
galaxy, while tidal perturbations would create both disk and nuclear activity.

| The tidal field of a cluster should have effects on gas-rich spirals. Such
spirals venturing to within several core radii of the centre of the cluster (~ 800

kpc) should be triggered into activity (nuclear inflow and disk star formation).
8.3.2 GALAXY—GALAXY INTERACTIONS

Many workers (e.g. Toomre & Toomre 1972; Eneev, Kovlov & Sun-
yaev 1973) have shown that when galaxies experience grazing encounters (more
common than the direct Spitzer-Baade encounters, ¢f. Chapter I, Section 1.4.1)
and when the encounter velocity is of the same order as the maximum rota-
tional velocity (i.e., 200 — 300 km s~!) then loops and streamers of gas and
stars are liberated and significant tidal distortions occur.

Galaxies with nearby companions possess significantly higher nuclear
emission line luminosities and equivalent width and their nuclei exhibit signifi-
cantly higher levels of ionization, on average, according to a study by Kennicutt
& Keel (1984). Tidal disruptions of the disk during a close encounter may drive
the gas into the nuclear regions and either fuel nuclear activity directly or lead
to a burst of star formétion within the inner nuclear disk (Byrd et al. 1986;
Noguchi 1988; Byrd & Valtonen 1990).

In a sample of 13 isolated spirals and 13 interacting pairs, CO (2.6pm
line) and IRAS observations by Young et al. (1986) showed that while the
interacting and field galaxies have similar H, mass and molecular gas content,

Lir/Lp ratios are greatly enhanced in the interacting population. If infrared
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luminosity is a measure of star formation rates and if CO luminosity is a mea-
sure of the mass of molecular hydrogen, then the ratio, Lrr/MH,, reflects the
globally averaged star formation efficiency (SFE). The mean SFEis 12 Lp /Mg
in isolated galaxies but 78 Lg/Mg in the interacting systems of the study. The
authors suggest that galaxy interactions may cause new star formation mecha-
nisms to operate such that more stars form per unit mass of molecular gas, or,
physical processes of star formation may be the same but interactions enhance
the efficiency. Because cloud—cloud collisions increase due to interactions, SFE
is expected to increase if cloud—cloud collisions are responsible for massive star
formation.

Bushouse (1986) finds that the vast majority of his sample of vio-
lently interacting spirals show emission that can be classified as arising from
H II-like regions (as opposed to a Seyfert or LINER classification). The emis-
sion, therefore, represeﬁts normal star formation actiﬁty. ’He cautions that
while galaxy-galaxy interactions can lead to enhanced levels of star formation
activity, this is not true in all cases.

In a later study of global star formation rates from the Ho luminos-
ity, Bushouse (1987) reports that Ha emission (and, hence, the current star
formation rate) is heavily concentrated near the nuclear regions of most of the
interacting galaxies. Interaction induced star formation usually does not follow
the same pattern as pre-interaction star formation activity, but preferentially
occurs in and around the nuclear regions of a galaxy. Modest disk enhance-
ments of the star formation rate may also occur. In this sample of interacting
galaxies, global star formation rates derived from Ha emission are, ON average,
a factor of 2.5 times higher than for isolated galaxies and star formation rates
" derived from infrared luminosity are 6 times higher. Emission from He in in-

teracting galaxies is confirmed by Moss (1988) and by Laurikainen & Moles
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(1989) who find the global star formation rate for interacting spirals higher
‘than for field galaxies, with the activity concentrated toward the central parts
of the galaxies.

Kennicutt et al. (1987) used Ha and far-infrared observations of inter-
acting spiral and irregular galaxies to assess the influence of the interactions.
Emissions from Ha and far-infrared are enhanced in interacting systems but
the degree of the enhancement varies enormously. Variations indicate that the
induced star formation is sensitive to the kinematic properties of the interac-
tion and the ambient properties of the galaxy disks.

In most of the interacting galaxies the nuclear contribution to the
integrated flux is small (13 per cent on average) and hence integrated emission
is dominated by disk star formation. However, the nucleus appears to be more
sensitive to interactions than the disk. Kennicutt et al. find no correlations
between disk and nuclear emission. Therefore, observations of the nuclear
regions alone do not tell us anything about the global star formation rates.

The difficulty with galaxy-galaxy interactions is that the relatively
high velocity dispersion in clusters doe; not allow such interactions to be sig-
nificant. Moss (1988) has shown, however, that disturbed galaxies and those
of a given Hubble type but also noted as being peculiar in the two clusters
he studied can be separated into pairs and small groups with low relative
velocity dispersions, although the velocity dispersion of the whole sample is
high. Clumping and subclustering may be necessary for galaxy-galaxy tidal
interactions to occur.

White (1976), with an N-body simulation of cluster formation, found
that extensive and inhomogeneous subclustering during early stages of the
ﬁodel would provide a natural explanation for the lumpy distribution of galax-

ies in systems like the Virgo cluster. Similarly, Roos & Norman (1979), with
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their N-body simulation, found that multiple mergers can be found in sub-
clumps that form before the collapse of the cluster and afterwards in the cen-
tral regions of the cluster. That is, subclustering does occur and appears to be

a common consequence of the formation process of a cluster.

8.3.3 DISTURBED GALAXIES

Clues to whether ram pressure or interaction effects are operating may
be provided by the appearance of a galaxy. Ram pressure affects the gas of a
galaxy only and does not necessarily lead to a change in appearance. On the
other hand, tidal encounters will affect the stars and cause a galaxy to appear
disturbed in some way (the classic examples being the galaxies studied by, for
examplé, Toomre & Toomre 1972).

With this in mind, we compare the Ha emission with the appearance
of galaxies for types Sa and later. Moss & Whittle (1991) classify the appear-
ance of galaxies in their sample from undisturbed through varying degrees of
disturbance. These classifications are used here, for our sample of spirals, but
we only consider the galaxies to be either disturbed or not. Not included in
the analysis are galaxies classified only as ‘peculiar’ since it is difficult to tell
if they are disturbed or not.

To test ﬁhether undisturbed galaxies have predominantly large, dif-
fuse emission regions and disturbed galaxies have small, compact emission
regiops we first compare the number of emission- and non-emission-line galax-

_ies that are disturbed and undisturbed, in Table 8.5. There is no difference

between undisturbed and disturbed galaxies.
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Table 8.5: Disturbance and emission in galaxies.’

Disturbed Undisturbed

Emission-line galaxies 6 9
Non-emission-line galaxies 6 9
Per cent emission-line galaxies 50% 50%

Table 8.6: Disturbance and emission in galaxies with VC, C or normal emis-

sion.

