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ABSTRACT

This thesis describes two observational studies of the peculiar velocity field of galaxies
over scales of 50-100 h-1 Mpc, and the consequences of these measurements for
cosmological theories.

An introduction is given to observational cosmology, emphasising the crucial questions
of the nature of the dark matter and the formation of structure. The principal
cosmological models are discussed, and the role of observations in developing these

" models is stressed. Consideration is given to those observations that are likely to prove
good discriminators between the competing models, particular emphasis being given to
studies of the coherent velocities of samples of galaxies.

The firstnew study presented here uses optical photometry and redshifts, from the
literature, for First Ranked Cluster Galaxies (FRCG’s). These galaxies are excellent
standard candles, and thus ideal for peculiar velocity studies. A simple one-
dimensional analysis detects no relative motion between the Local Group of galaxies
and 60 FRCG’s with redshifts of up to 15000 kms-1. This is shown to imply a
streaming motion of the cluster galaxies of atleast 600 kms-1 relative to the CBR.

The second observational study is a reanalysis of the Rubin et al. (1976a,b) sample of
Sc galaxies. Near-IR photometry is used in our reanalysis to minimise the effects of
extinction and to facilitate the use of luminosity indicators in reducing the effects of
selection biases. The velocity anisotropy found by Rubin et al. is confirmed with the
new data, which excludes the possibility that extinction causes this effect.

The near-IR Tully-Fisher relation and the B-H colour-magnitude relation are used, to
investigate whether the effect is caused by true bulk motions. Both relations are shown
to be subject to strong biases and uncertainties resulting from the galaxy selection, and
thus do not add significant information on the basis of the measured effect.

Monte Carlo simulations of the galaxy selection procedure undertaken by Rubinetal.
are then described. These show conclusivel that Malmquist bias, combined with an
anisotropic sampling depth, can explain the whole effect, which therefore does not
provide evidence for large scale galaxy streaming.

The consequences of these and other recent results are considered, with particular
reference to the Hot Dark Matter vs. Cold Dark Matter controversy. A new study of the

galaxy peculiar velocity field, using a new spiral galaxy sample, is then introduced.
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OBSERVATIONAL STUDIES OF THE GALAXY PECULIAR VELOCITY FIELD
CHAPTERONE INTRODUCTION

In this thesis I will discuss an observational approach aimed at tackling two of the most
fundamental problems in modern cosmology. These are the nature of the dark matter,
which is indicated by a growing body of evidence to dominate the mass density of the
Universe, and the processes by which the galaxies, clusters and superclusters we now
observe came into existence. The method I have been using to attack these problems is
to map the galaxy peculiar velocity field on scales of tens of Mpc. If this can be done to
sufficient accuracy, it should enable us to place very stringent constraints on the
cosmological models presently under discussion. The method is powerful since it
probes the mass distribution more directly than measurements of the luminosity
distribution can, given the uncertainties of differing mass to light ratios on different
scales and in different environments. In addition, itis possible to make measurements
on scales far larger than are available to other dynamical studies, and indeed on scales at
which correlation function methods applied to redshift surveys become noisy and almost
impossible to interpret. As with all techniques in observational cosmology, however,
the results obtained from streaming motion studies are very sensitive to systematic
effects resulting from, for example, poor sample selection or inappropriate data analysis
techniques, and such problems will thus be examined very closely.

In this introductory chapter I will first give an overview of the most important features of
the standard cosmological models in vogue at present, and the problems they pose. I
will then discuss the various observational methods which have been used to try to
answer these questions, concluding with those attempting to map the galaxy peculiar
velocity field. s

Chapters Two and Three will be devoted to an explanation of the methods, analysis and
results of the two projects in which I have been involved, to measure large-scale
streaming motions. The first of these involved the use of data taken from the literature
on First Ranked Cluster Galaxies, which were u<~ 1 to test whether such galaxies define
a rest frame identical to that of the Cosmic Background Radiation (CBR). The second
was the reanalysis of a sample of Sc spiral galaxies, for which a previous analysis using
optical photometry had derived a Local Group (LG) motion now seen to be discrepant
with measurements of the CBR anisotropy. By using infrared photometry we addressed
many of the inherent problems of these previous studies, and were able to test this claim
more stringently.
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Chapter Four will contain a comparison of the results from the above two studies with

_ other similar studies in the literature, and will attempt to reach a consensus view with
regard to the status of galaxy streaming. The consequences of these results for
cosmological models, and in particular the nature of the dark matter, will then be
considered.

Work carried out to date on a new long-term project aimed at measuring streaming for a
new, independently selected sample of Scl spirals will be considered in Chapter Five.
This will be concerned particularly with the selection of suitable galaxy samples for such
work, in order that the biases which have thrown doubt on previous studies are
minimised. This should enable peculiar velocities to be determined with the greatest
possible accuracy over the largest possible volume. Chapter Five will conclude with a
summary of the earlier chapters, and will point out some ways in which the
observational and analytical techniques described in this thesis could be improved and
extended in the future.

I COSMOLOGICAL MODELS

In order to define the aims of the observational projects to be described in chapters two
and three, it is first necessary to describe the theoretical framework of modern
cosmology, and the outstanding questions which these observations are likely to
address.

I.1 DESCRIPTION OF STRUCTURES OF COSMOLOGICAL
SIGNIFICANCE.
The metivation for the majority of cosmological scenarios currently being researched is

the need to explain the existence of structures such as galaxies, clusters and
superclusters. In the conventional Hot Big Bang cosmology, which will be assumed as
the basis for all the models discussed here, the timescale for the formation of such
structures is constrained by the age of the Universe and, more stringently, by the
expanston factor since the matter decoupled from the radiation field now seen as the
CBR. These time constraints, taken together with the isotropy of the CBR which
strongly limits the amplitude of the fluctuations in the cosmic fluid at decoupling, make it
difficult to explain the formation of structure by the presentday. In order to explain the
nature of these constraints, I shall first discuss the important classes of structure we
observe.
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Galaxies form the most obvious single class of objects of cosmological interest. They
have masses typically in the range 1010 - 1012 M,, and, with the exception of a minority
of disturbed or irregular examples, they have attained relaxed distributions. Thisis tobe
expected for objects of this size, particularly if violent relaxation processes can be
invoked, assuming their ages are within an order of magnitude of the Hubble Time. The
existence of two distinct populations of galaxies, spirals and ellipticals, may be of
cosmological significance, reflecting some basic characteristic of the Universe at the time
of galaxy formation. This could lead to varying degrees of dissipation as a function of
the density and radius of collapsing regions (Jones 1988); however it may be explicable
in terms of evolutionary processes such as proto-galaxy mergers (Larson 1987), which
are of no direct relevance to the cosmological questions we are addressing here. The
epoch of galaxy formation is a parameter that has been widely discussed, but noreal
consensus has been reached. One possible constraint is the existence of quasars with
redshifts as high as 4.4, although with the nature of quasars remaining a controversial
issue, this does not necessarily imply galaxy formation by a similar epoch. Indeed, as
will be discussed later, many models indicate that galaxy formation probably occurred
later than this.

The only objects smaller than galaxies which seem of sufficient importance to consider in
cosmological models are globular clusters. These are tight, spherically symmetric,
relaxed clusters of stars, with masses ranging from 104 to 106 M,. Age estimates made
from the turn-off point of the main sequence reveal highly evolved stellar populations,
i.e. the stars making up globulars appear to have ages on the order of the age of the
Universe. The strong inference is that the clusters now containing these stars are of
similarly extreme ages. The accuracy of these estimates is the subject of a great deal of
discussion, however, since it is by no means certain that the globular cluster ages do not
contradict current esiimates of the age of the Universe. They certainly impose a strong
lower bound. The other characteristic of globulars which makes them of interest here is
their ubiquity; they seem to represent a strongly preferred scale in the hierarchy of mass
structures, strengthening the supposition that they may be amongst the earliest objects to
form.

Moving to scales larger than those of galaxies, the pattern becomes less well defined,
possibly as a result of the characteristic relaxation times of these structures being on the
order of, or greater than, the time since decoupling. We are thus looking at objects
presently undergoing collapse and relaxation, as is further suggested by the finding of
bulk mass motions on these scales.
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Looking first at galaxy clusters, there again seems to be a natural division between two
distinct types of object, the regular and irregular clusters. Regular clusters have
spherically symmetric density profiles with a degree of central condensation which
suggests that they are dynamically relaxed. They are very rich, containing 103 - 104
galaxies within a diameter of only a few Mpc, and thus represent extreme density
fluctuations. In spite of this, they are predicted to have relaxation times, via two body
interactions, of 1016 - 1018 years. Clearly, some other process must have brought about
the relaxed state implied by these mass distributions, and it seems likely that violent
relaxation is involved. The Coma cluster, a particularly large and rich cluster, could
relax in a time on the order of 2x109 years if this were the case, but it should be noted
that the resulting equilibrium state is somewhat indeterminate (Lynden-Bell and Wood
1968). This is important, since the velocity dispersions of galaxies within rich clusters
are used in arguments for missing mass, which will be considered later.

Density enhancements associated with rich clusters can be traced out to some tens of
Mpc (Chincarini and Rood 1975), although the crossing times for galaxies in these outer
halos are far too long for them to have reached dynamical equilibrium. Itis thereforeto
be expected that the dominant motion of these galaxies will be infall towards the centre of
the density enhancement, at leastin the outer reaches of the halo. There will be aregion
of complex motions atintermediate radii, where two-body gravitational interactions will
have affected the velocity field, without having yet brought about an equilibrium state.

Irregular clusters are amorphous groupings of galaxies, with numbers of members
ranging from a few to about a thousand, although the borderline between these clusters
and the larger superclusters is anything but clear. They contain galaxies of all types,
unlike the regular clusters which are composed predominantly of gas-poor elliptical and
Ienticuiar gaiaxies. Thereis no evidence for irreguiar ciusters having undergone any
substantial evolution towards equilibrium states- they represent only moderate density
enhancements, giving evolution timescales, even for violent relaxation processes, that
are longer than a Hubble Time.

The largest structures which have been identified with any degree of certainty are the
superclusters (e.g. Shapley 1930, Shane & Wirtanen 1967, Bahcall & Soneira 1984;
reviewed by Oort 1983). These have typical sizes up to an order of magnitude greater
than those of the largest clusters, being around 50 Mpc rather than 10 Mpc, butthey
have much lower densities than the regular clusters. Itisnot yet clear whether they truly
represent a separate class of objects, or whether clustering occurs on a continuum of
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scales from the smallest clusters to the superclusters, or even beyond. Superclusters
often have filamentary shapes (e.g. Bahcall et al. 1986), giving rise to the possibility that
collapse and dynamical equilibration may havealready occurred about the shorter axis or
axes, whilst the crossing time in their longest dimension will certainly exceed the age of
the Universe. We might then expectto see anisotropic collapse occurring, aligned with
the longer dimension, a process of considerable relevance to the mass flow studies with
which we are concerned here. The reality of such structures also requires a knowledge
of the peculiar velocities of galaxies, which could be atleast partially responsible for the
structures found by Bahcall et al. (1986).

The structure of the Universe on the scale of superclusters is also remarkable for the
presence of voids, supercluster-sized holes in which the number density of galaxies is
possibly an order of magnitude lower than the average (Kirshner etal. 1981). There has
been some doubt as to the reality of these voids, and in particular that they might be filled
by Markarian galaxies (Balzano & Weedman 1982). However the consensus now
seems to be that all types of galaxies, including dwarf, low surface brightness and
Markarian galaxies, are significantly underdense in these regions, Markarians less
markedly than other types (Thompson 1982, Bothun et al. 1986, Haynes 1986 &
Oemler 1987).

It has been suggested that voids are distributed throughout the Universe like the holesin
a sponge, with the superclusters lining the boundaries of the holes (de Lapparent et al.
1986). Whilst this model is only tentative, it does give some idea of the sort of velocity
field we might expect to observe if such structures are still in the process of forming, or
if the matter "walls” are further collapsing into large scale filaments. However, Peebles
(1982) has shown that the voids themselves could have been made without large galaxy
peculiar velocities, so we should not expect to find significant galaxy streaming out of
voids. This is because small voids in the early universe wouid grow with the expansion,
whilst peculiar velocities would diminish. Thus only small velocities would be required
if the voids formed at an early epoch, and these would have 'redshifted away’ to an
undetectablelevel by the present.

I.2 THE GRAVITATIONAL COLLAPSE OF PRIMORDIAL DENSITY
FLUCTUATIONS

I will now consider how the structures outlined above could have formed via a process
of gravitational collapse from primordial density fluctuations. We will not be concerned
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here with the details of how objects with the specific characteristics of, say, spiral
galaxies can form; for the purposes of arriving at a valid cosmological model we will be
content with showing that density enhancements on the appropriate scales could become
non-linear by the present day. Indeed, given the constraints imposed by the CBR
isotropy, which severely limit the size of fluctuations present at decoupling, even this
restricted condition proves hard enough to satisfy.

Over the largest scales, gravitational collapse processes are always likely to dominate.
The long range nature of the gravitational force, the lack of repulsive effects and the
interaction of gravity with all types of matter make collapse inevitable given enough time.
It thus becomes important to try to determine scales on which gravitational collapse is
prevented, either because the timescale is long compared with the time since decoupling,
or because gas pressure or some other effect stabilises matter against collapse. The
spectrum of the primordial density fluctuations is obviously importantin determining the
size of the objects likely to be the first to separate out from the general expansion, and
collapse.

A central concern when postulating galaxy formation mechanisms is to find a way to
produce a fluctuation spectrum with power on scales fitting the presently observed
clustering hierarchy. Knowledge of the large scale velocity field enables usto extend
this to a study of the scales on which structure is presently forming. As an example,
there is as yetno firm evidence for the clustering of superclusters into yet larger
structures, but the measurement of coherent large scale streaming motions might indicate
that such super-superclusters are in the early stages of formation.

Since the nature of the initial fluctuations largely determines the subsequent evolution of
structure, it is worth trying to understand what forms these are likely to have taken.
Two modes have been identified (see, e.g. Peebies 1980), which are conventionaily
termed adiabaticand isothermal. Isothermalfluctuations are fluctuations of the matter
density only, the radiation field remaining unperturbed; adiabatic fluctuationsaffect both
thematter and radiation fields according to therelation:

1.1

Isothermal and adiabatic fluctuations evolve independently of one another aslong as the
wavelength of the perturbation is very much less than (ct), where t is the characteristic
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time for contraction or expansion. Any fluctuation can be represented as the sum of
isothermal and adiabaticcomponents.

Models in which isothermal fluctuations dominate predict that the earliest structures to
form after decoupling should be small, of the same order as the Jeans mass after
decoupling, i.e. about 106 M,, (Peebles, 1965). Fluctuations smaller than this tend to
oscillate, and are damped out by photon diffusion during the decoupling era. The nature
of these first structures is not defined by the theory, but it is suggestive that the masses
are roughly those of globular clusters. Ithas also been postulated that they might be
massive individual stars, the rapid and catastrophic evolution of which can then be used
to explain some aspects of the later development of structure.

If adiabatic fluctuations dominated prior to decoupling, the preferred mass scalesfor the
earliest structures, post-decoupling, are very much larger. The characteristic mass is
fixed by the smallest adiabatic perturbations that can escape being dissipated by photon
diffusion. Detailed calculations put this limitat 1012 - 1014 M,, (Silk 1967),
corresponding to large galaxies or to moderately rich clusters respectively. There are
reasons for preferring adiabatic overisothermal fluctuations, since they area
consequence of the inflationary models, to be discussed in section 1.4.

Whether isothermal or adiabatic fluctuationswere in fact dominant determines the order
in which structures form. The isothermal-dominated picture has small, sub-galaxy sized
objects forming first, which then cluster successively to form the galaxies, galaxy
clusters and superclusters we now see. This process is known as hierarchical clustering.
Adiabatic fluctuations will tend initially to produce large scale structures, possibly as
large as superclusters, which must then break up into objects with smaller masses, a
process known as fragmentation. Since the overdensity is unlikely to to be spherically
symmeiric, the initiai evolution of these iarge scaie structures is likely to be infaii
predominantly along one axis, leading to 2-dimensional “pancake” structures (Zeldovich
1970). These in turn might be expected to evolve further into 1-dimensional filamentary
structures. Neither the adiabatic nor the isothermal model has yet been shown to be in
obvious disagreement with the observed properties of the mass spectrum, and one of the
attractions of measuring streaming velocities is that they may be able to discriminate
between the two.

More recently, attention has focussed on isocurvature fluctuations, an alternative to the

isothermal scenario, in which the space curvature is unperturbed but the baryon number
is clustered (e.g. Peebles 1987a). Thus fluctuations in relativistic matter (radiation and

17



possibly neutrinos) must be such as to cancel the fluctuations in the baryon density.
This model is essentially ad hoc (as is the isothermal model) in that such fluctuations do
notarise namraliy prior to decoupling, except possibly in axion dominated models
(Bardeen etal. 1987). However, it does have attractive features in that the first
generation of objects to form have masses roughly equal to those of galaxies, and there
is a relatively greater amount of power in the fluctuation spectrum on large scales (to
200 Mpc) compared to other models. This latter feature is important in explaining the
evolution of clustering and superclustering, and gives larger predictions for the size of
galaxy peculiar velocities smoothed over these scales.

In all these models, a significant quantity in determining which of the initial fluctuations
will be able to develop is the Jeans mass (Jeans 1902), a mass limit above which it
becomes impossible for internal pressure to support a gas cloud against gravitational
collapse. This mass is given for the non-relativistic case by the following expression:

M; = (4nmyn/3) (mvs2/Gp)3/2 1.2

where my; is the mass of the hydrogen atom, n is the total baryon number density, v is
the adiabatic sound speed and p is the mass density. Any fluctuations having a mass
greater than this limitunder the conditions prevailing will then undergo essentially free-
fall collapse. Knowledge of the value of the Jeans mass throughout the evolution of the
Universe has long been regarded as an important way of defining preferred mass scales,
since pure gravitational processes do not themselves yield any. The Jeans mass between
the matter domination epoch and recombinationis “10!7 M,, falling to “106 M, at
recombination (Primack 1984). If 106 M, objects are the first to form, a process of
hierarchical clustering is the expected to form galaxies, clusters and superclusters
successively.

There are several problems with the simple picture in which primordial fluctuations
develop via gravitational instability into the structures observed today. The principal one
is the timescale apparently required for the growth of the slight perturbations implied by
the CBR isotropy into dynamically-relaxed objects such as galaxies and regular clusters.
Gravitational instability can bring about rapid collapse and relaxation of extreme density
perturbations, but the initial stages of collapse from near homogeneity seem to demand
excessive lengths of time. Such constraints are particularly severe for the adiabatic case,
since all density enhancements will be reflected in corresponding temperature changesin

the CBR, with g = % %9. Observations constrain 6%‘ to be less than 1 part in 104

over a wide range of angular scales (Fomalont et al. 1984, Uson & Wilkinson 1984,
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Mandolesi et al. 1986, Kaiser & Silk 1986). This is surprising since the density
fluctuations gpg grow as (1+z)-! and hence can only have grown by a factor of 103

since decoupling. Thus we would expect that non-linearity by the presentepoch would
only occur for fluctuations causing temperature fluctuations S‘Tl' =3 104. This might be

seen as an indication favouring isothermal models, since it is possible to “hide” mass
fluctuations which are notreflected in the radiation field, but there are other reservations
in this case. Itis not clear how such fluctuations might arise in the first place, whereas
adiabatic fluctuations are specifically predicted to arise on the assumption of an
inflationary phase in the early Universe. Fragmentation processes are also generally
considered to give rise to the observed structures more naturally than would hierarchical
clustering. The isocurvature model shows possibly the greatest promise in explaining
the formation of structure over the required range of scales without violating the CBR
isotropy. However, all models appear to have sufficiently serious shortcomings that
there is a need to look for some additional factor. The consensus appears to be that this
is probably a background of some type of dark matter, for which there are several
independent indications. This and the related biasing processes will be considered
below, but we will first look briefly at some other alternatives.

1.3 NON-GRAVITATIONAL COLLAPSEPROCESSES

Non-gravitational processes have frequently been applied to the problem of structure
formation, butnone have seemed likely to challenge gravitational collapse as the
dominant effect. This doesnot prevent their playing a vital role in some aspects of the
structure-forming process, and it is primarily in this light that they will be discussed.

Primeval turbulence has been considered as a process potentially able to bring about the
rapid formation of structures on all scales, even down to planetary systems (von

-~ Weizsacker 1951). The cosmic fluid in the early Universe is postulated to be subject to
turbulent motions, with vortex-typeirregularities developing on all scales corresponding
to present day structures, arranged in a hierarchical fashion. The turbulentmotions can
then be assumed to dissipate their kinetic energy via collisions and shocks, collapsing
rapidly. The resulting objects would be expected to have net angular momentum, which
is in accordance with observations.

Problems with this model include the need for the initial turbulence, since there seems no
way of generating itfrom an initially kinematically quiet expansion. Gravitational torques
on asymmetric overdense regions will have some effect, possibly enough to explain the
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presently observed angular momentum of structures, butnot enough to bring about rapid
dissipation and collapse (Peebles 1969). This model has the additional problem of not
leading to naturally preferred scales, which thus require additional mechanisms. Most
troublesome is the finding that turbulence tends to dissipate too rapidly, forming high
density objects well before galaxies could have formed (Peebles 1971). Itappears that
this disagreement can be avoided only by a fine-tuning of parameters, which diminishes
the appeal of the model.

Even though turbulence appearsuntenable as the dominant structure-forming process, it
is likely to play some part in determining the nature of structures formed by other
mechanisms. This is because any turbulence, even if initially weak, is likely to give rise
to anet angular momentum for any finite volume of collapsing matter, which, if
conserved during collapse, will stabilise the object at a given radius in the plane of
rotation. The most obvious examples of rotation-supported flattened structures are spiral
galaxies. It remains to be seen whether this is the case for clusters, superclusters and
beyond. This is an interesting possibility which might be investigated via velocity field
studies.

Gas dynamic effects may play an important partin the rapid formation of highly
condensed masses. Cooling flows provide a well studied example of how hot
interstellar gas can have cooling times via radiative energy loss which are shorter than
free-fall times (Fabian et al. 1984), and it seems likely that such processes should be
included when considering the post-decoupling evolution of overdensities.

Some consideration has also been given to the effects of a primordial magnetic field,
which could interact with the ionised component of matter in the early Universe to
produce a spectrum of density enhancements. Magnetic fields could also affect the
collapse of overdensities (Wasserman 1978), since matter will tend to move along field
lines rather than perpendicular to them, and magnetic coupling may be importantin
transferring angular momentum from rotationally supported structures to the surrounding
medium.

Finally, it may be useful to consider the possibility of explosive events resulting from the
earliest objects. The proposal that 106 M,, stars may result from the development of
isothermal fluctuations gives rise to an extreme form of this scenario, but any primeval
stars with masses greater than about 10 M,, would be likely to evolve to a supernova
stage in time to affect the formation of neighbouring structures. This could provide a
form of negative feedback, inhibiting the growth of structures in the near vicinity of

20



these first generation objects, in a variant of the biasing mechanisms (see e.g. Rees
1985) to be discussed later.

1.4 MODIFICATIONS TOTHE STANDARD (BARYON DOMINATED)
MODEL.

We will now take a look at the currently popular scenarios in which there is an additional
“dark” component of the matter, underlying the luminous, presumably baryonic matter
we observe. The evidence for the existence of dark matter, the indications of its possible
nature, and the effect it could have in solving the problems of structure formation will be
evaluated. The possibility of discovering more about the nature of the dark matter is one
of the principal motivations for undertaking streaming motion studies, and so the
predictions of the models for differentdark matter candidates are of particular importance
for the present work.

The existence of a non-luminous matter component was first inferred from the
application of the virial theorem to clusters, and studies of the rotation curves of the outer
parts of spiral galaxies. For all reasonable values of the Hubble constant, which
effectively sets the linear scales and the absolute magnitudes involved, the total masses
required to bind these structures gravitationally exceed the masses derived from studies
of individual galaxies, by a factor of about 30. This has been the subject of much
discussion (reviewed by Faber and Gallagher, 1979), but the consensus is that galaxies
are associated with matter in addition to that composing the stars, gas and dust which can
be observed directly.

Extension of these dynamical studies to larger and smaller scales shows a general trend
towards higher mass-to-light ratios with increasing scale (e.g. Faber & Gallagher 1979).
This indicates an underlying mass distribution that is less clumped than the visible mass
distribution, and thus dominates more on larger scales. It should be noted that studies
which depend on the dynamics of objects moving in a gravitational potential can only put
lower bounds on the total mass, since there could exist an arbitrarily dense component,
smooth on the scales observed, superimposed on the measured mass distrib***on, which
would not affect the dynamics in any way. Such a component would have to be
constrained by other methods, such as detections of the particles comprising it.

The arguments for missing mass are strengthened by the attractiveness of inflationary

models for the development of the early Universe (Guth 1981). An inflationary episode
elegantly explains several features of the global properties of the Universe which would
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otherwise have to be introduced as initial conditions. These include the isotropy of the
CBR around the sky, the homogeneity of the large scale matter distribution, and the so
called monopole problem. The isotropy of the CBR is hard to understand, since it
appears that the radiation from different directions must be coming from regions of the
last scattering surface which have never been in causal contact, and yet still appear to be
atidentical temperatures. For similar reasons, itis hard to understand how the large
scale structure of the Universe appears so homogeneous, if the structure we now see has
developed from a number of causally non-connected regions. Finally, the monopole
problem concerns predictions thatlarge numbers of magnetic monopoles, or point
discontinuities, should be left behind from a phase transition in the early Universe. The
present density of these as calculated from the expected number density and individual
masses should be very much larger than the present estimates of the total density of all
matter (Preskill 1979, Zeldovich & Khlopov 1979). The existence of a large-scale
cosmic magnetic fields also limits the number of monopoles, which tend to discharge
such fields (Parker 1970). Finally, laboratory experiments indicate that the number
density of monopoles is well below theoretical predictions.

The inflationary scenario solves all of these problems by postulating that all of the matter
we presently observe was originally in a small, causally connected region, which was
then rapidly inflated to encompass a region larger than the present horizon size. Since
the radiation field was in equilibrium prior to inflation, and the inflation is thought to
expand all matter and radiation smoothly, itis no surprise that the radiation field coming
into the horizon is isotropic. The large scale homogeneity arises naturally if the region
before inflation was itself smooth and homogeneous. The monopole problem is also
solved since the number density of all particle species would be decreased by an
enormous factor during inflation. Whilst Guth’s original formulation of inflation has
since been shown to be flawed in that the universe never escapes from the inflationary
phase, more recent refinements (reviewed by Barrow & Turner 1982) have overcome
most of the problems and the scenario is still probably tenable.

The main discrepancy between the resulting universe and observation is thatinflation
predicts a critical density Universe. to a high degree of accuracy, if the inflation increases
characteristic scales by alarge factor. The estimates from even the largest scale
dynamical studies (such as Virgo infall measurements, below) put the value at no more
than a third of this. This is probably not a serious problem, however, and indeed the
near coincidence, with a mere factor of =3-5 difference between the observed and
theoretically expected values, is sometimes taken as further evidence for the correctness
of the inflation hypothesis.

22



Reconciling theory and observation can be done in two ways: either we must accept that
our mass estimates are too low, and there is an unobserved component of matter making
the total up to critical density, or we must try to alter the inflation so as produce a sub-
critical density universe. The latter course is possible, given just the right amount of
inflation, butis regarded as being unsatisfactory in the high degree of fine tuning
required, since any small deviation from critical density immediately after inflation would
be increased enormously by the present epoch. A critical density universe can be
explained by any amount of inflation larger than a certain amount, so no fine tuning is
required in this case.

An important consequence of inflationary models in the present contextis that they
predict a specific form for the initial fluctuation spectrum. Density fluctuations are
expected to arise from quantum fluctuations in the scalar field which drives the inflation,
affecting both the matter and radiation. These are adiabatic perturbations, with a scale-
invariant spectrum (Guth and Pi 1982). This requires a power-law fluctuation spectrum
of the type discussed by Harrison (1970) and Zeldovich (1972):

5
22 o M- 1.3
p

The value of theindex a is constrained to be =0 by the requirement that the universe be

more homogeneous on large than on small scales, and to prevent the formation of
numerous black holes from small scale fluctuations.

If the Universe is dominated by non-luminous matter, it is obviously vital that we should
discover what form this matter isin. Itis very unlikely that a critical density could be
composed solely of baryonic matter, due to limits imposed by the observed light element
abundances, and especially that of deuterium. These elements are thoughtto have
formed in the early Universe, and their abundances provide a good diagnostic of the
prevailing conditions at that time. These "nucleosynthesis” constraints put limits on the
present value of the quantity (3,h2, where (, is the present density of baryonic matter in
units of the critical density, and h is the present value of the Hubble constant, in units of
100 kms-! Mpc'!. The observed abundances of deuterium and 4He, corrected for the
amounts thought to have been produced and destroyed in stars and the interstellar
medium, place strong constraints on Q,h2 for a given CBR texhperature, via the
following inequality (Primack 1984, following Yang et al. 1984):
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Quh2 < 0.035 (T/2.7K)3 1.4

For h in the region 0.5 to 1, as is conventionally accepted, =1 is definitely ruled out.
If we are to accept the arguments for a critical density universe as conclusive, it appears
we must accept that on the order of 90% of matter in the universe is both non-baryonic
andnon-luminous.

Making this assumption immediately helps to solve the problem mentioned above
concerning the time required for present structure to form, given the isotropy of the
CBR. We can now relax the CBR constraints on decoupling-epoch density
perturbations, if weakly interacting particle species, such as massive neutrinos, make up
the dominant mass. Such a matter component would decouple from the remainder of the
matter and radiation well before the baryon decoupling era, and could then form mass
structures which would not necessarily be reflected in the radiation field. The baryonic
matter would then be able to fall into the potential wells around these overdensities as
soon as it decoupled from the radiation, hastening the otherwise slow initial stages of
collapse.

Thus it is possible to say from these simple arguments that the dominant matterin a
critical density universe is likely to be non-baryonic, and that there are some indications
that it should be weakly interacting, at present affecting the visible matter only via
gravitational interactions. This still leaves room for a wide range of candidates for the
missing matter, with, as it turns out, important consequences for predictions of large
scale streaming motions. We will now examine the two main candidates for this dark
matter.

L5 THEDARKMATTER

The main debate about the nature of the dark matter, and the question of mostrelevance -
to large scale streaming motions, is whether the particles concerned were relativistic or
not at the time of baryonic decoupling. This is of great importance since it has a strong
influence on the minimum scales on which the matte~ can clump, and hence on the
developmentof structure.

The leading candidate for relativistic or “hot” dark matter is massive neutrinos, aithough
some other possibilities have been suggested. While there have been claims to have
detected the rest mass of the electron neutrino, it should be pointed out that the evidence
is tenuous at best, with the only positive measurements, by one group (Lyubimov et al.
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1980), remaining unconfirmed despite several attempts. However, since most of the
other dark matter candidates are particles not even known to exist, itis clear that we have
no choice but to proceed at this speculative level. Taking massive neutrinos as our
preferred candidate, therefore, we will now look at the predictions of the hot dark matter
(HDM) model for the development of structure.

The laboratory measurements of the neutrino rest mass indicate, however tentatively, a
mass of about 20 eV, a figure in reasonable agreement with the requirements for critical
density (Bond et al. 1980), given estimates of the total number of neutrinos *freezing
out” in the early Universe. More recent attempts to measure or place upper limits on the
masses of neutrinos from the arrival times of neutrinos detected from supernova 1987a
in the LMC have proved contradictory. Under the assumption of simultaneous emission
of neutrinos, the arrival time spread of a few seconds might suggest masses of the
electron, muon and tau neutrinos in the right region for them to comprise the dark matter
(e.g. Hillebrandtet al. 1987). This interpretation seems contrived, and the balance of
opinion would appear to be that the supernova data support a zero rest mass for the
neutrino, with an upper limit of = 5-10eV (Arnett & Rosner 1987, Bahcall & Glashow
1987). The question remains very much open, however.

Neutrinos would decouple from the baryonic matter well before the baryonic decoupling
era, and interact only via the gravitational force from that time onwards. They would
remain relativistic until after baryonic decoupling, with important consequences for the
characteristic sizes of structures formed. This arises since such particles stream
relativistically out of any overdensity (Silk 1968) from the time they decouple until the
temperature drops to a value at which they become non-relativistic. Thus this free-
streaming has the effect of preventing the growth of small-scale fluctuations. The
smallest mass which can avoid erasure by this streaming process is referred to as the
free-streaming Jeans mass (Bond et al. 1980, Bond & Szalay 1983):

M;= 3.2 x 10!5 (m,/30eV) M, 1.5
This mass is of order 10!5 M, for neutrinos of mass 20 eV.
Thus, in a neutrino dominated model, supercluster-sized objects must be the first to
form, with baryonic matter falling into fluctuations of this size in the neutrino density, as
soon as it decouples from the radiation. Fragmentation must then occur toproduce

smaller scale objects. The important aspect of this model for the purposes of this
discussion is that these early large scale overdensities will tend to produce streaming
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motions on similar scales, which could be on the order of several 100’s of kms-! on 100
Mpc scales by the present epoch (Schaeffer and Silk 1984).

