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ABSTRACT

We present observations and analysis of gravitationally lensed systems designed to test the
usefulness of gravitational lensing as a probe into the nature of faint galaxies (B; < 27).
The analysis techniques used also provide unique observational constraints on the masses

and morphologies of the lensing clusters.

Using a catalogue of giant arc candidates constructed with a well determined selection
function we initially examine the possible uses of such a catalogue to provide information
on the redshift distribution of galaxies to B; ~ 26. We conclude that the extreme sensitiv-
ity of the lensing signal to slight differences in the lensing clusters prevents the successful
application of this technique. Nevertheless, we show that the tests could be successfully

applied to very deep observations of a single rich cluster.

We then illustrate the uniquely detailed view of high redshift galaxies which is provided
by giant gravitational arcs by presenting near-infrared imaging of a complete sample of
spectroscopically-confirmed giant arcs. Spectral modelling of the multi-band colours of
these arcs confirms that the most distant arcs (z ~ 1) are remarkably blue at all wave-
lengths. This observation is incompatible with models for the arc’s colours which contain
recent star bursts superimposed upon even moderate fractions of underlying evolved stel-
lar populations. We conclude that a constant star formation rate in marginally sub-L*

systems is most consistent with the observations of the z ~ 1 arcs.

Using very deep optical images of three moderate and distant redshift clusters selected on
either X-ray luminosity or optical richness (C11455+22; z = 0.26, Cl0016+16; 2z = 0.55
and Cl1603+43; z = 0.89) we create robust samples of faint galaxies (B; < 27) suitable
for lensing studies. These samples are used in two separate analytic methods to study

both the redshift distribution of the faint field galaxy population and the mass in the



lensing clusters. Relatively simple tests rule out redshift distributions for the faint field
galaxies which depart significantly, at either low or high redshift, from the no evolution
prediction. The mass analysis uses newly-developed techniques to reconstruct for the first
time the two dimensional mass distribution in the lens from the gravitationally distorted
images of galaxies seen through the clusters. We conclude that the mori)hology of the

mass distribution is accurately traced by the cluster galaxies.

Finally, we present the discovery of a very wide separation multiply-imaged system recently
found in deep Hubble Space Telescope images of the rich cluster AC114 (z = 0.31).
Spectroscopic observations of the multiply imaged system confirm its lensed nature and
provide a probable redshift of = = 1.87 for the source. Preliminary modelling of the
cluster mass using all the gravitationally lensed galaxies in the field support the conclusions

reached above — the cluster galaxies appear to be fair tracers of the mass.
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1 INTRODUCTION

1.1 Gravitational Lensing

Two main areas of research are investigated in this thesis these are the nature and evolu-
tion of the faint field galaxy population and the growth of clusters. The faint blue galaxies
uniformly cover the sky in very deep images. Where are they and what are they? To deci-
pher the observations of these objects to give us information on their intrinsic luminosities
and star formation rates as a function of time we first need to know their distances — a
simple problem to pose but technically demanding to answer. The technique used here to
investigate faint galaxies is an original one: gravitational lensing. The observational study
of gravitationally lensed galaxies is a young field and has proceeded so far in a rather
unfocused manner. We present observational work, the primary aim of which is to create
well-defined and robust samples in order to study the faint galaxy population, while min-
imising the possible effects of biases in the analysis. Galaxies are most obviously distorted
by gravitational lensing due to cluster-sized potentials and hence our study of the sources
also provides information on the lensing clusters. We can thus place constraints on the
evolution in the cluster mass distributions as a function of redshift. These constraints

are directly applicable to the theoretical models which describe the growth of structure in



Introduction
the universe and are unaffected by most of the criticisms aimed at previous observational

techniques.

The gravitational lensing of galaxies by cluster potentials results in two general classes
of object: arcs and arclets. The dividing line is merely a semantic one based on the
observed ellipticity, with an axial ratio: A = a/b = 2 being a reasonable choice. The most
extreme examples of arcs have A > 10, are usually curved and are therefore termed giant
arcs. These were the first objects identified as gravitationally lensed galaxies (Soucail et al.

1987, see Soucail 1992 for an recent review).