Disturbed Undisturbed

Emission-line galaxies (VC,C or —) 4 5
Non-emission-line galaxies 6 9
Per cent emission-line galaxies 40% 36%

Now consider two categories of emission-line galaxies, those with com-
pact or diffuse emission regions. We define compact emission regions as ex-
hibiting VC, C or normal emission and diffuse regions as exhibiting VD or D
emission. Table 8.6 gives the number of non-emission- and emission-line galax-
ies, with emission categorized as VC, C or normal, that are disturbed and
undisturbed. The numbers of emission-line galaxies with VD and D emission
are given in Table 8.7. Again, our results are the same. There is no difference
between disturbed and undisturbed galaxies (for emission-line galaxies with

VC, C or normal emission, a Fisher test gives p = 0.32, while for emission-line

galaxies with VD or D emission p = 0.37).

We can also define compact and diffuse emission based on the size of

the emission region. Accordingly, Table 8.8 gives the number of non-emission-
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Table 8.7: Disturbance and emission in galaxies with VD or D emission.

Disturbed Undisturbed

Emission-line galaxies (VD or D) 2 4
Non-emission-line galaxies 6 9
Per cent emission-line galaxies 25% 31%

Table 8.8: Disturbance and emission in galaxes with d./D < 0.37.
Disturbed Undisturbed

Emission-line galaxies (d./D < 0.37) 2 3
Non-emission-line galaxies 6 9
Per cent emission-line galaxies 25% 25%

and compact emission-line galaxies, those with d./D < 0.37, that are dis-
turbed and undisturbed. Table 8.9 shows the numbers for diffuse (d./D >
0.37) emission-line galaxies. There are no significant differences between dis-
turbed and undisturbed galaxies; for compact emission the Fisher test gives
p = 0.40, and for diffuse emission p = 0.32.

A further test was performed by comparing d./D with the measure
of emission concentration for two groups, galaxies with concentrated emission
(VC, C and normal) and diffuse emission (VD and D), shown in Table 8.10.
A Fisher test indicates no significance between the two groups and d./D (p=

0.15).

These results do not show an expected correlation of emission and
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Table 8.9: Disturbance and emission in galaxies with d./D > 0.37.
Disturbed Undisturbed

Emission-line galaxies (d./D > 0.37) 4 6
- Non-emission-line galaxies 6 9
Per cent emission-line galaxies 40% 40%

Table 8.10: Concentration and emission-region size.

d./D <0.37  d./D > 0.37

VC, C normal 5 4

VD, D 1 5

emission size with disturbance. Such correlations have been seen by other
workers (e.g. Moss 1988). The numbers in the present analysis are, how-
ever, too small to make any significant statement regarding disturbance and
emission.

Finally, Figure 8.9 shows a comparison between field galaxies (from
Kennicutt & Kent 1983) and cluster galaxies categorized as disturbed. Fig-
ure 8.10 shows the same comparison but for undisturbed cluster galaxies. Al-
though the numbers are small for disturbed galaxes, early-type galaxies in
the cluster exhibit more emission than field Sa — Sab galaxies while the other
galaxy types in the cluster are not significantly different than their counter-

parts in the field (x? and significance levels for Sa — Sab, Sb — Sbc and Sc

— Irr are, 34, 0.3 and 0.03; < 5 x 1074, 0.59 and 0.85, respectively). The

undisturbed sample is similar to the sample as a whole (cf. Figure 8.6) in that
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early-type cluster galaxies exhibit more emission (y? = 9.2, p = 3 x 1073) and
late-type cluster galaxies exhibit less emission than galaxies of similar types in
the field (x* = 6.3, p = 1.2 x 107%).

These results and those in Section 8.2 are consistent with Elmegreen
et al. (1990) who find that barred, binary systems are predominantly of early
type (77 per cent) compared with unbarred galaxies in all environments (44
per cent). Based on N-body simulations, these authors conclude that galaxy
interactions, because of their torques, lead to bar formation and a significant
mass inflow from the disk. They suggest that for a prolonged encounter, the
mass iﬁﬂow can change an unbarred spiral galazy of intermediate type, Sbc
~ Scd, into a barred galazy of early type, SBa - SBb, by making the galaxy
density larger in the inner regions and by removing a significant amount of the
gas mass, and hence star formation, from the outer disk. Thus, interactions
may be transmuting Sb galaxies into Sa galaxies in the cluster and
enhancing star formation in the process (since merely changing an Sb
galaxy into an Sa galaxy, which would normally have less star formation, would

not match our observations).
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Figure 8.9: A comparison of Ha equivalent width distributions for field galax-
ies (from Kennicutt & Kent 1983) and disturbed cluster galaxies. The hori-
zontal, dashed line indicates the 20 A equivalent width cutoff. Arrows indicate
upper limits for non-detected galaxies. Cluster galaxies are marked with filled
circles and field galaxies are marked with crosses. Galaxies classified as ‘S...%,
‘S pec’ or ‘pec’ have not been included.
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CHAPTER IX

Conclusions

As postulated by MWI, the objective prism/filter combination pro-
vides a useful means for surveying entire clusters of galaxies for emission in
individual galaxies. MWI employed the Burrell Schmidt telescope on Kitt Peak
equipped with a 10° objective prism and a circular RG 630 filter. The present
analysis uses the same telescope equipped with a 2° 4+ 4° and a square RG
645 filter. The latter system, with the lower dispersion prism, performs just
as well as the former, or at least no worse. Seeing is, perhaps, the single most
important factor in determining the quality of observations. The method can
be employed for galaxies with velocity < 12 000 km s~*.

The emission survey also enables one to determine redshifts accurately
(¢ = 270 km s™', in the present study). Redshifts were determined for seven
galaxies without previously measured redshifts. In addition, the 2° + 4° prism
is found to have a dispersion of 780 A mm~! at the rest wavelength of He.

The irregular cluster Abell 1367 was surveyed for Ha emission in a
total of 201 galaxies of which 177 are cluster members. Forty cluster members
(or 23 per cent) exhibit Ha emission.

An objective prism survey for [OII] A3727 A emission was made for
the first time. Seven galaxies (or four per cent) show emission. These galaxies

are also the strongest Ha emitters, with an average Ha equivalent width of

80 A compared to an average of 30 A for the rest of the Ha emission-line
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galaxies. Thirteen per cent of galaxies within one Abell radius exhibit [OII]
emission compared to only four per cent beyond one Abell radius and most
[OII] emission-line galaxies are classified as peculiar in addition to a given
Hubble type (77 per cent compared to 65 per cent of the Ha emission-line
galaxies and eight per cent of the non-emission-line galaxies). The numbers
are too small in the present sample to make any definitive statements and more
work needs to be done in order to determine the efficiency of the technique for
detecting [OII] emission-line galaxies.