The main problem with this model, apart from the doubts about the neutrino mass, is that
the predicted epoch of formation of galaxy sized objects is at redshifts < 2 (Klypin &
Shandarin 1983; White, Frenk & Davis 1983; Centrella & Melott 1983; Dekel & Aarseth
1984) in direct contradiction to the observations of galaxies at redshifts of 3 (Djorgovski
etal. 1985; Lilly 1988) and quasars at redshifts greater than 4. There are additional
problems from the observation that the amount of dark matter trapped by rich clusters
compared with galaxies is not as large as would be expected from this model, and
difficulties in producing the amount of small scale clustering actually observed
(Schaeffer & Silk 1984). This also leaves unanswered the question of the nature of the
dark matter in dwarf spheroidal galaxies (Tremaine and Gunn 1979), which cannot be
comprised of neutrinos if these have a mass of <500 eV. This arises from limits on the
neutrino phase-space density, which gives the following lower limit for the neutrino
mass, if they comprise the dark matter halo in these galaxies, assuming an isothermal
distribution (Primack 1984):

mp > (120eV)(100kms-1/0)/4(1kpc/rc) 2(gu/2) 14 1.6

where 0 is the one-dimensional velocity dispersion, r. is the core radius of the
isothermal sphere, and g, is the total number of neutrino species (particles plus
antiparticles). Whilst it is possible that the dark matter here is of a different form to that
making up the majority of the Universe, itis clearly more elegant if we can explain ail
dark matter problems with a single hypothesis. On the other hand, it should be noted
that doubt has recently been cast on the strength of the evidence for excess non-luminous
matter in dwarf galaxies (Godwin & Lynden-Bell 1987).

Because of these problems, the hot dark matter model has generally been neglected
recently in favour of those invoking non-relativistic, cold dark matter (CDM), which
leads to a quite different picture of the evolution of structure. There is probably even
more uncertainty about the nature of the rarticles which could make up such matter, and
certainly no known particle species seems to have the required properties. The essential
characteristics are that the matter should be made up of weakly interacting massive
particles which would be non-relativistic by the time they decoupled, so thatfree-
streaming would be negligible. All fluctuations in the dark matter density would be able
to collapse, forming potential wells on a large range of scale sizes. After baryonic
decoupling, baryons could fall into any of these overdensities with mass greater than the
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Jeans mass. For baryonic matter at decoupling, this is about 105 M,,, and itis therefore
expected that such masses will be the first to collapse. There are indications, however,
that gas clouds of this size will not be able to cool efficiently (White and Rees 1978) and
that masses in the range 109 to 10!2 M,, may cool and complete their collapse most
rapidly. This mass range conveniently brackets the observed masses of galaxies.

The basic evolutionary picture in a CDM dominated Universe is the almost simultaneous
formation of small scale structures, probably globular cluster- or galaxy-sized, clusters
and superclusters (Davis et al. 1985). An important question then is how the structures
formed by the baryonic matter reflect the underlying distribution of the dark matter.
They obviously cannot have the same distribution since the dark component would then
be reflected in the masses indicated by the dynamical measurements. The realisation that
there is not a one-to-one correspondence between the luminous and dark matter
distributions leads to the concept of biased’ galaxy formation.

The idea of biasing first arose when it was found that the first numerical simulations
involving CDM did not fit the observed amplitude and scale of galaxy clustering (Davis
etal. 1985). In particular, it was impossible to match both the slope and the amplitude
of the galaxy correlation function at any stage of the simulations with the presently
observed values. In order to give better agreement, it was assumed that galaxy
formation probability is a very non-linear function of the background density. Galaxies
are then conjectured to form only at peaks in the mass distribution, with all fluctuations
which do not reach this critical level having no effect on the formation of luminous
structures, even though they might be important in determining the overall mass
distribution (Kaiser 1984). It should be noted that biasing in the opposite sense (i.e.
mass more clustered than galaxies) has been postulated to explain some of the problems
of HDM models (e.g. Braun et al. 1988).

The model of CDM with biasing has become widely accepted over the last couple of
years, since it does seem to be able to give the best fit to the observed properties of the
Universe. However, there are problems in accounting for some of the large scale
fea*ires of the Universe, such as voids (Kirshner et al. 1981), and it mav be that the
good agreement in other respects is a result of the number of free parameters made
available by the choice of dark matter and the type of biasing. The most interesting point
about biased CDM models for the present work is, however, the predictions of
streaming velocities. Due to the nature of the biasing described above, the distribution of
mass is predicted to be much smoother than would be inferred by assuming that mass
traces light (Dekel 1986). Moreover, the absence of damping by free-streaming means
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there are relatively more fluctuations on small spatial scales. As a result, the induced
large scale streaming motions are predicted to be very sniallindeed, < 100 kms-! on
60 h-! Mpcscales (e.g. Vittorio and Turner 1987). This is one of the first testable
predictions of this model, and if large motions on these scales can be detected and
confirmed, they would certainly weigh very heavily against biased CDM models.

One other possibility which is currently attracting attention is that “cosmic string” may be
at least partially responsible for forming the initial density enhancements. Cosmic string,
like magnetic monopoles, is thought to be produced in the phase transition driving
inflation (Kibble 1976). Indeed, inflation is not a necessary consequence of this phase
transition, whereas cosmic string and monopoles seem to arise inevitably. The string is
essentially a one-dimensional discontinuity in space-time, with a mass per unit length
thought to be “102! kgm-! (Turok 1986). Itisinitially formed in a connected, “random
walk” distribution, butis thought to evolve into a series of daughter loops by a process
of intersecting with itself. These massive loops could then interact with the cosmic fluid,
producing structures on scales which would depend in part on the type of matter
dominating the density. The full consequences of incorporating cosmic string into
cosmological models have not yet been examined, although early results from N-body
simulations seem promising (Turok 1985), and it does seem likely to ease the problems
caused by the CBR constraints.

I OBSERVATIONAL TESTSOFCOSMOLOGICALMODELS

In this section I will review the observational methods presently under investigation
which appear capable of discriminating between the different cosmological models
discussed above.

II.1 GALAXY CATALOGUES AND REDSHIFT SURVEYS

Galaxy catalogues provided the opportunity for some of the earliest observational tests of
cosmology (e.g. Shapley 1930 anr subsequent papers), and continue to be useful as
deeper, more complete and more homogeneous catalogues become available. The
simplest use to which such catalogues can be put s the largely qualitative one of
delineating the types of structure in the galaxy distribution. The discovery of
superclusters, galaxy voids and the possible filamentary structure in the galaxy
distribution all required the existence of databases of large numbers of galaxy positions
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and redshifts, with some understanding of the selection systematics so that the reality of
the structures thus revealed could be estimated.

However, this approach hasremained basically qualitative, despite attempts to develop
methods of analysis, such as percolation (Bhavsar & Barrow 1985), to determine the
reality and significance of the large scale structure thus discovered. This makes it
difficult to constrain models using such methods alone. The most widely used statistical
- technique applied to the galaxy distributionis the correlation function, which estimates
the excess probability over random chance of finding galaxies around any particular
galaxy, as a function of separation. The function usually calculated is E(r) (Peebles

1980), defined such that

<n> =ndV;[1+E(r})] 1.7

where <n> is the mean number of galaxies found in a volume 8V}, of radius r;, centred
on arandom galaxy.

For galaxy catalogues without redshifts, this test can be applied to the angular
separations of galaxies on the sky, although projection effects tend to wash out much of
the true correlation and the technique is thus less sensitive. The function calculated in
this case is w(8), such that

<n> = n[1+w(6)]3Q 1.8

where <n> is the mean number of galaxies in a solid angle 5Q centred on a random

galaxy. This angular correlation function has the advantage that many more galaxies can
normally be included than is the case if redshifts are required.

Over small separations, Groth and Peebles (1977) found the angular correlation function
to be well approximated by: ) ‘

w(®) = A6 ; b = 0.77+0.04 1.9
The spatial correlation function can be derived from this, and is given by:

E(r) = (r,/1)Y ;v = 1.77+£0.04 1.10
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This power-law form for the function was found to continue out to separations of =2.5°,
atwhich scale a sharp break was observed and the correlation function began a rapid fall-
off. This was interpreted as evidence for a preferred clustering scale of =9 h-1 Mpc.
More recent studies tend to find a somewhat lower value for this scale. Shanks et al.
(1980) and Stevenson et al. (1985) found a break at an angular scale corresponding to

3 h-1 Mpc from scans of UK Schmidt and AAT plates, whilst Shanks et al. (1983)
found a break scale of 5-6 h-! Mpc for a sample of 340 galaxies with redshifts.

Recently attempts have been made to calculate the correlation function for rich clusters of
galaxies (Bahcall and Soneira 1983). The large amplitude discovered for the cluster-
cluster correlation function, up to =30 h-1 Mpc, has proved very hard to reproduce in
numerical models, and if confirmed should prove an important measurement, since it
requires large amplitude fluctuations on 10-30 Mpc scales which donot arise naturally
in most models. However, there are now indications that selection effects are atleast
partially responsible for the measured cluster-cluster correlations (Sutherland 1988,
discussed in more detail in Chapter 4).

Correlation function methods have the strength that they are well-defined statistical tests
which can readily be compared with analytical models or numerical simulations of galaxy
formation. Thus, the galaxy-galaxy correlation function has been used as the principal
method of normalising the CDM N-body simulations which have been the basis of the
-most influential theories of galaxy formation in recent years (see, e.g., White et al.

1987).

There are deficiencies in the correlation functions as defined above. Kaiser (1987) has
demonstrated thatspatial correlation functions may be biased by peculiar velocities,
which may either enhance or smooth outreal spatial structures. They are notsensitive to
the morphology of the galaxy distribution, and are, for example, notoriously insensitive
to filamentary structures (Oort 1983). As such, they can not be considered to give a full
description of the nature of galaxy clustering. Another weakness is that, by definition,
correlation functions only probe the luminous matter distribution which almost surely
does not trace that of the dark matter. Since the theoretical models describe the evolution
of the total matter distribution, this weakens the constraints that can be put on such
models from correlation functions. An interesting future investigation would be the
correlation between the Lyman a clouds and galaxies, which would give information on
the evolution of clustering and the nature of any biasing mechanisms (Davis 1985).
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Finally, galaxy catalogues are being increasingly used to determine dipole anisotropies in
the galaxy distribution around the sky (Yahil et al. 1986, Meiksin and Davis 1986,
Lahav 1987). This is clearly a very crude measure of the galaxy distribution, butitis
useful to compare the bulk distribution of luminous matter with the galaxy peculiar
velocity field. This question will be discussed in more detail later. For light dipoles
derived in this way to be believable, it is necessary for the galaxies to be selectedina
homogeneous fashion, which is why the result which has attracted most attention is the
“IRAS dipole”, a North-South anisotropy in the distribution of galaxies detected by the
IRAS satellite at far-IR wavelengths (principally 60um). This selection avoids many of
the biases inherent in selecting galaxies from catalogues with ill-defined selection criteria,
but may also introduce some others. Several interesting new results in this field are
discussed in Chapter 4.

I.2 CBR ANISOTROPIES

The discovery of the Cosmic Background Radiation at microwave frequencies (Penzias
and Wilson 1965) has provided the only direct probe of the nature of the Universe
beyond a redshift of =4. In the simplest cosmological models, the radiation we see has
remained essentially unchanged since theradiation field decoupled from matterat
redshifts of *1400. Barring later reionisation of the matter, which could smooth out the
radiation field, the radiation must bear the imprint of any fluctuations present at
decoupling. This effectively defines the initial conditions from which the production of
structure must occur, and consequently the amplitude of CBR fluctuations is a key
observational parameter.

Todate, however, the only convincing departure from isotropy that has been discovered
is the pure dipole variation in the temperature of the radiation field, of amplitude =3mK.
This is most easily explained as being of local origin, being simply a reflection of the
motion of the Local Group of galaxies at 610 kms-1 through the CBR, toward galactic
coordinate 1=272°, b=30° (Lubin and Villela 1986). Repeated searches for anisotropy on
angular scales from several degrees down to minutes of arc (Fomalontet al. 1984, Uson
& Wilkinson 1984, Mandolesi et al. 1986, and others, reviewed by Kaiser & Silk 1986)
have failed to find convincing evidence for any departure from isotropy.

The limits are already at the level where several models are excluded, particularly those

in which the mass density is dominated by baryons. The most powerful constraints arise
considering the CBR isotropy jointly with other measurements such as the cluster-cluster
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correlation function or the galaxy peculiar velocity field (Juszkiewicz et al. 1987). These
joint constraints will be discussed in detail in Chapter Four.

Future studies aimed at detecting lower level fluctuations in the CBR, or atleast pushing
the limits down further, are clearly amongst the most important observations to be made
in cosmology.

L3 STRUCTURE AT HIGH REDSHIFT--QUASARS AND PRIMEVAL
' GALAXIES

One parameter of great interest is the epoch at which galaxy formation occurs, since the
predictions of when this occurs are strongly model-dependent. Whilst the discoveries of
quasars at redshifts of ~4 is of great interest, the extreme nature of these objects means
that they do not constrain the epoch of formation of 'normal’ galaxies. What is required
is the detection of a young galaxy or protogalaxy which can plausibly be considered an
earlier evolutionary stage in the formation of galaxies like those seen at low redshift.

The redshift of such an object, or preferably several such objects, would then place a
strong lower limit on the epoch by which galaxy formation should have taken place.

To date, no such primeval galaxies have been found, despite several optical and infrared
searches (Partridge & Peebles 1967a,b, Davis & Wilkinson 1974, Koo & Kron 1980,
Boughn et al. 1986, Collins & Joseph 1988). One problem is that the predictions of the
properties of primeval galaxies are uncertain, depending strongly on such factors as the
time over which star formation occurs, and the amount of dust present in the protogalaxy
during this time. This makes it hard to put strong constraints on the epoch of galaxy
formation from these non-detections, and any really useful results from these searches
will come only when the first candidates are detected. An interesting recent discovery is
that of a radio galaxy at a redshift of 3.395 (Lilly 1988). This appears to have an
evolved stellar population which would imply a formation epoch for this one object of
=7-8.

0.4 DENMSITY ENHANCEMENTS AND STREAMING MOTIONS

It has been stated several times in the foregoing discussion that overdensities on
particular scales are likely to lead, via gravitational interactions, to streaming velocities
on similar scales. The purpose of this section is to present a sample of the literature
which investigates quantitatively the likely magnitude of such streaming velocities.
These will be quoted for comparison with observational results, which will be presented
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in the next section. The majority of studies investigating this question have been
concerned with the velocity field of the Local Supercluster (henceforth LSC), and the
interpretation of this field as infall caused by the Virgo cluster. The arguments used are
generally applicable to any such system in which gravitational infall is the dominant
process, however.

The basic method applied in these studies was outlined by Silk (1974), who investigated
the relation between density fluctuations in a Friedmann Universe and the induced
change in the velocity field. The method of solution that Silk adopts s to introduce a
perturbation, the gravitational attraction of the overdensity, into the Newtonian
hydrodynamical equations of a uniform, isotropically expanding pressure-free fluid. It
is assumed that the situation is spherically symmetrical, a reasonable assumption since
the gravitational potential around an overdensity tends to be more nearly spherically
symmetrical than the overdensity which produces it (Davis & Peebles 1983). In
addition, this means that vorticity in the velocity field is assumed negligible, which most
studies suggest is probably reasonable, in the case of the LSC.

Silk concludes that deviations from the Hubble Flow decrease with decreasing qq, for a
given fluctuation strength. For a density contrast of 3, he finds that the induced
deviation in the Hubble Flow is 60% for q,=0.5, but only 20% for q,=0.1. Thus,
accurate measurements of streaming velocities, along with estimates of the density
enhancements assumed to be causing them, can lead to an estimate of q,, if the global
density ), is known. In practice, the reverse has generally occurred, and the particular
case of streaming velocities within the LSC has been used in the past to estimate the
density parameter, with an implicit dependence on the value of q, adopted.

This is the approach adopted by Peebles (1976), who attempts to model the local velocity
field using essentially Newtonian mechanics within a Friedmann-Lemaitre cosmology,
with zero cosmological constant. He derives an equation for the streaming velocity in
terms of the fractional overdensity and Q,:

5
V - H, R Q.06 —‘;‘3 111

This assumes that the density contrast can be treated as a linear perturbation, which is
probably true over the majority of the volume of space in which the velocity field is
dominated by a particular mass concentration, butmay break down near the centre.
Peebles then estimates the strength of the Virgo cluster overdensity by number counts,
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and utilises LSC streaming velocity measurements to put constraints on {),. However,
the data are not of sufficient quality to derive really useful constraints, and values for
of 0.1 and 1 are both considered consistent with the observed mass distribution around
the Virgo cluster and an infall velocity of 250 kms-!.

Yahil etal. (1980) use the revised Shapley Ames galaxy catalogue (Sandage and
Tammann 1981) to derive the number distribution, and by inference the mass
distribution, of the LSC. A simple analysis then finds the velocity which the Virgo-
centred overdensity would induce via gravitational acceleration over a Hubble Time. At
the distance of the Local Group from the Virgo cluster, the expected streaming velocity is
3700q, kms-1. Given a best estimate of the velocity of about 250 kms-1, this implies a
very small value for q,. However, the assumption that the overdensity has been in
existence atits present strength for a Hubble Time makes the calculated value likely to be
aconsiderableoverestimate.

This type of analysis was extended by Davis and Huchra (1982), who undertook their
own large scale redshift survey of some 2400 galaxies. These were selected out to
sufficiently high redshifts (about 4000 kms-1) to give some information about mass
structures on scales larger than the LSC. They use this database to calculate the density
enhancement represented by the Virgo cluster, giving a value inthe range 2.0t0 2.2,
which leads to a value for Q, of 0.2 or 0.4, for Virgo infall velocities of 250 kms-1 or
440 kms-1respectively. They then extend the calculation in the same way as Yahil et
al., to derive the gravitational field of all the matter in their survey volume. This
treatment yields values of Q, between 0.3 and 0.7. Whilst the errors on these results are
large, they do seem to require the existence of a dark matter component in addition to that
which shows up in smaller scale dynamical studies, and which cannot be solely
baryonic. .

All of the above studies contained, either explicitly or implicitly, the assumption of
spherical symmetry. However, it is quite probable that a large scale structure in the early
stages of evolution, such as the LSC, should have completed collapse in only one
direction, forming a “pancake”. Szalay and Silk (1983) approximated this sit»*~ *ion with
a flat matter distribution of infinite extent in one plane. They discovered thatthe
resulting velocity field that was induced in a sample volume around this overdensity was
significantly differentfrom thataround a spherical perturbation. Interpreting a pancake-
induced velocity field as being due to a spherical perturbation could lead to the global
density being underestimated by as much as a factor of 1.5. In reality, the actual
situation is likely to be somewhere between these two extremes.
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All the above studies were obviously only able to consider the density field in the region
they surveyed. If there are strong density perturbations over larger scales, these could
lead to velocity gradients across the LSC which would affect the results of the above
analysis.

The analysis carried out by Clutton-Brock and Peebles (1981) differs from all those
mentioned above in that it was specifically intended to investigate the larger scale
streaming velocities implicit in the results of Rubin et al. (1973), described below. The
mechanism invoked to create the streaming velocities was again simply gravitational
acceleration acting over a period on the order of the Hubble Time, with the aim of seeing
whether those density fluctuations which are presently observed would be capable of
inducing such streaming velocities. The resuitis that the sizes of the induced velocities
are strongly density dependent, and they can be calculated using the following

expression
[<v2>]1/2 = 300 exp(+0.1)Q0-6 kms-! 1.12

for linear scales on the order of 65 h-1 Mpc, comparable with the Rubin et al. sample.
Thus they concluded that peculiar velocities on these scales are significant, but unlikely
to be as large as the apparent motion of the Rubin et al. sample relative to the CBR
(=800 kms-!). This is particularly true in low density (Q=0.1) universes.

I shall conclude this section by discussing the results of some other theoretical studies, in
which the expected streaming velocities on particular scales have been investigated for
different cosmological scenarios. Kaiser (1983) investigated neutrino dominated
cosmologies, which are expected to give rise to significant intermediate scale streaming
velocities, as a result of the constraints of free streaming processes. He compares the
theoretical streaming velocities with the observational results presented by Hartand
Davies (1982, discussed in the next section), and is able to put constraints on the Hubble
constant and the redshift at which non-linear structure develops in a neutrino cosmology.
Low values of the streaming velocity, as found by Hart and Davies, seem to exclude the
neutrino model under the reasonable assumptions h < 1, and a redshift for the onset of
non-linear collapse > 3.

Schaeffer & Silk (1984) and Melott (1 985) have tried to reconcile the problems

associated with neutrino dominated universes and the apparent non-detection of
streaming motions. By considering the non-linear development of pancake structures
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prior to galaxy formation, Schaeffer & Silk find that the expected streaming velocities are
diminished, particularly if the region of space in question lies within a single pancake. If
intermediate scale streaming motions are ultimately shown to be small, such
considerations may be importantin deciding the viability of neutrino dominated models.

Finally, Vittorio and Silk (1985) discuss critical density CDM models in which no
significant biasing occurs, looking at predictions of the peculiar velocity field, and
comparing them with the findings of de Vaucouleurs and Peters (1984). They find that
CDM only gives velocities in reasonable agreement with these observations if biasing is
notimportant, since the smoother dark matter distribution implied by the biasing
hypothesis leads to very low peculiar velocities. De Vaucouleurs and Peters only
detected streaming motions atlow significance, but if later detections of intermediate
scale streaming velocities are confirmed, this argument could be very important.

IL.5 OBSERVATIONAL SEARCHES FOR DEVIATIONS FROM
ISOTROPIC HUBBLE FLOW

In this section, a review will be presented of those studies which have produced
observational resuits concerned with the nature of the Hubble Flow. The majority of
these are detections of dipole velocities, interpreted either as motion of the Local Group
with respect to a background of galaxies, or, more recently, as streaming flows of the
entire sample under study with respect to the rest frame defined by the CBR. Some
other studies are also of interest, such as those observations which defined the CBR rest
frame, or which look for apparent dipole inhomogeneities in the matter distribution.

The discussion will be split into two sections, the first concerning the Local scale,
essentially concerned with studies of the Local Supercluster (LSC) velocity field; and the
second the Large scale, for studies out to distances corresponding to recession velocities
of about 10,000 kms-1.

O.5a THELOCALVELOCITYFIELD
The majority of studies of bulk matter motions undertaken to date have been concerned
with the velocity field on Local scales, i.e. within the Local Supercluster. In this

section, I will briefly discuss those results which have relevance to cosmology, and in
particular to the density parameter Q , and the Hubble constant.
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Most of the work done on these small scales is concerned with observations of the local
velocity field in terms of a Local Group velocity induced relative to the centre of mass of
the LSC. The component of this velocity towards the Virgo cluster may then be
interpreted as due to gravitational attraction by a density enhancement in thatdirection,
and it can be used to estimate a value for the dark matter componentin the mass of the
Virgo cluster. This in turn leads to an estimate of the global density parameter, Q.,
under the assumption of a uniform luminous to dark matter ratio on scales larger than the
LSC. An alternative approach is to refer the observed velocities to the frame defined by
the CBR, to calculate whether the LSC, or more accurately the Virgo cluster, is atrestin
this frame.

Many studies have been undertaken to determine the velocity of the Local Group towards
the Virgo cluster. Davis & Peebles (1983) reviewed the situation at that time very fully,
so I shall just briefly mention some of the more important results, and particularly those
that have been published since 1983. An éarly study by Peebles (1976) using Scl
galaxies derived a large value for the Virgoinfall of 500+150 kms-!,in good agreement
with the later studies of Tonry & Davis (1981a,b). They derived values of 470+75
kms-1 and 416190 kms-! for elliptical and SO galaxies respectively. Hartand Davies
(1982), in a study discussed in greater detail below, measured a velocity of

450155 kms-!, but this study involved galaxies at distances of up to 50 h-! Mpcand
may be affected by larger scale motions. These results also agree with value obtained by
assuming the Virgo cluster to be at rest with respect to the CBR, which gives a velocity
of =450 kms-!, using the Lubin & Villela (1986) CBR dipole measurement.

However, most other studies have yielded significantly lower values. Visvanathan &
Sandage (1977), de Vaucouleurs & Peters (1981), de Vaucouleurs et al. (1981), Yahil
(1981) and Aaronson & Mould (1981) all derived velocities between 150 & 230 kms-!.
Dressler (1984) reanalysed the Tonry & Davis (1981a,b) elliptical galaxy data and found
avalue of 250 kms-! when correcting their measured velocity dispersions for aperture
effects. Yahil (1984) concludes that a consensus has been reached at 250+50 kms-1,
whilst Davies & Staveley-Smith (1984) conclude from a variety of studies that the true
velocity probably lies betweer 100 and 200 kms-1.

The tendency seems to be for later, more accurate studies to indicate smaller infail
velocities of the Local Group toward the Virgo cluster, possibly on the order of 200
kms-!. If so, this is an interesting result, since it means that the Local Group motion
must be largely generated by interactions with matter outside the Local Supercluster, and
the Local Supercluster must itself be in motion with respect to the CBR. Taking a best
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estimate of the Virgo infall velocity as =200 kms-!, and comparing with the Local Group
motion relative to the CBR (~450 kms-! in this direction), indicates a peculiar velocity
of the Virgo cluster of =250 kms-! along the line of sight. This provides an indication of
significant motions on Supercluster scales. The remainder of this thesis will be
concerned with determining whether such velocities are present on yetlarger scales.

II.5b THE LARGE SCALE VELOCITY FIELD

This is probably the most interesting scale for Hubble Flow work at present, with
measurements of streaming velocities over scales on the order of 50 h-! Mpcbecoming
feasible at ever increasing accuracy, as the observational techniques involved improve.
Most of the currently popular cosmological models give definite predictions of what
these velocities should be, so direct confrontation between models and observations is
now possible.

I shall introduce a further categorisation of the papers to be considered in this section,
according to whether or not their results support significant streaming motions. Thisisa
fairly arbitrary division, and does leave borderline cases which do not fit easily into
either category, but it is, to an extent, imposed by the early development of this field. As
a consequence of the interest generated by the Rubin et al. study of 1973, all results
tended to be interpreted either as broadly supporting this result, or as contradicting it. It
should be borne in mind, however, that the early debates were about the possible
magnitude of the Local Group motion relative to the background of surrounding

galaxies, whereas we are now more interested in the larger scale motions of whole
samples of galaxies relative to the CBR rest frame.

II.5bi STUDIES WHICH SUPPORT SIGNIFICANT STREAMING MOTIONS

I will start by considering the studies which can be interpreted as providing support for
the idea of streaming motions on large scales, beginning with the one which stimulated
so much of the early interest.

Rubin et al. (1973) considered the velocity anisotropy of 74 galaxies, mainly of type

Scl, with recession velocities between 4000 and 7500 kms-!. The sample was restricted
to galaxies with apparent magnitudes between 14.0 and 15.0. It was found that the
galaxies fell into two well defined groups on the sky, one being almost entirely occupied
by galaxies with recession velocities around 4950 kms-!, whilst galaxies in the other half
of the sky predominantly had recession velocities of about 6400 kms-1. If it can be
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assumed that all these galaxies have the same absolute magnitude, then these two regions
must in fact be occupied by galaxies at the same distance from us, and the discrepancy in
- velocities must be due to a departure from the Hubble Law. This can most easily be
interpreted in terms of a motion of the Local Group with respect to these galaxies, ata
velocity of about 750 kms-1. This was the only result claimed in the paper, and thatata
fairly tentative level, but all subsequent work can be seen as an attempt to confirm or
refute it, particularly since it was later seen to imply the bulk motion of all the galaxies
surveyed relative to the CBR.

A full description and analysis of the Rubin et al. work was presented in 1976 (Rubin et
al. 1976a,b), with the number of galaxies included being extended to a total of 200,
although only 96 of these were used in deriving most of the results. The final
conclusion was a confirmation of the “Rubin and Ford” effect reported in the 1973
paper, but a rather more sophisticated analysis was done, to try to counter criticisms of
the earlier paper. One aspect of this was the attempt to produce a volume-limited sample,
the Minimum Bias Subset (MBS), of 96 galaxies from the original, magnitude limited,
sample, in an attempt to reduce Malmquist bias. This is a serious problem in any study
of the Hubble Flow which uses magnitude-selected objects which have a distribution of
luminosities, since the nearer objects tend to be only those from the fainter end of the
distribution, and the most distant only those from the brighter end. The effects of this
problem were addressed by Fall and Jones in the paper discussed below.

In practice, itis possible to correctin part for the spread of luminosities of the objects
observed, by identification of correlations between luminosity and other observable
parameters. The Rubin et al. work of 1976 included two such correlations, corrections
being made for galaxy type and linear diameter. The diameter correction was a new idea,
but one which was apparently justified by the effect it had in decreasing the scatter of the
galaxies when plotted on the Hubble diagram.

Using these corrections, Rubin et al. found a Local Group motion of 454+125 kms-!
towards galactic coordinates1=163°, b=-11°. A note was made at the end of this
analysis, concerning the possible conflict between this result and the early results
concerning the CBR isotropy. An intermediate result of the calculation of the Local
Group motion was that the solar motion with respect to the frame defined by the sample
of galaxies was on the order of 600 kms-1, whilst the motion of the sun with respect to
the CBR frame was already constrained to be less than 300 kms-!. This was therefore
the first tentative identification of the possibility of streaming velocities of groups of
galaxies on scales this large, although the point was not explicitly made.
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The solution obtained for the Sc I galaxies was checked using data from Sandage
(1975), in which it was argued that there is no significant deviation from the Hubble
law. Rubin et al. reanalysed the data, which is composed of photometry of an all-sky
sample of elliptical galaxies, and found an anisotropy in agreement with the result for the
spiral galaxies.

The conclusions of the Rubin et al. 1973 paper were challenged by the analysis
presented in a paper by Fall and Jones (1976). They found that the earlier result was
completely consistent with an isotropic Hubble expansion, if the galaxies in the two
regions identified by Rubin et al. in their 1973 paper are members of two large clusters
which are actually at the distances indicated by the galaxy redshifts. Then, if the spread
in luminosity of the observed galaxies is greater than the range of apparent magnitudes
used to define the sample, Malmquist bias will lead to a systematic difference in the
absolute magnitude of galaxies sampled from the two regions. Only the galaxiesin the
brighter tail will be sampled in the further cluster, and only the galaxies in the fainter tail
in the nearer cluster. Fall and Jones suggested that the entire effect could be accounted
for in this way. Their analysis clearly shows the importance of identifying and
correcting for systematic effects likely to lead to such biases.

Further criticism of the Rubin et al. work was presented in a paper by Schechter (1977),
although this did broadly support their conclusions. Schechter’s criticism was with their
use of the correction to galaxy magnitudes on the basis of their inferred linear diameters.
The main argument was that since isophotal magnitudes and galaxy diameters are very
strongly correlated, a correction based on measurements of the diameters alone can bring
inlittle extra information, and the improvement found by Rubin et al. in the quality of
their solutions was probably spurious. Repeating their analysis without this correction,
Schechter found an identical solution within the errors, but at reduced significance. He
alsorepeated the calculation using galaxies selected from the Second Reference
Catalogue of Bright Galaxies (de Vaucouleurs etal. 1976), and obtained a different
solution with a smailer formal uncertainty. This result was in disagreement with both the
Rubin et al. result and with the CBR anisotropy; it agreed best with the hypothesis that
the effect was due to galactic rotation alone.

Visvanathan (1979) looked at the velocity field of 311 E and SO galaxies, deriving their
absolute magnitudes from their (u-V) colours. The use of such a distance independent
indicator provides a good way of overcoming the biases incurred in the selection of
candidate objects. The Local Group dipole velocity deduced relative to these galaxies
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was 397470 kms-1 toward 1=140°, b=20°, in very good agreement with the Rubin et al.
result. This result can now be converted to a CBR frame streaming motion of

=840 kms-!, toward 1=290°, b=10", using the Lubin and Villela (1986) CBR dipole
result. However, the galaxies used were at much lower redshifts (<2500 kms-!) than the
Rubin et al. sample.

Jackson (1982) reanalysed the Rubin et al. data, along with the data obtained by Sandage
which Rubin et al. had used to support their conclusions, and found no significant
biases. He thus confirmed their solution. This was a important result since he used
maximum likelihood techniques which were quite different to the least squares technique
of Rubin et al.

Dressler et al. (1987) have recently presented the results of a study involving 390
elliptical galaxies, 300 of which are actually used in deriving velocity solutions. These
galaxies have redshifts of up to 8000 kms-!, but the mean depth of the sample is rather .
less than that used by Rubin et al. The luminosity indicator was a novel combination of
indicators which had individually been used previously, combining measurements of
central velocity dispersion, effective radius and surface brightness. A good correlation
was discovered between the velocity dispersion and the diameter at which the mean
surface brightness of the galaxy becomes 20.75 B mag arcsec-!. The intrinsic scatter in
this relation is claimed to give an error of 23% in the distance to each galaxy. They
detected a bulk streaming motion of all galaxies out to 60h-! Mpc of 599+104 kms-!
toward 1=312°, b=6" relative to the CBR rest frame. This is in excellent agreement with
the Rubin et al. resuit.