The giant arcs are highly elongated images of distant galaxies, the strong distortion arises
from the gravitational fields produced by the compact cores of massive rich clusters. The
conservation of surface brightness combined with the amplification of the lensing process
leads to the arcs having much brighter apparent magnitudes than the original sources.
For a typical giant arc the source may be 2-3 magnitudes fainter than the resulting arc.
Of course the source is also required to be beyond the lensing cluster, thus the study of
the giant arcs is primarily the study of faint high-z field galaxies. This is precisely the
class of objects which holds the key to the nature of the faint field galaxy population. The
study and the analysis of the number and nature of the giant arcs provides a direct probe
of this population. The advantage of the giant arcs, which offsets their relative rarity
compared to the arclets, is that being brighter they are open to a wider range of study,
including spectroscopic redshifts. The cores of rich clusters thus provide us with a ‘natural
telescope’ to view individual high-z galaxies in great detail. We can then determine the
star formation histories and masses of a sample of very distant and intrinsically very faint

galactic systems.

The giant arcs are the most extreme events with the highest magnifications/distortions

and they are therefore over represented in the current zoo of gravitationally lensed objects.
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This bias is in the nature of the lensing process (see Appendix A) and makes selection of a
‘representative’ sample difficult. Being a young subject the observational samples have so
far been rather inhomogenous collections and compilations. This fact, combined with the
possible strong roles for many different biases, has weakened the conclusions which could

be drawn from gravitational lensing studies.

The more populous arclets are less distorted and thus less amplified than the giant arcs.
Unfortunately they are thus too faint for spectroscopic study with current 4m class tele-
scopes. However, the distortions induced by the lensing cluster form a coherent pattern
superimposed upon the intrinsic ellipticities and orientations of the faint background pop-
ulation. The coherent nature of the signal can be used to overcome the low signal to noise
in individual arclets. The most basic approach is to measure the number of objects which
are aligned tangentially to the centre of the lens. Given a sample of identical clusters
at different redshifts the variation in the fraction of aligned images with cluster redshift
gives the shape of the faint galaxy redshift distribution. However, the fraction of galaxies
aligned tangentially arises from a combination of the geometry (/N(z) of the sources and
lens redshift; z.;) and the amount and distribution of mass in the lens (M(r)). To decouple
these two factors and so remove the effect of possible changes in the lensing properties
of clusters as a function of redshift, more elegant tests are required. For example, as the
Einstein radius for a source is an increasing function of its redshift we might hope to see
changes in the bulk properties of the background population by looking at their variation

as a function of radius in the plane of the lens.

The first study of the weak gravitational lensing effect was performed by Tyson and
collaborators (Tyson etal. 1990). Using deep B and R or I images of two clusters they
claimed to find an excess of tangentially aligned objects ~ a clear signal of gravitational
lensing. They also stated that the excess was dominated by the bluest objects in the field

and concluded that 70% of the faint galaxy population to B; < 26 were probably very

~-3-



Introduction
distant star forming galaxies at z > 1. There has seemingly been little activity in this field
since that letter. The three main groups working on observations of gravitationally lensed
galaxies are headed by Tony Tyson in the US, Bernard Fort in Toulouse and Richard Ellis
at Durham. The US team is still collecting data connected with statistical arclet studies
while the French group has been undertaking a systematic search for giant arcs. This
thesis details the work that has been undertaken at Durham covering both of these areas
- the study has been orientated towards the main thrusts of the research at Durham: the

nature of the faint field galaxy population and the study of large scale structure.

1.2 The Lensed: Faint Field Galaxies

Our intention here is two-fold: to compare current models for the evolution of the faint
field galaxies with both individual high signal to noise observations of arcs and statistical
tests using large numbers of faint arclets in order to understand the nature and evolution
of the faint galaxy population. We start by discussing the current models for the evolution
of the faint field population. There are three crucial observational results which have to be
complied with by any model for the origin and distribution of faint field galaxies. These

are:

e The steep rise in the number of galaxies seen to faint limits in blue optical passbands
(Tyson 1988, Metcalfe etal. 1990, Lilly etal. 1991). The total number of objects detected
is far in excess of that predicted by the no evolution model at faint limits, irrespective
of the value of g,. The rise is steepest in bluer passbands showing that the population
becomes bluer as the samples reach fainter. No strong feature has been observed in the
counts to a limit of B; ~ 28 (Metcalfe, priv. comm.). However, there does appear to be a