Fluxes and equivalent widths were measured for the sample of emission-
line galaxies and these were found to be of comparable accuracy with the equiv-
alent width and flux measurements obtained by other photographic methods
(MWI) and photoelectrically (Kennicutt et al. 1984 and Gavazzi 1990). For
the present analysis, the error on the log of the flux measurements is op =
0.18, while for the for the Kennicutt et al. and Gavazzi samples and the MWI
samples the errors are ox = 0.17 and o = 0.16 (in units of erg cm™? s71).
Errors on equivalent widths for the present sample, the Kennicutt et al. and
Gavazzi sample and the MWI sample are, op = 6 A, o = 10 A and o =
9 A, respectively. However, with a prism of relatively low dispersion, it was
found to be rather difficult to fit continua precisely and, hence, to determine
the equivalent widths easily. Detection limits for emission-line galaxies were
found to be Wy =20 4, f =2 x 107 erg cm™2 s7! and 3 x 10~!? erg cm™2
s~! A for the combined parameter, f x W, in agreement with the findings of
MWI. |

Emission-line galaxies were analyzed thoroughly to determine other
properties of the Ha emission. The fraction of spirals in emission increases

with decreasing Abell radii, although there is no correlation between position

and Ho equivalent width. There is no correlation between emission and galaxy
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magnitude. Although emission frequency may increase for later type galaxies,
it is relatively constant (at about 40 per cent) for the three groups, Sa — Sab,
Sb — Sbc and Sc - Irr.

In the present analysis we have observed several unexpected results.
The first is that instead of leveling off at approximately 1.5 rs as expected,
the cumulative distribution of galaxies begins to increase, again, at this radius
and then levels off at around 2.6 r4. We believe that this is caused by subclus-
ters in the periphery of Abell 1367. The other surprising observation is that
galaxies with a given Hubble type but which appear peculiar as well follow the
distribution of the elliptical and SO galaxies, although the majority of them
are peculiar spirals. Galaxies of other types behave as expected, with ellip-
ticals and SO predominating in the central regions and spiral galaxies spread
relatively uniformly throughout the cluster.

The fact that we might be observing galaxies in subclusters instead
of galaxies in the field, at large Abell radii, means that we may not be able
to compare galaxies in the inner Abell radius with galaxies in the outer Abell
radii. We have, therefore, defined a quantity, the “local galaxy density”, which
provides us with information regarding emission-line galaxies that is indepen-
dent of any effects introduced by subclusters. The local galaxy density is the
number of galaxies within 0.2 r4 radius of a given galaxy. For all spirals, Sa
and later, there is an increase in the frequency of emission with increasing local
galaxy density, althougil this increase is slight. There is a small tendency for
emission-line galaxies with compact emission to be in high (> 2) density re-
gions while emission-line galaxies with diffuse emission are spread throughout
the range of densities.

Using the equivalent width threshold of 20 A, we compare cluster

spiral galaxies with a sample of field spiral galaxies. In particular, early-type
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Sa — Sab cluster galaxies exhibit more, strong emission and late-type Sc —
Irr cluster galaxies exhibit less emission than similarly typed galaxies in the
field. These observations appear to be real and are not due to differences
in absolute magnitude between the two samples or misidentification of cluster
galaxy morphologiéal types. We take this to imply that the cluster environment
has affected both types of cluster galaxies; by removing gas from the late-
type galaxies and perhaps by causing morphological changes in the early-type
galaxies.

The enhanced emission found in early-type spirals may be caused by
tidal interactions rather than ram pressure effects. While ram pressure effects
disrupt mainly gas, tidal interactions will disrupt stars and change the ap-
pearance of a galaxy. Hence, disturbed appearance in galaxies could be taken
as a sign of tidal interactions. This study does not show convincing correla-
tions between Ha emission and disturbed appearance or between the ratio of
emission-region size and galaxy size and disturbance. Such correlations are
_ seen in other studies. However, the numbers are small in the present study.

One attractive, alternative hypothesis has been proposgd by Elmegreen
et al. (1990) who suggest that interactions change unbarred spirals of inter-
mediate types into barred spirals of early types. If interactions also enhance
star formation in these early type galaxies, this hypothesis may account for
our observations of vmore cluster Sa — Sab galaxies in emission when compared
to similar galaxies in the field.

The present survey has a high detection threshold and our sample of
emission-line galaxies is dominated by cluster spirals with strong star formation
(i.e., the minority). Earlier surveys using slit spectroscopy and large telescopes

-(Gisler 1978; Dressler, Thompson & Schectman 1985) have lower detections

limits. Their samples are dominated by the majority of cluster spirals which
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may have lower disk star formation rates. Therefore, it is not surprising that
these surveys find fewer emission-line galaxies in the cluster than in the field,
while our survey and other, similar ones (Kennicutt, Bothun & Schommer
1984; Moss 1988) find more spirals with very high star formation rates in the
cluster than in the field.

Once again, to reiterate, the most important finding of this work is
that early-type cluster spiral galaxies, Sa — Sab, exhibit more emission than
field spirals of the same type. Conversely, late-type cluster spirals, Sc — Irr,
exhibit less emission than late-type field spirals. The decreased emission in
late-type spirals can be explained by the fact that they have less gas. However,
it is more difficult to explain the enhanced emission in the early-type cluster
spirals. While ram pressure effects may be causing enhancement of emission,
we see no variations of emission with cluster position and there are strong
emitters in the periphery of Abell 1367. These observations are not expected
if ram pressure effects are operating.

Interactions may be tl;e causes of enhanced emission, as well, but we
have no evidence in the present analysis to suggest this. Disturbance, which
may be the result of interactions, was not found to correlate with emission or
emission size in our galaxies. However, our sample sizes are too small to make

any definitive statement concerning disturbance and enhanced emission.
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APPENDIX A

2-D pixel Maps and Spectra

The following pages show the 2-D pixel maps
(lower panel of each galaxy) and spectra (upper panel)
of the 42 emission-line galaxies on plates A (left) and
B (right), produced by scanning the plates with the
Automatic Plate Measuring machine. Each pixel map
is 384 pixels, in the dispersion direction, by 256 pixels.
The spectra are summed perpendicularly to the disper-
sion direction over 30 — 120 pixels depending upon the
width of the galaxy. The ordinate is arbitrary flux den-
sity units and the abscissa is in pixels. Emission lines,
in those cases where there is ambiguity, are marked
with arrows.
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097.068: PLATE A 097.068: PLATE B

097.067: PLATE A 097.067: PLATE B
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097.072: PLATE B
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097.073: PLATE A
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097.091: PLATE A 097.091: PLATE B

097.093: PLATE A 097.093: PLATE B
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097.114: PLATE B

097.114: PLATE A

097.120: PLATE B

097.120: PLATE A
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097.122: PLATE A

097.125: PLATE A
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097.130: PLATE A

097.138: PLATE A
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097.130: PLATE B
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127.051: PLATE A
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127.052: PLATE A 127.052: PLATE B
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127.058: PLATE A
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097.160: PLATE A

127.067: PLATE A
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097.160: PLATE B

127.067: PLATE B



127.068: PLATE A

127.071: PLATE A
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127.071: PLATE B




127.074: PLATE A 127.074: PLATE B
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097.168: PLATE A 097.168: PLATE B
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127.082: PLATE A

127.085: PLATE A
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127.082: PLATE B
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127.095: PLATE A 127.095: PLATE B
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APPENDIX B

Spectra and Code on Magnetic Tape

The following are descriptions of data files and code used in the anal-
ysis. Information is stored on magnetic tape, labelled “Chris,” a directory of
which is at the end of this appendix.