However, in alater paper (Lynden-Bell et al. 1988), the same authors reinterpreted their
result as showing galaxy peculiar velocities only on much smaller scales. The region
showing the strongest evidence for peculiar velocities was the region around the Hydra
cluster at 1=300°, b=10", at redshifts of less than 4000 kms-!. They showed that
galaxies in this region have peculiar velocities of =1000 kms-!, which they interpreted as
infall into an as yet unidentified overdensity-the “Great Attractor”. If this region is
excluded from their solutions, the amplitude and significance of the streaming of the
whole sample is much reduced.

II.5.b.ii STUDIES WHICH FIND NO SIGNIFICANT STREAMING MOTIONS

In one of the first responses to the Rubin et al. 1973 paper, Sandage (1975) used a
sample of E and SO galaxies selected from the Revised Shapley-Ames catalogue
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(Sandage and Tammann 1981, in preparation at that time) to test theisotropy of the
Hubble Flow. He plotted the galaxies on a Hubble diagram, and searched for any
significant deviations from the Hubble line which might indicate peculiar motions. In
particular, he looked for any correlation between such deviations and position on the sky
corresponding to to the two regions discussed by Rubin et al. No such correlation was
evident, arguing against the existence of the velocity anisotropy claimed in the Rubin et
al. work. Itcould be claimed at this point that non-detection of streaming velocities
relative to the Local Group must correspond to a large scale streaming motion relative to
the CBR frame, since the Local Group is now known to have its own peculiar velocity.
However, in this particular case this would be to attach too much significance to what
was in reality just a crude initial test which lacked the required sensitivity.

The type of argument put forward by Sandage was repeated by Weedman (1976), who
found no evidence for significant non-Hubble velocities in a sample containing the 10
brightest galaxies in each of 9 rich clusters with recession velocities from 1000 kms-! to
11,000 kms-!. Visvanathan and Sandage (1977) reached a similar conclusion from an
analysis of elliptical galaxies in 8 nearby clusters. The method used in both cases was a
simple analysis of the scatter on the Hubble diagram, a very insensitive way of detecting
streaming velocities, since what appears to be a relatively small amount of scatter may in
fact be significant evidence for streaming if it is strongly correlated with position on the
sky.

The first study to use a sensitive third variable method and find no significant streaming
was that of Hart and Davies (1982). They observed galaxies in the 21 cm Hl line, using
the observed width of this line as a luminosity indicator. The width of this line is often
used as an indicator of the size and luminosity of galaxies, and is the basis of the “Tully-
Fisher” relation (Tully and Fisher 1977), a strong empirical correlation between
luminosity and linewidth. However, the relation has only been fully investigated using
optical or near-IR magnitudes, and its reliability using 21cm fluxes is therefore

The sample used by Hart and Davies was 8 Sbc galaxies in the distance range 1000 to
5500 kms-!, a significantly smaller volume than that of the Rubin et al. sample, and
most of the Hart and Davies galaxies were within the LSC. They did, however, carry
out solutions for this sample supplemented with galaxies in the same distance range as
the Rubin et al. sample. This both increased the proportion of galaxies in the outer
regions of this range and improved the sky coverage, especially in the south. The Local
Group motion relative to this sample of galaxies was found to be 546+70 kms-! toward
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1=261° (+ 9°), b=39" (+ 7°). This was taken to be identical to the velocity relative to the
CBR, within the errors; the difference corresponds to a streaming velocity of 143 kms-1
toward 1=308°, b=-16°, insignificant within the errors.

This work was continued to increase the galaxy sample size, the results being reported
by Davies and Staveley-Smith (1985). Data were presented for 500 galaxies with
recession velocities of up to 6000 kms-!, again using 21 cm fluxes and linewidths to
estimate the distance to the galaxies. Their solution is again in marked disagreement with
that of Rubin et al., showing at most marginal evidence for streaming motions, with their
quoted Local Group velocity implying a bulk motion of magnitude 143 kms-! toward
1=283°, b=9". They point out that this velocity is aligned with the direction to the Hydra-
Centaurus Supercluster, which is largely outside their survey volume and may dominate
the velocity field wiﬂﬁnlit;\ g&fe]%agfslmg doubt concerning this projectis thatthe
galaxies were selected frotq(cafalogua, a procedure likely to lead to strong biases around
the sky.

De Vaucouleurs and Peters (1984) investigated how the measured streaming velocity
changed with increasing size of the sampled volume. A variety of luminosity indicators
was used, since the data were taken from many sources. The overall conclusion was
that they found mass motions on small scales, which swung round in direction as the
scale was increased, to agree with the CBR dipole on scales corresponding to recession
velocities of about 3600 kms-1. Their conclusion that galaxies are at reston scales greater
than this must be regarded as somewhat speculative, however. It is based purely on
extrapolation from a volume that barely exceeds thatof the LSC, and would have little
weight in the face of hard evidence for motions on such scales. A final problem with
interpreting their solutions is that no errors are quoted.

Finally, Aaronson et al. (1986) have attempted to measure the net velocity of 10 clusters
of galaxies, with recession velocities in the range 4000 to 11,000 kms-!. They made
observations of typically 10-20 galaxies per cluster, using the infrared Tully-Fisher
relation as the luminosity indicator. Thus the relative distances to each of these clusters
should be very well known, since any non-systematic errors such as thos» “*ue to the
intrinsicscatterinthe21 cm linewidth/luminosity relation are significantly reduced due
to the number of objects observed. The overall streaming velocity deduced for the 10
clusters was 290 kms-! toward 1=42°, b=13", with quoted errors in the velocity of

=200 kms-!. This is therefore very much smaller than the Rubin et al. result, and is in
any case in a totally different direction and of very low significance.
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This is possibly the most thorough study of the large scale velocity field which has failed
to find evidence for significant streaming. In its favour are the very small formal
uncertainties in the distance estimates to the clusters, owing to the large number of
galaxies in each one, although this argument is weakened by the possibility of systematic
differences in the zero point of the Tully-Fisher relation from cluster to cluster (Bottinelli
etal. 1987). However the sky coverage of the clusters is poor; due to the need to use the
Arecibo radio telescope to measurethe 21 cm linewidths of the fainter galaxies, the
clusters are confined to the relatively narrow declination strip observable with this
telescope. This effect, and the small number of independent samples of the velocity
field, increase the uncertainty in the interpretation of the result.

I1.5.b.iii CONCLUSIONS FROM PREVIOUS STREAMING MOTION STUDIES

The programmes outlined above clearly yield a contradictory picture of galaxy motions,
atleast on the large scale. Within the Local Supercluster, where these measurements are
easier, reasonable agreement seems to have been reached. Virgo infall is clearly detected
to radial distances of about20 h-! Mpc, although itis not sufficient to explain all the
observed motions.

On the larger scale, there is sufficient evidence from several sources for bulk motions of
galaxies with respect to the CBR for this idea to be taken seriously. The most
convincing arguments against such effects come from two of the most recent reports,
contemporaneous with the work described in this thesis-the Aaronson clusters, which
appear to be atrestin the CBR frame, and the interpretation by Lynden-Bell et al. of their
data on ellipticals as showing only a relatively small scale infall pattern. The work
presented in chapters Two and Three comprises two independent tests of which of these
alternatives is most likely to be correct.
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CHAPTER TWO

MEASUREMENT OF GALAXY STREAMING USING FIRST RANKED
CLUSTER ELLIPTICALS

This chapter contains an analysis of data taken from the literature on the brightest
galaxies in clusters. This was used to determine whether the rest frame defined by
galaxy clusters is the same as that defined by the CBR. This analysis was particularly
aimed at answering the questions raised by the work of Aaronson et al. (1986),
discussed in Chapter One, who found no evidence for peculiar velocity of a smail
number of rich clusters, in the CBR frame.

I THE CLUSTER GALAXY SAMPLE AND DATA

I.1 SUITABILITY OF FIRST RANKED CLUSTER GALAXIES FOR
STREAMING STUDIES

The brightest elliptical galaxies in rich clusters have been used in many previous studies
aimed atdetermining the cosmological parameters H, and q, (Sandage 1973 and
following papers; Gunn & Oke 1975). These galaxies have been used for this purpose
principally since they are excellent standard candles (Sandage & Hardy 1973), which is
the prime requirementfor redshift-independent distance determination. Thissame
property makes them very suitable for use in determinations of departures from pure
Hubble Flow. They have been extensively investigated by Sandage and coworkers,
who determined correlations between the absolute magnitude of the firstranked galaxies
and the properties of their surrounding clusters, which enable one to reduce the scatter
still further. In addition to being good standard candles, they are intrinsically very
luminous and of high surface brightness, which means they can be selected, and give
easily measurable redshifts and photometry, to greater depth than other types of galaxy.
Finally, they are a particularly suitable class of galaxy for this work since redshifts and
optical photometry were already available from the cosmological tests undertaken
previously.
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1.2 THE DATA

The data used are the V-band photoelectric photometry and redshifts of first-ranked
cluster ellipticals listed in Table 1 of Sandage & Hardy (1973). These galaxies were
used by Sandage and coworkers in this and later papers (e.g. Sandage 1975) in an
attempttodetermine the value of the deceleration parameterq,. The galaxies have
redshifts out to =0.4, but we selected only those galaxies with CBR-frame recession
velocities <15,000 kms-1. This provides a sample of 60 galaxies with a mean redshift
of 7600 kms-1. Of these, 15 are in fact members of groups defined by Humason,
Mayall and Sandage (1956) rather than rich clusters, but this should not be important
since the photometric properties of these were not found to differ significantly from the
rest of the sample in the initial analysis by Sandage and Hardy.

Selecting only the low redshift galaxies has several advantages when using them for a
streaming motion analysis. The dominant errors in deriving luminosity distances are
magnitude-dependent, and thus the errorin peculiar velocity scales with redshift.
Therefore, including galaxies at very high redshift just increases the noise in the
solutions with very little gain in information. In addition, truncating the sample in this
way significantly reduces the effect of distance dependent selection effects. The most
obvious of these is the Malmquist bias (Malmquist 1920), which causes the highest
redshift galaxies to be of high luminosity and vice versa. For streaming motion studies
itis important that the sample should be as homogeneous as possible, so the
minimisation of this effect is highly desirable. A related selection effect for cluster
galaxies has been investigated by Scott (1957), who finds a correlation between cluster
richness and distance which could cause a bias similar to Malmquist bias. However,
she shows the effect to be negligible out to the depth of our subsample.

The V magnitudes quoted by Sandage & Hardy and reproduced here in column 2 of
Table 2.1 are corrected for galactic extinction and K-dimming, and to a standard metric
aperture. The absorption corrections used were internally derived from the latitude
dependence of the BVR colours of the ellipticals in the sample. The corrections adopted
by Sandage and Hardy w~re as follows:

A, = 0.099(cosec(b) - 1), for b<50°
2.1
A, = 0 otherwise.

These corrections were also used in the present work.
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No attempt was made to derive longitude dependent corrections. K-corrections were
taken from Table 5 of Sandage (1973), but are small for redshifts typical of our
subsample (=0.04 magnitude at 8000 kms-!).

Sandage and Hardy also derived correlations between the absolute magnitude of the
first-ranked cluster galaxies and the properties of the clusters they liein. The particular
cluster properties they investigated were the Abell richness class (Abell 1958) and
Bautz-Morgan class (Bautz and Morgan 1970). The Abell quantized richness class was
replaced by a continuous variable by counting the galaxies less than 2.5 magnitudes
fainter than the third brightest cluster galaxy, within a 2 Mpc radius of the cluster centre.
Bautz-Morgan class is a measure of the amount by which the first-ranked galaxy is
brighter than other members of the cluster. The richness correction was found to be
barely significant, whilst the Bautz-Morgan correction was much larger, =0.6
‘magnitudes between classes I and ITI. The effect of the two corrections was to reduce
the scatter in absolute magnitudes from 0.35 to 0.28 magnitudes. This small scatter has
since been confirmed by independent studies (e.g. Schneider et al. 1983), but s still not
well understood, despite attempts to explain the evolution of brightest cluster galaxies,
e.g. by dynamical merging (Hoessel, 1980). Table 2.1 contains data for the 60 galaxies
used here, with the columns ordered as follows:

1 Cluster name,

2V magnitude, corrected for galactic extinction, K-dimming and aperture,
3 Redshift from Sandage and Hardy, 1973,

4 Cluster richness class,

5 Cluster Bautz-Morgan class,

6 Galactic latitude, 17,

7 Galactic longitude, b”
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Table2.1. Photometric and redshift data for 60 First Ranked Cluster Galaxies.

1 2 3 4 5 6 7
Abell Ve z Richness B-M 1 b

8.44  .00381 1 m 287 70

890  .00509 1 I 240  -57

1125 .0128 0 i 88 -48

11.77  .0170 1 i 131 -29

426 11.50 .0181 2 om 151 -13

1656 1151  .0222 2 I 57 88

1213 1372 0287 1 m 201 69

2151 13.12  .0341 2 m 32 44

119 13.74  .0387 1 O-I0 126 -64

13.66 .0428 0 0-m 84 -48

2589 1411 0440 © I 93 -43

1203 0169 0 m 127 -30

1229 .0180 0 i 142 -63

12.58 .0215 0 oI 140 -17

13.15  .0301 1 -0 104 -3

12.52  .0303 2 1 63 44

13.40 .0351 0 I 9 50

13.19 0298 0 m 261 .77

10.89 0113 1 i 302 2

1077 0114 0 I 313 28

11.04 .0138 0 I 320 27

13.16 .0226 0 il 14  -32

12.38  .0209 0 m 114  -40

11.67 .0155 0 I 112 -60

1221 0177 0 I 117 -60

11.99 .0188 0 I 151  -54

11.46 .0160 0 I 200 -3

12.10 .0159 0 I 203 29

12.16  .0200 0 I-II 191 44

1223 0234 0 LI 183 55

10.92 .0087 0 m 311 46

10.93 .008 0 i1} 314 50

10.51 .0076 O m 83 71
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I DATA ANALYSIS

The basis of the solutions for anisotropies in the Hubble Flow is to use the Hubble
Modulus technique first employed by Rubin et al. (1976b). The problem overcome by
this technique is that we do not know two parameters which are needed to compare
directly the distances to galaxies obtained from redshifts and inferred from photometry.
The first is the Hubble constant, which is uncertain by about a factor of 2 at present and
implies an equal uncertainty in physical distances inferred from redshifts. The second is
the actual luminosity of the galaxies used, which would be needed to derive accurate
distances from photometry for individual galaxies. These problems can both be
overcome by averaging the properties of the whole sample and deriving deviations from
the mean expansion for individual galaxies, without ever defining explicitly the distance
to, or luminosity of, any particular galaxy.

This is done by calculating the Hubble Modulus, HM, from the measured magnitudes m
andredshifts Vs for each galaxy, where

HM =log Vops - 0.2m 2.2
The mean Hubble Modulus for the whole sample should then equal
<HM>=1log H, - 0.2M - 5 2.3

where M is the absolute magnitude of the standard candles comprising the sample. This
assumes a perfect Hubble expansion and that all galaxies are of equal absolute
magnitude, and follows from a simple application of the inverse square law and the
Hubble law. Once <HM> is known, it has essentially set a mean Hubble Flow relative
to which peculiar velocities can be measured, without the need to know either H, or M
explicitly. Recession velocities can be predicted for each galaxy from their measured
apparent magnitudes using

Vi = 10(0-2m + <HM>) 2.4
The difference between the predicted recession velocity Vy and the measured velocity

Vobs is then our estimate of the peculiar velocity of the galaxy, along the line of sight, in
the frame in which the redshifts were measured or corrected to.
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The method of analysis adopted for the bulk motion of the galaxy sample from the
individual galaxy motions was dictated by the sky coverage of the 60 cluster ellipticals in
our sample. As can be seen from Fig. 2.1, the distribution on the sky is patchy, and
large areas are totally devoid of galaxies. This ruled outa general solution fora
streaming vector, as was carried out by Rubin et al. for their spirals, since the
components of the vector towards the blank regions would be completely undefined.
Fortunately, the regions around the apex and antapex of the Local Group motion with
respect to the CBR contain much of the sample, making it possible to test for the motion
of the Local Group relative to the galaxies along this direction. Thus we were able to
test the claim by Aaronson et al. (1986) that rich clusters of galaxies are at restin the
CBR-defined reference frame. If this were so, then the relative motion of the Local
Group and the CBR should be reflected in an equal motion of the Local Group relative
to the galaxies. We would see this as an apparent velocity anisotropy: galaxies in the
apex direction would have low recession velocities, and those in the antapex direction
high recession velocities, for a given apparent magnitude. This assumes that redshifts
are measured in the Local Group frame.

Thus we undertook a restricted, one-dimensional type of solution, which was concerned
only with the component of the relative velocities of the galaxies and the Local Group
along the CBR dipole axis.

We solved for this motion of the Local Group relative to the galaxies by minimising the
quantity

X2 =

3. {[VH(i)-Vobs(i)]-VLG coso(i)

2 2.5
o@) I

where V(i) is the recession velocity of the ith galaxy, calculated from equation 2.4;
Vobs (i) is the measured recession velocity of the ith galaxy; 6(i) is the angle between the
line of sight to the ith galaxy and the CBR dipole apex direction, 1=272°, b=30°; a(i), a
weighting factor given to the ith galaxy, is the error in Viy(i).

Minimisation of x2 solves for Vi g, the component of the motion of the Local Group
relative to the sample of galaxies. This was done using a BASIC programme run on a
BBC microcomputer using the following method. Differentiating equation 2.5 with
respectto Vg and setting to zero as the criterion for minimisation yields
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0 1

V.. B—CD—Z{ziwmi)-vouan’ + VX, cos26() -

2V X, [Vi()-Vobs ] cos0} =0 2.6

Rearranging and noting that the first term in curly brackets goes to zero on
differentiation, we get

; ;(11? [Viz@)-Vobe@®] cos®
Vg = 1 2.7

' aR c0s20 (i)

For most of the solutions, each point in the summation is given a weighting inversely
proportional to its measured recession velocity. This weighting is based on the
assumption that the error is dominated by magnitude errors which are the same for all
galaxies, giving a fractional error in Vi thatis proportional to the distance to the galaxy.
This procedure evidently gives more weight to the lower redshift galaxies, and reduces
the effective depth of the sample. Calculating a mean redshift for the sample using the
same weighting yields a depth of 5400 kms-! which is probably the single figure which
best characterises the scale we are investigating. This is not to say, however, that our
results should be taken as being directly comparable with other samples which may have
similar mean depth but a quite different redshift distribution and weighting scheme.

m SOLUTIONS FOR THE LOCAL GROUP MOTION

Table 2.2 shows solutions obtained for Vg, the velocity of the Local Group relative to
the sample of galaxies. Columns 2 and 3 of this table give the maximum and minimum
redshift of the subsample used, column 4 gives the weightings used in calculating x2,
and column 5 lists the mean effective redshift for this weighting and subsample. The
number of galaxies in each subsample is given in column 6.
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Table2.2  Solutions for the Local Group motion relative to the sample of 60 cluster

galaxies.
No. cz(min) cz(max) Weighting  <cz>(eff) N VLG
(ems-l)  (lems-1) (lems1)

1 0 15000 Redshift 5400 60 -1£105

2 0 7500 Redshift 3800 31 -10+£100
3 0 15000 Equal 7600 60 -295+220
4% 0 15000 Redshift 5800 59 901125

5 2600 15000 Redshift 6800 55 -37+£140
6t 0 15000 Redshift 5400 60 49+135

* Virgo cluster (NGC 4472) excluded from solution.
1 Solution using magnitudes without cluster richness and Bautz-Morgan class
correction.

The solution presented in the first line of Table 2.2 is that which I consider to be the
"best’, i.e. most representative solution for this sample of galaxies, with the most
physically plausible weighting scheme. This solution clearly shows that we have failed
to detect any relative motion of the Local Group and the sample of galaxies, with an
error on this result of 105 kms-1. This error is the formal statistical error in the
minimisation procedure, under the assumption of normally distributed errorsin the
velocity residuals. Since this assumption may be false, I also did repeated solutions
with a constant fraction (=25%) of the galaxies omitted atrandom, such that every
galaxy should have been excluded from the solutions many times. These solutions have
an RMS scatter of approximately 100 kms-!, consistent with the above estimate. Thus
any non-Gaussian component of the errors must be small.

This error can be shown to be reasonable by comparing it with the size of the errorsin
predicting the recession velocities Vi from the corrected V magnitudes. The magnitude
dispersion of 0.28 magnitudes quoted by Sandage and Hardy (1973) givesrise to a
fractional error of =14% in distance determination, which is clearly the dominant error in
determining the individual velocity residuals, as the measured redshifts are accurate to
=2%. For a sample of 60 galaxies with a mean redshift of 5500 kms-!, this again gives
an expected error of =100 kms-!. Finally, the value of the reduced x2calculatedabove
is 47/58, indicating that the solution is a reasonable fit to the data points under the
assumed errors.
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The other solutions in Table 2.2 were carried out to investigate the effect of taking
different redshift cutoffs for the sample and applying different weightings to galaxies.
The final solution shows the effect of the magnitude corrections for Richness and Bautz-
Morgan class derived by Sandage and Hardy.

I found that reducing the outer redshift limit to 7500 kms-! (line 2) had a negligible
effect on the solution and reduced the error slightly, even though the number of galaxies
in the sample was reduced. This is understandable since the errors on the velocity
residuals are smaller for the nearer galaxies. The stability of the solutions to the outer
redshift cutoff is encouraging, since systematics resulting from selection biases (e.g.
Malmgquist bias and the Scott effect) are more likely to affect the higher redshift galaxies.

Solution 3 shows the effect of the high redshift galaxies on the solution in a quite
different way. Giving all galaxies equal weighting enhances the effect of the high
redshift galaxies relative to solution 1, and thus probes whether the result we obtain is
dominated by relatively local effects. In fact, the solution now becomes negative at
marginal significance--i.e. it goes in the opposite sense to the relative motion predicted
by the CBR dipole, if the galaxies were at rest in the CBR frame. Predictably the error
on the solution has increased, by more than a factor of two. Thus solution 3 differs
from solution 1 at only about the 10 level.

The weightings adopted for solution 1 mean that the nearest few galaxies have a very
high significance in determining the solutions. The effect of these innermost galaxies
was investigated in solutions 4 and 5. Solution 4 was calculated as for solution 1 but
with NGC 4472, the first-ranked galaxy in the Virgo cluster, omitted. This galaxy is
particularly likely to have a large effect on the solutions since it has a sufficiently small
redshift for local peculiar motions to be large relative to its recession velocity.
Combined with the high weighting it received in solution 1, this makes it important to
know what the solutions become when it is removed. This solution is again within 16
of solution 1, which indicates that NGC 4472 does not have an unduly large effect on
the solutions.

Solution 5 was done with all galaxies nearer than 2600 kms-! (5 in all) removed. Again
the solution is almost completely unaffected, showing that motions within the Local
Supercluster are not having any significant effect on the solutions for the motion of the
galaxy sample as a whole.
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Finally, solution 6 shows the effect on the solutions when magnitudes were used which
were not corrected for cluster Richness and Bautz-Morgan class. This was motivated by
the realisation that these corrections were defined so as to minimise scatter in the Hubble
diagram, and would thus have a slight tendency to force the solution we find, no relative
motion of the galaxies and the Local Group. This effect could only be slight, however,
since the corrections were defined globally, averaging over all directions on the sky, and
could only slightly reduce any directionaily dependent pattern of peculiar velocities, as is
predicted from the CBR dipole. This is confirmed since solution 6 is again very similar
to all previous solutions, with a slightly larger error as would be expected from the
increased scatter in the absolute magnitudes without these corrections applied.

v INTERPRETATION OF THELOCAL GROUP VELOCITY RELATIVE
TO FIRST RANKED CLUSTER GALAXIES

Iv.l COMPARISON WITH THE LOCAL GROUP MOTION RELATIVETO
THE CBR

All of the results discussed above are consistent, within the errors, with our main
solution, for the whole sample with a redshift weighting, of -1+105 kms-1. Thus there
is no significant motion of the Local Group relative to this sample of 60 galaxies.
However, if the galaxy sample were at rest with respect to the CBR frame, this test
should have detected a Local Group motion equal to that inferred from the amplitude of
the dipole variation in the CBR temperature around the sky. I adopt a best value for the
Local Group motion relative to the CBR of 610+50 kms-! (Lubin & Villela 1986), a
well determined velocity that would be large enough to give an easily detectable Local
Group motion in the test carried out here. Clearly this has not been found. This resultis
clear evidence for a net motion of the galaxies with respect to the CBR, with a velocity
component of the cluster ellipticals along the CBR dipole axis of 610116 kms-!.

Figure 2.2 shows the velocity residuals in the CBR frame for the 60 galaxies projected
onto the plane of the galaxy, b=0°. In this diagram, the Local Group is positioned at the
centre. The symbols (0) show the positions of the gala¥i~s as inferred from the
photometry, whilst the other ends of the lines show the distances derived from the
redshifts, corrected to the CBR frame. Thus the length of each line represents the radial
component of the peculiar velocity of each galaxy. Itshould be remembered thatthe
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errors in the individual galaxies’ luminosity distances are =15% of their actual
distances, and that in projecting down the galaxy velocities from high latitudes, we are
systematically underestimating the velocities in the plane of the diagram. Thislatteris
unavoidable, given that only the radial component is measured, but it explains why
galaxies close to the centre of the diagram appear to have small peculiar velocities.

Despite these problems, the streaming motion can be seen as a clear trend in the sense
that the peculiar velocity vectors predominantly point towards the lower rightin the
diagram, corresponding to a direction on the sky of 1=300°. Possibly the most
interesting feature of this plot is the scale over which the motion is apparent, with
galaxies on opposite sides of the sky apparently sharing in the same overall flow.

This result is unlikely to be the result of Malmquist bias in the galaxy sample. This was
tested by comparing the redshift distribution of galaxiesin the apex and antapex
directions along the axis of the CBR dipole. There is indeed an anisotropy in the
distribution, which could lead to a systematic bias if the criteria used in selecting these
clusters included an apparent magnitude cutoff, either explicitly or implicitly. However,
the mean redshift in the apex direction, 6500 kms-!, is smaller than thatin the antapex
direction, 8100 kms-!, which should tend to produce an apparent motion in the CBR
frame in the opposite sense to that which we measure. In any case, this sample should
not contain significant Malmquist bias, since it is selected on the basis of cluster
membership, rather than in terms of apparent magnitude. This is confirmed by the
Hubble diagram presented by Sandage and Hardy (1973), which appears highly linear
to a redshift of at least 20,000 kms-1, a considerably greater depth than the subset of
galaxies we use.

V.2 COMPARISON WITH PREVIOUS STUDIES

The interpretation given above is that there is a net motion of the clusters in this sample
relative to the CBR, with a component of 610+116 kms-! along the direction toward
1=272°, b=30°. The effective depth of this sample, with the weighting used for this
solution, is 54 h-! Mpc, which makes it one of the most distant galaxy samples used
for measuring Hubble Flow anisotropies. A comparison will now be made with the
most important large-scale studies previously discussed in Chapter One. These results
are summarised in Table 2.3.
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Table2.3  Streaming motion components toward 1=272°, b=30° derived from the
work described in this Chapter, and in previous studies.

Authors Galaxy type Streaming component
James et al. Brightest in clusters 611+115 kms-1
Rubin etal. Field spirals 779+135 kms-1
Burstein et al. Ellipticals 427+105 kms-1
Aaronsonetal.  Cluster spirals -125+195 kms-1
Hart & Davies Sbc spirals 77+ 70 kms-1

The first is the original Rubin etal. study (1976a,b), later reanalysed by Schechter
(1977) and Peterson and Baumgart (1986) with essentially unchanged resuits. The
solution quoted by Rubin et al., a Local Group motion of 454+125 kms-! toward
1=163°, b=-11°, can now be converted into a CBR-frame streaming motion, using the
accurate CBR anisotropy measurement of Lubin and Villela (1986). This givesa
streaming motion of the galaxies with respect to the CBR of 885+135 kms-! toward
1=304°, b=26°. To compare this with our result for the first ranked cluster galaxies, it is
necessary to take the component of this streaming along the CBR dipole axis. This
component has a magnitude of 779+135 kms-!, which is in fairly good agreement with
the value of 610+116 kms-! from cluster galaxy sample, the difference being just under
lo.

The most directly comparable previous result is that for 10 galaxy clusters observed by
Aaronson et al. (1986), using the IR Tully-Fisher relation on a large number of spiral
galaxies within each cluster. The streaming velocity for this sample of clusters was
290+195 kms-! toward 1=42°, b=13°, corrected to the Lubin & Villela (1986) CBR
dipole value, which is slightly different from that used by Aaronson etal. This givesa
streaming component along the CBR axis of -125+195 kms-! which is different from
our resultat the 3¢ level. This discrepancy is hard to reconcile. Most of the Aaronson
clusters are present in our sample, although there are still so few that a direct comparison
of the two data sets is meaningless, given the errors on our individual cluster peculiar
velocities. The range of redshifts covered by the two samples is very similar, as is the
type of density environment sampled in the two cases. The two principal criticisms of
the Aaronson study are the poor sky coverage and the assumption of a universal,
unbiased Tully-Fisher relation from cluster to cluster (Bottinelli et al. 1988). The firstis
unlikely to explain the discrepancy found here since several of the Aaronson clusters lie
in the CBR apex and antapex directions. The second remains a possibility, although
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there is no reason to suppose that any bias in the TF relation would act so as to give the
resultactually found.

A final interesting comparison is with the 'Big Seven’ study of elliptical galaxies
(Dressleretal. 1987). Taking the component of their initially reported streaming vector
(599 kms-! toward 1=312°, b=6°) along the CBR axis gives a value of 427 kms'!
105 kms-1. This differs from the cluster galaxy result by only 184 kms-!, or by =10.
Unfortunately, the agreement with their reinterpretation in terms of infall into a ‘Great
Attractor’ is less good. Most of the significance for streaming in the clusters sample
comes from the opposite direction to the Attractor, which is suggested to lie toward
1=309°, b=9°, at adistance of =45 h-! Mpc (see Fig. 2.2). These clusters are thus too
far from the putative overdensity for it to explain more than a small fraction of the
observed streaming. Thus the cluster galaxies do not provide support for the ‘Great
Attractor’ model, and the initial agreement with the 'Big Seven’ work must be seen as a
coincidence.

Iv.3 THE EFFECT OF CHOICE OF FRAME ON STREAMING SOLUTIONS

Ithas recently been suggested (Lucey & Carter 1988a) that the streaming motion we
detect for the cluster ellipticals may be affected by the factthat the initial analysis
(Sandage & Hardy 1973) was done using redshifts corrected to the Local Group frame
of reference. This is important in this work since metric apertures were used, which
require an accurateindicator of the distance to each galaxy in calculating the aperture
corrections. The effect of using LG-frame redshifts can be seen by considering the case
where the galaxy sample is truly at rest in the CBR frame. In this case, the galaxies
towards the apex of the LG motion will have underestimated redshifts, which will lead
to over-large metric apertures being defined. Thus these galaxies will seem to be
systematically overluminous, and it would be concluded that they are streaming away
from the LG. The reverse argument applies in the antapex direction. The derived CBR-
frame streaming would then be in the sense that we actually find, so itis essential to
determine whether this effect is likely to be important.

The size of this bias depends on the growth curve of the galaxies used. For example, if
galaxies were to have a constant surface brightness, this effect would completely nullify
the result presented here--the galaxies would appear to be at rest in any frame chosen for
an analysis of the type carried out here. This is clearly sensible, since surface brightness
isdistance-independent, and aperture photometry on a galaxy of uniform surface
brightness contains no distance information. Howe'ver, the galaxies used here are
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obviously not of uniform surface brightness, and the bias is thus considerably reduced.
An approximate calculation was made by estimating the effect of a 10% changein
aperture at the metric radius used by Sandage & Hardy, this being the approximate error
in redshifts induced by the LG motion of =600kms-! at the mean depth of our sample.
The elliptical growth curves of Thuan & Romanishin (1981) were used. The size of the
change was =6% in the total included flux, or =3% in distance. For galaxies ata mean
redshift of 6000 kms-!, this would give a spurious streaming of at most =180 kms-!.
This bias cannot explain the observed effect.

However, it should not be assumed that the streaming component we find is
overestimated by 180 kms-! due to the above effect. Our solution is completely self-
consistent, in that the redshifts used to derive the metric apertures are (fortuitously)
measured in that frame which is unaffected by the measured streaming. Thus the
redshifts we use are good estimators of distance and in this case the Lucey and Carter
critique is inappropriate. However, in general, corrections should be applied using
CBR-frame redshifts if the ultimate aim is to derive streaming motionsin that frame.

Lucey and Carter also made criticisms of the sample selection and photometry used in
our analysis of the Sandage and Hardy data. In particular, they point out that the radio
galaxies selected by Sandage and Hardy lie exclusively in the Northern Hemisphere and
may affect the derived LG motion, if they have significantly different luminosities from
the 'true’ First Ranked galaxies. Thus they exclude all such galaxies from their
analysis, along with the brightest galaxies in groups. Their analysis is independent of
the Sandage and Hardy photometry, since they use photometry from the literature,
which is available for 38 out of our sample of 60 galaxies out to a redshift cutoff at
10,000 kms-1, and is generally of higher quality than that obtained by Sandage and
Hardy.