reduction in the slope of the counts at B; ~ 26.
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e However, to the depth reachable by current spectrographs on 4m class telescopes (B; ~
24) there appears to be no significant departure from the no evolution prediction of the
shape of the redshift distribution for the blue-selected samples (Broadhurst etal. 1988,
Colless etal. 1990, 1992, Cowie etal. 1991, Glazebrook etal. 1993). Even though by this
limit there is already an excess of a factor of at least 4 in the number of galaxies observed
above the no evolution prediction. The galaxies that constitute the excess must therefore
be coeval with the ‘normal’ population. The lack of a high redshift tail as predicted
by simple luminosity evolution models of galaxy formation is a strong indication that
the blueing trend seen in the faint counts is due to evolution at low redshift. Recent
observations of red and near-infrared selected samples give results which could be best
described as marginal deviations from the no evolution distributions (Lilly 1992, Tresse

etal. 1992).

e A final observational constraint comes from the number counts of objects in the near-
infrared (K band). In contrast to the optical counts, the K counts are very close to the

no evolution prediction for a low ¢, geometry (Cowie 1991, Gardner etal. 1993).

There are a variety of other observations that have some bearing on certain models for the
evolution of the faint field population. Of these possibly the most widely applicable is the
U band survey of Guhathakurta et al. (1990) which requires that the fraction of galaxies
with moderate Lyman-breaks beyond z ~ 3 is below 7% at B; ~ 26.5. This constrains any
high redshift tail of gas-rich systems. The two-point correlation function has also recently
been used to study the clustering of faint field galaxies (Efstathiou et al. 1991, Couch et al.
1992). Although attempts to use this approach to constrain the redshift distribution of the
faint galaxy population have been confused by the lack of information about the possible

evolution of their clustering strength.
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1.2.1 No Evolution Model

All the observations quoted above have been compared with no evolution models. Such a
model, while being physically unrealistic, has the advantage of being an easily calculable
yard-stick against which the observations can be compared. The no evolution model has
the following features. For a galaxy of a given absolute magnitude; M, seen at a redshift;

z, the observed magnitude; m, is given by:

m =M + 5log D)(2) + 256+ K(z) + E(2)

D(z) is the luminosity distance (in Mpc), which depends upon the geometry of the uni-
verse. K(z)is the k-correction which arises from the difference in the regions of the spectral
energy distribution of a galaxy sampled by a filter as the source is shifted to higher red-
shift. E(z) is the evolutionary correction which is perhaps the least well determined of all
the factors. This term corrects for all changes in the stellar population and state of the
galaxy as a function of redshift. When E(z) is calculated only for the normal changes in
the mix of star types in a galaxy, as a result of the changes in the stellar population with
age, this is termed passive evolution. Taking E(z) = 0 we get the no evolution model in

which the stellar populations are unchanging with cosmic time.

The no evolution model (N.E.) which is used in the following chapters as a null hypothesis is
defined as follows (King & Ellis 1985). The mix and space density of galaxies are taken from
local redshift surveys and these are replicated out to high redshift using a fixed luminosity
function in a universe with a flat geometry (g, = 0.5, A = 0) under the assumption of
conservation of the comoving number density of galaxies. Type-dependent k-corrections
determined from the observed low redshift galaxy spectral energy distributions are applied,

but as stated no evolutionary correction is used. When isophotal magnitudes are calculated









Introduction
we know to be occurring on a range of scales at the present epoch. However, the lack of
a strong two-point correlation function on small scales may be difficult to account for in
this model - as well as in others. It has also been argued that the apparent preponderance

of thin disks is incompatible with a high merger rate (Toth & Ostriker 1992).

To distinguish between these various theories it is apparent that we must observe galaxies
at fainter limits where the number counts are much higher. At deeper limits we would
expect the differences between the models to become more obvious: the low g, models give
a very extended redshift distribution, the burst model would resemble the no evolution
prediction while the second population model has a strong excess of low redshift galax-
ies. The most important observations are therefore redshift distribution as a function of
magnitude, the average star formation rate as a function of redshift and the average mass
or luminosity as a function of redshift. Gravitational lensing provides a very promising

method to attack these goals.

1.3 The Lenses: Rich Clusters

As stated above, to use the gravitational lensing of the faint field population by clusters
it is important to understand the lens as well as the sources. Gravitational lensing is a
unique probe of the shape and depth of a cluster’s potential and thus provides us with a

powerful tool to test models of cluster evolution.