B.1 Spectra

IMAGES_PLATEA.DAT
IMAGES_PLATEB.DAT
PLATEA.DAT
PLATEB.DAT

These are raw data files containing galaxy and stellar spectra, their use is de-
scribed below.

; GALAXYA1-44 DAT
! GALAXYA1-44.DST

The raw galaxy spectra from plates A and B are located in the files with
the “.DAT” extension while the “.DST” extension signifies FIGARO format
files. The numbers, from 1 to 44, signify the galaxy number given in Table B.1.

126_074 DAT
126_075.DAT
126_091.DAT
126_100.DAT
126_103.DAT
097_022CCC.DAT

These are spectra of galaxies on one plate. The “.DST” extension is for FI-
- GARO format files.

Files beginning with “C” are galaxy continua output from ABLINE,
while the “S” indicates smoothed spectra. “SUB” are smoothed, continua
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subtracted spectra. File ONEA.DAT is a false continuum set to a level of one.
Finally, files TEMPLATE_A/B.DAT are the templates used to determine the
shifts in the stellar spectra and STARA/B.DAT and STARA/B.DST are typical

stellar spectra.

N.B.: For all files, plates A or B are indicated with an “A” or “B”.

B.2 Code

Using the raw 2-D information provided by the APM (stored on tape:
“APM?”, 23-03-90) as input, FITSR.FOR creates the files PLATEA/B.DAT. Run-
ning TOM.FOR, with PLATEA/B.DAT as inputs extracts the spectra and cre-
ates the files IMAGES _PLATEA/B.DAT.

The FORTRAN files CONV.FOR and DS_MODEL.FOR compute the
shifts between spectra on different plates and the modelled corrections, re-
spectively. The file READ.FOR is a subsection of CONV.FOR and is used to
read-in raw spectra, while EW.FOR computes the equivalent widths. Finally,
TRI.FOR creates the templates used to determine shifts in the stellar spectra
and KENDALL.FOR computes Kendall-Rank correlations.



Table B.1: Galaxy numbers for archival data.

CGCG no. Archival Number
126.104 1
126.110 2
097.027 3
097.026 4
097.033 5
097.044 6
097.052 7
097.062 8
097.063 9
097.068 10
097.067 11
097.070 12
097.072 13
097.073 14
097.079 13
097.087 16
097.092 17
097.091 18
097.093 19
097.114 20
097.120 21
097.122 22
097.125 23
127.046 24
127.045 25
097.130 26
097.138 27
127.049 28
127.051 29
127.052 30
127.055 31
127.056 32
127.058 33
097.160 34
127.067 35
127.068 36
127.071 37
127.074 38
097.168 39
097.169 40
127.082 41
127.085 42
127.095 43
097.180 44
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Listing of save set(s)

Save set:
Written by:
UIC:

Date:

Operating system:

BACKUP version:

GAL.BCK

JEP1

[000024,000031]
7-DEC-1990 14:05:56.35

VAX/VMS version V5.3

v5.3

CPU ID register: 0AQ00005
Node name: _CAMVO::
Written on: _CAMVOSMSAO:
Block size: 8192

Group size: 10

Buffer count: 32

[JEP1.RAW]IMAGES PLATEA.DAT; 1
[JEP1.RAW]IMAGES PLATEB.DAT; 1

[JEP1.RAW]PLATEA.DAT;1
[JEP1.RAW]PLATEB.DAT;1

[JEPL1.RAW]STARS PLATEA.DAT;1
[JEPL.RAW]STARS PLATEB.DAT;1

[JEP1.RAW]STAR LIST.DAT;
[JEP1.DAT]126 074.DAT;1
[JEPL1.DAT]126 074.DST;1
[JEPL.DAT]126 075.DAT;1
[JEP1.DAT]126 075.DST;1
[JEP1.DAT]126 091.DAT;1
[JEP1.DAT]126 091.DST;1
[JEP1.DAT]126 100.DAT;1
[JEP1.DAT]126 100.DST;1
[JEP1.DAT]126 103.DAT;1
[JEP1.DAT]126 103.DST;1
[JEP1.DAT]97 022CCC.DAT;
[JEP1.DAT]97 022CCC.DST;
[JEP1.DAT]CAL.DST;1
[JEP1.DAT]CA10.DST;1
[JEP1.DAT]CA13.DST;1
[JEP1.DAT]CA14.DST;1
[JEP1.DAT]CA15.DST; 1
[JEPL1.DAT]CA1l7.DST;1
[JEPL1.DAT]CA18.DST;1
[JEP1.DAT]CA19.DST;1
[JEPL.DAT]CA2.DST;1

[ JEP1.DAT]CA20.DST; 1
[JEP1.DAT]CA21.DST;1
[JEP1.DAT]CA23.DST;1
[JEP1.DAT]CA24.DST;1
[JEP1.DAT]CA25.DST; 1

[ JEP1.DAT]CA27.DST; 1
[JEPL.DAT]CA28.DST; 1
[JEP1.DAT]CA29.DST; 1
[JEP1.DAT]CA3.DST;1
[JEP1.DAT]CA30.DST;1
[JEP1.DAT]CA31.DST;1
[JEP1.DAT]CA32.DST;1
[JEP1.DAT]CA33.DST; 1
[JEP1.DAT]CA34.DST; 1
[JEP1.DAT]CA35.DST; 1
[JEP1.DAT]CA36.DST; 1
[JEP1.DAT]CA37.DST;1

1

1
1
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47232
405
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11-APR-1990 13:08
11-APR-1990 13:05