Their results, using this higher quality but smaller data set, are somewhat discrepant
from ours. Using the assumption that the galaxies are at rest in the CBR frame for
fitting the metric apertures, the rest frame defined by the galaxies differs from that of the
CBR by between 112 (£105) kms! and 299 (+250) kms-!, depending on apertures
and growth curves, compared with our result of =600 kms-! . If the metric apertures
are defined in the LG frame, the Lucey and Carter result becomes 250-300 kms-!, in
better agreement with ours but still not véry significantly different from zero. Thus
they conclude that there is no compelling evidence for galaxy streaming from their study
of First Ranked cluster galaxies.
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CHAPTER THREE

GALAXY STREAMING FROM AN ALL-SKY SAMPLE OF SCI SPIRALS

In this chapter I will present a description of a second attempt to measure the large-scale
galaxy peculiar velocity field, and the results that were obtained. This study is
complementary to the work with first-ranked cluster galaxies presented in Chapter Two,
in several ways. Most importantly, it samples the velocity field with Scl spiral galaxies,
which are generally found in the field and thus are environmentally independent from
cluster galaxies. In addition, we used near-IR photometry to determine redshift-
independent distances, avoiding many of the systematicsinherentin the optical
photometry used for the cluster galaxies.

I THE RUBIN ET AL. (1976a,b) STUDY
I.1 GALAXY SAMPLE SELECTION

The sample of galaxies we chose to examine in this work was that defined by Rubin et
al. (1976a,b) in one of the first attempts to probe large-scale deviations from pure
Hubble expansion. They initially selected 184 galaxies from the Zwicky etal. (1961-
1968) catalogues, subject to the following selection criteria:

i) Their morphological classification, determined from examination of the Palomar Sky
Survey (PSS) plates, should be Scl, Scll, or Sb?-Sc? I or II.

ii) They should have Zwicky (photographic) magnitudes between 14.0 and 15.0.

iii) Preference was given to nearly face-on galaxies because of the greater ease of
classification of such galaxies.

Redshifts were obtained for all of these galaxies, and an attempt was made to reduce the
Malmquist bias (Malmquist 1920) inherentin selecting by apparent magnitude by
defining a 'Minimum Bias Subset’. This was done by excluding all galaxies with
redshifts less than 3500 kms-!, or with redshifts greater than 6500 kms-! (with
redshifts corrected to the Local Group frame of reference). This left a sample of 96
galaxies.
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1.2 RUBIN ET AL. DATA AND ANALYSIS

Rubin et al. used the Zwicky photometry (Zwicky 1961-68) and their own redshifts to
derive the motion of the Local Group relative to the sample of 96 galaxies. Redshift-
independent distances were derived from the photometry by the Hubble Modulus
technique described in chapter Two. The Local Group motion was then derived by
fitting a dipole to the velocity residuals (Vy-Vobs), i.€. explaining the differences
between the inferred distances and the measured redshifts in terms of the Local Group
motion alone.

The best-fit dipole they calculated for the motion of the Galaxy and the Local Group of
galaxies was 4544125 kms-! toward galactic coordinates1=163°, b=-11°. This
solution included a diameter correction later shown by Schechter (1977) to be spurious,

and without which the solutions were found to be similar in amplitude and direction but
reduced in formal significance to #30.

At the time, Rubin et al. commented that the corresponding solar velocity was
anomalously large, at =600 kms-1, compared to the limits on the anisotropy of the
Cosmic Background Radiation. However, it was not until more accurate measurements
of the CBR dipole were available that the implications of the derived velocity became
apparent. Comparison of the Local Group motion with respect to the galaxies, and the
most recent measurements of the CBR dipole (Lubin & Villela 1986), shows that if this
measurement is correct it implies a net streaming of the galaxies at 885 kms-! toward
1=304°, b=26° (Clutton-Brock & Peebles 1981--note that they used the mean of earlier
measurements of the CBR dipole).

I  CRITICISMS OF THE RUBIN ET AL. RESULT
II.1 THE FALL AND JONES INTERPRETATION

The first, and one of the most serious criticisms of the Rubin et al. result was that of Fall
and Jones (1976). They demonstrated that an earlier velocitv anisotropy result (Rubin et
al. 1973) could be due to a combination of Malmquist bias and uneven sky coverage.
Thenarrow apparent magnitude selectionrange of the sample galaxiesunavoidably leads
to a trend of apparent magnitude with redshift, via the Malmquist bias. Fall and Jones
pointed out that if a galaxy sample is of unequal depth in different dn‘ecuons, there will
then be a correlation between absolute magnitude and direction on the sky. This would
then explain the anisotropy found by Rubin et al. They also showed that there was
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indeed a variation in the depth of the initial galaxy sample around the sky, in the sense
required to produce the observed effect, and that the bias was on the order of that
required to explain the observations, atleast for the initial sample of Rubin etal. (1973).
Whilst these problems were at least partially answered by the selection of the Minimum
Bias Subset as described above, they remained as a major question mark over the Rubin
et al. resuit.

II.2 WEAKNESSES IN THE RUBIN ET AL. DATA AND ANALYSIS

A further criticism of the Rubin et al. analysis was that their sample selection criteria
were not as strict as was claimed. They stated that the galaxy sample used for their
work was composed purely of galaxies classified under the Sandage (1961) and van den
Bergh (1960a,b) system as Scl, ScI-II or Sb?-Sc? I-II. However, independent
classifications of the galaxies show that the range of morphological type of the galaxies
in the Minimum Bias Subset is much broader than this. For example, the Uppsala
Galaxy Catalogue (Nilson 1973) classifies some as early as Sa or SBa, and others as
S...(spiral, otherwise unclassifiable). Many of the galaxies are barred, some strongly,
and others appear to be in close groups or to have very close companions. To cite some
of the more extreme examples amongst the 86 galaxies in our subsample, RF 5 is
classified as SAB(s).../S... by Nilson on the de Vaucouleurs and van den Bergh
systems respectively, with a note that it is distorted and in a group. RF 30 is classified
SAB(s)ab/SBa, RF 151 SABab/Sb, RF 161 S... (disturbed) and RF170 SB...
(singular). These factors are likely to have an effect on the star formation history of the
galaxies, and certainly undermine their precision as standard candles.

Whilst such problems probably diminish the accuracy of the measurements made with
this galaxy sample, they are not such a severe threat to the credibility of the results
obtained as the Malmquist bias effects discussed above. This is because there is no
reason to suspect a correlation with direction on the sky and thus morphological
inhomogeneity is unlikely to cause an apparent, spurious detection of a streaming
motion. The extra scatter in the absolute magnitudes of the galaxies will, however,
cause a larger randor- error in the final value of the derived streaming motion.

A further problem with the Rubin et al. analysis, and all others relying on optical
photometry for the derivation of redshift-independent galaxy distances is that of galactic
extinction. This is important since, if wrongly corrected for, it will leave a systematic
error in galaxy magnitudes which correlates with direction on the sky. This could then
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manifest itself as a spurious streaming motion. Rubin et al. adopt a magnitude
correction for Galactic extinction of the form

Amy, = Ag(cosec |bl- 1); Ag=0.15 3.1

where bis the galactic latitude of the galaxy concerned. They do not adopt Sandage’s
prescription (1973) of applying no correction for |bl> 50°. The coefficient Ay is also
notoriously uncertain, estimates ranging from 0.11 (Peterson 1970) to 0.5 (Shane and
Wirtanen 1954, 1967). The problem is a double-edged one; notonly is an inaccurate
correction likely to produce a spurious streaming motion, but there is also a danger of a
true streaming signal being at least partially 'corrected away’ by being confused with
extinction effects.

A related but less worrying problem associated with optical measurements is that of
internal extinction, which leads to highly inclined galaxies being faint compared with
face-on ones. This is quite significant at B, since the corrections are approximately as
large as those for Galactic extinction, butis effectively just another source of random
scatter, which should not be correlated with direction, as far as streaming studies are
concerned. Rubin et al. adopted a correction of the form

Am; = Aj(sec(i) - 1); A; =0.12 3.2
Again the value of A; is very uncertain, Holmberg (1958) quoting a value twice as large.

The final criticism that can be levelled at the Rubin et al. galaxy sample for deriving
3-dimensional streaming vectors is that the sky coverage is patchy and incomplete. This
isto an extent unavoidable, given the clustered nature of the galaxy distribution, butitis
particularly bad for this sample, with an almost complete lack of galaxies below
declinations of about -40° (see Figure 3.1). The effect of this is that the component of
the bulk velocity along the direction of the 'hole’ is ill-determined and contributes
disproportionately to the uncertainty in the final vector solution.

I A REANALYSIS OF THE RUBIN ET AL. SAMPLE USING NEAR-IR
PHOTOMETRY

Given the importance of the Rubin et al. result for cosmology, it is not surprising that
many attempts have been made to check their conclusions. As described in Chapter

One, it has been shown that the use of different methods of analysis (e.g. Schechter
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1977) or of independently obtained B-band photometry (Peterson and Baumgart 1986)
confirm the “Rubin-Ford effect’. However, although these results give added
credibility to the Rubin et al. work, they cannot be considered truly independent
measurements for two reasons: they use the same galaxy sample, and they all make use
of optical photometry with all the resulting problems of extinction and extinction
corrections outlined in the previous section. I will now discuss a reanalysis of the
“Rubin-Ford effect” that makes use of near-infrared photometry to overcome the
problems of extinction effects, and can potentially overcome some of the problems of
Malmquist bias and selection systematics.

III.1 ADVANTAGES OF NEAR-IR PHOTOMETRY

Near-IR photometry of galaxies through theJ (1.3 pm), H (1.6 pum) and

K (2.2 pm) atmospheric windows is now a widely used technique, with the necessary
instrumentation being available at most medium- and large-sized telescopes. The
principal advantage for the work under discussion is the very much reduced effect of
extinction compared with the optical. For example, the corrections needed at H are on
the order of 6 times smaller than at B. This both reduces the scatter introduced in galaxy
apparentmagnitudes by internal and Galacticextinction, and more importantly reduces
the systematic effects of differential Galactic extinction.

Theothermain advantage of near-IR photometry forredshift-independent distance
determination is the ability to use two of the best galaxy luminosity indicators yet
discovered. These are the H-band Tully-Fisher relation and the B-Hcolour-magnitude
relation. Both make use of redshift-independent observables to correct the measured
galaxy magnitudes so as to make them better standard candles.

In the case of the Tully-Fisher relation, the observable parameter used is the measured
width of the 21cm neutral hydrogen line, corrected for inclination. This width is
effectively a measure of the maximum rotational velocity reached in the disc of the
galaxy, which correlates strongly with the amount of mass in the central regions of the
galaxy. Thusitis found that brighter galaxies, having more stars, tend to have the
greater line-widths, and it is therefore possible to remove much of the scatter in absolute
magnitudes by using this correlation. It has been found empirically (Aaronson et al.
1979) that the correlation has about half the scatter for near-IR H magnitudes compared
with optical B magnitudes, with which the relation was initially investigated (Tully and
Fisher 1977). This is understandable since the basis of the relation is between the
galaxy mass and luminosity, and H magnitudes measure the contribution from the older

66



red stellar population which dominates the total stellar mass. The blue luminosity is
strongly affected by young hot stars, and therefore correlates more strongly with recent
star formation history than with the total mass in stars. Using the H-band Tully-Fisher
relation, it is possible to reduce the scatter in absolute magnitudes to about 0.45
magnitudes, making this possibly the most powerful galaxy luminosity indicator
known. The main disadvantage of the H-band relation is that it has a steeper slope than
the optical relation (=10 compared with =5), and any uncertainty in the corrected
linewidths will give a correspondingly larger magnitude error (Bottinelli et al. 1983). In
particular, this makes it essential to determine accurate inclinations when using the H-
band relation.

The physical basis of the relation has been the subject of much discussion,but no model
has yet emerged which explains all the observed features. Aaronson et al. (1979, 1980)
derived a simple model based on the assumptions that all spirals have the same mass
profiles as a function of a dimensionless scale length, and all have the same central mass
surface density and mass to light ratio. This predicts a luminosity proportional to the
rotational velocity to the 4th power. This has been shown to be too simplistic by
Burstein (1982), who finds that the assumption of a constant mass to light ratio is
inconsistent with the other assumptions. The situation has been further complicated by
the discovery by Bothun & Mould (1987) of large surface brightness variations at a
given linewidth, and seems to preclude the possibility of a successful model based on
simple dynamical grounds as proposed by Aaronson et al. (1979).

The second luminosity indicator using H-magnitudes is the B-Hcolour-magnitude
relation (Visvanathan 1981, Tully etal. 1982, Wyse 1982). The distance-independent
parameter used here is the B-H colour of the galaxy, which is again found empirically to
correlate with the H absolute magnitude. This can be seenimmediately asa
consequence of the different slopes of the B- and H-band Tully Fisher relations,
mentioned above. The basis of this relation is less well understood than the Tully-
Fisher relation, butit must involve a link between the total mass of the galaxy and the
recent star formation history, which determines the B-H colour. The scatter in this
relation is not yet well determined, with the possibility that environment affects the slope
and/or zero point of the relation. In any case, it is unlikely that the scatter will be smaller
than that of the IR Tully-Fisher relation.

Bothun et al. (1985) have investigated the relation for galaxies in 7 clusters, and find
that the slope is consistent within the errors. However, the intercepts were found to

vary from cluster to cluster by as much as 1 magnitude. This increased the scatter in the
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relation, for all data taken together, to 0.68 magnitudes, and cast serious doubts on the
validity of the relation. Ellis et al. (1986) have examined this claim using a sample of
195 galaxies from the Durham-AAT redshift survey (Peterson et al. 1986) and donot
support this claim. Indeed, they find that the residuals in the relation correlate with
galaxy surface brightness at H, and by making use of this, e.g. from array photometry,
it should be possible to get distance moduli accurate to 0.25 magnitudes.

There are two principal advantages associated with the ability to use these relations. The
firstis that they reduce the uncertainty in the absolute luminosity of the galaxies, and
thus enable one to probe the peculiar velocity field with a greater degree of accuracy than
would otherwise be possible with a given number of galaxies and a given amount of
observing time. The second advantage is potentiaily even more important, since it
involves the removal of selection biases such as those discussed by Fall and Jones.
Malmgquist-type biases all resultin the selection of brighter galaxies at high redshifts.
Thus it is possible to use a redshift-independent luminosity indicator to both identify and
remove the effects of these biases, with an efficiency that depends on the scatter in the
indicator.

III.2 NEW DATA: NEAR INFRARED GALAXY PHOTOMETRY

Given the advantages of near-IR photometry for studies of the galaxy peculiar velocity
field, it was decided to base this reanalysis of the Rubin et al. workon J (1.3 um), H
(1.6 pm) and K (2.2 pm) photometry of the Rubin et al. Minimum Bias Subset. This
photometry was obtained at the 1.5m Infrared Flux Collector (IRFC) on Tenerife, the
1.9m telescope at the South African Astronomical Observatory (SAAQO) and atthe
United Kingdom Infrared Telescope (UKIRT). Almost all of the data used in the final
analysis presented here were obtained at the IRFC and UKIRT. Good quality H-band
photometry was obtained for 86 of the 96 galaxies in the MBS, 59 of them in one 4
night run at UKIRT. The distribution of the 86 galaxies is shown in Fig. 3.1. In
addition the analysis will also make use of the high-quality B-band photoelectric
photometry of Peterson and Baumgart (1986), supplemented from Graham (1976).

Typical photomei:ric errors for our infrared data are =5% RMS for galaxies repeated on
the same telescope, an =10% for galaxies repeated at different sites. Given the precision
of the luminosity indicators (=0.45 magnitudes) it is clear that the scatter resulting from
photometry errors is negligible.
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Figure 3.1 Sky distributionof 86 Sc galaxies from Rubin et al. 1976a,b (galactic coordinates)



Table 3.1 contains the following photometric and redshift data for these galaxies:

Column 1 Number in the Rubin et al. (1976a,b) list.
Column 2 Galactic longitude1”.
Column3  Galacticlatitudeb”.
Column4  Happarentmagnitude, corrected for airmass and aperture effects,
. using optical diameters for the latter (see below).
Column 5 J apparentmagnitude, corrected as H above.
Column 6 K apparent magnitude, corrected as Habove.
Column 7 B apparent magnitude from Peterson & Baumgart (1986), corrected
for airmass and aperture effects, using optical diameters.

Table 3.1 Photometric and redshift data for 86 Sc galaxies from the
Rubin et al. Minimum Bias Subset.

RF 1" b" Redshift Hos Jos Ko.s B,

1 111 -30 4613 11.70 12.35 11.37 14.25
5 114 -40 4807 11.10 11.78 10.80 14.67
7 111 -73 5555 11.84 12.59 11.52 14.05
8 116 -61 3996 10.43 11.08 10.15 12.90
9 121  -33 4521 11.04 11.71 10.73 13.91
10 119 -61 4198 12.47 13.04 12.23 14.34
11 122 -12 4927 11.58 12.35 11.29 15.10
12 124 -19 5122 13.07 13.69 12.80 15.24
14 125 -26 5823 12.44 13.07 12.14 14.70
15 250 -85 5396 10.75 11.44 10.46 13.25
16 252 -85 5714 11.05 11.70 10.75 13.56
17 127 -20 5626 12.17 12.86 11.87 14.82
18 260 -83 4984 12.29 12.88 11.96 14.25
20 260 -83 5761 12.47 13.17 1222 14.55
24 177 -73 4930 13.21 13.78 12.93 14.96
27 166 -65 4506 12.52 13.13 12.24 14.41
30 141 -18 4342 10.89 11.61 10.59 14.20
34 152 -33 5363 12.54 13.18 12.21 14.65
35 149 -28 4811 12.32 12.98 12.01 14.68
38 149 -25 4286 12.08 12.77 11.76 14.83
40 221 -63 - 5060 10.86 11.53 10.58 13.38
4] 230 -60 4726 11.61 12.27 11.31 14.07
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169 77 20 4557 11.45 12.14 11.11 14.15

170 74 15 4430 12.19 12.74 11.90 13.92
171 82 15 3843 12.57 13.20 12.23 14.18
172 86 16 3751 10.99 11.76 10.64 13.95
173 357 -26 5608 11.93 - - 13.88
174 90 15 3420 11.39 12.09 11.08 13.55
176 48  -15 5000 11.97 12.73 11.69 14.44
177 356 -33 5715 11.53 - - 13.44
179 49  -18 4598 11.75 12.54 11.45 14.41
181 47  -20 5039 11.28 11.93 10.95 14.28
182 43  -23 5697 11.06 11.73 10.73 14.17
187 58  -37 4388 11.62 12.27 11.30 14.19
188 80 -22 5367 12.22 12.87 11.98 14.52
189 93 -12 5044 11.49 12.31 11.06 14.50
191 96 -8 5202 11.87 12.75 11.34 14.65
192 98 -8 5203 11.60 12.33 11.53 14.60
193 47  -55 4708 12.04 12.70 11.80 14.78
195 96  -18 4382 11.94 12.59 11.64 14.27
196 97  -19 4472 12.04 12.69 11.71 14.69
197 76  -50 4463 11.96 12.60 11.64 14.32
199 98  -25 5629 12.37 13.04 12.12 14.93
200 87 -4 4520 11.58 12.23 11.25 13.74
201 89 47 3172 11.69 12.30 11.40 13.40
204 336 -28 4453 10.81 - - 13.45
207 328 -40 5074 11.91 - - 14.02
209 77 -18 4519 10.40 11.12 10.04 13.55

1.3 PHOTOMETRIC CORRECTIONS

 There are several corrections which have to be applied to aperture photometry if itis to
give accurate and unbiased distance determinations. Most of these corrections are
smaller atnear-IR wavelengths than in the optical, but since IR astronomy is relatively
young the values for the corrections in the literature are correspondingly less well
determined. Thus wherever possible I have attempted to derive magnitude corrections
internally from the dataset for comparison with the best previously determined values.
Airmass corrections were determined on a night-by-night basis, using near-IR
photometric standard stars which were observed at frequent intervals on all observing
runs. A regression was done of
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[(Catalogued magnitude)-(Measured magnitude)] against [Airmass], and the slope gives
the airmass correction for that night in that band. On nights where observing was
curtailed by weather and too few stars were observed for this approach, the airmass
correction for each galaxy was obtained from the standard star closest to it in time and
airmass. This approach is shown to be successful by the degree of agreement in the
magnitudes of galaxies repeated on different nights at UKIRT, which typically differed
by less than 5%. The derived corrections were in any case very small, =0.1
magnitudes/airmass in all three bands, and most of the galaxies were observed at
airmasses of less than 1.5.

Aperture corrections are essential to avoid systematic offsets between photometry
obtained at different telescopes, and biases as a function of redshift. Telescope-related
differences come about since it was impossible to use the same sized apertures at the
different telescopes used for this project. What was ideally required was a total
magnitude for each galaxy, and therefore thelargest available apertures were used. For
the telescopes used to obtain the data presented here, these were nominally 277, 35” and
187, at UKIRT, IRFC and SAAO respectively. Thus significant corrections are needed
to derive magnitudes at the same effective apertures.

The second function of aperture correctionsis to avoid aredshift-dependent effect that
occurs as a result of using fixed apertures. A given aperture includes flux within a linear
diameter that is proportional to redshift, and thus there is a systematic tendency for
apparent luminosities to be overestimated for distant galaxies relative to nearer ones.
This effect tends to exacerbate the effects of Malmquist bias.

To overcome both of these effects, reliable growth curves are needed. The H-band light
profiles of spiral galaxies have been studied (Aaronson etal. 1979), and the growth
curves approximated to a power law:

F(A) = A0.88 3.3

This law was derived from a small sample of Sc galaxies, using aperture photometry
with typically only 3 or 4 apertures per galaxy. Thus there is considerable doubt as to
the accuracy of this particular functional form for the growth curve, especially over a
wide range of inclinations. However, it will have to suffice until better data become
available, and ideally area photometry of a large sample of Sc galaxies.
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The second requirement is for a standard diameter to which the photometry can be
corrected. Aaronson etal. (1979) in their initial work on the H-band TF relation used
optical diameters, defined as the diameter at which the optical B-band surface brightness
falls to the 25 magnitude (square arcsec)-! level. Theoretically, this is a convenient
normalisation to take since surface brightness is a distance-independent observable and
so should define a distance-independent photometry system. Unfortunately, for the
MBS sample it can be shown to be a very ineffective at reducing the measured
Malmgquist bias in the sample, which is the aim of applying such a correction. The
effectiveness was gauged by calculating absolute magnitudes for the galaxies on the
assumption of pure Hubble Flow, i.e. that redshifts in the CBR frame are perfect
indicators of distance. Regression of [Absolute magnitude] against [Log redshift] then
gives a measure of the total bias in the sample.

In this way, I tested the standard aperture correction, using optical diameters from the
Second Reference Catalogue of Bright Galaxies (de Vaucouleurs 1976). The diameters
used were the D(0) values, which are measured to the 25 magnitude/sq arcsec isophote
and corrected forinclination. This latter correction is very uncertain, but fortunately the
galaxies in this sample are very face-on and so its effect is negligible. The H-magnitude
aperture correction from Aaronson et al. (1979), to astandard value of log(A/D)=-0.5,
is given by

AH = -2.19 1og(A/D(0)) - 1.095 3.4

which is subtracted from the raw magnitude. A is the telescope aperture in arcmin. As
stated above, this correction serves the additional purpose here of accounting for the
different apertures used to obtain the photometry. The effect of this alone can be
separated out by applying a correction of 2.19(log A).

Regressing Haps, corrected for the effects of different telescope apertures only, against
log (Redshift) gives a slope of -5.1. Using magnitudes corrected to log(A/D(0))=-0.5,
the same regression gives a slope of -4.2, i.e. the bias has been reduced, but by less
than 20%.

An alternative approach to the removal of aperture effects is to use metric apertures.
These are apertures defined to be a constant linear size at the distance of the galaxy, and
are therefore based on the CBR-frame redshift of the galaxy. The small redshiftrange
of the galaxy sample used here means that cosmological corrections to the derived
apertures are small, and the metric apertures can be taken as being inversely proportional
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to redshift. The size of the effective aperture used was defined as the size of the UKIRT
aperture projected to the mean redshift of the sample, thus minimising the size of the
corrections. Using these aperture corrections, the regression slope of absolute
magnitudes against log (Redshift) is reduced to -2.88, a much more significant reduction
than normalising to optical diameters.

From this I conclude that there is a significant aperture effect in the raw magnitudes,
which is more efficiently removed by correcting to metric diameters than to diameters
defined at a particular optical surface brightness. This is to be expected, given the large
scatter in optical properties of galaxies and the difficulty of measuring consistently to a
given surface brightness. However, even the metric correction does not remove all of
the effect, and this residual is probably due to Malmquist selection bias. Thus the high
redshift galaxies are genuinely more luminous and of higher surface brightness than the
low redshift galaxies.

Since this effect is highly significant and unlikely to be removed completely using
aperture corrections, I prepared datasets in which it had been removed explicitly. This
was done by regressing Habs and Baps against log [CBR-frame redshift], andthus
deriving a correction which removed the trend in absolute magnitude with redshift.
These will be referred to as 'Malmquist corrected’ datasets.

Figure 3.2 shows the systematic trend in absolute magnitude with redshift, in the sense
that higher redshift galaxies are brighter. Thisis after applying aperture corrections

based on catalogued optical diameters. The important feature of this diagram is that the

bias is present at all magnitudes, a consequence of the narrow apparent magnitude

selection window which excludes both faint and bright galaxies. If the bias were of the
more usual type where there is only a cutoff at faint magnitudes, it might be possibie to R
define a complete, unbiased subset of the sample to some limiting redshift, but thatis
clearly impossible here.

III.4 GALACTIC AND INTERNAL EXTINCTION CORRECTIONS

One of the principal advantages of using near-IR photometry is the small size of the
corrections for internal and galactic extinction compared with optical photometry. Due
to the potential importance of these corrections, however, it is not safe to assume that
they are negligible, so an attempt was made to derive them internally from the dataset.
For comparison purposes, the same process was undertaken for the Peterson &
Baumgart (1986) B photometry for the same galaxies.
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Internal extinction is an inclination dependent effect. In the optical region itresultsin
edge-on galaxiesappearing fainterthanface-on galaxies of the same intrinsic luminosity.
In thenear-IR the situation is more complex, since the effects of dust absorption are
much less significant. Inclined galaxies may even appear brighter in a given circular
aperture, since more stars will be projected along the line of sight.

From equation 3.2, theinternal extinction coefficient Aj will be given by the slope of
absolute magnitude (corrected for aperture only) plotted against (sec(i)-1). For the 86
galaxies in the present sample, the derived value of Aj is 0.22, 0.22 and 0.20 at J, H,
and K respectively, and 0.36 at B, using aperture corrections based on optical
diameters. This is a surprising result, since the difference between the optical and IR
coefficients should be a factor of =5 to 10 on physical grounds. The simplest
explanation is that there is a selection effect operating, in the sense that the more highly
inclined galaxies are intrinsically faint. This is readily understood, since edge-on
galaxies are more difficult to classify, and this subset of the sample is likely to contain
galaxies of lower luminosity class which would have been excluded if face-on.

In light of this possibility, the most reasonable conclusion is that the true coefficient of
the IR absorption is small, <0.03, and the B coefficient is given by the difference
between the measured optical and infrared values. This gives a value of =(0.36-0.21) or
0.15, in good agreement with the generally accepted value. These values are used for
the remainder of this analysis. The remainder of the inclination dependence is due to
selection, an effect on the order of 0.2 magnitudes between face-on and 60° inclination.
The effect of correcting for this bias will be discussed in section III.6, but the
corrections are small due to the face-on nature of the galaxies in the sample.

The galacﬁz:\exﬁncﬁon was derived in a similar way, regressing galaxy absolute
magnitudes against (cosecjbl-1). The Peterson B magnitudes gave a slope of 0.17, close
to the value of 0.15 adopted by Rubin et al. More interesting are the slopes obtained at
J, Hand K, of 0.09, 0.06 and 0.06 respectively. Thus there is tentative evidence that
the effects of galactic extinction may not be completely overcome at near-IR
vavelengths. A systematic may again be responsible, but, unlike the inclination bias,
there is no obvious effect that could cause this. In any case, the bias at H and K is small
enough to be negligible, and the B magnitude correction is close to the nominal
correction adopted by Rubin et al., which will be used henceforth.

To conclude, I haveinvestigated airmass, aperture, internal extinction and galactic
extinction corrections for our new IR photometry of the MBS galaxies. Of these, only
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airmass and aperture were found to have a definite effect at J, H and K, but biases have
been identified in the dataset. The most significant of these is a redshift bias, resulting
from Malmquist selection effect, which is slightly reduced by the use of aperture
corrections based on optical diameters, and substantially reduced by the use of metric
aperture corrections. The effect of correcting specifically for the residual Malmquist
bias, and for the inclination bias, will be considered in section IIL.6.

1.5 LUMINOSITY INDICATORS

A possible way to remove the selection biases identified in the previous section is
through the use of third variable luminosity indicators. These make it possible to
identify explicitly those galaxies which are more or less luminous than the mean, and to
correct them all to the mean luminosity. The methods to beinvestigated here use the
B-H colour and the 2 1cm neutral hydrogen line width as the luminosity indicators.

IIl.5a THE B-H COLOUR-MAGNITUDE RELATION

The B-H colour-magnitude relation is an empirical relation between B-H colour of spiral
galaxies and their H-band luminosity. It was discovered independently by Visvanathan
(1981), Tully et al. (1982) and Wyse (1982). The physical basis of the relation is not
well understood, but Tully et al. (1982) were able to model it by postulating an
exponentially decreasing star formation rate, with a time constant thatis inversely related
to the galaxy mass. Thus smaller galaxies have a higher rate of star formation at present
and are therefore bluer, butfainter at H, which traces the underlying stellar population
and thus the mass.

Figure 3.3 shows the B-H colour vs. H absolute magnitude plot for the 86 MBS
galaxies, using aperture B and H magnitudes. The B magnitudes used are from
Peterson & Baumgart (1986) (68 galaxies), and Graham (1976) (18 galaxies). In both
cases photoelectric photometry was used, and Peterson & Baumgart (1986) find no
discrepancy between the two data sets, comparing photometry for galaxies included in
both lists:

BpgT - Bog = 0.03 £ 0.03;

(B-V)peT - (B-V)Gr = -0.01 * 0.02.
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B-H COLOUR

Figure 3.3 B-H colour-magnitude relation for 86 Scl galaxies
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A strong correlation is evident in the colour-magnitude plot, which is confirmed by a
correlation coefficient of 0.7. However, the slope obtained regressing Hqp,s on B-H is
very small at -1.02, compared with slopes of =2 from the initial studies of the B-H C-M
relation. Our data give a slope of -1.5 if the regression is done so as to minimise the
perpendicular distances from the points to the line, buta correction based on this steeper
slope is hard to justify physically. This is because the steeper slope gives corrected
absolute magnitudes with a significant positivesiope when plotted agamst B-H (an anti-
Ma]mqmst bias), implying that they have been over-corrected.

A possible reason for the low slope, compared to previously quoted values, can be
found by considering the effect of applying a correction to the H magnitudes based on
the slope of =-1, which is the correct one to use if the aim is to minimise the scatter in
Haps. Clearly, H - a(B-H), with a of -1, gives corrected H magnitudes that are
identical to B magnitudes! Another way of expressing thisis that the linear combination
of B and H magnitudes which minimises the scatter in absolute magnitude is given by
the B magnitudes alone. Including the H magnitudes merely increases the scatter.

This does not mean, however, that the B magnitudes provide a better standard candle
than the H magnitudes. This is almost certainly another artefact of the selection
procedure adopted by Rubin et al., which constrained the optical absolute magnitudes of
these galaxies. Whilst their selection criteria specifically restricted the apparent
magnitudes, the net result of this and the small redshift range is that the B absolute
magnitudes lie within a range of =2 magnitudes. Itis then only necessary to postulate a
significant random scatter in B-H for there to be a spurious correlation between B-H and
Hgs, with a slope of -1.

This is a fundamental problem in attempting to apply the C-M relation to this sample of
galaxies. The selection bias makes it impossible to determine whether there is a true
correlation between colour and absolute magnitude for these galaxies, and also makes it
impossible to use colour information to remove biases and reduce scatter.

II.5b THE INFRARED TULLY-FISHER RELATION

The second luminosity indicator that we used to try to remove bias from the MBS
sample was the infrared Tully-Fisher relation. This is a correlation between IR
luminosity and the width of the 21cm neutral hydrogen line in spiral galaxies. The line
is assumed to be broadened by rotation, and thus the width is a good indicator of the
mass of the galaxy inside the radius of maximum rotational velocity.

80



The linewidth data used here were taken from Rubin et al. (1976a). They were
corrected to edge-on inclination using axial ratios from the Second Reference Catalogue.
(de Vaucouleurs et al. 1976), according to the formula given by Rubin et al:

cos?i = 1.042(b/a)? - 0.042 3.5

The axial ratios measured by Rubin et al. (1976a) were also tried, but were found to
give amuch larger scatter in the Tully-Fisher relation than the valuestaken from the
Second Referencecatalogue.

(Fig-5-1)
Unfortunately, the galaxies in this sample are predominantly face-on/which means that
the corrections to edge-on linewidths are in many cases large and uncertain, and in
several cases impossible to determine. Asa rjntl»lf’ Ltl;fi ’SI;ully-Fisher relation can only be
applied to 60 of the 86 galaxies of our sampl% and the errors in the edge-on linewidths
of many of these are very large.