The current leader amongst such models for the growth of structure in the universe is
the cold dark matter model (CDM, Blumenthal etal. 1984, Davis etal. 1985). This is
a hierarchical (bottom-up) model for the formation of structure — large structures are

created through the merging of smaller sub-units. The distribution of fluctuations in the
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intial mass field is proposed to be gaussian; these fluctuations grow linearly until they
reach a critical density contrast compared to the background at which point they start
to collapse. The distribution of fluctuations means that there is always a range of masses
of objects which are just reaching the threshold density. Merging is therefore a continous
process characterised by a single mass scale — at a particular time we can ask what is the
characteristic mass of an object which is currently turning around and uncoupling from
the Hubble flow. At the present epoch this characteristic mass is about the mass of a
small group (10 galaxies). Larger systems, such as rich clusters, may go non-linear earlier
but the more massive the system the rarer the initial fluctuation required to cause it. We
would therefore predict that most structures seen today which are more massive than a
group have not been in existence as a bound system for very long. They are therefore
dynamically young; only their centres being virialised. At z > 0.2 rich clusters would be

predicted to be even rarer, younger and less relaxed then they are today.

Optically selected catalogues of distant clusters show that the space density of rich clusters
(as determined from their optical richness and velocity dispersions) does not appear to
decrease to z ~ 0.5 (Gunn etal. 1989, Couch etal. 1991). This is in stark contrast to
the predictions of CDM which give a strong decline in the number of these very rare
structures at intermediate redshifts. The existance of these distant galaxy clusters and
in particular their high dynamically-estimated masses is a grave problem for the CDM
model. This being the case a solution has been found. The much referenced explanation
is that projection effects both artificially enhance the optical contrast of such systems and
also contaminate the velocity dispersion of the distant clusters with interlopers producing
spuriously high velocity dispersions (Frenk et al. 1990). It is not immediately apparent that
more elaborate statistical tests applied to the observations would be unable to distinguish

the type of contamination accused of causing the high dispersion tail (White 1992).
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However, at the moment the explanation still stands ~ to determine if the distant clusters
are massive systems we need an independent estimate of the cluster mass. The obvious
method is to look at the X-ray luminosities of these clusters (Lx « Mp,T%). However,
even at relatively modest redshift (z ~ 0.2), where there is no evolution in the number of
optically selected clusters, a strong decline is seen in the number of bright X-ray clusters
(Edge etal. 1990, Gioia etal. 1991). This is actually in the opposite sense to the simple
prediction from hierachical models — including CDM (Kaiser 1992) ~ which would have a
strong increase in the number of X-ray clusters seen at relatively recent look-back times.
This arises because although the typical cluster mass goes down with increasing redshift
the density goes up and thus the characteristic X-ray luminosity is approximately constant.
However, the number of sources is increasing with look-back time, giving an overall increase
in the number of bright X-ray clusters. Large scale hydrodynamical simulations are needed

to provide more robust theoretical predictions.

There are also good reasons why the study of cluster mass profiles at large radii is in-
teresting. From the central mass estimates for clusters (2 ~ 0.2) we are still left with
the problem of where the remainder of the mass resides if we are to have a flat universe,
as predicted by inflationary cosmologies (2 = 1). A possible solution has been proposed
(West & Richstone 1988, West 1990) in which the galaxies in a cluster are dynamically
segregated from the dark matter. This causes them to exhibit a lower velocity dispersion
than the cluster as a whole. The best regime to test this proposal is at large radii — a
technically demanding region for both optical spectroscopy (due to contamination) and
X-ray imaging (due to low flux) - but relatively accesible to weak gravitational lensing

studies.

We now discuss a gravitational lensing technique for deriving mass estimates for distant
rich clusters — the class of objects of most interest. These techniques are relatively insen-

sitive to projection effects which have plagued other methods.
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In gravitational lensing the cluster’s potential field remaps the sky seen behind it: this
remapping distorts the image of any source seen beyond the cluster (see Appendix A for
definitions). For a source a given distance behind the lens the remapping creates a web
of connected lines of infinite image amplification (caustics) on the plane of the sky. The
mapping of the caustics onto the observed sky (image plane) are termed critical lines. The
highly elongated giant arcs are only produced by a source close to a lens caustic — the arc
actually traces the associated critical line in the image plane allowing a direct measurement
of both the cluster centre and the critical line’s radius and hence b (Appendix A) - if the
source redshift is known this can be converted into a projected mass within the critical

line.