6-APR-1990 12:41
6-APR-1990 12:55

9-APR-1990 17:17
11-APR-1990 13:23
10 20-APR-1990 17:02

25-AUG-1990
29-JUN-1990
25-AUG-1990

17:08
11:08
17:18

30-MAY-1990 11:18

25-AUG-1990
29-JUN-1990
29-MAY-1990

17:18
11:29
15:17

30-MAY-1990 11:19

25-AUG-1990
29-JUN-1990
29-MAY-1990

17:19
11:35
15:37

31-MAY-1990 10:54

20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990

17:46
13:51
13:57
14:02
14:07
14:12
14:17
14:21
17:47
14:26
14:33
14:37
14:41
14:46
15:14
15:18
15:23
17:48
15:30
15:39
15:43
16:52
16:57
17:03
17:12
17:15




[JEP1.DAT]CA38.DST; 1
[JEP1.DAT]CA39.DST; 1
[JEP1.DAT]CA4.DST; 1

[JEP1.DAT]CA40.DST; 1
[JEP1.DAT]CA41.DST;1
[JEP1.DAT]CA42.DST;1
[JEP1.DAT]CA43.DST;1
[JEP1.DAT]CA44.DST;1
[JEP1.DAT]CA5.DST; 1

[JEP1.DAT]CA6.DST;1

[JEP1.DAT]CA7.DST;1

[JEP1.DAT]CA8.DST;1

[JEP1.DAT]CA9.DST;1

[JEP1.DAT]CB1.DST;1

[JEP1.DAT]CB10.DST;1
[JEP1.DAT]CB13.DST;1
[JEP1.DAT]CB14.DST;1
[JEP1.DAT]CB15.DST;1
[JEP1.DAT]CB17.DST;1
[JEP1.DAT]CB18.DST;1
[JEP1.DAT]CB19.DST;1
[JEP1.DAT]CB2.DST; 1

[JEP1.DAT]CB20.DST;1
[JEP1.DAT]CB21.DST;1
{JEP1.DAT]CB23.DST;1
[JEP1.DAT]CB24.DST;1
[JEP1.DAT]CB25.DST;1
[JEP1.DAT]CB27.DST;1
[JEP1.DAT]CB28.DST; 1
[JEP1.DAT]CB29.DST;1
[JEP1.DAT]CB3.DST;1

[JEP1.DAT]CB30.DST;1
[JEP1.DAT]CB31.DST;1
[JEP1.DAT]CB32.DST; 1
[JEP1.DAT]CB33.DST; 1
[JEP1.DAT]CB34.DST;1
[JEP1.DAT]CB35.DST; 1
[JEP1.DAT]CB36.DST;1
[JEP1.DAT]CB37.DST; 1
[JEP1.DAT]CB38.DST; 1
[JEP1.DAT]CB39.DST; 1
[JEP1.DAT]CB4.DST;1

[JEP1.DAT]CB40.DST;1
[JEP1.DAT]CB41.DST; 1
[JEP1.DAT]CB42.DST;1
[JEP1.DAT]CB43.DST; 1
[JEP1.DAT]CB44.DST; 1
[JEP1.DAT]CB5.DST; 1

[JEP1.DAT]CB6.DST;1

[JEP1.DAT]CB7.DST; 1

[JEP1.DAT]CB8.DST; 1

[JEP1.DAT]CB9.DST; 1

[JEP1.DAT]GALAXYALl.DAT;1
{JEP1.DAT]GALAXYAL1Q.DAT;1
[JEP1.DAT]GALAXYA13.DAT;1
[JEP1.DAT]GALAXYA14.DAT;1
[JEP1.DAT]GALAXYA15.DAT;1
[JEP1.DAT]GALAXYA1l7.DAT;1
{JEP1.DAT]GALAXYA18.DAT; 1
[JEP1.DAT]GALAXYA19.DAT; 1
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31
31
31
31
31
31
31
31

20-JUN-1990
20-JUN-1990
20-JUN-1990
22-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
21-JUN-1990
20-JUN-1990
21-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
22-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
20-JUN-1990
21-JUN-1990

3-MAY-1990
24-AUG-1990

3-MAY-1990

3-MAY-1990

3-MAY-1990

3-MAY-1990
24-AUG-1990

3-MAY-1990

17:19
17:25
13:17
15:29
17:29
17:33
17:37
17:41
13:22
13:25
13:32
13:37
13:44
17:50
13:53
13:59
14:04
14:09
14:14
14:19
14:24
17:51
14:29
14:35
14:39
14:44
14:51
15:16
15:20
15:25
13:15
15:37
15:41
15:45
16:55
17:01
11:29
17:13
11:43
17:22
17:26
13:19
15:31
17:31
17:35
17:39
17:43
13:24
13:30
13:33
13:42
12:07
15:37
09:35
15:38
15:38
17:43
15:38
06:36
15:38



[JEP1.DAT]GALAXYA2.DAT; 1

[JEP1.DAT]GALAXYA20.DAT; 1
[JEP1.DAT]GALAXYA21.DAT;1
[JEP1.DAT]GALAXYA23.DAT; 1
[JEP1l.DAT]GALAXYA24.DAT; 1
[JEP1.DAT]GALAXYA25.DAT; 1
[JEP1.DAT]GALAXYA26.DAT;1
[JEP1.DAT]GALAXYA27.DAT;1
[JEP1.DAT]GALAXYA28.DAT;1
[JEP1.DAT]GALAXYA29.DAT; 1
[JEP1.DAT]GALAXYA3.DAT; 1

[JEP1.DAT]GALAXYA30.DAT;1
[JEPL.DAT]GALAXYA31.DAT;1
[JEP1.DAT]GALAXYA32.DAT;1
[JEP1.DAT]GALAXYA33.DAT;1
[ JEP1.DAT]GALAXYA34.DAT;1
[JEP1.DAT]GALAXYA35.DAT;1
[JEP1.DAT]GALAXYA36.DAT; 1
[JEP1.DAT]GALAXYA37.DAT;1
[JEP1.DAT]GALAXYA38.DAT; 1
[JEPL.DAT]GALAXYA39.DAT;1
[JEP1.DAT]GALAXYA4.DAT;1

[JEPl.DAT]GALAXYA41.DAT;1
[JEPLl.DAT]GALAXYA42.DAT; 1
[JEP1.DAT]GALAXYA43.DAT; 1
[JEP1.DAT]GALAXYA44.DAT; 1
[JEP1.DAT]GALAXYAS5.DAT; 1

[JEP1.DAT]GALAXYAG.DAT; 1

[JEP1.DAT]GALAXYAS8.DAT;1

[JEP1.DAT]GALAXYA9.DAT;1

[JEPl.DAT]GALAXYB1l.DAT;1

[JEP1.DAT]GALAXYB10.DAT; 1
[JEP1.DAT]GALAXYB13.DAT;1
[JEP1.DAT]GALAXYB14.DAT; 1
[JEP1.DAT]GALAXYB15.DAT;1
[JEP1.DAT]GALAXYB17.DAT;1
[JEP1.DAT]GALAXYB18.DAT;1
[JEP1.DAT]GALAXYB19.DAT;1
[JEP1.DAT]GALAXYB2.DAT;1