Figure 3.4 shows the Tully-Fisher relation obtained using metric-aperture corrected H
magnitudes, and the regression slope of H,ps on log[AV(0)], which is the appropriate
one to use when using the relation to correct to a standard luminosity. Again, the use of
a steeper slope, such as that found by minimising perpendicular distances in the
regression, produces a negative correlation in absolute magnitude with [log (linewidth)].
In addition, the lower slope is the one that minimises the scatter in the corrected absolute
magnitudes. The slope is very low, at =-1.1 (or -1.45for optical diameter corrected
magnitudes), compared to the normally quoted values of 8 to 12 (e.g. Aaronson et al.
1979). This is partly due to regressing onto the log[AV(0)] axis, which has not always
been the practice adopted elsewhere, but principally because of the number of face-on
galaxies in this sample. Even with the most face-on galaxies excluded, the remainder
are predominantly face-on, giving a large, non-Gaussian error in the log[AV(0)] values.
The scatter and derived slope of the relation are not significantly changed by the use of J
or K magnitudes, or by the use of different aperture corrections. The Peterson B
magpnitudes barely give a significant relation at all. The regression slope in this case is
-0.54, and the correlation coefficient is only 0.2, compared with 0.4 for the near-IR
relations.

The procedure of regressing onto the log [AV(0)] axis has not been universally adopted
elsewhere. In particular, Tully (1988) argues that the Malmquist bias is overcome by
regressing onto the absolute magnitude axis, i.e. effectively assuming all the errors to be
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Figure 3.4 H-band Tully-Fisher relation for 68 Sc galaxies
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in the log[AV(0)] values. This is because Malmquist bias causes a horizontal cutoff in
the absolute magnitudes, parallel to the log[AV(0)] axis. Regressing in the way
advocated by Tully then gives the line that bisects the line-width distribution at a given
luminosity. This analysis is inappropriate for our sample, for two reasons. Firstly, the
selection biases are more complex than the simple case considered by Tully, in which
there is only a cutoff at the faintend. The Rubin etal. (1976a) selection criteria include
both very narrow apparent magnitude limits which exclude both faint and bright
galaxies, and narrow redshift limits. With such stringent selection criteria, the range of
luminosities sampled is very small. In addition, Tully’s analysis assumes that the errors
in the observable parameters are small compared to the intrinsic scatter, which is
certainly not the case here. In particular, there are large errors in determining edge-on
linewidths due to the edge-on nature of the sample as mentioned above. In this case,
regressing against absolute magnitude will result in too steep a slope. Thus I chose to
use the regression which minimises the scatter in corrected absolute magnitudes, and
also attempted to avoid the question of the 'correct’ slope by solving for the velocity that
minimises the scatter in the TF relation, with the slope left as a free parameter. In any
case, the use of a steep slope, 8-12, results in similar streaming amplitudes, but with
errors thatare considerably increased due to amplification of the measurement errors.

The consequence of the large scatter in the TF relation for this sample is that it is very
inefficient at removing selection biases from the sample. This was confirmed by
repeating the "Malmquist Bias” regression, Haps Vs log[Redshift] for magnitudes
corrected using the TF relation with the low slope derived above. The bias slope for
magnitudes corrected using optical diameters decreased from -4.2 to -3.5; for metric
aperture corrected magnitudes it decreased from -2.9 to -2.2. Thus the TF relation takes
out less than 25% of the redshift bias in the galaxy sample, and is unfortunately of little
use in countering the Fall and Jones argument described in section II. 1.

IIL.6 SOLUTIONS FOR GALAXY STREAMING VELOCITIES

Themethod adopted to derive bulk streaming velocities from the corrected galaxy
photometry was essentially that used by Rubin et al. in the initial sb*y of this galaxy
sample. In the simplest solutions, galaxy magnitudes were turned into distances using
the “"Hubble Modulus” approach described in Chapter Two. As for the cluster
ellipticals, the difference between the predicted and measuredredshifts wasinterpreted
as the peculiar velocity of the individual galaxy. Redshifts were initially converted to the
frame defined by the CBR, so that all velocities are relative to the cosmological rest
frame.
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The analysis of the Sc spirals differed from that of the cluster ellipticals in that the better
sky coverage of the spirals makes possible a complete vector solution. This was done
using FORTRAN programmes which called regression routines written by the National
Algorithm Group (NAG), specifically routines GO2BDF and GO2CHF: The latter
require as input the amplitude and directional unit vectors of the peculiar velocities for
each of the 86 galaxy peculiar velocities. They then perform a linear regression by
matrix inversion to find the best fit streaming vector to the data points. Standard errors
are also calculated for the best fit velocity by the routine GO2CHF. The FORTRAN
programmes written to carry out the streaming velocity solutions are listed in the
appendix, with a further description of the NAG routines.

Table 3.2 shows the CBR-frame streaming dipoles calculated using magnitudes
uncorrected by any luminosity indicators, using the Rubin et al. Hubble Modulus
analysis. Line 1 gives the solution derived from the Peterson and Graham photoelectric
B magnitudes, corrected for internal and galactic extinction as described above. Line 2
shows the effect of correcting for Malmquist bias in the B magnitudes. Lines3to 5
show solutions for J, H and K magnitudes, aperture corrected using optical diameters,
and growth curves as derived by Aaronson etal. (1979) at H. Line 6 gives a solution
with H magnitudes corrected for Malmquist bias, and line 7 a solution using H
magnitudes, which are aperture corrected with metric diameters.
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Table 3.2 CBR-frame streaming velocities for the 86 MBS galaxies, using the Rubin
et al. 'Hubble Modulus’ technique.

Dataused Streaming 1"(®) b"(®)
velocity (kms-!)
B mags. 1037 £ 193 330 29
B mags.* 780 + 196 340 24
J mags. 1001 + 282 310 28
H mags. - 971 £ 293 315 24
K mags. 1003 + 316 321 25
H mags.” 583 + 286 330 16
H mags.T 815+ 253 326 15

* Malmquistbiascorrection applied
T Metric diameters used for aperture corrections-optical diameters used
otherwise

All of these solutions imply a Local Group motion similar to that found by Rubin et al.
(1976b), and they essentially confirm the conclusions drawn in an earlier stage of this
reanalysis (Collins et al. 1986). The galaxies appear to be moving with respect to the
frame defined by the CBR with a bulk velocity of =600-1000 kms-1, toward 1=300°,
b=25°. Itisinteresting to note, however, that the Malmquist bias correction
significantly reduces the amplitude of the effect, and that thenear-IR magnitudes give a
smaller amplitude than the B magnitudes. In all cases, the errors in the streaming
directions are between 10° & 15°.

In all the solutions given in Table 3.2, galaxies were given a weighting inversely
proportional to their redshifts, since the uncertainty in peculiar velocity scales with
redshift, as explained in Chapter Two. Solutions were also done in which all galaxies
received equal weighting. These were almostidentical to the redshift-weighted
solutions, with changes of < 2% in streaming amplitude, except for the Malmquist
corrected solutions, where the changes were somewhat larger, =10-15%. However,
this is within the errors and cannot be considered significant. Streaming directions were
also unchanged within the errors.
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Datasets were also prepared with magnitudes corrected for the inclination bias identified
in section IT.4. As expected, the effect of this bias was negligibly small for this face-on
galaxy sample, the solutions changing in amplitude by at most =2%.

Solutions were also carried out using the Tully-Fisher relation with H magnitudes
corrected for aperture using both metric and optical diameters. As discussed above, the
procedure finally adopted here was to solve simultaneously for the best-fit slope to the
relation, combined with a bulk streaming motion of the sample of galaxies, with the
criterion for the adopted solution being that it should minimise the scatter about the TF
regression slope. This is necessary because of the interdependence between streaming,
and both the slope and vertical displacementof the adopted TF relation. Changing the
former alters the latter and vice versa. In the event, however, this iterative process had
very little effect, since the slope and intercept of the relation were virtually unchanged,
i.e. theslope remained at -1.1 and -1.45 for metric and optical diameter corrections
respectively.

Applying the corrections did affect the solutions somewhat, reducing both the amplitude
and the errors on the amplitude of the streaming. With magnitudes corrected to metric
diameters, the amplitude came down from 8154253 kms-! to 503+203 kms!; for
magnitudes corrected to optical diameters, the corresponding change was from

9714293 kms-! to 590+251 kms-!. The directions were unchanged within the errors.

1.7 THE IMPORTANCE OF CHOICE OF <HM>

All the solutions quoted above, with the exception of the iterated TF relation solutions,
were carried out using the type of analysis used by Rubin et al. (1976b). As was
explained in Chapter Two, this involves the use of a parameter called the "Hubble
Modulus” to avoid the need for a specific choice of Hubble constant H,. However, this
method does implicitly involve setting a mean Hubble expansion internally, using the
galaxies from within the sample. This process can be visualised as plotting a Hubble
diagram of apparent magnitude vs. log[redshift], and calculating a best fitline. Vertical
residuals between individual galaxy positions on this plot and the best fit line are
assumed to be due completely to peculiar velocities. These latter can then be calculated
directly from the residuals. The mean Hubble Modulus <HM> can be thought of as the
slope of the best fit line in the Hubble Diagram.

However, this process is of doubtful validity for the galaxy sample we are using here.
In the first place, the conclusion that the galaxies have a large bulk peculiar velocity is
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likely to affect the value of <HM>, since the redshifts need to be corrected for streaming
to give a direct indication of distance. This correction is easily applied, but there is the
residual problem of smaller scale motions which do not affect the derived streaming
velocity, but could still affect <HM>. More important is the Malmquist bias in the
sample, which has a direct and significant effect on the slope of the Hubble diagram and
thus on <HM>.

Given the possibility that the <HM> might be systematically miscalculated, the effect of
varying it was investigated. Physically, the effect of changing it is to rescale the
*predicted’ recession velocities calculated from apparent magnitudes, as can be seen
from equation 2.4. In every case, it was found that values of <HM> could be found
which significantly reduced both the amplitude of the streaming and the formal errorin
the solution. Table 3.3 shows how the streaming amplitude changes for the different
datasets, first adopting the criterion of minimising errors in the solutions, and secondly
minimising the streaming amplitude. The latter criterion is difficult to justify physically,
butit is interesting as an absolute lower limit on the bulk motions predicted by a given
dataset. Minimising the errors can be justified, however, since this gives effectively a
maximum likelihood solution, with a normalisation to a Hubble expansion that givesa
best fit to the hypothesis of a pure Hubble expansion plus a bulk streaming motion.

Dataused Velocity-minimised Errorminimised
solution solution

Vit (kms-1) Vitr (kms-1)

B mags. 552 £ 219 954 + 193
B mags.* 487 + 199 708 £ 195 ‘
H mags. 365 + 273 367 + 272 .
H mags.* 281 + 245 331 £ 244
H mags.T 338 £ 249 420 + 243
*  Malmquistbiascorrectionapplied
T Metricdiameters used for aperture correctio=s-optical diameters used
otherwise

Table3.3 CBR-frame streaming amplitudes for the 86 MBS galaxies, with <HM>
varied to minimise streaming amplitude (Column 1) or errors (Column 2).
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In summary, near-IR photometry of the MBS galaxies seems to support the hypothesis
that they define a rest frame different to that of the CBR, and therefore that they are
streaming with respect to the cosmological frame of rest. However, the amplitude of
this streaming is substantially reduced by correcting for Malmquist bias, which is clearly
significant in this galaxy sample. The streaming is still further reduced if a less rigid
approach is adopted towards defining the mean Hubble Flow than the "Hubble
Modulus” technique of Rubin et al.

The major significance of the agreement between the optical and infrared solutionsis that
differential galactic extinction can be ruled out as the cause of the apparent Hubble Flow
anisotropy. If extinction were responsible (Hartwick 1975), a strong wavelength
dependencein the effect should have been discovered, decreasing in amplitude with
increasing wavelength. Since differential extinction was previously considered the most
likely 'physical’ explanation for the effect, this is a significant resuit. However,
selection bias, which would affect the solutions regardless of waveband, remains a
possibility. This will therefore be investigated in the next section.

IV ESTIMATING THE LIKELY IMPACT OF SELECTION EFFECTS
IV.1 A 'MONTE CARLO’ SIMULATION OF SELECTION EFFECTS

In this section, the effects of selection biases will be simulated by numerical methods.
That this is necessary can be judged from the strong Malmquist bias found in the galaxy
sample, and the crudeness of the corrections available to remove it. The '"Malmquist
correction’ derived in section III.3 is unsatisfactory since it is derived from and applied
to the whole sample, and may not adequately take out the directional bias that is
important here. The TF relation for this sample is clearly too insensitive to do more than
dilute the bias slightly. Therefore, a model was developed to simulate the selection
process adopted by Rubin et al., and predict its quantitative consequences for derived
streaming motions.

The bias T'was particularly interested in simulating was that outlined by Fall and * ynes
(1976), which is explained in section II. 1 of this chapter. This bias is a result of the
narrow apparent magnitude range of the sample, and the three-dimensional ’clumpiness’
of the sample. The consequence of the latter is to give a correlation between distance to
galaxies and their direction on the sky. This gives the directional Malmquist bias
described by Fall and Jones. This spatial component of the bias is impossible to
simulate accurately, since it requires a knowledge of the 3-D clustering properties of Sc
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galaxies (or more accurately of those galaxies that Rubin et al. would have allowed into
their sample), which is not known to the required accuracy. Therefore, in the
simulations, the positions of the galaxies were taken as those of the 86 MBS galaxies in
our sample, both in redshift and position on the sky. The simulations then determined
the likely luminosities of those galaxies, given the apparent magnitude criterion and the
known distribution of galaxy luminosities.

The Rubin et al. galaxies were selected so as to have Zwicky magnitudes between 14
and 15; however, there are large systematic and random errors in the Zwicky
magnitudes, and the effective selection range was less tightly constrained than this. The
accurate photoelectric photometry of Peterson & Baumgart (1986) and Graham (1976),
used in this thesis, gives a range of apparent magnitudes from 13.4 to 14.8, with a
sharp cutoff at both limits and a fairly even distribution between them as shown in

Fig. 3.5. The simulations therefore allocated each of the 86 galaxies an apparent
magnitude thatlies between these limits. However, there is not an equal probability of a
galaxy at a given redshift having an apparent magnitude anywhere within the window,
since the galaxy luminosity distribution function is not flat. To simulate the effects of
the galaxy luminosity function on the selection process, the 'Field Galaxy’ luminosity
function of Schechter (1976) was used. The effect of the luminosity function can be
seen by considering the lowest redshift galaxies. Those that lie within the selection
window in apparent magnitude are of lower luminosity than average, and in factlie on
the ascending side of the Schechter luminosity function. Thus there isnot an equal
probability of finding galaxies anywhere within the apparent magnitude window, with
rather more galaxies being on average towards the high luminosity end. This is taken
into account by weighting the probabilities for galaxy selection by the appropriate
section of the Schechter function for a given redshift.

The effect of this is to reduce the Malmquist bias effect for this sample, because the high
redshift galaxies are selected from the ’descending’ side of the peak in the luminosity
function, and the probability weighting again tends to shift luminosities towards the
mean. This is illustrated in Fig. 3.6. Thus, if the field galaxy luminosity function is
flatter than thatfound by Schechter (for axample if he underestimated the number of low
luminosity galaxies), the bias will be rather stronger than found in these simulations.

A FORTRAN programme was written to simulate the selection process (see appendix).

This calculates the position of the 1.4 magnitude selection window in absolute
magnitude, given the CBR-frame redshift of each of the 86 galaxies. The form of the

89



10

NUMBER

A}
'St
oSt
% 4}
gdi
Ll
9l
Sbi
vl
vl
A 4}
(4}
ovl
6tl
8'tl
Lzl
el
Sel
t'el
£el
T2l
VEL
oLl
621

APPARENT BMAGNITUDE

Figure 3.5 Distribution of apparent B magnitudes for 86 Rubin et al. galaxies
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Schechter function within these limits is then calculated. This function, converted from
luminosity to absolute magnitude, is given by

n(M)dM = K[100-4My-M))0.26 exp(-10(0-4M,- M) dM 3.6

where M= is -20.6, and K is a constant which normalises to the correct spatial density,
which we are not concerned with here. For each galaxy’s redshift, a random number is
generated and allocated to an absolute magnitudeinside the apparent magnitude window,
with a probability weighted by the appropriate section of the luminosity function. This
process is repeated for all the galaxies in the sample, and the absolute magnitudes are
converted to apparent magnitudes. The data file with the simulated magnitudes is then
saved, and streaming velocity solutions carried out using the programmes described in
section ITI.6. This whole simulation was repeated about 100 times.

Itshould be noted that the implicit assumption in this simulation method is that there are
no galaxy peculiar velocities, since redshifts are used to predict apparent magnitudes
directly, using just the inverse-square law and a plausible luminosity function.
Therefore any apparent streaming motion must be due to a selection bias with a
directional dependence.

Figure 3.7 shows the distribution of streaming velocities found for the simulated
samples, using the mean Hubble Modulus approach to determine the Hubble
expansion. The distribution is broad, but there is clearly strong evidence for a bias in
these samples which typically produces velocities between 400 and 850 kms-1, with a
peak in the 650 to 700 kms-! range. This is clear evidence that the Rubin et al. selection
procedure does introduce biases capable of causing spurious streaming motions.

Figure 3.8 shows the directional distribution of the first 55 of the solutions with
simulated data. This shows even more clearly that the apparent velocities found for
these datasets are not randomly distributed on the sky. The direction of the streaming
vector found for the Peterson and Graham B magnitudes is also shown, and it is evident
that it is in close agreement with the predictions of the simulations. If there were no bias
the solutions should be randomly distributed on the sky and ve~+much smaller, on the
order of the random errors of =250 kms-!.

The process was repeated with the Schechter luminosity function replaced with a
hypothetical flat luminosity function, to investigate how sensitive the solutions are to the
precise form of the function. The corresponding results are shown in Figures 3.9 and
3.10. Itcan be seen that the bias is still present and is indeed slightly enhanced, as
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predicted. The spread of streaming directions on the sky is reduced and still
concentrated around the direction found for the real data. The peak of the streaming
velocity distribution is increased to =750 kms-!. Whilst the true luminosity function is
not likely to be well approximated by this totally flat function, it is worth noting that
more recent estimates generally derive a function thatisflatter at the faint end than
Schechter’s, certainly if dwarfs and irregulars are included (e.g. Binggeli 1986). Thus
the true situation may lie between the two cases modelled here, but in any case the size
of the bias is only weakly dependent on the form of the luminosity function.

The simulated data were also used to carry out solutions in which <HM> was adjusted
to minimise either the errors or the streaming velocity. The two solutions were very
similar in most cases; the distribution of minimum velocities shown in Fig. 3.11 is thus
representative of both. Again the simulated data behave in a similar fashion to the real
data, with the minimum velocities being approximately half those obtained using the
Rubin et al. type of analysis.

Given that there is a strong bias in the selection process, itis clearly of interest to know
whether a true streaming motion of, say, 600 kms-! would have been detected. Thisis
easily tested by taking the simulated datasets, which have no true streaming component,
and vectorially adding the desired streaming velocity to galaxy redshifts. Figures 3.12
and 3.13 show the results of this process. In both cases, the amplitude of the streaming
velocity was 600 kms-!; in Figure 3.12 it is toward 1=180°, b=0°, and in Figure 3.13
toward b=-90°. The effect on the solutions using a mean Hubble Modulus technique (x)
is predictable, with the solutions lying between the locus of directions defined by the
bias (=1=300°, b=25°) and the direction of the superimposed streaming. Interestingly,
the solutions for which the value of <HM> is iterated to minimise the streaming (0) lie
further from the bias locus, and cluster more nearly around the direction of the "true’
streaming. This suggests that one effect of the Malmquist bias is that the mean Hubble
Modulus is systematically miscalculated, and that the type of analysis used by Rubin et
al. should not be employed.

IV.2 DIRECTIONALITY IN THE MALMQUIST BIAS

The near-alignment of the directional bias in this sample and the axis of the CBR dipole
toward 1=272°, b=30° is not coincidental. Some of the bias in using this sample for
deriving streaming motions arises because the galaxies were selected within redshift
limits, as well as apparent magnitude limits, in defining the Minimum Bias Subset. The
former were applied using redshifts corrected to the Local Group frame of reference,
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since the CBR dipole had not been accurately measured at that time. Thus, under the
assumption of no streaming, galaxy redshifts in the LG motion apex direction are
underestimated by =600 kms-1, and thosein the antapex direction are overestimated by
the same amount. Since the applied redshift limits were 3500 to 6500 kms-! in the LG
frame, the CBR framelimits vary systematically around the sky, from 4100 to

7100 kms-! in the apex direction to 2900 to 5900 kms-! in the antapex direction. This
uneven sampling depth is highly significant since we already know that there s a strong
positive correlation between intrinsic luminosity and redshift. Therefore galaxiesin the
direction1=272°, b=30° will be intrinsically overluminous, and will have
underestimated luminosity distances for their redshifts. They are thus concluded to
have peculiar motions away from us. With the reverse being the case in the antapex
direction, 1=92°, b=-30°, there is a systematic tendency for the whole sample to appear
to be moving toward the apex direction. This effectis clearly contributing significantly
to the bias found here, since the apparent streaming motions for the simulated datasets
tend to lie only =25° from the predicted direction.

This bias can be partially removed from the sample by excluding the 6 galaxies with
CBR frame redshifts <3500 kms-! or >6500 kms-1. The effectis to reduce the
amplitude of galaxy streaming slightly. For example, the solution using metric aperture
corrected H magnitudes is reduced from 815 to 714 kms-!, and using aperture corrected
H magnitudes from 971 to 819 kms-1. The effect on the simulated datasets is
comparable, with streaming amplitudes reduced by =10 to 40%. However, this
procedure only removes approxXimately half of this bias, since it is not possible to
replace the galaxies which should have been included in the sample had the limits been
applied in the CBR frame. A more rigorous attempt was made by including only
galaxies with CBR-frame redshifts between 4100 and 5900 kms-!, which removes the
selection anisotropy completely but leaves only 69 galaxies in the sample. Using the
Rubin et al. “Mean Hubble Modulus” technique, this reduced the streaming velocities to
766 kms-1 and 666 kms-! for optical and metric diameter corrections respectively.
Relaxing the "Mean HM" criterion, it was found possible to reduce these values to

=350 kms-!. Thus the redshift limits may be responsible for about half of the spurious
streaming found with this sample.

IV.3 CONCLUSIONS FROM SIMULATIONS OF SELECTION BIAS
The strong conclusion from this is that the entire Rubin-Ford effect, and large-scale

streaming derived from their galaxy sample, could well be due to their galaxy selection
process. Itis clear, atleast, that this galaxy sample is not suitable for measuring the
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galaxy peculiar velocity field since any true velocity would tend to be obscured by the
strong inherent biases.

Itis difficult even to put firm limits on the amplitude of streaming using the results
presented here, although the simulations above do indicate that a bulk streaming with a
component in excess of =400 kms-! orthogonal to the 'bias’ direction of 1=320°, b=25°
would have a noticeable effect on the measured streaming direction. Since the measured
streaming coincides very accurately with the bias direction, the orthogonal componentis
probably smaller than this. If the real streaming were to lie along the bias direction, the
accuracy with which it could be determined depends on how well the strength of the
selection bias can be measured. Again, itis doubtful whether this can be determined to
betterthan about400 kms-!, due to uncertainties in the width of the effective selection
window used by Rubin et al., and in the shape of the luminosity function. The
measured streaming does seem to be =200 kms-! larger than the typical velocities
predicted for the bias effect only, but this could easily be explained, for example if the
effective apparent magnitude selection window were slightly narrower than the assumed
1.4 magnitudes. In any case, 200 kms-! is well within the errors in the simulation
procedure.

Thus I must conclude that there is no strong evidence from the Rubin et al. sample of

galaxies for large-scale streaming motions of galaxies. However, the selection biases
which force this conclusion also rule out the possibility of putting a strong upper limit
on the streaming motions of field Sc galaxies using this sample.
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CHAPTER FOUR

COMPARISON OF RESULTS WITH PREVIOUS STUDIES, AND
CONSEQUENCES FOR COSMOLOGICAL MODELS

In this chapter an attempt will be made to summarise the presentstate of our
understanding of the galaxy peculiar velocity field, taking into account the new resuits
presented in Chapters Two & Three, and other recent results from the literature. This
will be followed by a brief discussion of the consequences of these findings for the
larger questions of the nature of the Dark Matter and the preferred models of galaxy
formation.

I RELATED OBSERVATIONAL RESULTS

I.1 A COMPARISON OF RECENT STUDIES OF GALAXY PECULIAR
VELOCITIES

The aim of this section is to determine how far we have advanced towards reaching a
consensus view on the amplitude and scale of coherence of the galaxy peculiar velocity
field since 1986, when my involvement with the work presented here began.

At the beginning of this period, the strongest evidence in favour of large scale

(50-100 h-! Mpc) coherent velocities was based on interpretation and reanalysis of the
Rubin etal. (1976a,b) work, and in particular the studies of Peterson and Baumgart
(1986) and Collins et al. (1986), both of which used independently obtained
photometry. Of the earlier results, only that of Visvanathan (1979) derived a Local
Group motion in good agreement with that found for the Rubin et al. spirals, which
could thus be interpreted as evidence for the same bulk galaxy motion. The strength of
this corroboration was weakened, however, by the smaller spatial volume occupied by
the elliptical and SO galaxies used by Visvanathan, since these galaxies had a maximum
redshift of 2500 kms-!.

For a time, it appeared that the idea of 1arge-scale streaming had been considerably
strengthened by the findings of the 'Big Seven’ collaboration (Dressler et al. 1987).

The spatial volume sampled in this study was intermediate between those of Visvanathan
and Rubin et al., since the galaxies almost all had redshifts less than 6000 kms-!. The
derived streaming vector was in good agreement with the earlier studies, i.e. within the
10 errorsin both magnitude and direction.
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The final evidence in favour of bulk motions of galaxies then came from the analysis of
First Ranked Cluster Ellipticals discussed in Chapter Two (James et al. 1987). The one-
dimensional nature of the solutions carried out precluded this from being taken as full
confirmation of the earlier streaming vectors, but a comparison of the single velocity
component that was measured yielded excellent agreement with the earlier results. Thus
itappeared that there was good evidence, from atleast 4 completely independent galaxy
samples, that galaxies define a frame of rest that is significantly different from that
derived from the CBR. Furthermore, the galaxy streaming vectors defined by these
samples were all in good agreement, in spite of sampling very different environments
(from field spirals to ellipticals in cores of clusters) and scales (mean redshifts

=2000 kms-! to =7500 kms-!).

Thus, galaxy streaming motions gained credibility during 1986 and 1987. Whilst they
were by no means universally accepted, and there were several contrary results, the
Collins et al. and Dressler et al. papers motivated a very large number of theoretical
studies aimed at determining which cosmological models could could give rise to such
large scale coherent velocities (e.g. Vittorio etal. 1986, Vittorio and Turner 1987,
Hoffman 1987, Peebles 1987b, van Dalen and Schramm 1988, Bertschinger 1988 and
many others). Since then, the observational evidence has weakened considerably, with
all four of the observational results discussed above being reinterpreted or challenged.

This re-evaluation began when the 'Big Seven’ carried out a more detailed analysis of
the peculiar velocity field of their elliptical galaxies, and found that most of the galaxies
responsible for the apparent streaming motion were concentrated in a small region of the
sky (Lynden-Bell et al. 1988). To accommodate this finding, they developed a model
where the peculiar velocity field of their galaxies was dominated by localised infall into a
’Great Attractor’ located just beyond those galaxies which exhibit significant peculiar
velocities. Removing the galaxies in this region from the sample was found also to
remove most of the evidence for large scale peculiar velocities. Specifically, with all
galaxies within 60° of the 'Great Attractor’ removed, the streaming amplitude falls from
600 kms-! to =200 kms-1, with a formal error of =100 kms-!.

Whilst the existence of this ‘Great Attractor’ is potentially of interest in constraining
cosmological models, it certainly poses less significant problems for existing models
than the initial picture of coherent motion of the entire galaxy sample. In any case, this
interpretation removes the agreement between this and the other three studies, none of
which contains significant numbers of galaxies around the putative ‘Great Attractor’ at
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1=307°, b=9°, redshift 4350 + 350 kms-1. Visvanathan excludes all galaxies beyond
2500 kms-! to reduce selection bias in his sample, and very few of the Rubin et al. Scl
spirals, or of our First Ranked Cluster Ellipticals, lie on the low redshift side of the
Hydra-Centaurus complex where the infall pattern is most strongly detected by Lynden-
Bell etal. Thusit would seem that the agreement of the earlier dipole streaming solution
for the ellipticals sample with those from the other studies was coincidental.

Still more recently, Lucey and Carter (1988b) have attacked the evidence for even this
smaller scale velocity flow towards the ’Great Attractor’. They have obtained CCD
photometry, and the high resolution optical spectroscopy needed to derive redshifts and
velocity dispersions, for 14 galaxies in the Centaurus region. These data are used to
show that there are actually two line-of-sight components in the Centaurus cluster, with
the dominantone at 3000 kms-! and a smaller one at 4500 kms-!. The distances
derived for both components from the logD-logg relation are found to be consistent with
their measured redshifts, with distances normalised to the Coma cluster as was done by
the 'Big Seven’. Thus they find no significant evidence for peculiar velocities in this
region, using the same method as Lynden-Bell et al. (1988) but with higher quality data.
The difference between the two results is not explained by Lucey and Carter, but the
evidence for a Great Attractor’ must now be considered tenuous.

The other widely-cited evidence for bulk motions of galaxies was the preliminary report
(Collins et al. 1986) of our infrared reanalysis of the Rubin et al. galaxies. From the
analysis presented in Chapter 3 it would now appear that this result, and ail others
obtained from this sample of galaxies, is strongly influenced by selection bias, and can
not be used to support the idea of large scale galaxy motions.

Furthermore, a recent paper by Lucey and Carter (1988a) has challenged the conclusions
of our paper on First Ranked Cluster Galaxies (James et al. 1987). They found
independent photometry from the literature for 38 of the galaxies in our sample, and
were thus able to carry out a partial check on our results. They first excluded all
galaxies in groups rather than rich clusters, and those which had been selected from
catalogues of radio galaxies. From this restricted datase* they found that the amplitude
of the measured component of the galaxy bulk motion in the CBR frame was somewhat
smaller than we determined for our full sample of 60 galaxies with Sandage and Hardy
(1973) photometry. The value they derived was between 200 and 300 kms-!,
depending on whether metric apertures were calculated using CBR frame or LG frame
redshifts. Given the larger errors, 200 kms-!, resulting from the use of a smaller
number of galaxies, Lucey and Carter argued that the evidence for streaming motions
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from these galaxies was not significant. However, this cannot be considered a
convincing rebuttal of our argumentsince the better agreement they find with zero
streaming comes about largely as a result of the selective exclusion of galaxies from our
sample and the corresponding increase in the errors. The question will not be
definitively answered until the experimentis repeated with an independent,
homogeneously selected, all-sky sample of clusters, preferably with CCD photometry to
overcome the need for aperture corrections.

Finally, the LG motion result derived by Visvanathan (1979) must also be treated with
some scepticism, especially as providing evidence for large scale galaxy motions. In the
first place, the galaxy sample is not really comparable with the others discussed here,
since Visvanathan excluded all galaxies beyond 2500 kms-! from his solutions to
minimise selection bias, and was thus mapping a much smaller volume. The real
interest in this result came from the close agreement with that of Rubin et al. (1976b)
which indicated coherence in the velocity field over a range of scales, since all of
Visvanathan'’s galaxies lie at lower redshift than the MBS of Rubin et al. However, this
agreement can now be seen as evidence that the Visvanathan study was affected by some
of the selection problems discussed in Chapter Three as being responsible for the Rubin
etal. result. In particular, Visvanathan applied his redshift cutoff of 2500 kms-! using
LG frame redshifts, as did Rubin et al., giving an anisotropic sampling depth under the
reasonable assumption that CBR frame redshifts give the best unbiased distance
determinations. Since Visvanathan himself states that his sample contains apparent
magnitude selection bias even within the chosen redshift cutoff, the redshift anisotropy
will inevitably cause an absolute magnitude bias in the same sense as for the Rubin et al.
sample. This would be predicted to give a CBR frame streaming motion toward the LG
CBR dipole. Indeed, the measured direction of 1=292°, b=12°, which can be calculated
from the LG motion quoted by Visvanathan, is very close to the predicted 1=272°,
b=30-.