Modelling of the potential using giant arcs has been undertaken for a number of clusters
(e.g. A370 Grossman & Narayan 1988) giving mass to light ratios of M/L ~ 100 for the
central parts of the clusters (2 ~ 0.2). This value is similar to that derived from dynamical
techniques and independent of the assumption required in the dynamical estimates. The
high value confirms that there exists a large amount of non-luminous mass in the centres
of clusters (Q > Qgu + Q44,). Furthermore, the basic conclusion is that at least in the
very centres of clusters we are neither over estimating the cluster masses nor missing a
large amount of dark matter by employing dynamical tracers. The full implication of these
observations is actually more complex — the giant arcs provide an estimate of the mass

within a cylinder through the cluster and is thus dependent upon the radial mass profile.

We can also use the statistics of the rate of occurrence of giant arcs to probe the distribution
of cluster masses. However, it is important to bear in mind that the creation of the most
extreme giant arcs (e.g. A370 A0, C12244—02) is dependent upon both the depth of the
cluster potential well and its structure — in that a compact mass distribution will more
easily create a giant arc than a diffuse cluster. Thus the observed number of giant arcs in

rich clusters can be used to constrain models of the cluster masses and could in principle
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be used to trace their evolution at relatively recent epochs. To quantify the term ‘rich
cluster’ we refer to Fitchett (1990) who claims that only the most centrally condensed of
the various mass models available for Coma, one of the richest local clusters (o ~ 1000

km/sec), would be capable of strong lensing.

Although detailed modelling has been undertaken for most of the giant arcs discovered
to date, very few of these models have predicted mass distributions strongly at odds with
the observed light distribution. This view has been challenged in a recent paper by Boute
& Canizares (1992) who attempted to look at the relative distribution of galaxies and
mass in 5 low redshift clusters. The mass distributions were calculated from X-ray maps
using deprojection techniques. This paper concludes that although the two distributions
are orientated in the same direction the ellipticity of the mass distribution is much lower
than the light. Unfortunately the Authors are forced to employ a number of assumptions
to make this conclusion — of which the most damaging is that the clusters are isothermal.
Note that as they purposefully selected clusters with highly elliptical light distributions
— which may indicate a merging system (3 out of their 5 clusters have substructure) this

assumption appears untenable.

While the giant arcs provide a probe of the mass distribution in the central regions of
clusters analysis of the coherent pattern of weakly distorted arclets promises to provide
a similar test in the outskirts of clusters. Tyson etal. (1990) attempted such analysis
using deep imaging of two clusters with high velocity dispersions and X-ray luminosities:
Abell 1689 at z = 0.18 has Lx = 1.7 10% ergs/sec and o4 = 1800+200 km/sec and
C11409+52 at z = 0.46 has Lx = 9.2 10** ergs/sec and the unreasonably high dispersion
of o1 ~ 3000 km/sec. The regions imaged in the two clusters were restricted by the small
CCD formats: reaching to a radius of 380 kpc in the low redshift cluster and 500 kpc in
the more distant system. The histograms of image orientation for the two clusters show

excesses of tangentially aligned images for the blue samples in both clusters. The samples

-13 -



Introduction
used were selected with B; € [22,26] roughly equivalent to I € [20,24] and were split on
colour: for Abell 1689 blue was B — R < 0.7 and for C11409+52 blue was defined as B — I
< 2. The red samples were claimed to be dominated by cluster members. Indeed, only
the blue samples show the aligned excess — infact for C11409-+52 it appears that the red
galaxies are preferentially aligned radially. However, the excess blue aligned component
in both clusters is small: about 30-40 galaxies in the low redshift cluster and a mere 12 in
the high redshift cluster. Using these excesses Tyson etal. claim that at least 70% of the
B; € [22,26] galaxy population are beyond z = 0.9. Using a test based on the alignment
signal they derive radial ‘mass’ profiles for the clusters and compare these with the light
profiles — it transpires that the ‘mass’ profiles they derived were not for the mass as they
claimed but were closer to the surface potential (Kaiser & Squires 1992). Clearly this
analysis while promising should be repeated with larger samples all observed in the same

bands and the correct surface mass estimator applied.