[JEP1.DAT]GALAXYB20.DAT;1
[JEP1.DAT]GALAXYB21.DAT;1
[JEP1.DAT]GALAXYB23.DAT;1
[JEP1.DAT]GALAXYB24.DAT; 1
[JEP1.DAT]GALAXYB25.DAT;1
[JEP1.DAT]GALAXYB26.DAT;1
[JEP1.DAT]GALAXYB27.DAT;1

[JEP1.DAT]GALAXYB28.DAT;1

{JEP1.DAT]GALAXYB29.DAT;1
[JEP1.DAT]GALAXYB3.DAT;1

[JEP1.DAT]GALAXYB30.DAT;1
[JEP1.DAT]GALAXYB31.DAT;1
[JEP1.DAT]GALAXYB32.DAT;1
[JEP1.DAT]GALAXYB33.DAT;1
[JEP1.DAT]GALAXYB34.DAT;1
[JEP1.DAT]GALAXYB35.DAT; 1
[JEP1.DAT]GALAXYB36.DAT; 1
[JEP1.DAT]GALAXYB37.DAT;1
[JEP1.DAT]GALAXYB38.DAT; 1
[JEP1.DAT]GALAXYB39.DAT;1
[JEP1.DAT]GALAXYB4.DAT; 1
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31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
16
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31
31

3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
24-AUG-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
24-AUG-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
24-AUG-1990

15:37
17:54
15:38
15:38
15:38
15:38
15:38
15:38
15:38
18:26
15:37
15:38
15:38
15:38
18:02
18:05
15:39
15:39
15:39
15:39
15:39
15:37
18:17
15:39
15:39
15:39
15:37
15:37
15:38
18:37
15:37
09:35
15:38
15:38
17:48
15:38
09:36
15:38
15:37
15:38
18:21
15:38
15:38
15:38
15:38
15:38
15:38
15:38
15:37
15:38
15:38
15:38
15:39
18:08
15:39
15:39
15:39
15:39
15:39
09:36



[JEP1.DAT]GALAXYB41.DAT;1
[JEPI.DAT]GALAXYB42.DAT;1
[JEPl.DAT]GALAXYB43.DAT;l
[JEPl.DAT]GALAXYB44.DAT;1
[JEPl.DAT]GALAXYBS.DAT;l
[JEPl.DAT]GALAXYBG.DAT;l
[JEPl.DAT]GALAXYBS.DAT;l
[JEPl.DAT]GALAXYBQ.DAT;l

[JEP1.DAT]ONEA.DST; 1
[JEP1.DAT]ONEB.DST; 1
[JEP1.DAT]SA1.DST;1

[JEP1.DAT]SA10.DST;1
[JEP1.DAT]SA11.DST;1
[JEP1.DAT]SA12.DST;1
[JEP1.DAT]SA13.DST;1
[JEP1.DAT]SA14.DST;1
[JEP1.DAT]SA15.DST;1
[JEP1.DAT]SA17.DST;1
[JEP1.DAT]SA18.DST;1
[JEP1.DAT]SA19.DST;1
[JEPL1.DAT]SA2.DST;1

[JEP1.DAT]SA20.DST;1
[JEP1.DAT]SA21.DST;1
[JEP1.DAT]SA22.DST;1
[JEP1.DAT]SA23.DST;1
[JEP1.DAT]SA24.DST;1
[JEP1.DAT]SA25.DST;1
[JEP1.DAT]SA26.DST; 1
[JEP1.DAT]SA27.DST;1
[JEP1.DAT]SA28.DST;1
[JEP1.DAT]SA29.DST;1
[JEP1.DAT]SA3.DST;1

[JEP1.DAT]SA30.DST;1
[JEP1.DAT]SA31.DST;1
[JEP1.DAT]SA32.DST;1
[JEP1.DAT]SA33.DST;1
[JEP1.DAT]SA34.DST;1
[JEPL.DAT]SA35.DST; 1
[JEPL1.DAT]SA36.DST;1
[JEP1.DAT]SA37.DST;1
[JEP1.DAT]SA38.DST;1
[JEP1.DAT]SA39.DST;1
[JEP1.DAT]SA4.DST;1

[JEP1.DAT]SA40.DST;1
[JEP1.DAT]SA41.DST;1
[JEP1.DAT]SA42.DST;1
[JEP1.DAT]SA43.DST;1
[JEP1.DAT]SA44.DST; 1
[JEP1.DAT]SA5.DST;1

[JEP1.DAT]SA6.DST; 1

[JEP1.DAT]SA7.DST;1

[JEP1.DAT]SA8.DST;1

[JEP1.DAT]SA9.DST; 1

[JEP1.DAT]SB1.DST;1

[JEP1.DAT]SB10.DST;1
[JEP1.DAT]SB11.DST;1
[JEP1.DAT]SB12.DST;1
[JEP1.DAT]SB13.DST;1
[JEP1.DAT]SB14.DST;1
[JEP1.DAT]SB15.DST;1
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mcnaamcna:mcncamcna:mcnc:mcna:mcno:mcnc:mcncamcnc:mcnaomcnaamcna>mcno:mcncamcnc:mcno:mc»obwcnkaw(no)
‘ e e

3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990
3-MAY-1990

3-MAY-1990°

3-MAY-1990
3-MAY-1990

21-JUN-1990
21-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-~JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990

- 19-JUN-1990

19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990

18:16
15:39
15:39
15:39
15:37
15:48
15:38
18:42
13:50
13:53
15:23
15:29
15:29
15:30
15:30
15:30
15:30
16:30
15:53
16:30
15:24
16:30
16:31
16:31
16:31
16:31
16:32
16:32
16:32
16:32
16:33
15:24
16:33
16:33
16:33
16:33
16:34
16:34
16:34
16:34
16:34
16:35
15:25
16:35
16:35
16:35
16:35
16:36
15:25
15:26
15:27
15:28
15:28
16:37
16:39
16:39
16:40
16:40
16:40
16:40