Thus it must be concluded that at present the evidence for any departures from pure
Hubble expansion is weak, at least on scales larger than the LSC. Itis difficultto puta
hard upper limit on the size of galaxy streaming motions from the studies done to date
because of the uncertain size of the biases that have affected virtually all of them, buta
true streaming of 400 kms-! or larger is almost certainly excluded, on scales from =30-
70 h'! Mpc.
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1.2 OTHER RECENT RESULTS OF IMPORTANCE TO COSMOLOGY

In addition to the above, the constraints on cosmological scenarios from the cluster-
cluster correlation function (Bahcall & Soneira 1983) have been greatly weakened by the
recent discovery of significant projection effects in the cluster catalogues used
(Sutherland 1988). The effect discovered by Sutherland is a result of the observed
correlation between clusters and galaxies, which is observed to be positive out to at least
20 h'! Mpc. Thus each individual cluster tends to be surrounded by a region of
enhanced galaxy density, which will increase the apparent richness of any other cluster
along a nearby line-of-sight. Clusters with too low an intrinsic richness to be included
in the sample if they were along an isolated line-of-sight can then be included if they lie
near another cluster. This both enhances the measured cluster-cluster correlation
function over the true value, and gives rise to spurious structures elongated along the
line-of-sight, which were indeed found by Bahcall & Soneira. Sutherland found that
accounting for this effect reduced the amplitude of the correlation function by a factor of
2.8, and gave a correlation lengthr, of =14 h-! Mpc. This latter is still enhanced
relative to that found for galaxies, but by a small amount which is consistent with the
predictions of the CDM theory.

Another field of study which is complementary to streaming determinations and has
yielded interesting recent results is the measurement of optical and infrared light dipoles.
Recentinterest in this subject was motivated primarily by the availability of the IRAS all-
sky mid- to far-IR sky survey. The first two papers to exploit this resource in this way
were Yahil et al. (1986) and Meiksin & Davis (1986). The strategies adopted in these
two studies were very different, particularly with respect to the removal of
contamination from cold galactic dust emission (’cirrus’), but the observed dipoles in the
extragalactic IR light were very similar. The amplitude of the dipole is estimated in both
studies to be between 5% & 10%, depending on IRAS band, flux limit and cirrus
removal. Yahil et al. find the apex of the dipole to be toward 1=248° +9°, b=40° +8°,
whilst Meiksin & Davis calculate this direction to be 1=235° £11°, b=45°+11°. Lahav
(1987) used an optical catalogue of =15,000 catalogues to carry out a similar analysis,
and again found asignificant dipole, aligned toward 1=227° +23°, b=42°+8°. All of
these results are clearly in excellentagreement.

The major difficulty in interpreting these results was the uncertainty in the depth of the
dipole anisotropy in the galaxy distribution. For the IRAS results, this was particularly
difficult because of the wide range in IR luminosities which meant that IRAS detected
significant numbers of galaxies out to a distance of atleast 200 h-! Mpc, but thatthe
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sample was incomplete even within the LSC. Lahav estimated the mean depth of his
optical sample to be 50 h-! Mpc, but the galaxies comprising the dipole could well be
preferentially at either low or high redshifts, with the former being more likely.

This problem was answered by Strauss & Davis (1987), who used a redshift survey of
IRAS galaxies to find explicitly the depth at which the dipole was most prominent.
They found thatthe dipole had converged to the direction quoted by Meiksin & Davis
(1986) when galaxies were included to a redshift limit of 4000 kms-!, thus implying
that all the above dipoles are caused by galaxies within this radius. Villumsen & Strauss
(1987) concluded that the dipole was due to galaxies at even smaller redshifts,

=1750 kms-!, and the mostrecent study (Lahav et al. 1988) arrives at a value between
1000 & 3000 kms-1.

These results are clearly relevant to galaxy streaming measurements since the
anisotropies reflected in these dipoles will undoubtedly be reflected in galaxy peculiar
velocities. Most importantly, the measured dipoles are closely aligned with the direction
of the motion of the Local Group relative to the CBR. This strongly suggests that we
are seeing directly the mass concentration causing the LG motion. The good agreement
between the mass dipole and the LG velocity then implies that there cannot be bulk
velocities on scales larger than 40 h-! Mpc. This supposition has recently been
strengthened by the discovery of an even closer agreement, within =8° , between the LG
motion and the dipole determined from a sample of colour-selected IRAS galaxies
(Harmon et al. 1987). In addition, Lahav’s optical dipole has been revised slightly
(Lahavetal. 1988) t01=261°+10°, b=27°+8°, =10° from the LG motion direction.
These results are further independent evidence for the non-existence of large-scale
streaming on 50-100 h-! Mpc s\cal&s

Thus, two observational measurements which seemed to indicate the existence of
extreme large scale power in the mass distribution have been shown to be flawed or
overestimated due to systematics. In the next section I will discuss how this changes the
relative attractions of the principal cosmological scenarios.

IIT CONSEQUENCES FOR COSMOLOGICAL MODELS
The resuit of the shift away from large scale galaxy motions is almost entirely to relax
the constraints on cosmological models. The upper limit on the velocities over 30-

70 h-! Mpc scales, of =400 kms-!, is not stringent, since the great majority of models
do notunambiguously predict velocities larger than this. Thus, the principal effectis to
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remove one of the main objections to theories which predict low peculiar velocities
smoothed over these scales. In this section, I will briefly consider the current status of
the more important competing models, in the light of this change in one of the most
important observational constraints. As is common in this field, emphasis will be given
to the neutrino and CDM models, which are unique at present in being completely
specified under the simple assumptions of inflation (Q2 = 1) and current nucleosynthesis
models ({2 = 0.2). This leaves the amplitude of the power spectrum as the only
parameter to bemodelled, making comparisons with observations relatively
straightforward. '

II.1 NEUTRINO DOMINATED COSMOLOGIES

Neutrinos have been repeatedly considered as candidates for the dark matter, principally
since they are the only plausible weakly interacting particles which are actually known to
exist, even though they are not known to have the rest mass necessary for this model.
Barly calculations (e.g. White et al. 1983, White et al. 1984) showed that this scenario
runs into problems in generating small scale structure, such as galaxies, sufficiently
quickly. It also predicts a preferred scale for structure of » 40 h-! Mpcatthepresent
epoch, with for example voids of this size occupying a significant fraction of the
Universe. This structure is not observed, either subjectively in the the galaxy
distribution found from redshiftsurveys, or quantitatively in the galaxy-galaxy or
cluster-cluster correlation functions. These are important weaknesses, and when added
to the uncertainties over whether the neutrinos do indeed have a non-zero rest mass, they
resulted in areduction of interestin neutrino-dominated models.

The strongest single prediction for the nature of structures formed in neutrino models is
that there should be structure on large scales (2100 h-! Mpc) with high density
contrast. The apparent discovery of high amplitude velocity flows on these scales
(Collins et al. 1986, Dressler et al. 1987) was therefore seen to turn this prediction from
aweakness to a potential strength, particularly since there seemed to be no other models
that naturally explained these observations. This factor was largely responsible for
giving neutrino models a second lease ~f life, especially since the idea of biased galaxy
formation has gained respectability and it is seen that structure that is presentin the dark
matter need not be reflected in the galaxy distribution.

With the weakening of the evidence for large scale velocity flows, presented here and
elsewhere, the situation has come full circle. If there is no longer good evidence for

bulk galaxy motions, as appears to be the case, the principal observational motivation in
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favour of the neutrino scenario is removed. This is not to say that any of the streaming
motion results discussed here weigh significantly against this model. Kaiser (1983)
calculates that, for a Universe dominated by neutrinos, peculiar velocities smoothed over
a scale of =25 h-! Mpc are likely to be 2390kms-! for reasonable choices of the initial
power spectrum and the epoch of formation of nonlinear structure. Extrapolating to a
scale of 50 h-! Mpc, comparable to the ScI and FRCG sample sizes, this limit
decreases to between 70 and 250 kms-1, depending on the index of theinitial fluctuation
spectrum, using Kaiser’s own scaling relation. Thus it is quite possible for a neutrino
dominated universe to give rise to peculiar velocities as low as indicated by these recent
measurements, but the previous strong motivation for this model has disappeared.
Higher precision studies are still required to exclude this model using streaming velocity
measurements or limits.

.2 THE COLD DARK MATTER MODEL

Several calculations have beenmade of the predicted amplitude of the galaxy peculiar
velocity field for the CDM model, over a range of different smoothing scales. Vittorio
and Turner (1987) quote typical valuesfor 25 h-! Mpcand 50 h-! Mpcsmoothing
scales, assuming that galaxies trace the dark matter distribution accurately:-

Vs = 156 kms-! (Qng)-0-18 h-0.78
Vso = 83 kums-! (Qng)-0-33 h-0-92

where QR is the present mass density in CDM. The corresponding upper limits at the
90% confidence level are given by

Vso = 135 kms-! (Qugr)-0-33 h-0-92

If any significant degree of biasing (see Chapter One) is required, the 1ark matter must
be more smoothly distributed than galaxies, and these velocities would be reduced.

These predictions seemed strongly at variance with the published results of Collins et al.
(1986), Dressler et al. (1987) and James et al. (1987). At present, however, the
problems of reconciling measurements with predictions seem considerably diminished,
following the latest developments discussed above. The results based on the Rubin et
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al. sample can no longer be used as arguments against CDM, since the apparent
streaming is largely due to selection bias. The 'Big 7’ results may pose some problems
if the 'Great Attractor’ model survives closer scrutiny, but the reanalysis by Lucey and
Carter (1988b) seems likely to remove even this constraint. Streaming of galaxy
clusters remains an open question, with the apparent detection of streaming by James et
al. (1987) opposing the results of Aaronson etal. (1986) and Lucey and Carter (1988a).

Thus, at the present time there is no observational result that clearly violates the degree
of isotropy of the Hubble Flow that is predicted by the CDM model, and as explained
above the cluster-cluster correlation function can also be reconciled with the predictions
of this model.

II.3 OTHER MODELS--STRINGS AND ISOCURVATURE FLUCTUATIONS

Several other cosmological models have recently been discussed in the context of large
scale peculiar velocities. Cosmic strings are considered likely to affect the velocity field
if they exist (van Dalen & Schramm 1988), although there are substantial uncertainties in
our understanding of the likely properties of strings. As aresult, the predictions are
more model dependent than for either neutrinos or CDM alone, and are generally
complicated by more free parameters. This is particularly true since a significant dark
matter component must be included as well as the strings in Q=1 models. Van Dalen
and Schramm conclude that a [String + CDM] model produces a smooth Hubble Flow,
with bulk motions less than that claimed by Dressler et al. (1987) at a 93% confidence
level, whereas [String + neutrinos(HDM)] enables them to reproduce this measurement.
The significance of the string in the latter model is not principally in the production of
the large scale power, but that it might seed the development of the small scale
structures, particularly galaxies, thatare lacking in conventional HDM simulations.
Additional constraints were applied from the observed isotropy of the CBR, and the
necessity to generate small scale velocities reflected in the CBR dipole. Van Dalen and
Schramm conclude that streaming measurements exclude the [String + CDM] model and
favour [String + HDM]; I would now argue that this preference was probably
premature.

Finally, the peculiar velocity field predicted by isocurvature models has been
investigated in some detail. In these models, the total mass in the Universe is smoothly
distributed, but the baryons are clumped, and some other particle species makes up the
deficiency in low baryon number regions. These conditions are thought likely to arise in
models where axions dominate the total mass density (Bardeen et al. 1987). However,
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one of the principal motivations for preferring these models is not theoretical, but that
they predict a high degree of large scale clustering power at the present epoch (Peebles
1987b). If there is no strong evidence for large scale peculiar velocities, as  have
suggested, this motivation is removed and it is doubtful whether isocurvature models are
worthy of further investigation, at least without some new observational support.

II CONCLUSIONS

The main conclusion to be drawn from the foregoing is that the constraints on
cosmological models from large scale velocity flows are not as stringent as has been
thought. None of the models considered above--HDM, CDM, string models or models
with isocurvature fluctuations--is seriously challenged, or supported, relative to the

* others, by the present observations. However, on a more positive note, it is clear that
the potential for such discrimination between models exists and is attainable, principally
by more careful control over selection systematics in galaxy samples. The Rubin et al.
experiment of the 1970’s failed in only this one area; in the final chapter I will describe a
new attempt to rectify this failing, and look at other ways forward in this promising area
of observational cosmology.
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CHAPTERFIVE FURTHER STUDIES OF GALAXY STREAMING MOTIONS
I A NEW STUDY OF THE PECULIAR VELOCITIES OF FIELD SPIRALS
I.1 SCIENTIFIC JUSTIFICATION

In the first half of this chapter, I will describe a new study which is intended to repeat
and improve on the analysis first carried out by Rubin et al. Below, I attempt to justify
this study by arguing the scientific merits of another study of this type.

The principal argument is the greatimportance of streaming motion studies to
cosmology, as has been indicated by the number of papers proposing cosmological
models to accommodate the measurements of streaming thathave already been made.
The two most frequently cited of these are the preliminary report of our work on Sc
spirals (Collins et al. 1986), described in detail in Chapter Three, and the 'Big Seven’
study of ellipticals (Dressler et al. 1987). These two papers have probably stimulated
more theoretical activity than any other observational results published in the last three
years. However, they are both seriously flawed. The shortcomings of the former
sample have been explained atlengthin Chapter Three, and clearly undermine the
significance of this result. The work on ellipticals, whilst clearly important, is not the
last word on galaxy streaming. The principal limitations are that the galaxy sample is
relatively local in scale, predominantly at redshifts less than 6000 kms-!, and that
ellipticals preferentially sample the velocity field around clusters, which may give only
partial information about the overall mass distribution. The selection of the galaxies
used from catalogues is a potential source of bias in the sample, and may explain the
discrepancy with the results of Lucey and Carter, (1988b). Despite these faults, these
papers have clearly shown thatstreaming motion measurements have the potential to
uncover information of great importance to cosmology.

A second argument is that, although many studies have been carried out to date, no
consensus has emerged on even the most basic questions of galaxy peculiar velocities.
There is considerah'- debate on the size of velocities on all scales, from the pairwise
relative velocity distribution up to the streaming of regions 200 h-! Mpcin diameter. It
is hoped that the study outlined in this chapter may hold the answer to many of these
questions.
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1.2 USE OF MODERN INSTRUMENTATION

An additional motivation for further study of thelarge scale peculiar velocity field is the
availability of more sophisticated instrumentation, and the promise this holds for more
accurate luminosity indicators. In particular, the widespread availability of sensitive
CCD array detectors and IR arrays opens up many possibilities for more precise galaxy
photometry. Coupled with advances in our understanding of the luminosity and
dynamics of galaxies, twofold improvements in redshift-independentdistance
determinations should be possible within the next decade. Such improvements have
already been tentatively demonstrated by Bothun and Mould (1987), and are discussed
in detail later in this chapter.

1.3 SELECTION CRITERIA

The principal aim in selecting the sample of galaxies for this work was that it should be
as free as possible from the biases that plague the Rubin et al. sample, whilst being at
least comparably deep in redshift. We again decided to use Scl galaxies, which have
several advantages for this work. Spiral galaxies were the obvious choice, principally
because of the advantages of their being complementary to the 'Big Seven’ work on
ellipticals. Scl spirals were specifically chosen because they are intrinsically bright, and
their characteristic morphology--a small nucleus and wide open arms with a clumpy,
dusty appearance--is easily recognised even for relatively distant or highly inclined
galaxies. The presence of large amounts of gas in Sc galaxies is also advantageous,
since this enables us to obtain 2 1cm radio measurements with comparative ease. These
measurements are important because they give us both accurate redshifts and the
linewidths needed for the Tully-Fisher relation, which is central to this study.

Galaxies for the new sample were selected from the Palomar Observatory Sky Survey
plates and the United Kingdom Schmidt Telescope sky survey, the latter making
possible a complete sky coverage. This was not available to Rubin et al., whose sample
was consequently deficient in southern galaxies. Sr-h an uneven sky coverage is liable
to give rise to large uncertainties when deriving streaming vectors, and our sample is
much more satisfactory in this respect.

All plates with [b| > 30° were scanned, and potential candidates selected downto a
diameter on the plates of about 0.7 mm. These are the smallest galaxies it is possible to
classify with any degree of certainty from the sky survey plates. This procedure

114



_ therefore minimises the Malmquist bias in the sample for a given depth, although
selection bias is bound to be present beyond some redshift limit. It should be possible
to remove the worst effects of this bias by identifying the largest redshift at which the
sample is complete, and excluding galaxies at higher redshift. All candidate galaxies
were independently classified by Dr C.A. Collins and myself. Galaxies were then
included in the sample only if there was agreement on their classification as Sci, if they
were not strongly barred or distorted, and if they were not in clusters and had no
apparent nearby companions. Table 5.1 contains data on these galaxies in the following
format: Col. 1 Galaxy name (if NGC, UGC or IC)

Col. 2 Right Ascension (1950)

Col. 3 Declination(1950)

Col. 4 Redshift

Col. 5 Approximateinclination

Col. 6 Measured major axis

Table 5.1 Names, coordinates, approximate diameters and inclinations for the sample of

218 Scl galaxies.
NAME RA (1950) DEC REDSHIFT INCL MAJAXIS
HHMMM  DDMM kms-1 (°)  arcmin
00 00.6 -02 11 7323 67 1.05
00 08.1 3305 72 1.25
0011.5 -30 59 32 0.7
00 17.7 -54 48 55 1.0
NGC 99 00 21.4 1530 5184 36 1.1
00 38.1 -00 35 31 0.75
NGC 234 00 40.9 14 04 4448 39 1.15
00555 4823 6812 47 1.0
00 57.8 -3105 22 0.75
IC 65 00 58 47 25 2614 90 4.0
01 02.2 -62 48 28 0.9
01 04.7 39 08 5869 53 1.6
IC 1637 01 08.6 -30 41 6002 39 1.4
NGC 461 01 15.0 -34 06 47 1.15
01 15.3 -79 19 47 1.0
01 19.3 1531 55 1.0
01 19.6 -44 19 7170 48 1.6
0122 -37 36 42 0.8
NGC 551 01 24.8 36 55 75 1.4
NGC 606 01 32.1 2110 9956 42 1.0
NGC 628 01 34.0 1532 656 28 9.0
NGC 673 01 45.7 1117 5173 42 1.4
NGC 690 01 46.6 -16 50 48 1.1
01 49.6 -24 34 62 0.8
IC 1763 01 56.9 -28 03 32 0.7
NGC 783 01 58.2 3138 5195 54 1.3
01 59.0 -3327 _ 34 0.9
02 00.0 -28 54 65 1.5
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NGC 7442 22 56.9 1517 7268 28 0.9
23 00.2 3220 5965 28 0.9
23 12.4 -49 40 34 1.5
23 13.8 -22 26 28 0.9
NGC 7610 23 17.1 09 54 3546 47 2.0
NGC 7678 23 26.0 2208 3489 38 1.5
NGC 7685 23 27.9 03 37 5642 53 1.6
2331.5 4425 55 1.0
IC 5332 23 31.6 -36 23 707 28 9.0
NGC7713A 23 34.5 -38 00 2980 31 1.5
23 48.6 00 46 8214 77 1.7
23 49.7 -2541 : 74 1.2
23 51.9 -02 13 20 0.9
23524 -34 53 46 0.7
23 58.4 -40 59 74 1.2
23 58.4 -3353 38 1.0

An attempt was also made to select a significant fraction of the galaxies athigh
inclination, facilitating the use of the Tully-Fisher relation by minimising the inclination
corrections. This is a matter of compromise, however, since it is inevitably more
difficult to classify highly inclined galaxies accurately. The distribution of inclinations is
shown in Figure 5.1, although the inclinations are very approximate, having been
calculated from major and minor axis measurements made by eye. Whilst there are
obviously many face-on galaxiesin the sample, they are on average more inclined than
the Rubin et al. galaxies, as can be seen from Figure 5.1. The use of CCD imaging,
particularly in the I-band, described below, should also prove useful in determining
accurate inclinations even for some of the more face-on galaxies. Pierce & Tully (1988)
have found it possible to derive accurate determinations of inclinations as low as 30° by
a process of ellipse fitting to CCD array images.

I.4 OBSERVATIONAL METHODS: PHOTOMETRY AND LUMINOSITY
INDICATORS

The principal aim of this study is the same as our reanalysis of the Rubin et al. work; to
derive accurate and unbiased redshift-independent distances to all galaxiesin the sample.
One way to improve on previous attempts to do this is to make use of the extra
information from the widély-avajlable CCD array detectors which permitaccurate
surface photometry to be made over entire galaxies, in one integration.

The main advantage of area photometry is thathaving full surface brightness information
makes aperture corrections unnecessary. Photometry can be normalised to a particular
surface brightness, measured directly from the image concerned. This is preferable to
the use of externally derived optical diameters, which are derived from lower quality
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photographic images and have been shown in Chapter Three to do little more than
introduce scatter into the photometry. Contaminating foreground stars can also be
removed easily from array images by excluding the affected pixels from theimage. The
other general advantage for this work is the possibility of deriving inclinations more
accurately and systematically than from a single catalogued axial ratio. Ellipses can be
fitted to contours at several surface brightness levels within each image, thus providing
independent checks on theinclination of each galaxy.

The other advantages of surface photometry are in the application of luminosity
indicators. Pierce (1986) and Bothun and Mould (1987) have investigated the use of the
Tully-Fisher relation with I-band CCD images, and the latter show that it is possible to
reduce the scatter in the relation to =0.3 magnitudes using these methods, compared
with =0.45 magnitudes for the H-band relation, the best that has been found using
aperture photometry. Some of the improvement is undoubtedly due to the removal of
the need for aperture corrections, with a further contribution from the ability to apply the
relation using photometry at different surface brightnesslevels or at differentlinear
diameters on the galaxies.

The reasons for this latter improvement can be understood by considering the
background to the Tully-Fisher relation. The relation is essentially due to a correlation
between luminosity and mass, but it is not the total mass of the galaxy that determines
the edge-on linewidth that is the observable used here. The reason is that the rotation
velocity curve of most spiral galaxies increases only in the central part of the galaxy, and
then remains flat over a large range of radius. Thus the measured linewidth is not
dependent on the slitlength or aperture used on the galaxy, aslong as they are large
enough to include all of the inner, corotating part of the galaxy. However, measured
luminosity is clézirly strongly dependenton aperture. Conventional aperture photometry
methods applied to the TF relation would tend to include varying amounts of the
luminosity contribution from the outer part of the galaxy, where the rotation curve is
flat, and would thus almost certainly contribute to the scatter in the relation.

Thus, it is atleast plausible that there is a characteristic diameter that minimises scatter in
the TF relation by matching the diameter to the radius at which the rotation curve flattens
out. This was attempted for the early studies using aperture photometry by correcting
photometry to a diameter corresponding to a given optical isophote. However, it should
be possible to identify and apply such a diameter much more effectively using array
images of galaxies. A source of scatter found by Bothun et al. was a variation in disc
surface brightness at fixed linewidth, which they were able to reduce empirically by
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using total magnitudes for low linewidth galaxies, and magnitudes within a particular
surface brightness contour for galaxies with larger linewidths. This is a good
illustration of the flexibility made possibility with area photometry.

Madore & Woods (1987) have recently proposed a new form of the Tully-Fisher
relation which may be able to exploit the extra dynamical information made available by
modern observing techniques. They find a strong correlation between the local rotation
velocity at a given radius and the total luminosity interior to thatradius, for a sample of
46 Sb and Sc galaxies. The principal obstacle to implementing this method at present is
the need for rotation curves with sufficient spatial resolution, which requires substantial
observing time and restricts the method to galaxies atless than 5000 kms-!. The
method also requires further investigation to check that the zero point of the relation is
stable from galaxy to galaxy, and particularly between different environments.
Whatever the outcome of these checks, it is clear that this is the type of luminosity
indicator which will be developed in the future, simply because of the extra information
thatis incorporated compared to the global dynamic and luminosity parameters used in
the original Tully-Fisherrelation.

B- and I-band photometry are being used for the presentstudy. The principal
advantages of I-band are those of lower extinction which were used to justify the use of
H-band photometry in the reanalysis of the Rubin et al. spirals (Chapter Two). I-band
is centred on approximately 0.9 pm, considerably shortward of the J, H and K bands,
and photometry is therefore more susceptible to the effects of extinction. However, the
widespread availability of CCD cameras with standard I-band filters makes this much
more feasible than using the 'true’ NIR bands. Ultimately, the best luminosity
indicators may be derived from measurements with the new generation IR array
cameras, butat present these are not widely available, and the absolute calibration and
repeatability of photometry are too uncertain for them to be used at present.

B-band photometry is also being obtained, to investigate the use of the B-I colourasa
luminosity indicator (Pierce 1986). Again, the use of area photometry enables the B-1I
colour-magnitud~relation to beinvestigated over a range of radii and surface
brightnesses. Although the reduced spectral range of B-1, compared with B-H colour,
is a disadvantage since it reduces the discrimination between different stellar
populations, which is the likely basis of the relation, this effect may be offset by the
increased precision which area photometry makes possible.
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I.5 OBSERVATIONS

The data required for the completion of this project are redshifts, B- and I-band CCD
photometry and 21 cm linewidths for each of the galaxies in the sample. Catalogued
redshifts are available for about half of the galaxies, but the remainder require redshifts
to be measured. This is most quickly achieved via optical spectroscopy. For most of
the sample, this requires only =2 m telescopes. The CCD photometry of these galaxies
is also very straightforward, and can be done with =1 m telescopes. Radio
measurements of 21cm linewidths pose more of a problem for galaxies at redshifts of
=7000 kms-!, since there are few radio telescopes large enough to give the required
sensitivity. At presentwe are planning to apply to use Jodrell Bank for the northern
galaxies and the Parkes radio telescope in Australia for the southern galaxies.

1.6 ANALYSIS OF THE NEW GALAXY SAMPLE

Figure 5.2 shows the sky coverage of the 218 Scl spirals we have selected for this new
study. Whilst there is clearly significant clumping of the galaxies on the sky, there are
no large areas devoid of galaxies, and thus all components of the streaming vector
should be well determined, a significant advantage compared with the RF sample.

We tested the homogeneity of classification of our galaxies by comparison with the
Uppsala Galaxy Catalogue (Nilson 1973). This catalogue was prepared by repeated
scanning of the POSS plates, and selecting all galaxies with diameters on the plates
greater than 1.0 mm. This procedure is almost identical to that used here, and Nilson’s
classifications provide a good test of the reliability of ours. We achieved a highly
uniform galaxy sample, and of those of our galaxies in the UGC, =75% are classified as
Sc, compared with only =45% of the RF sample. Luminosity classes are not given in
the UGC. In addition only =20% of our sample are classified as barred, compared with
=40% of the RF sample. This latter is not surprising, since RF did not select against
barred galaxies, whereas it was decided prior to the selection of our sample that
inclusion of both barred and non-barred galaxies would be likely to increase the
dispersion in absolute magnitude, and affect the ~eliability of the luminosity indicators.

Whilst it is difficult to derive any firm parameters describing the galaxy sample prior to
obtaining all the observational data, it is possible to get some indication of the
characteristic depth of the sample and of the likely selection biases. Catalogued redshifts
are available for about half of the sample, but these galaxies are not typical of the sample
as a whole, and are likely to represent the brighter members of the sample preferentially.
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Figure 5.2 Sky coverageof 218 Sc spirals (galacticcoordinates)
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However, there are enough to calibrate a rough diameter-redshift relation, which can be
used in a statistical sense to gauge the effective selection depth of the sample.

Figure 5.3 shows the estimated linear diameter of those galaxies that have measured
redshifts, plotted against redshift. There are uncertainties on the order of 20% in the
measured diameters, and a further error comes from the assumption of pure Hubble
Flow in estimating the distances of galaxies directly from measured redshifts. Despite
this, there is clearly a strong trend in the sense that the more distant galaxies in this
subset of the sample are larger and, presumably, more luminous than those nearby.

This is rather worrying, since it implies a strong selection bias in the sample. However,
the bias is likely to be greatly over-estimated compared to that for the whole sample, due
to the additional condition that the galaxies in Figure 5.3 should all have catalogued
redshifts. There is an element of magnitude-limited selection in all galaxy catalogues,
even if it is not explicitly stated, which would produce a correlation in the sense actually
found, even if our full sample were completely bias-free. Expressed another way, many
of the galaxies in the remainder of our sample will almost certainly lie toward the bottom
right-hand corner of Figure 5.3, and will thus reduce the strength of the bias ata given
redshift limit.

However, the bias is bound to remain to some extent. The shaded and cross-hatched
areas on Figure 5.3 show the regions excluded by taking linear diameter cutoffs of 1.0
and 0.7 mm respectively on the Sky Survey plates. The real situation for our sample is
likely to lie somewhere between the two, which includes galaxies smaller than 1.0 mm,
but in diminishing numbers due the difficulty of classifying them. By comparing the
linear diameters of the nearest galaxies with the areas excluded by diameter selection, it
can be seen that significant bias is likely to set in between =4000 and 7000 kms-!, i.e.
galaxies which would have been selected if nearby will have too small an apparent
diameter to be included if beyond the redshift limit.

It is possible to estimate the size of this residual effect for the full sample by using the
measured diameters as a crude distance indicator. The diameter-redshift relation is
calibrated in Figure 5.4. Diameters can then be used to predict redshifts, atleaston a
statistical basis. The completeness of the sample as a function of this estimated redshift
is then calculated, by predicting the expected number of galaxies within redshift "bins’,
under the assumption of a constant spatial density of galaxy, and comparing with the
number actually in the sample in the same redshift range.
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Figure 5.5 shows the completeness, i.e. number of galaxies in the sample compared to
the predicted number, as a function of estimated redshift. There is evidence for a
downward trend at all redshifts, which is relatively weak below 6000-7000 kms-1, but
very strong beyond 7000 kms-1. Thus it may be possible to define a volume limited
subset of the whole sample out to a maximum of =7000 kms-!, even though this was
impossible with the Rubin et al. galaxy sample, because of our much broader selection
criteria.

- However, the main conclusion of this analysis of the new galaxy sample must be that
selection biases are going to be present in any galaxy sample, however carefully
selected. The credibility given to results obtained using such samples must therefore
rest on the efficiency with which biases can be removed. For streaming motions, this
requires luminosity indicators with an intrinsic scatter much smaller than the amplitude
of the bias in the galaxy sample.

I  FURTHER ANALYSIS OF GALAXY STREAMING USING FIRST
RANKED CLUSTER ELLIPTICALS

In spite of the great advances in developing extragalactic distance indicators such as the
Tully-Fisher and Faber-Jackson relations (Tully and Fisher 1977, Faber and Jackson
1976), First Ranked Cluster Galaxies still seem to give the best redshift-independent
distance determinations, with a scatter in absolute magnitude of only =0.3 magnitudes.
This tight correlation was used in deriving the results described in Chapter Two, which
demonstrated the feasibility of using these galaxies to map the velocity field tolarge
scales. Itis now possible, for a minimal expenditure of telescope time, to improve
greatly on this preliminary study, and to investigate the doubts raised by Lucey and
Carter (1988a).

Most importantly, the Southern extension to the original Abell catalogue (Abell 1958)
has been prepared (Abell et al. 1988) and is shortly to be published. This has been
carefully matched to the existing Northern catalogue, making possible the selection of a
homogeneous all-sky sample of clusters. This removes any “1certainty about how
Sandage and Hardy (1973) selected their clusters, and whether their methods were
suitable for the use to which we put the sample. Complete sky coverage also allows a
full solution for streaming motion amplitude and direction to be carried out, whichis a
significant improvement over the one-component solution we were obliged to adopt.
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In addition, array photometry can be obtained with a very short allocation of telescope
time, using only =1 metre telescopes, because of the high surface brightness of these
objects. Again, I-band imaging should be ideally suited to these cluster galaxies, which
are intrinsically red, and this filter also gives the advantages of lower extinction
compared to the BVR photometry used by Sandage and coworkers. As for the spirals,
array photometry permits flexibility in defining effective apertures to be used when
deriving magnitudes. This is very importantin preventing redshift-dependent biases,
and may reduce the scatter in the derived absolute magnitudes to even less than the 0.28
magnitudes found by Sandage and Hardy. The high surface brightness also eases the
task of obtaining optical redshifts, which will be necessary for some of the Southern
clusters.

Given the above, and the amount of work that has already been done on First Ranked
Cluster Galaxies, for example on deriving richness and Bautz-Morgan classes and on
measuring redshifts, itis clear thatimportant further results can be obtained with a
minimal amount of observational effort.

I FUTURE WORK

For fundamental advances to be made in future studies of the galaxy peculiar velocity
field, a deeper understanding of the nature of galaxies is required. Galaxies will be used
as standard candles with increasing confidence as we discover more about their star
formation histories and evolution, and understand the role played by dark matterin
determining their dynamics. Given a better description than is presently available of the
galaxy dynamics and luminosity generation, it should be possible to explain and refine
the Tully-Fisher and Faber-Jackson relations, and the correlation between First Ranked
Cluster Galaxy magnitude and cluster morphology. This will yield both higher
precision and greater confidence in the measurementof galaxy peculiar velocities.

Further improvements would resuit from the development of a statistic which provides
more detailed information on the nature of the velocity field, and thus of the mass
fluctuation spectrum, than the simple "bulk flow’ solutions presented here. These
solutions can be considered closely analogous to the light dipoles’ such as the IRAS
dipole, which have been used as a coarse indicator of the local galaxy distribution; what
we need ideally is an analogue of the 2- and 3-point correlation functions, thatcan be
applied to the peculiar velocity field. The main problem here is that we have only line-
of-sight peculiar velotities for the galaxies studied, which makes it difficult to develop a
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statistic that gives information on the velocity field without including spurious features
arising from the clumpiness of the galaxies on the sky. Another desirable feature of
such a statistic is that it should also be possible to apply it to the resuits of N-body
simulations for direct comparison with the observed properties of the real Universe.