A new technique developed by Kaiser & Squires (1992) allows us to use the information
inherent in the arclet distortion pattern to derive the full two dimensional mass distribution
in the lens (see Appendix A). This marks an important step forward in the investigation of
mass in clusters. The mass reconstruction is in theory only limited by the surface density
of background galaxies that can be acquired — compared to spectroscopic tracers which
are limited by the number of galaxies sampling the potential. In reality other effects
such as projected large scale structure will effect the outer parts of the mass maps at
a distance where the two contributions to the surface mass density are equal. Miralda-
Escudé (1991b) has argued that this should occur at a radius around 1-2 Mpc in a typical
cluster — beyond this radius it would still be possible to construct a surface density profile
for the cluster but the two dimensional information would be lost. Using the full two
dimensional mass map it should be possible to survey intermediate redshift clusters for

the presence of substructure in their mass distributions. Substructure is to be expected in

-14 -



Introduction
clusters within hierachical models as these clusters should be growing via accretion events
at the observed epoch - the prevelance of substructure can be used, for example, as an

indicator of the density of the universe (Richstone etal. 1992).

The observations of arcs and arclets therefore appear to be relatively clean probes of
cluster potentials - allowing us a detailed view of the distribution of mass in the cores
of rich clusters and a more statistical view of the form of the mass distribution on larger
scales. It is this latter approach which may provide answers about the growth of clusters
and the evolution of their mass distributions. We also hope to learn something about the
nature of the faint field galaxies behind the lensing clusters and so constrain models for

their evolution.

1.4 Summary

We give a brief summary of the structure of this thesis:

Chapter 2: The research set out here covers the observations of a double arc structure
in the rich cluster Abell 963 (z = 0.206) — the arcs lie in the stellar halo either side of
the dominant cluster galaxy. Deep spectroscopic observations show a single emission line
in the spectra of both arcs confirming that they both originate from the same source.
Identification of this line with [O11]3727 gives a redshift for the source of z = 0.771 ~ using
near-infrared imaging we conclude that the source is a dwarf galaxy undergoing a burst

of star formation.

Chapter 3: This chapter describes the first attempt to construct a statistically complete
sample of gravitational arcs. The catalogue is selected from a homogenous archive of

cluster images using well defined criteria and contains a total of 20 arcs in 19 clusters.
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This arc catalogue is then employed in a number of new tests to study the lensing ability
of an ensemble of intermediate redshift clusters in an attempt to determine the redshift
distribution of the background galaxies. The sensitivity of the lensing signal to slight
differences in the lensing clusters makes application of the tests to the entire sample
infeasible. Nevertheless, we show that the tests could be successfully applied to very deep

observations of a single rich cluster.

Chapter 4: Using near-infrared imaging of a complete sample of 7 spectroscopically-
confirmed giant arcs we extensively model the photometric characteristics of high redshift
field galaxies in order to understand their star formation histories. We find that the major-
ity of the light emitted by the most distant arc sources arises from recent star formation.
Using a number of independent approaches we conclude that a constant star formation
rate in sub-L* systems is most consistent with the observations (L* is the characteristic
luminosity of a Schecter luminosity function). If the star formation remains at its observed

rate these systems would be the precursors of today’s spiral galaxies.

Chapter 5: In this chapter we describe the acquisition and analysis of a set of very deep
optical images of three moderate and distant redshift clusters (Cl11455+22; z = 0.259,
C10016+16; z = 0.546 and Cl1603+43; z = 0.895). The clusters have been selected
on either X-ray luminosity or optical richness. Using well defined selection criteria we
create robust samples of faint galaxies suitable for lensing studies. These are used in
two separate analytic methods to study both the redshift distribution of the faint field
galaxy population and the mass in the lensing clusters. Relatively simple tests rule out
redshift distributions for the faint field galaxies which depart significantly, at either low or
high redshift, from the no evolution prediction. The mass analysis uses newly-developed
techniques to reconstruct the two dimensional mass distribution in the lens from the
gravitationally distorted images of galaxies seen through the clusters. We conclude that

the morphology of the mass distribution is accurately traced by the cluster galaxies.
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