[JEP1.DAT]SB17.DST;1
[JEP1.DAT]SB18.DST;1
[JEP1.DAT]SB19.DST:1
[JEP1.DAT]SB2.DST;1
{JEP1.DAT]SB20.DST;1
[JEPL.DAT]SB21.DST;1
[JEP1.DAT]SB22.DST;1
[JEP1.DAT]SB23.DST;1
[JEP1.DAT]SB24.DST;1
[JEP1.DAT]SB25.DST;1
[JEP1.DAT]SB26.DST;1
[JEP1.DAT]SB27.DST;1
[JEP1.DAT]SB28.DST;1
[JEP1.DAT]SB29.DST;1
[JEP1.DAT]SB3.DST;1
[JEP1.DAT]SB30.DST;1
[JEP1.DAT]SB31.DST;1
[JEP1.DAT]SB32.DST;1
[JEP1.DAT]SB33.DST;1
[JEP1.DAT]SB34.DST;1
[JEP1.DAT]SB35.DST;1
[JEP1.DAT]SB36.DST;1
[JEP1.DAT]SB37.DST;1
[JEP1.DAT]SB38.DST;1
[JEP1.DAT]SB39.DST;1
[JEP1.DAT]SB4.DST;1
[JEP1.DAT]SB40.DST;1
[JEP1.DAT]SB41.DST;1
[JEP1.DAT]SB42.DST;1
[JEP1.DAT]SB43.DST;1
[JEP1.DAT]SB44.DST;1
[JEP1.DAT]SB5.DST;1
[JEP1.DAT]SB6.DST;1
[JEP1.DAT]SB7.DST;1
[JEPL1.DAT]SB8.DST;1
[JEP1.DAT]SB9.DST;1
[JEP1.DAT]STARA.DAT;1
[JEP1.DAT]STARA.DST;1
[JEP1.DAT]STARB.DAT;1
[{JEP1.DAT]STARB.DST;1
[JEP1.DAT]SUBAl1.DST;1
[JEP1.DAT]SUBA10.DST;1
[JEP1.DAT]SUBA13.DST;1
[JEP1.DAT]SUBAl14.DST;1
[JEP1.DAT]SUBALl5.DST;1
[JEP1.DAT]SUBAL17.DST;1
[JEP1.DAT]SUBA18.DST;1
[JEP1.DAT]SUBA19.DST;1
[JEP1.DAT]SUBA2.DST;1
[JEP1.DAT]SUBA20.DST;1
[JEP1.DAT]SUBA21.DST;1
[JEP1.DAT]SUBA23.DST;1
[JEPL.DAT]SUBA24.DST;1
[JEP1.DAT]SUBA25.DST;1
[JEP1.DAT]SUBA26.DST;1
[JEP1.DAT]SUBA27.DST;1
[JEP1.DAT]SUBA28.DST; 1

[JEP1.DAT]SUBA29.DST;1

[JEP1.DAT]SUBA3.DST;1
[JEP1.DAT]SUBA30.DST;1
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(o))

OO OO CO 000000 0000000000000 MO MmOMmOE
. = OO0 0000000000000 0000000000000 0000 0000 MOWwOmmom

19-JUN-1990
19-JUN-1990
19-JUN-1950
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
20-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
19-JUN-1990
20-JUN-1990
19-JUN-1990
19-JUN-1990
20-JUN-1990
29-MAY-1990

16:41
16:41
16:41
16:38
16:41
16:42
16:42
16:42
16:42
16:42
16:43
16:43
16:43
16:43
16:38
15:33
16:43
16:44
16:44
16:44
16:44
16:44
16:45
16:45
16:45
16:38
16:45
16:45
16:45
16:46
16:46
16:38
13:28
16:39
16:39
13:46
15:26

29-MAY-1990 16:41

29-MAY-1990

15:47

29-MAY-1990 16:42

21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990
21-JUN-1990

12:30
12:33
12:34
12:35
12:35
12:36
12:36
12:37
12:30
12:37
12:37
12:38
12:38
12:39
12:39
12:39
12:40
12:40
12:31
12:41



[JEP1.DAT]SUBA31.DST;1
[JEP1.DAT]SUBA32.DST; 1
{JEP1.DAT]SUBA33.DST; 1
[JEP1.DAT]SUBA34.DST; 1
[JEP1.DAT]SUBA35.DST; 1
[JEP1.DAT]SUBA36.DST; 1
[JEP1.DAT]SUBA27.DST; 1
[JEP1.DAT]SUBA38.DST; 1
[JEP1.DAT]SUBA39.DST;1
[JEP1.DAT]SUBA4.DST; 1

[JEP1.DAT]SUBA41.DST; 1
[JEP1.DAT]SUBA42.DST;1
[JEP1.DAT]SUBA43.DST;1
[JEP1.DAT]SUBA44.DST;1
[JEP1.DAT]SUBAS.DST;1

[JEP1.DAT]SUBA6.DST; 1

[JEP1.DAT]SUBA7.DST; 1

[JEP1.DAT]SUBA8.DST; 1

[JEP1.DAT]SUBAS.DST; 1

[JEP1.DAT]SUBB1.DST;1

[JEP1.DAT]SUBB10.DST;1
[JEP1.DAT]SUBB13.DST;1
[JEP1.DAT]SUBB14.DST; 1
[JEP1.DAT]SUBB15.DST;1
[JEP1.DAT]SUBB17.DST;1
[JEP1.DAT]SUBB18.DST;1
[JEP1.DAT]SUBB19.DST;1
[JEP1.DAT]SUBB2.DST;1

[JEP1.DAT]SUBB20.DST;1
[JEP1.DAT]SUBB21.DST;1
[JEP1.DAT]SUBB23.DST;1
[JEP1.DAT]SUBB24.DST;1
[JEP1.DAT]SUBB25.DST; 1
[JEP1.DAT]SUBB26.DST;1
[JEP1.DAT]SUBB27.DST;1
[JEP1.DAT]SUBB28.DST;1
[JEP1.DAT]SUBB29.DST;1
[JEP1.DAT]SUBB3.DST;1

[JEP1.DAT]SUBB30.DST; 1
[JEP1.DAT]SUBB31.DST;1
[JEP1.DAT]SUBB32.DST;1
[JEP1.DAT]SUBB33.DST;1
[JEP1.DAT]SUBB34.DST;1
[JEP1.DAT]SUBB35.DST;1
[JEP1.DAT]SUBB36.DST; 1
[JEP1.DAT]SUBB37.DST; 1
[JEP1.DAT]SUBB38.DST; 1
[JEP1.DAT]SUBB39.DST; 1
[JEP1.DAT]SUBB4.DST;1