A less ambitious method for deriving more information from samples of galaxies with
line-of-sight peculiar velocities is to solve for spherical harmonics of higher order than
simply the dipole term. This requires better data than the latter since more free
parameters are derived, and a uniform distribution of galaxies around the sky. The
advantages of this method are that it is well-suited to data where only the radial
component of the galaxy velocities are known, and that it is trivial to apply the same
statistic to the N-body simulations. The main drawback is that a knowledge of, say, the
quadrupole and octopole components of the velocity field tells you little more than the
dipole term about the characteristic scale of coherence in the velocity field. There is no
depth information to be obtained from a particular spherical harmonic, and there is thus
no way to determine any characteristic scale which would give direct physical
information about the mass distribution.

Itis clear that studies such as those presented in this thesis are going to play an
important part in the development of observational cosmology over the coming years.
The information they give can be obtained in no other way, and promises, when
combined with other measurements presently being made, to yield insights into the way
galaxies and clusters formed, and the nature and distribution of the elusive dark matter.
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APPENDIX

A.1 FORTRAN PROGRAMMES USED TO DERIVE STREAMING MOTION
DIPOLE VELOCITIES QUOTEDIN CHAPTER 3

Description

The following programme was used to derive a bulk streaming motion for the galaxy
samples described in Chapter 3. Modified versions of this programme were used to
carry out solutions using the Tully-Fisher and colour-magnitude luminosity indicators.

The main FORTRAN programme reads in all data from a file with the format described
in the second comment statement. Line-of-sight peculiar velocity components are then
calculated from the *predicted’ redshift Vy; = 1000-2m+ <HM>) ' and the measured
CBR-frame redshift. The Hubble Modulus <HM> can be calculated using the routine
HMBAR . listed at the end of the main programme, which uses the method of Rubin et
al. (1976a) to determine this parameter, or can be input as afree parameter as described
in Chapter 3.

The galactic coordinates are converted into cartesian components, where the x axisis
1=90°, b=0° the y axis is 1=0°, b=0" and the z axis is b=90° . These components and
the amplitudes of the peculiar velocities (x;, y;, z; , d;) are then stored in an array which
is the input to the first of the NAG routines, GO2BDF. If different weightings are
adopted for the different galaxies, the parameters stored in this array are

o; G

( % , % ’ % 4 ), where 0; is the weighting for the ith galaxy.
i Y

GO2BDF produces a 4x4 matrix of sums of squares and cross-products about zero of
all the variables in the regression, i.e.
Exi2 Ixyyi Ixizi Ix3d;
Ixiyi Zyi? Zyizy Zyids
= SSP
Ix;z; Lyizi ZXz32 Xzid;

Ix;d; Zyid; Zzid; Xd;2

and a 4x4 matrix, RZ, of correlation-like coefficients for all the variables in the
regression, i.e.
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( ) XxiVi rxizi Ix;d; \
(Zx32Ey32)  (Ex3%Ez;%)  (Ex32Ed;?)
Ixiyi 1 Lyizj Zyidj
(Ex4%Zy1?) (Byi"as®)  EafZa®) | oo
Ixi24 Yyizi Xzids
(Exi%Ez;2)  (Tyi?Ez;2) 1 (Z252Ed;2)
Xxidi Zyidi rzidy
(Ex328d1?)  (Ey3%Bdi?)  (B232Eds?) 1 /

These matrices are then used by the second NAG routine, GO2CHF, which solves for
the components 1,m & n of the streaming velocity by performing a matrix inversion of
RZ. This is mathematically equivalent to minimising the quantity

Z:, (d; - 1x; - my; - nz;)?

g0 (& -Ix - my - 0z)?

i=1 oi2

the latter being the case if the galaxies receive different weightings ;.
GO2CHF produces a 3x3 array COEFF containing the 3 regression coefficients 1, m &

n, the standard errors on each of these coefficients and their t-values. The latter are not
used.

The remainder of the programme calculates the amplitude of the calculated streaming, its
direction in galactic coordinates and the error on the ampﬁmdg, from the values stored in
the COEFF array. ‘

DIPSOL.FOR

A PROGRAMME TO PRODUCE DIPOLE SOLUTIONS FROM A SPECIFIED
GALAXY DATA FILE, WEIGHTING THE SOLUTION BY RECESSION
VELOCITY, PHOTOMETRY ERROR OR GIVING EACH GALAXY EQUAL
WEIGHTING, AS SPECIFIED.

Q o ao a

c FORMAT OF GALAXY DATA FILE SHOULD BE:

C COL (1) RUBIN FORD NUMBER
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. Q0 o0 o Q o Q@ o Q

COL (2) B MAGNITUDE (WITH ALL APERTURE AND EXTINCTION

CORRECTIONS)

COL (3) GALACTIC LATITUDE b"

COL (4) GALACTIC LNGITUDE 1"

COL (5) INCLINATION

COL (6) NEAR IR MAGNITUDE (JHK), WITH ALL APERTURE AND
EXTINCTION CORRECTIONS

COL (7) ERROR IN NEAR IR PHOTOMETRY

COL (8) CBR-FRAME REDSHIFT

DECLARE REAL (DOUBLE PRECISION) AND INTEGER VARIABLES

REAL*8 RES(100,4),A(100,4),AMEAN (4),STD(4), SSP (4,4),CORR(4,4),
R(13),COEFF (3, 3),RZINV(3,3),CZ(3,3),WKZ(3,3),GAL(100,10)
INTEGER M,N, IFAIL, I

CHARACTER*50 NAME

CHARACTER*50 NM

CHOOSE RELATIVE WEIGHTING OF GALAXTES IN SOLUTIONS-1 GIVES ALL
GALAXIES EQUAL WEIGHTING, 2 WEIGHTS INVERSELY BY REDSHIFT, 3
WEIGHTS BY IR PHOTOMETRY ERROR

WRITE (*, *) (' TYPE OF SOLUTION? TYPE 1 FOR UNWEIGHTED, 2 FOR
VELOCITY WEIGHTED, 3 FOR PHOTOMETRY ERROR WEIGHTING')
READ (*, *) (K)

ASSIGN VALUES TO THE INTEGER VARIABLES (IFAIL IS AN ERROR
CHECK USED BY THE NAG ROUTINE, WHICH IS SET TO 1,2 OR 3 IF AN
ERROR OCCURS)

M=4

WRITE (*, *) (' NUMBER OF GALAXIES TO BF -~ NCLUDED IN REGRESSION?’)
READ (*, *) (N)

IFAIL=0

INPUT GALAXY DATA FROM A SPECIFIED FILE

WRITE (*, *) ('NAME OF GALAXY DATA FILE')
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20

25

READ (*, ’ (A50) ’ ) NAME
OPEN (UNIT=1, STATUS='OLD’ , FILE=NAME)
DO 20 I=1,N

READ (1, *) (GAL(I,J),J=1,10)
CONTINUE

READ IN MEAN HUBBLE MODULUS TO BE USED

WRITE (*, *) (‘MEAN HUBBLE MODULUS TO BE USED?’)
READ*, HMBAR

WORK OUT PREDICTED RECESSION VELOCITIES FROM MAGNITUDES, AND
SUBTRACT THE MEASURED RECESSION VELOCITIES TO GIVE VELOCITY

RESIDUALS

DO 25 I=1,N
GL=GAL (I, 4)
GB=GAL (I, 3)
H=GAL (I, 6)
VR=GAL (T, 8)

EP= (H*0.2) -HMBAR

VM= (10**EP)

RES (I, 1)=GL

RES (I,2) =GB

RES (I, 3)=VM-VR

RES (I, 4)=VR
CONTINUE

CONVERT GALACTIC COORDINATES TO X,Y & Z COMPONENTS, AND STORE
IN THE NEW ARRAY A, ALONG WITH THE VELOCITY RESIDUAL DATA.
ALLOCATE THE WEIGHTINGS W TO THE INDIVIDUAL GALAXIES

DO 40 I=1,N
W=RES (I, 4)
IF (K.EQ.2) W=RES(T,4)
IF (K.EQ.3) W=GAL(I,7)
A(I,1)=(SIND(RES(I,1))*COSD(RES(I,2))) /W
A(I,2)=(COSD(RES(I,1))*COSD(RES(I,2))})/W
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40

1000

A(I,3)=(SIND(RES(I,2)))/W
A(I,4)=(RES(I,3))/W
CONTINUE

CALL THE NAG ROUTINES GO2BDF & GO2CHF

CALL GO2BDF(N,M,A, 100, AMEAN, STD, SSP, 4, CORR, 4, IFATIL)
CALL GO2CHF (N,M,M-1,SSP,M,CORR, M, RESULT, COEFF,M-1, RZINV,M-1,
CZ,M-1,WKZ,M-1,IFAIL)

TEST WHETHER ROUTINE HAS RUN SUCCESSFULLY-IF NOT PRINT OUT THE
ERROR CODE ‘IFAIL’

IF (IFATL.NE.O) WRITE (*,1000),IFAIL

CALCULATE AMPLITUDE AND DIRECTION (1" & b") OF THE CBR-FRAME
STREAMING FROM THE XYZ COMPONENTS PRODUCED BY GO2CHF

VSTR= ( (COEFF (1, 1) **2) + (COEFF (2, 1) **2) + (COEFF (3, 1) **2) ) xx0.5
GLDIR=ATAND (COEFF (1,1) /COEFF (2,1))

IF (COEFF(2,1).GT.0) GLDIR=GLDIR+180

IF (GLDIR.LT.0) GLDIR=GLDIR+360

BDIR=- (ASIND (COEFF (3,1) /VSTR))

ERR1= (COEFF (1, 1) *COEFF (1, 2) /VSTR) **2

ERR2= (COEFF (2, 1) *COEFF (2, 2) /VSTR) **2

ERR3= (COEFF (3, 1) *COEFF (3, 2) /VSTR) **2

ERRTOT= (ERR1+ERR2+ERR3) **0.5

WRITE OUT CBR-FRAME STREAMING AMPLITUDE, ERROR AND DIRECTION
WRITE (*, *) (VSTR, ERRTOT, GLDIR BDIR)

STOP

FORMAT (1X,  FAILURE- IFAIL VALUE ’,I2)

STOP
END



HMBAR. FOR

A ROUTINE TO CALCULATE THE MEAN HUBBLE MODULUS USING THE
METHOD OF RUBIN ET AL. (1976)

DIMENSION A (100,10)
CHARACTER*50 NAME
N=86
WRITE (*,*) (‘NAME OF DATA FILE?')
READ (*, ’ (A50) ') NAME
OPEN (UNIT=8, STATUS='OLD’ , FILE=NAME)
DO 100 I=1,N
READ (8, *) (A (I, J),J=1,10)
100 CONTINUE
=0
HM=0
DO 200 I=1,N
GMAG=A (I, 6)
GVEL=A (I, 8)
HM=HM+ (GMAG*0. 2) - (LOG10 (GVEL) )
C=C+1
200 CONTINUE
WRITE (*, 300) HM/C
300 FORMAT (1X, 'MEAN HM IS ’,F10.5)
STOP
END
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A.2 THE FORTRAN PROGRAMME USED TO SIMULATE THE SELECTION
BIAS IN THE RUBIN ET AL. SAMPLE OF GALAXIES, AND TO
DERIVE STREAMING VELOCITIES FROM THE SIMULATED DATA

DESCRIPTION

The following programme illustrates the changes that were made to produce the
solutions to simulate selection bias as described in Chapter 3. The only significant
difference from the programme described above (DIPSOL.FOR) is the routine which
replaces the measured H magnitudes from the input data file HMET.DAT with
randomised magnitudes constrained only by the apparent magnitude 'window’ and
weighted by a luminosity function. This is done by first calculating a random number
from 0 to 10,000 for each of the 86 galaxies. For each galaxy, the form of the
Schechter luminosity function is then calculated for the 1.4 magnitudes which lie within
the selection window appropriate for the redshift of the galaxy. The relative probability
of a galaxy in each 0.05 magnitude slice of the window is then calculated from the
amplitude of the Schechter function, with the total in the whole window normalised to
10,000. One of these absolute magnitude slices is then chosen for the galaxy, from the
random number it was allocated earlier. This is repeated for all 86 galaxies. The
absolute magnitudes are then converted to apparent magnitudes and saved ina galaxy
data array, and streaming motion solutions carried out exactly as for the real
observational data.

PROGRAM MALMSOL
PROGRAMME TO MAKE SIMULATED DATA FILES WITH RANDOMISED

MAGNITUDES, USING THE RUBIN-FORD SPATIAL DISTRIBUTION AND A
SCHECHTER LUMINOSITY FUNCTION, AND DOING A ’'MEAN HM’ TYPE

Q O o Q

VELOCITY SOLUTION FOR EACH

REAL*8 GAL (100,10),IR2* (10000), INUM(100),RES (100,4),A(100,4)
REAL*8 AMEAN (4),STD(4),SSP(4,4),CORR(4,4),R(13), COEFF (3, 3),

*  RZINV(3,3)
REAL*8 CZ(3,3),WKZ(3,3),VSOL (4)
INTEGER M, N, NSOL, IFAIL,NSTART,IBIG, ISEED

N=86
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INPUT BASIC GALAXY DATA FROM HMET.DAT. THE H PHOTOMETRY WILL
SUBSEQUENTLY BE REPLACED BY SIMULATED MAGNITUDES

OPEN (UNIT=1, STATUS='OLD’, FILE='HMET.DAT"')
DO 20 I=1,N

READ (1, *) (GAL (I, J),J=1,10)
CONTINUE

REPLACE H MAGNITUDES IN THE GALAXY DATA FILE WITH RANDOM
MAGNITUDES. FIRST CALCULATE 86 RANDOM NUMBERS BETWEEN O AND
10000

WRITE (*, *) (' STARTING NUMBER FOR RANDOM NUMBER SEQUENCE)
READ (*, *) (NSTART)
IBIG=16384
ISEED=15625
NEW=ISEED
DO 25 I=1,N+NSTART
NEW=NEW*ISEED
NEW=MOD (NEW, 16384)
IF (NEW.LT.O0) NEW=IBIG+NEW
IF (I.GT.NSTART) IRAND (I-NSTART) =1+ (NEW*10000/16383)

CONTINUE

USE SCHECHTER FUNCTION TO CALCULATE THE NUMBER OF GALAXIES IN
EACH 0.05 MAGNITUDE SLICE OF THE 1.4 MAG SELECTION WINDOW FOR
THE REDSHIFT OF EACH GALAXY- Hp = 50 THROUGHOUT

DO 30 I=1,N

WINL=-3.105- (5*LOG10 (GAL(I,8)))

GNTOT=0

DO 35 J=1,29
GMAG=WINL+ ( (J-1) *0.05)
GNUMA=10000% ( (10** (-0.4* (GMAG+20.6))) **1.26)
GNUMB=EXP (- (10** (-0.4* (GMAG+20.6))))
INUM (J)=GNUMA*GNUMB
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GNTOT=GNTOT+INUM (J)
35 CONTINUE

c FIND WHICH SLICE OF THE 1.4 MAG WINDOW THE NTH RANDOM NUMBER
CORRESPONDS TO, AND ALLOCATE AN ABSOLUTE MAGNITUDE TO THE NTH
GALAXY ACCORDINGLY

IRAND (I)=IRAND (I)*GNTOT/10000
ISLICE=1
IRUN=0
DO 50 J=1,29
IRUN=IRUN+INUM (J)
IF (IRUN.LT.IRAND(I)) ISLICE=ISLICE+1
50 CONTINUE
BABS=WINL+ (0.05*ISLICE)
GAL (I, 6) =BABS+ (5*LOG10 (GAL (I, 8)))+16.505
30 CONTINUE

c CALCULATE THE MEAN HUBBLE MODULUS FOR THE 86 GALAXIES

HM=0
DO 200 I=1,N

GMAG=GAL (I, 6)

GVEL=GAL (I, 8)

HM=HM+ (GMAG*0., 2) - (LOG10 (GVEL) )

200 CONTINUE
HMBAR=HM/N
C PRODUCE DIPOLE SOLUTIONS FROM FILE JUST ALTERED,
cC WEIGHTING THE SOLUTION BY RECESSION VELOCITY
C
C FIRST ASSIGN VATUES TO THE INTEGER VARIABLES

M=4
IFAIL=0
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WORK OUT PREDICTED RECESSION VELOCITIES FROM MAGNITUDES, AND
C SUBTRACT THE MEASURED RECESSION VELOCITIES TO GIVE VELOCITY
c RESIDUALS

DO 250 I=1,N
GL=GAL (I, 4)
GB=GAL (I, 3)
=GAL (T, 6)
VR=GAL (I, 8)
EP= (H*0.2) - HMBAR
VM= (10**EP)
RES (I,1)=GL
RES (I,2)=GB
RES (I, 3) =VM-VR
RES (I, 4)=VR

250 CONTINUE

C CONVERT GALACTIC COORDINATES TO X,Y & Z COMPONENTS, AND STORE
Cc IN THE NEW ARRAY A, ALONG WITH THE UNCHANGED VELOCITY RESIDUAL
C DATA.

DO 400 I=1,N
W=RES (I, 4)
A(I,1)=(SIND(RES(I,1))*COSD(RES(I,2)))/W
A(I,2)=(COSD(RES(I,1))*COSD(RES(I,2)))/W
A(I,3)=(SIND(RES(I,2)))/W
A(I,4)=(RES(I,3))/W
400 CONTINUE

C CALL THE NAG ROUTINES
CALL GO2BDF(N,M,A, 100, AMEAN, STD, SSP,4, CORR, 4, IFAIL)

CALL GO2CHF(N,M,M-1,SSP,M, CORR,M, RESULT, COEFF,
* M-1,RZINV,M-1, CZ,M-1,WKZ,M-1, IFAIL)

c TEST WHETHER ROUTINE HAS RUN SUCCESSFULLY. IF SO PRINT OUT
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c RESULTS, OTHERWISE PRINT OUT THE ERROR CODE ’‘IFAIL’

IF (IFAIL.NE.O) GO TO 2000

c CALCULATE STREAMING VELOCITY AND DIRECTION, AND ERRORS

VSTR= ( (COEFF (1, 1) **2) + (COEFF (2, 1) **2) + (COEFF (3, 1) **2) ) %05
GLDIR=ATAND (COEFF (1,1) /COEFF (2,1))
IF (COEFF(2,1).GT.0) GLDIR=GLDIR+180
IF (GLDIR.LT.0) GLDIR=GLDIR+360
BDIR=- (ASIND (COEFF (3,1) /VSTR))

ERR1= (COEFF (1, 1) *COEFF (1, 2) /VSTR) **2
ERR2= (COEFF (2, 1) *COEFF (2, 2) /VSTR) **2
ERR3= (COEFF (3, 1) *COEFF (3, 2) /VSTR) **2
ERRTOT= (ERR1+ERR2+ERR3) **0 .5
VSOL (1) =VSTR

VSOL (2) =ERRTOT

VSOL (3) =GLDIR

VSOL (4) =BDIR

C WRITE OUT SOLUTIONS: AMPLITUDE, ERROR ON AMPLITUDE AND
C DIRECTION

WRITE (*, *) (VSOL (I),I=1,4)
STOP

2000 WRITE (*,2500), IFATL

2500 FORMAT (1X, ' FAILURE-IFAIL VALUE ', I2)
STOP
END
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LARGE-SCALE STREAMING MOTIONS FROM FIRST-RANKED CLUSTER ELLIPTICALS

P. A. James, R. D. Joseph,
Blackett Laboratcry, Imperial College, London SW7, England
C. A. Ccllins,
Astronomy Dept, University of Edinburgh, Edinburgh EH9 3HJ, Scotland

Cne of the most important constraints on cosmological models, and the
co;c dark matter model in particular, is the amplitude of the
streaming motions of galaxies over scales of order 50-100 h~! Mpc.}!,2)

We have derived a new result in this field by using the V magnitudes
anc reashirts of first-ranked cluster ellipticals presented by Sandags
and Haray.?' These galaxies are excellent standard candles having =z
Cispersion o cnly C.3 in absolute magnituce, Tnis disrersion germitc
43 to infer galaxy cistances to an accuracy of 149, incepencently cf
their measured recession velacities. Thus they are excellent tracers

of possivble deviations from pure Hubble flow.

We have used this dataset to solve for that relative motion between the
galaxy sample and the Local Group (LG) which minimises, in a least

uares sense, the differences beCween distances lnrerred frem apparent
udez, and those inferred rcm the regsnifts., UWe restrict ths
cns to crie dizgcle, in  the direc:ion cr the LC motion relative &

the 2.3 K cosmic backgrouna radiation (CBR), since the sky coverage i
incomplete in cther directions. This 1is the direction in which a
anisotropy in the Hubble flow about the LG would be expected to be most

O

n

3

- evident, were the galaxies at rest 1in tne CBR frame. We have used the

60 galaxies in.the Sandage & Hardy sample with redshifts <15,000 km/sec
giving a mean effective redshift for the sample of 5400 km/sec.

We cbtain a value for the velocity of the LG relative to the sample of
-1 km/sec + 105 km/sec. The error 1is the formzl statistical errcr on
the sclutions, and was checked by doing & large number of resampling
sclutions with 25% of the points cmitted at random from ine
minimisation procedure. Since the LG is moving relative to the CER
€10 km/sec * 50 km/sec, our sclution provicdes evicence fer z meti
the galaxy sample glative to the CBA with a component orf magn
€10 km/sec + 116 km/sec alcng the direction ¢ = 272°%, b = 30°.

This result disagrees with that of Aaronson et al.“’, the only stucy of
the large-scale velocity field to date which has found a galzxy sample
to be essentially at rest in the CBR frame. However, these scluticns
using first-ranked cluster ellipticals are in good agreement with the
conclusions of Collins et al.! and Dressler et al.?’, thus confirming
the reality of streaming over scales of 50-100 h~! Mpc.
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EVIDENCE FOR EXTENDED IR EMISSION IN NGC2798 AND NGC6240

G. S. Wright1 R. D. Joseph P. A. James and N. A. Robertson?
Blackett Laboratory, Imperial College,
London SW7 2BZ

(1) now at Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ
(2) now at Department of Natural Philosophy, University of Glasgow, Glasgow GI12 8QQ

ABSTRACT

Extended emission at 10 and 20 um can be used to distinguish starbursts from
"monsters" as the underlying energy source driving the luminous infrared emission in the
central regions of galaxies. We have investigated the spatial extent of the mid-infrared
emission in the interacting galaxy NCG2798 and the merger NGC6240. The 10 and 20 pm
profiles of the IR source in NGC2798 are significantly wider than beam profiles measured
on a standard star, supporting a starburst interpretation of its IR luminosity. For NGC6240
there is marginal evidence for an extended 10 um source, suggesting that a significant
fraction of its IR luminosity could be produced by a burst of star formation.

I.  INTRODUCTION

One of the outstanding questions in extra-galactic IR astronomy is the nature of the
underlying energy source powering the large IR luminosities found for many interacting
galaxies.

Evidence is emerging that bursts of star formation of exceptional intensity compared
to normal spirals and canonical "starburst" galaxies are responsible for the IR activity in
interacting galaxies (cf. Joseph et al. 1984, Lonsdale et al. 1984, Cutri and MecAlary 1985).
Moreover. the subset of interacting galaxies in which a merger of the two participating
galaxies has occurred are among the most luminous IR galaxies known (Joseph and Wright
1985) and it appears that the merger has resulted in a "super-starburst’. However, this
interpretation is open to debate because the interaction may provide the material to feed an
accretion disk around a collapsed object in the nucleus. This "starbursts and monsters"
debate (cf. Heckman et al. 1983) is especially controversial for the ultra-luminous merging
galaxies such as NGC6240 and Arp220, although it applies to all the IRAS galaxies to some
degree.

Potentially one of strongest arguments in favour of a starburst interpretation is
spatially extended mid-IR emission. For a single central source heating a dust cloud, the
dust can be heated sufficiently to radiate at 10 pm only if it is within a few pc of the
source. So, measuring the extent of the IR emission discriminates between a compact
source heating a dust cloud and luminosity s._rces distributed over several hundred pc, the
latter being expected if the underlying energy source is a burst of star formation.

II. OBSERVATIONS

Observations of the interacting galaxy NGC2798, for which Ljg ~ 6 x 1010 Lo, and
the merger NGC6240 which has Lyg ~ 10!2 Lo, were made at UKIRT in February 1986.
N-S and E-W profiles of the IR sources were made by obtaining photometry on the optical
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nucleus of the galaxy and then moving off the central pixel 0.75 arcsec at a time, using
the UKIRT TV crosshead to obtain as accurate an offset as possible.. To minimise
systematic effects, such as drifts, each step out from the central pixel was made first to
one side and then to the other. Observations of a nearby standard star were obtained
using exactly  the same method, so any residual systematic effects should be the same for
both the galaxy and the star observations.. .A chopper throw of ~- 30 arcsec' perpendicular -
to the offset direction was used for all the observations. -

III. RESULTS

Profiles of NGC2798 in a N-S direction were obtained at both 10 and 20 pm and in
an E-W direction at 10 um. NGC6240 was observed with offsetting in a N-S direction at
10 pum. Figure 1 shows the profiles of the galaxies compared to the profiles of a nearby
standard star. The position marked (0,0) is the position of the optical nucleus. The
horizontal error bars are an estimate of the pointing error relative to the (0,0) position,
based on the degree of consistency of the standard star profiles and the ease of guiding on
the TV. The profile of the standard star has been scaled to give the best fit to the peak
flux, and centred to produce the best alignment of the profiles. It is evident from these
figures that the data for the galaxies indicate a wider profile than the beam profiles
measured on a standard star. To estimate the significance of the difference between the
galaxy profile and that of the star, we have calculated the significance with which each
point lies outside the beam profile by comparing the point to profile distance with the
error ellipse The overall significance of the evidence for spatial extent is obtained by
summing in quadrature the cignificances of each point. The significance lowvels Lo

AL Ld
Addw ODin fwywio Ur  WwiC

spatial extents indicated in the galaxy profiles are given in Table I.

Table I

The significance of the difference between the galaxy and standard star profiles

"NGC2798 NGC2798 NGC2798 NGC6240
20 um N-S 10 um N-S 10 um E-W 10 um N-S
4.5 o 4.5 0 3¢ 3¢

We have also explored the likely size of the sources, by convolving the beam profile
with a top hat function of variable width and adjusting the width of the top hat, the
scaling of the profile and its alignment to obtain the best fit to the data points. This
gives a source size of approximately 4 arcsec for all the profiles.

N

IV. DISCUSSION )

For NGC2798 there is good evidence for extent at both 10 and 20 um, and this is
consistent with our multi-aperture photometry at 10 um. We find a flux of 190 * 18 mly
in a 5 arcsec beam and 520 * 105 mly in an 8 arcsec beam. The IRAS data (770 and
3130 mJy at 12 and 25 pm respectively) when compared with our 10 and 20 um data are
also consistent with a spatially extended IR source. Non-equilibrium heating of small dust
grains by a compact underlying energy surce is unlikely to be producing this extended
emissic™ “ecause there is extent at 20 um, where such grains would radia : less effectively,
on a similar scale to the 10 pum emission. The spatial extent inferred for the source, ~ 4

708
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Figure 1. Profiles of the galaxies NGC2798 and NGC6240 compared with those obtained

on a nearby standard star.

The position marked (0,0) is the position of the optical nucleus.
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" arcsec, corresponds to 660 pc.in NGC2798. This is much larger than the ~ 1 pc source
size expected if the dust is heated by a single nuclear source. A burst of star formation .is
thus the most natural interpretation of the IRAS luminosity of NGC2798. The results for
NGC6240 are more marginal than those for NGC2798. Nevertheless they indicate that for
this ultra-luminous IR galaxy the nuclear source may be extended. This suggests that a
massive. burst of “star formation could be the underlying energy source for a significant
fraction of the enormous IR luminosity of this galaxy.

V. CONCLUSIONS

The data presented provide good evidence for spatially extended 10 and 20 pm
emission in NGC2798 supporting a starburst interpretation for the 6 x 1010 Lo IR
luminosity of this interacting galaxy.

For NGC6240 there is marginal evidence (~ 3 ¢) for an extended 10 pm source.
This suggests that this ultra-luminous IR galaxy may indeed be the result of a super
starburst, a conclusion which would be strengthened by the detection of extended 20 um
emission.
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Sununary. We have investigated large-scale deviations from isotropic Hubble
flow usig first-ranked cluster elliptical galaxies. The sky coverage of the samplg
used precludes a general solution for a dipole anisotropy, but it is well suited to
investigation of the component of any motion of these galaxies along a direction
defined by the dipole anisotropy in the 2.7 K cosmic background radiation. We
find the cluster ellipticals to have a velocity component atong this direction of
~0600kris~'. This result is consistent with the large-scale streaming found in our
re-investigation of the Rubin ef ul. spiral galaxies in the infrated (Collins, Joseph
& Robertson), and that found for a different sample of elliptical galaxies by
Dressler et al. Tlowever, we do not confirm the recent result 0( Aaronsonefal.,
who lound a Local Group motion consistent with their sample of 10 clusters being
at rest with respecet to the cosmic background radiation.

1 lantroduction

Recent observations of two all-sky samiples of galaxies have provided evidence for systematic
large-scale deviations fiom isotiopic Hubble flow. The first of these was the preliminary report of
our re-investigation of :he Rubin er al. (1976) sample of spival galaxies using infrared techniques
(Collins, Joseph & Robertson 1986). ‘The application of infrared Tully-Fisher and optical-
infrared colour-magnitude luminosity indicators confirms the "Rubin-Ford effect’, ic. an
apparent Local Group motion, refative to this all-sky galaxy sample, which is approximately
orthogonal to the velocity inferred hom the dipole anisotropy in the 2.7 K cosiic background
radiation (CBR). We interpreted this result in terms of & systematic streaming velocity of these
galaxies of ~970km s "', Since the mean iedshift of the sample is SI00kms~", this streaming is on
a spatial scale of ~100 k" * Mpc (wheire the Hubble constant is 1004 kms ™' Mpe™Y). A sample of
clliptical galaxies of mean sedshilt 3000 kms~* obscerved by Dressler eral. (1987) shows a similar
streaming of ~G0kms . )

Lucontiast, a study by Asvonson eral. (1986) of the spirals in 10 clusters well outside the Local
Supercluster, at redshiits of 4000t HTOGkms ', directly contradicts these results. Aionson et
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al. tind i Local Group motion with respect to these clustess in good ;lgu‘cmcui. inaagnitude and
direction, with the Local Group motion relative to the CBR. Thus the Aaronson e al. study
indicates that these 10 clusters have o streaming component along this direction.

The confirmation of colierent stricaming motions s kuge as --70kms ™' on scales ol
=604 ' Mpe would lin e prolound implications for models of the origin of targe-scale stiuctane m
the Universe. In particubar, the cold dark matter models coneently invogue (¢f. Blumenthal eral.
198:4) do not produce streaming velocities this kuge (White eral. 1987). Thus it is of patamouwnt
impoitance to resolve the inconsistencies between these studics.

One sample of galaxies in the litesature which is well suited to investigition of putative
deviations from isotiopic Hubble tlow is the simple of tinst-cainked cluster ellipticals used by
Sandage and coworkers in their etforts to determine the value of the deceleration paramewes ., ...
The advantage ol using tirst-ranked cluster ellipticals is that they belong (o the high luminosiry
tip ol the clliptical luminosity tunction, iand theretoie they should be exeellent standard cindles
twith appropriate conections tor Bautz-Morgan and richuess class). The sample we have used is
selected from that given by Sandage & Hardy (1973), ‘They lind this sample 1o have an ans
dispersion in absolute magnitude of 0.3, whiclh implics an uncertainty in distance of only 14 per
cent per galaxy. By comparison, the infrined distance indiciiors used by Collins efal. (1986) and
Awonson e al. (1980) have dispersions which give uncestaintios in distance of ~20 per cent, amd
the distance indicator used by Diessler e al. (1987) lias @ precision of =25 per cemt per galixy
Fhus the first-ranked cluster ellipticals me indeed good standard cnndies.

2 Data analysis

The data ased are the V-band photometry and redshilts of tinst-anked cluster ellipticals listed in
table 1 of Sandage & Hardy (1973). We have selected those gakaxies with recession velocitics
<IS000kms -\ This provides a sample of 00 galaxics, with mean redshitt of 7600 ks !, of which
15 e members of Flamason, Mayall, and Sandage groups. The velocities quoted by Sandage &
Hardy are relative to the cente of the Local Group (based on i conrection of 300kms * toward
1=90°, b=0°). Sanlage & Har . also corrected the V magnitudes for galactic extinction, aper e
clleets and K-dimming, as well as Bautz=Morgan and tichness class. ‘The apparent magnitudes
are sufliciently bright, my<I5, that we do not expeet the Scott ellect (Scott 1957) 1o be
signiticant,

Unfortunately this simple of cluster ellipticals does not has e poud all-sky coverage, as shown in
Fig. 1. This precludes cinying out a general solution 1o find the Local Group motion welative to
this galaxy sample. However, the galaxies wie well-distiibuted in both the apex and antapes
directions of the CBR dipole veetor. Thus they are an excellent sample with which tocompane the
Aaronson et al. (1980) solution. i.c. a Local Group mation approximately along the CBR dipole
vector. Morcover, since these palaxies aie by detinition all membess of clusters, they e a
pasticularly appropriate sample with which to compare the Awmonson ef al. (1980) cluster result.