[JEP1.DAT]SUBB41.DST;1
[JEP1.DAT]SUBB42.DST;1
[JEP1.DAT]SUBB43.DST; 1
[JEP1.DAT]SUBB44.DST; 1
[JEP1.DAT]SUBB5.DST;1

[JEP1.DAT]SUBB6.DST; 1

[JEP1.DAT]SUBB7.DST;1

[JEP1.DAT]SUBB8.DST;1

[JEP1.DAT]SUBB9.DST; 1

[JEP1.DAT]TEMPLATE A.DAT;1
[JEP1.DAT]TEMPLATE A.DST;1

21-JUN-1990 12:41
21-JUN-1990 12:42
21-JUN-1990 12:42
21-JUN-1990 12:43
21-JUN-1990 12:43
21-JUN-1990 12:43
21-JUN-1990 12:44
21-JUN-1990 12:44
21-JUN-1990 12:45
21-JUN-1990 12:31
21-JUN-1990 12:45
21-JUN-1990 12:46
21-JUN-1990 12:46
21-JUN-1990 12:47
21-JUN-1990 12:31
21-JUN-1990 12:32
21-JUN-1990 12:32
21-JUN-1990 12:32
21-JUN-1990 12:33
21-JUN-1990 12:47
21-JUN-1990 12:51
21-JUN-1990 12:51
21-JUN-1990 12:51
21-JUN-1990 12:52
21-JUN-1990 12:52
21-JUN-1990 12:53
21-JUN-1990 12:53
21-JUN-1990 12:48
21-JUN-1990 12:54
21-JUN-1990 12:54
21-JUN-1990 12:54
21-JUN-1990 12:55
21-JUN-1990 12:55
21-JUN-1990 12:56
21-JUN-1990 12:56
21-JUN-1990 12:57
21-JUN-1990 12:57
21-JUN-1990 12:48
21-JUN-1990 12:58
21-JUN-1990 12:58
21-JUN-1990 12:58
21-JUN-1990 12:59
21-JUN-1990 12:59
21-JUN-1990 13:00
21-JUN-1990 13:00
21-JUN-1990 13:01
21-JUN-1990 13:01
21-JUN-1990 13:01
21-JUN-1990 12:48
21-JUN-1990 13:02
21-JUN-1990 13:02
21-JUN-1990 13:03
21-JUN-1990 13:03
21-JUN-1990 12:49
21-JUN-1990 12:49
21-JUN-1990 12:49
21-JUN-1990 12:50
21-JUN-1990 12:50
17  7-MAY-1990 11:05
15 24-APR-1990 18:07

ocoooooaoooocnmcooooomcooooocnoooooooaoocoooooooooooooooooooooooooooooooooooooooocmoooomoooooamoocnoooocnoooom



[JEP1.DAT]TEMPLATE B.DAT;1 17 24-APR-1990 18:06

[JEP1.DAT]TEMPLATE B.DST;1 15 24-APR-1990 18:07
[JEP1.CODE]CONV.FOR;1 15 2-MAY-1990 12:32
[JEP1.CODE]DS MODEL.FOR;1 16 7-MAY-1990 14:36
[JEP1.CODE]EW.FOR; 1 3 25-AUG-1990 17:13
[JEP1.CODE]FITSR.FOR;1 13 12-JAN-1990 12:02
[JEP1.CODE]KENDALL.FOR; 1 4 27-AUG-1990 14:12
[JEP1.CODE]READ.FOR; 1 5 3-MAY-1990 11:04
[JEP1.CODE]TOM.FOR; 1 17 3-APR-1990 15:04
[JEP1.CODE]TRI.FOR;1 4 24-APR-1960 18:13

Total of 355 files, 100103 blocks
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APPENDIX C

Stars Used to Determine Plate-to-plate Separations

Table C.1 lists the stars used to determine the plate-to-
plate distortion correction (cf. Section 4.2.2.a). They were ran-
domly chosen from the Hubble Guide Star Catalog (Lasker, Jenkner
& Russell 1989). The information below is saved in the file
STAR_LIST.DAT on the magnetic tape discussed in Appendix B.
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Table C.1: Stars used for the
plate-to-plate distortion correction.

R.A.

Dec.

(1950.0)

h m s

11 32 51.9
11 33 20.6
11 33 29.6
11 33 36.8
11 3338.6
11 3339.5
11 34 01.0
11 34 01.6
11 34 47.1
11 34 53.0
11 34 57.2
11 35 58.6
11 36 30.8
11 36 51.6
11 37 25.9
11 38 28.0
11 38 46.8
1139 06.1
11 39 22.9
11 39 31.9
1139 51.6
11 39 59.3
11 40 09.3
11 40 13.9
11 41 30.0
11 42 42.6
1142 45.1
11 43 11.9
11 43 26.2
11 43 45.7
11 43 50.2
11 43 50.3
11 44 47.5
11 4509.6
11 45 24.1
11 45 50.0
11 45 57.9
11 46 21.5

ey on

20 25 50.8
18 46 55.3
18 51 25.4
19 45 41.9
20 06 35.5
19 32 18.6
18 58 13.0
19 56 40.4
22 15 58.0
18 24 32.3
18 55 55.6
21 46 49.5
21 06 39.4
1909 17.5
2129 31.1
18 48 00.9
22 09 48.6
18 56 12.2
21 59 32.8
18 18 34.3
19 04 01.2
19 01 13.0
19 17 20.0
2210 01.7
22 19 56.0
18 40 25.8
20 51 16.7
2112 10.9
2131 20.3
20 00 54.0
19 00 47.8
1824 11.6
18 55 06.8
22 42 28.6
2213 19.5
22 08 06.8
18 52 01.8
19 24 46.8

177

Mp

12.12
12.73
12.24
12.53
12.22
12.80
12.75
12.13
12.55
12.43
12.74
12.52
12.12
12.76
12.90
12.29
12.80
12.89
12.78
12.99
12.93
12.41
12.34
12.57
12.53
12.59
12.31
12.71
12.88
12.95
12.90
12.11
12.42
12.79
12.55
12.80
12.28
12.85



-

Table C.1 - continued

R.A.

Dec.

(1950.0)

h m s

11 46 43.7
11 47 15.9
11 47 19.8
11 47 21.0
11 47 39.5
11 47 46.0
11 48 43.3
11 48 57.4
11 49 04.4
11 49 12.4
11 49 13.0
11 49 31.0
11 49 53.3
11 49 53.7
11 50 02.6
11 50 03.0
11 51 02.7
11 51 15.5
11 52 49.9
11 53 29.1

° v

18 05 59.5
20 41 13.3
22 2209.1
18 36 52.7
18 44 34.8
19 41 04.9
18 46 05.5
19 52 37.0
19 03 01.2
20 10 34.5
18 58 28.1
18 58 40.7
18 23 55.7
22 13 21.2
19 09 27.7
18 55 05.1
18 24 00.9
18 15 42.8

213123.6
2112 22.0

Py yN

178

12.47
12.26
12.41
12.94
12.93
12.87
12.97
12.46
12.86
12.46
12.56
12.54
12.59
12.38
12.62
12.97
12.86
12.96
12.90
12.68
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