We have used the type of analysis pioncered by Rubin ¢ al. (1970). In this approach. one
determines the motion of the Local Group relative to i mean Habble Hlow defined by the sample
of galaxies under studv. 'Lhisis done by calculating the Hublble Modulus, HM, from the measwed
magnitudes and redstults for cach galaxy, where

HM=log 1, —0.2m. (h
The mean Hubble Modulus for the whole sample should cyual
(HM)=:log #,-0.201 -5, (2)

where Mis the absolute magnitude of the standard candles comprising the sample. This essen-

Large-scale streaming of cluster elliptical galuxies S5

Figure 1. The sky distiibution of the 60 Sandage & Thudy fisst ranked cluster ellipticals used in this analysis, in
galactic coordinates, The apex and antapex directions of the CBR dipole are indicated.

tially sets the Hubble flow for the sample, overcoming the need to know explicitly the Hubble
constant and the absolute magnitude of the standard candles used. Recession velocities can be
predicted for cach galaxy, assuming isotropic Hubble flow, from:

Py 10RO+ UIND) )

We then calculate velucity residuals, o,,,— vy, Asin previous work, anattempt is made to fit these
velocity residuals (which are eliectively peculiar imotions of galaxies relative 10 the mean flow)
with a dipole term, as would be found if there were motion of the Local Group relative to the
galaxy sample.

‘The solution was found by pertorming a minimization of the quantity:

=Y {I!r"(i)--u,_,,‘(i)|.~-u,,i cos ll(i)}2 ‘ “)
o(f)

where vy (i) is the recession velucity of the ith galaxy, calculated from equation (3); vaw(i) is the
measured recession velacity of the ith galaxy; 0(i) is the angle between the line-of-sight to the ith
galaxy and the CBR apex direction, 1=272°, b=30"; a(i), the weighting given to the ith galaxy, is
the error in vy(i).

Minimization of y? solves lor ¢ ;. the component of the motion of the Local Group relative to
the sample of galaxizs. Each point in the summation is given a weighting inversely proportional to
its measured recestion velocity. This weighting is based on the assumption that the error is
dominated by magnitude errors which are the same for all galaxies, giving a fractional error in vy
that is proportional to the distance of the galaxy. This weighting reduces the effective redshift of
the sample to 5400 kms™, Solutions were also obtained in which all points had equal weighting.

3 Results

I Table 1 we prescnt a vagiety of solutions for i, the component of the Local Group motion
relative to the galas y sample. Columns 2 and 3 give the minimum and maximum redshift for the
subsample used, column 4 gives the weighting used in the solution, and column 5 lists the effective
redshift for this weighting, ‘The number of galaxies in cach subsample is given in column 6. The
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componcnl of Local Group mation along the CBR dipole, telative to the whole sample of 60
galaxies, is = 12105 kms ' dine Vin Fable 1) The cooris the tommal statistical crror in the
minimization procedure. under the assumption of normally distiibuted errors in the velocity

residuals. Since this assumption may be fulse. we have done sepeated solutions with a constant
fraction of the galaxies omitted at random. ‘These solutions have a scatter of approximately
10 kms 1, consistent with the above estimate. Thus any non-Ganssian component in the errors
must be small,

A lower limit to the expected error in the solution can be derived from the individual errors
arising from the dispersion of the t minosity indicator. For a sample of 60 galaxies with a mean
redshiftof SStOkms and hraction: airorin velocity per galaxy ol L percent, the expected enror

is ~100kms L Thus, the criors lound above are indeed reasonable. This is confinmed by the
reduced chi-square y*=-47/58, indicating that the solution we calealate is a reasonable fit to the
data points under the assumed errors.

Ve have carried out several other solwtions using the same dita set. Table 1 lists the most

important of these, and illustiates the essential robustiess of the wain result preseated above.

Fable 1, Solutions fog 4y, discussed in the teat.

Solution ez (min} 2 (max) Weighting ez iy N [
(ks 1) thins 1) (hns Yy (kms 1)

| 1] 1500K) Redshilt Stn o -12 105
2 0 7500 Redsluin s R} BRLERIIY
] 0 1S40 Equal 700 ] =2054220
4 0 15000 Redshin SN s KL 125
s NELT) 154000 Redshin ONOG S5 =371 140
o {] 15000 Redshin Stur o 91135

*Virgo clustes omittesd rom solution.
*Solutions using maganudes not conected for cluster vichness aud antz- Morgan cliss,

Reducing the outer redshilt limit to 7500 Kms ¢ (line 1) does not cliange ey signilicantly, il
unweighted solutions such as thatin line 3, while noisicr, ae still consistent with our weighted
solutions (o within ~lo. We are not unduly alfected by the presence ol nearby clusters, as
indicated by the effect of excluding Virgo (solution 4), which is the most inlluential cluster.
Excluding all the clusters within ez<2000kms ', o minimize the etteets of the Local Superclus-
ter, does not change the result siguilicandy (solution 5).

Solution 6 givenin Table 1 was canicd out to cheek the eftect of the Sandage & Hardy richness
and Bautz=Morgan class conections on our solutions. For this solution we used galaxy magni-
tudes which were not corrected for Bautz-Morgan and richness classes. Since the efiect of these
correctionsis to reduce the seatter about the mean Hubble line lor these gadaxies, they will tend 1o
reduce galixy peculian velocities and could theretore tend ta foree the result we actually tind, zero
streiming of galanies ietative to the Local Group, Suchanetfect will however be weakened by the
tact that the corrections ane detined onan all-sky basis and thus should not have a very marked
clfect onamisotropies correlated with position aronnd the sky. We confirm tiat this is the case.
sinee solution 6 is not signiticantdy Nitlerent tiom the other solations.

4 Interpretation as evidencee lor stre

ing notions

Irehe galaxy sample were atrestwith sespeet to the CBR.we should have detected a Local Group
motion equal to thatintersed hom the amplitade of the dipole vination in the CBR emperatine
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around lhc sky. We adopt a best value for the Local Group motion relative to the CBR of
610£50km s ! (Lubin &: Villela 1980), a well determined value that would be large enough to give
an casily detectable Local Group motion. Clearly we do not find this. We therefore interpret this
result as evidence for o net motion of the galaxies with respect to the CBR, which gives the
velocity component of e cluster ellipticals along the CBR dipole axis of 610£116kms™,

We have investigated whether Malmquist bias could be respouasible for this apparent motion by
comparing the redshift distribution of galaxies in the apex and antapex directions along oyr
chosen axis. There is indeed an anisotrapy, which could lead to a systematic bias if there were
apparent magnitude selzction criteria used in defining this sample. However, the mean redshiftin
the apex direction, 63 kms~*, is smaller than that in the antapex direction, 8100kms~!, which
should tend to produce an apparent motion relative to the CBR frame in the opposite sense to that
which we measure. Ini ny case, we would not expect significant Malmquist bias for this sample,
which is selected on the basis of cluster membership, rather than solely in terms of apparent
magnitude. ‘This is confirmed by the Hubble diagram presented by Sandage & Hardy (1973),
which appears. highly Jinear and extends to a considerably greater depth than the subset of
galaxies we use.

5 Discussion

The interpretation given above is that there is a net motion of the clusters themselves of
~610£116 kms! in the direction of the CBR dipole anisotropy. The effective depth of this
sample, for the weighting desciibed in Section 3, is 54 /7' Mpe, which makes it one of the mast
distant galaxy samples that has been used for anisotropy studics. As indicated in the Introduction,
the two carlier studics of the Hubble flow on comparable scales are those of Collins et al. (l9h(»)
and Aaronson ¢t al. (1980). .

Aaronson ¢f al. (1966) exanmined the velocity residuals of 10 clusters in llxe redshift r:mge
AU00<cz<I1 00O kms™ , giving am ctlective depth of ~605 ' Mpc. They reduced the error in the
distance modulus to cach cluster to ~06 per cent by obtaining photometry on 10-20 galaxics in
cach cluster, giving thea very aceurately measured velocity residuals, Fitting a velocity dipole to
these velocity residuals, Aaronson ¢ al. found i vy of 7502 188 km's™! towards [=255°, b=18°,
aresult which is consistentwith these clusters being at rest with respect to the CBR. The velocity
dilference between the Aaronson solution, projected along the CBR dipole axis, and our cluster
result is 7358215 kms™ ' This difference is statistically significant at 3.4o.

The reason for the disciepancy between our result and that of Aaronson et al. (1986) is unclcar.
Both studics are sampling clusters ina similar redshilt range. Since there are only cight clustersin
common and the errer on the distance modulus for any one cluster elliptical is typically
~1000 kms !, a statistical comparison between these cight clusters is not useful. Perhaps the most
significant ditference between the two studies is the number of clusters used in the analysis. If, for
example, there are cluster peculinr velocities as large as the 1000-2000 kms~! found by Bahcall,
Soncira & Burgett (1980). averaging over alarge number of clusters should reduce such peculiar
velocitics and provide a more reliable estimate of any underlying net streaming velocity.

Collins et al.. (1980) argucd that their infrared measurements, and use of a third variable as a
luminosity indicator, confirmed the *Rubin—Ford effect’. ‘They then interpreted it in terms of
L ge-scale streaming, wcltive 1o the CBR, of ~970kms ' towards [=305°, h=45°. The compon-
ent of this velocity in the direction ot the CBR dipole anisotropy is ~790kms=*. This is in good
agreemeat, within the errors, with the component of the sticaming motion found for the first-
ranked elliptical sampl:. ‘These two galaxy samples ine completely independent and probe very
diffeient environmentz | regions of the Universe. This makes the consistency of the results even
wore striking and difticalt to explain in tenns of intinsic variations in the properties of galaxics
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Figure 2. A comparison of the component of the Local Group motion relative to various galaxy samples, along the
direction?=272° b= 3. The chatacteristic depth of cach galany sample used is plotted along ahe horizontal axis. and
the velocity of the Local Group ickative to the CBR, with the Lo ersors, s indicated by the line at the top of the
diagram. Points are labelled to indicate the studies by (A) Awtonson et al. (1980): (C) Collins et al. (1986); (D)
Dressler er al. (1987): and solutions | and 3 trom this study, (1) and (3).

across the sky. ‘The most plausible i srpretation is that sich clusters of galaxies also participate in
the bulk flow that has been reporter “or spiral galaxies on simibar spatial scales.

Dressler et al. (1987) find o streaming motion of 600104 ks M towards [=:312°, b=6°, for
~300 elliptical galaxies with i mean elfective redshift of =-3000kms ', This means that these
cllipticals must have a velocity component along the direction of the CBR dipole of ~430kms-*.
Thus this sample gives a sticaming result in agreement within ~ Lo with those for the two lasger-
scale galaxy samples.

Fig. 2 illustrates the component of LG motion determined in these studies and the present
work, plotted against the scale of the galaxy sample used. “The general agicement between the
cluster ellipticals result amd those of Collins ef al. (1980) and Diessler et al. (1987) is clear; the
Aarouson ct al. (1986) result alone is discsepant.

‘The confirmation of strcaming on scales of order 100/ "Mpe has important consequences fo
presentideas on the formation of targe-scale structuie, and in panticular tor the natuie of the dark
matter component which scems to dominate the mass density. For example, it is difficult to
produce such large coherent motions on these scales in the currently popular models in which the
mass density is dominated by i cold dark matter component. This dilticulty is one of two problems
facing the ‘standind” cold matter seeniio for the formation of Lige-seale stiucture. The other is
the kuge cluster—cluster conelation length compared to that observed for galaxies. Tn both cases
the fundamental problem for cold dark matter is that the predicted coherence length for the
matter at the present epoch gives rise to insutficient lyrge-scale power (Dekel & Rees 1987). This
suggests that investigation ol alternative models, perhaps involving particles with lager damping
scales (such as massive neuttinos), or models which give incieased power on large scales, miy be
profitable.
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Recent star formation in interacting galaxies — I11.
Evidence from mid-infrared photometry
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Summary. In Paper | we used JHKL photometry of a sample of interacting
galaxics to argue that intcractions induce a burst of star formation in the nucleus
of one member of the interacting pair with nearly 100 per cent efficiency. We have
followed up this result by mid-infrared (10 and 20an) observations of a large
{raction of this samplc. We have added to these resullts existing mid-infrared data
in the literature to obtain a comprehensive picture of the evidence for mid-
inlrared activity in the nuclear regions of interacting galaxics, We show that this
information, combinced with radio and optical data, provides a consistent picture
of interaction-induced bursts of star formation in the central regions of these
galaxies. Using a simple analytical starburst model we derive some of the
quantitative features of these interaction-induced starbursts: they are unusually
efficient in using available gas, and the initial mass function is heavily biased
toward massive stars. The supernova rate and radio luminosity implied by this
maodel are consistent with the observations. Finally we stress that, if the observed
rate of interactions is representative, interaction-induced starbussts are likely to
have occurred in the evolution of most galaxies. Such events may be related to
other forms of activity in galactic nuclei.

1 Iniroduction

The Jiscovery of highly energetic ‘activity’ in the nuclei of galaxies has been one of the highlights
of modern astrophysics. The detailed elucidation of the properties and physics of this activity inits
various forms continues to be a major endeavour. The spectrum of this activity runs from almost
‘normal’ spiral galaxies through Seyfert and radio galaxies to the quasars. Although there is as yet
no consensus about the nature of this activity in galaxies, proposals for the underlying energy
sour:e have generally condensed around two mechanisms: thermonuclear energy generated in a

*Now al UK Infracd “Telescope, 665 Komohana Succt, tHilo, Hawaii Y6720 USA.
tNow at Department of Physics & Astionomy, Glasgow University, Glasgow G12 8QQ.
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recent burst of star formation (‘starbursts’), or gravitational energy released as matter aceretes
on to a compact object (‘monsters’, ¢f. Gunn 1979).

Nuclear activity in galaxics frequently ninilests itself by enhanced luminosity in the mid- and
far-infrared (wavelengths 10-100m). The quasi-thermal comtivuum spectra, peaking at
~100an, which characterize several classes ol galaxies are generally atributed 1o emission from
dust which has been heated by the radiation trom O3 type stars formed inaorecent barst of star
formation (¢f. Ricke & Lebolsky 1979). However, the dust could equally well be thenmalizing
hard sadiation from a central non-thermal sousee. Moreover, the continunm spectra of sources
generally thought to be non-thenmal, such as Seyfert 1 galaxies and quasins, often exhibit a
steeply vising power-law spectium between the visible and radio aegions of the spectrum
(Lawrence etal. 1985). Thus, mid-infrared photometry provides an importaut datum in investiga-
tion of the energetics and emission mechanisms associated with starbursts and * monsters” in the
nuclei of galaxics.

Interacting galaxies are a scminal class ol palaxies to use as a laboratory in which to study the
physics of both of these processes. 'The tidal ellects of interactions result in substantial redistribu-
tion ob material into deeply plunging orbits in and betweea the participating galaxies, and this
nuerial could fuel a burst of st formation, feed a “monster”’, or both (¢f. Toonmre & Toomre
1972).

There have been several studies to investigate nuclear IR activity ininteacting galaxics (of.
Joseph 1Y86). Joseph etal. (1984, hereatter Paper 1) found from JHK L photometry of a sample of
44 interacting ealaxies that, for ~85 per cent of the sample, one meniber of every pair showed a
K-1. excess i icative of a steeply risine Eo-IR continuum spectrum. Lonsdale, Persson &
Mathews (1984) presented mid-1R photometry foragroup of Flinteracting and mesging galaxics,
showing that all of them have the vising continumn spectra typical of starburst palixies. ‘They also
argucd that at least a third of the galaxics detected in the JRAS *Minisuss ey’ e interacting or
merping galaxies. Cutri & McAlary (1983) detected 13 galaxies (>30) at 1han in o complete
sample of 39 intevacting pairs. Inall of these 1R studies the authors argued that stibursts, fuelled
and triggered by the interaction, were responsible for the large IR luminosities Joseph & Wright
(1985, hereafter Paper 1) also investigated a particulindy interesting subset ot interactions: those
in which two dise galaxies have lost their individual identities and have coalesced into a single
object. They showed that the [0am luminosities of these mergers were about an order of
magnitude larger than those of Seyfert gakaxies, and two orders of magnitude Gager than classic
starburst galaxies. The IR, optical, and radio evidence they adduced demonstrated that *super-
starhursts” of exceptional luminosity and spatial extent were present in these gakaxices.

We have now carried out mid-intrarcd (10 and 20zm) observations of a number of the
intevacting galaxies identified in Paper |as likely to have a large 10 excess fiom their K-L
colouss. In addition we have collected from the literature all the other mid-IR photometry of
which we are aware on interacting galaxics. Thus, we aim to preseat a comprehiensive review of
the cevidence tor mid-IR activity in interacting galanies. We emphasize that the data presented
and discussed is tor the central few aresecin these palaies, and itis therefore inappropriate to call

on data obtained with the fnfrared Asvonomical Swellite (IRAS). In fact. in many cases, the
IRAS apertures, of several aremin, include hoth members of i interacting pair of galaxics. We
show in Sections 4 and S how the combined TR, radio. sand optical dativavailabhe tor this ssunple of
interacting galaxies provide a consistent pacture of interaction-induced bursts o star tormation in
the central regions ol these galaxies, and we will apply a simple stisbuist model o derive some of
the quantitative features of this stirburstactivity . Finally, we willindicate the imporntance of these
interaction-induced starbursts for the evolution of most galaxies, and the origin ol “monster-type
activity in panticular.

By way of nomenclatuie, we use "nuclein” todenote the cential few aresecin the galanies under
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discussion. This encompasses regions up to a few kpein some of these galaxies, much larger than
the ‘nucleus’ often associated with non-thermal eraission in Seyfert galaxies, radio galaxies, and
quasars.

2 Observations and data reduction

These observations were made at the 3.8-m UK Infrared Telescope (UKIRT). Within the
cons raints imposed by sensitivity, observations were made of same of each of the morphological
types of intevactions discussed in Paper I, The 10 and 20um measurements were made at the
location of the peak of the emission at K. (tlowever, due to instrumental complications itis likely
that he IR beam was not fully centred on the source when the 104m measurements of NGC 4088
and 2445 were made.) The aperture used for each observation is given in the table of results.
Large chopper throws, typically 20-10arcsec, were used to minimize the likelihood of chopping
within the source. . )

Celibration stars were observed before and after each galaxy to monitor changes in extinction
and sensitivity during the night. ‘The standards used were BS 2990, 4069, 6406 and 5340, whose
magnitudes at 10and 204m are listed in Gehrz, Hackwell & Jones (1974). The uncertainties due

Table 1. (a) Detections of interacting galaxies.

Galaxy Aperture 10pm F.D. 20pm F.D. X-L Colouwr

NGC  Arp aly nJy .

1614 186 5 480 ¢ 35 1.1 % 0.1

2623 243 4 80 £ 12 460 + 70 0.8 0.4

2198 283 8 520 + 104 191 ¢ 260 0.69 ¢ 0.04
5 190 £ 18

3221 94 8 313 ¢ 63 726 ¢ 123 0.81 & 0.03
5 330 £ 14

3627 N7 L] 7 212

3786 294 8 4t 2 18 0.63 ¢ 0.06

4038 2uy? 5 us5 ¢ 12 341 2103

o8 18 8 60 t 22 0.62 ¢ 0.06

5394 B84 y 14 2 20 0.5 2 0.1

5930 90 8 147 ¢ 35 774 £ 154 0.63 ¢ 0.06
5 112 ¢ 25

6240 4 124 £ 15 1100 ¢ 120 . 0.83 + 0.03

tObservations were made at *Koot B' in Rubin, Ford & D'Odorico (1970).

(b) Upper limits for galaxics.
Galaxy Aperture .30 10um
NGC  Arp  (arcsec) it (mdy)

2445 143 8 90
3396 210 8 96
5258 240 8 96
5929 90 8 .99
6052 209 S 180
AIT18 102 5 60

+49B
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1
to Nux calibiation are negligible compaied to the statistical crrors in the measwcments.
Corrections for atmospheric extinction were not made since these are small compaied (o the
statistical errors, Some f the galaxies weie observed more than once through the same aperture,
either on diffcrent nighas in the same observing run or on a subsequent run. No differences larger
than the errors were found betwecen the measurenients.

Altogether 17 of the K-L excess galaxics in Paper [ were obseived at 10m, and of these 11
were detected. The upper limits for the six non-detected galaxics are in no case stiong cnough to
be inconsistent with the IR excess inferred from the K-L colours, The reduced data for the
detected galaxies is presented in Table 1(a), while 3o upper limits for those galaxies abserved but
not detected are listed in Table 1(b).

For those galaxies in the sample with additional 104m observations now available in the
literature, the independent measurements are compared in Table 2. With the exception of
NGC 1614, all of the results agree within the errors quoted, and no systematic differences, exeept,
perhaps, some aperture effects, are apparcat. For NGC 1614 our [0um photometry was obtained
at the position of the K-peak measured from a guide star. Futther observations at different
positions suggest that the emission is extended and probably not coincident with the peak of the
emission at K. The total lux in our map (¢f. Section 4.2 below) is consistent with theie being a
centring difference between our measurements and the others in Table 2.

Table 2. Comparison of UKIRT photometry with other observations.

Galaxy Aperture 10um F.D. Relerence
NGC  Arp  (arcsec) (ndy)
1614 186 5 480 £ 35 This work
8 630 ¢+ 20 Lebofsky & Rieke (1979)
4.5 840 ¢ 50 Lonsdale et al. (1984)
2623 243 y 80 2 12 This work
4.5 93 & 12 Lonadale et al. (1984)
5.5 105 ¢+ 9 Lonadale et al. (1984)
3627 N7 4 Tt This work
5.7 110 ¢ 22 fileke & Lebofsky (1978)
3186 294 8 41 ¢ 18 This work
6 52 ¢+ 6 cutri & McAlary (1985)
5394 84 ] 14 g 20 This work
6 187 1 62 Cutri & McAlary (1985)
5930 90 8 147 ¢+ 35 This work

6 155 ¢ 23 Cutrl & McAlary (1985)

P .
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3 Data in the literature
. i . R AP .o
In addition to :he IR studics of interacting galaxies mentioned in the ]nlroduclio‘p, a number of
interacting galaxics hive been observed as part of other observational programmes. Table 3
summarizes the 104m photomelry of other interacting galaxies which will be used in the following
discussion to supplement our results in Table 1. Data from the literature presented in Table 2 are
not repeated in Table 3. Galaxies are only included in this sample if they obviously fall into the
types of interactions selected for Paper 1. For examiple, those galaxies in the Arp (1966) Atlas
which resemb ¢ dusty spirals with no obvious companions are not included even if 10xm
observations are available. With these additional data we have a sample of 39 interacting or
merging galaxies with 104m detections in 5-8 arcsecapertures. In the following discussion we will
use this sample, summarized in Table 5, o investigate IR activity in the nuclei of interacting
galaxies.

‘Table 3. 10 obscrvations of interacting galaxies in the literatuse,

Galaxy Aperture 10um F.D. Reference
NGC  Pair'  (arcsec) (mJy) ,
520 A57 5 460 Condon et al. (1982)
2341 K125 6 65 + 8 Cutrl & McAlary (1985)
2342 K125 6 65 + 8 Cutrl & McAlary (1985)
2445 A143 h.5 . 68 ¢13 Lonsdale et al, (1984)
U3395 Kiuo 6 971 =+ 9 Cutri & McAlary (1985)
2964 K210 6 110 £ 11 Cutri & McAlary (1985)
2992 A2uY 4.5 255 & 12 Lonsdale et al. (1984)
3256  Vv6y 15 1700 2150 Graham et al. (1984)
3310  An7 map 1000 Telesaco & Gatley (1984)
3395 A270 6 26 ¢+ 9 Cutr{ & McAlary (1965)
" 3396 A270 6 55 ¢ 7 Cutri & McAlary (1985)
3656  A15% 5.5 31+ 6 Lonsdale et al. (198Mi
3690  A296 5 1000 Gehrz et al. (1983)
3800 83 6 8+ 7 Cutrl & McAlary (1985)
3808A  AB7 4,5 50 ¢ 11 Lonsdale et al. (1984)
. ho3s auy? 4.5 36+ 8 Lonsdale et al. (1984)
4194 A160 6 320 + kS Rieke & Low (1972)
4438 Ar20 4.5 33+ 8 Lonsdale et al. (1984)
4568  K3u7 8 62 ¢t 19 Cutrl & McAlary (1985)
5194 ABS 9 50 ¢+ 5 Telesco et al. (1986)
5929 A90 6 43 1 14 Cutri & McAlary (1985)
1c883  A193 5.5 154 ¢+ 9 Lonsdale et al. (1984)
5953 A91 6 64 ¢+ 10 Cutry & McAlary (1985)
1C4553  A220 total 480 Soifer et al. (1984)
7469  A298 . 5.9 600 ¢ 40 Lebofsky & Rieke (1979)
T4 A284 6 250 ¢ 40 Rleke & Low (1972)
7752 86 12 116 ¢ 82 Cutrf & McAlary (l§85)
7761 K592 8 119 ¢ 20 Cutri & McAlary (1985)
YA is the number of the Arp pair and K denotes ber in the Karacl v

(1972) catalogue.
Position M in Rubia et al. (1970).
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4 Resulls

4.1 ENERGY DISIRIBUTION

Examples of the continuum spectra of the interacting palaxies for which more than oue point is
available are plotted in Fig. 1. Despite the varying degrees of completeness of the spectra it is
clear that they are all very alike, with a steep mid-1R rise similar to that of NGC 253, which is also
shown in the figure. These spectra, which must peak in the fur-IR, are characteristic of the
thermal radiation (rom dust grains which ae at a range of temperatures. Such spectra are also
commonly obscrved from galactic regions of star lormation. Continuum spectra with these
features for galactic nuclei are therefore generally assumied to be indicative of a recent burst of
star formation, with the ultraviolet radiation from massive early-type stars thermalized by dust
and re-radiated in the IR (¢f. Ricke & Lebolsky 1979).

4.2 SPATIAL EXTENT OF THE IR EMISSION

The starburst interpretation proposed above can be distinguished from thermal IR emission due
to dust heated by a compact central source (such as the nucleus of a Seyfert gataxy) by measuring
the extent of the mid-IR < mission. Simple considerations of encrgy balance show that if a dust
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Figure 1. Continuum spectra of interacting and merging galinies. The spectsum of the stasburst galaxy NGO 253 (+)
is shown for companison. Symbols denote NGC 0240 (@), S394(11), 2798 (A). 1614 (W), SYIV(A), 4038 (), 2023
(@), 3227 (0). 3786 (O} The mid-IR datais from Table § () with additional points at 2040n for NGC 161 hlom
Lebolsky & Ricke (1979) and for NGC 3786 from Cwiti & MeAbay (1985). The radio data is tahen iom the
refercnces listed in Jable 8.
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grain of radius ~0. 1 g is in thermal equilibrivm with a source of luminosity L which is a distance
D away, then (¢f. Grabim ¢ al. 1983)

D=50{L(L,,)/ T3 (K)}'/ pe. ()
Thus, a dust graia exposed to a source of 1019 L, is not hot enough to radiate significantly at 10 um
(i.e. ~JODK) if 1t is more distant than a few pe from the source. Detection of spatial extent at

10z0m on scales greater tian a few pe therefore requires distributed luminosity sources. A
starburst is the obvious astrophysical description of such a source distribution, and, indeed, the
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IR emission from starburst galaxies is characterized by spatial extent on scales of hundieds of pe
(¢f- Ricke 1976). To investigate this question we have looked for evidence of spatial extent at
10um for thrce of the vrightest interacting galaxics. .

Evidence fur spatial extent at 10am in NGC 27938 and 0240 was obtained as follows. Using a
Sarcsee beam, we lirst measured the optical nucleus of NGC2798 and on the peak at K for
NGC6240. We then repeated the photometry, moving off the central position in steps of
0.75 aresec. To minimize the systematic etfects of any positional drift, successive measurements
were made alternately on opposite sides of the nucleus. When obtaining these measwiements
along the cast-west direction, we chopped in the nosth-south direction, and vice versa. Fig. 2
shows the measurements for NGC2798, compared to identical scans for a star (i.e. the beam
profile for an untesolved source), and Fig. 3 shows similar scans for NGC 6240,

NGC2798 is clearly extended both at 10 and 20m. While the result for NGC 6240 is more
marginal, the galaxy points do show a teudency to lie above the beam profile. The signilicance of
the evidence for spatial extent was estimated by companing the sizes of the error ellipses on cach
point with the distance of the point from the beany protile. The significance of each point was then
summed in quadiature to give the overall signilicance of extent for cach scan. The north-south
scans of NGC 2798 at both 10 and 20m are kuger than the beam profile at the 4.50 signilicance
level, wheireas the scan for NGC 6240 is L ger at the 3o level.

We have also explored the likely size of the sources by convolving the beam profile with a top
hat function, varying the height and width of the latter (o derive the convolved profile which gives
the best fit to the galaxy scans, "Fhis gives souice sizes of ~4aesec.

‘Table 4 sununarizes the results of less detaited mapping of NGC 1614 and 3227 using a 5 arcsec
beam. NGC 1614 is extended to the south and east. Such a spatial distribution makes it possible to
account for the differences in flux between the measurements presented here, those of Lonsdale
etal. (1984), and those of Lebofsky & Riche (1979) (of. 'Vable 2). There is, perhaps, less stiong
evidence for similar spatial extent in NGC 3227, In osder to investigate further the extent of the
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Figure 3. A scan of NGC 621 at 10z0m compated with an identical scan of a star (continuous line). Scans weie
obtained as desaribed in Fig. 2.
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‘Tabte 4, darcsce apertuie maps of galaxics.

Galaxy Chopper Offset from ioum F.D.
throw nucleus

(arcsec) (aresec) ) (mdy)

1614 30 E-W 0,0 480 ¢ 35

3k, 0 174 £ 24

W, 0 64 ¢ 20

0, 3s 530 t 24

3E, 35 260 = 60

3207 30 N-S 0,0 330 £ 14

3,0 23 2 15

W, 0 82 £ 17

0, 3N 68 ¢ 19

0, 3 AR R4

IR emission in NGC 3227, measurements of the K-L colour in non-nuclear positions were made
using an Barcsee beam. A K-L colour of 0.85+0.23 was measured at a position 8 arcsec west of
the nucleus, which is vittually identical to the K-L=0.81 in an 8 arcsec aperture centred on the
nucleus (Papeir 1). Since K-L colour excess (where K-L=0.3 is the normal galaxy colour)
correlates well with 10aun excess (Joseph, Wright & Robertson, in preparation), these results
further suppor: the impiession that the IR emission is extended in NGC 3227,

Inthe case oI NGC 2798 the evidence for spatial extent from mapping was confirmed by multi-
aperture 10 measurements. Both beams were centred on the optical nucleus. Signiticantly less
signal was dete sted with a 5 aresecbeam, 1904 18 inJy, than with an 8 arcsec beam, 5202104 mly.

The UKIRT measurements discussed here indicate that the IR sources in these galaxies are
probably extended on scales ~4-5arcsec, which correspond to linear dimensions of 2 and 3 kpein
NGC1614 and 6240, and 8OO and 60pe in NGC2798 and 3227. These scales are clearly
inconsistent wi v heating by a single central source, and the results provide strong support for the
starburst picture.

Forsome of the other palaxies in the sample measurements of spatial extent at 10 4m have been
presented in the literature. Maps by Gebrz, Sramck & Weedman (1983) of NGC3690-1C 694
show that the Z0um cmission is extended to >6kpe in NGC 3690. Lonsdale et al. (1984) have
mapped IC882 and lind the cmission 1o be extended to the north-west. From the difference
between their large and small aperture measurcments the source must be greater than 4.5 arcsec
or 3kpe in extent. Telesco, Decher & Gatley (1986) have made a 10gm map of NGC 5194 and
they find low surface biightness emission extending more than 3 kpe. For NGC3310 the maps of
Telesco & Gaticy (198:4) show that intense 10an cmission in this galaxy extends for more than
Skpe. Maps at _Ogm are used by Graham et al. (1984) toinfer that the emission from NGC3256 is
extended over at least 4 kpe.

In summary, for nine of the 39 interacting and merging galaxies detected at 10um, therc is a
good indication of spatial extent on scales > 1 kpe, If the dust is in thesmal equilibrium, there must
be sources distributed throughout the emitting region and so the observed spatial extent of the
IR radiation irdicates that the dust cannot be heated by a single central source. A starburst
interpretation fits much maore naturally with the data.

This interpretation of extended 10gm emission is, however, complicated by the recent
realization that very small dust grains may be present (Sellgren 1984; Leger & Puget 1984). Such
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grains can be heated to temperatures ~ 1000 K by absorption of a single ultraviolet (UV) photan,
and thus they can emit at 10am at distances considerably (urther fiom the energy source than
considerations of thesmal equilibrium would require. Such grains appear to be responsible for the
mid-IR emission from reflection nebulae (Sellgren 1984) and for the diffuse *IR cirrus’ emission
found in IRAS obscrvations (Puget, Leger & Boulanger 1985).

However, 10um emission from very small grains sunounding a Seyfert-like central cucrgy

Table 5. 10zm fuminositics ol interacting and meging galaxics.

Galaxy Distance Lo
NGC Palr (Mpc) (L@)
520 A157 46 8 x 10°
1614 A5 90 4 x 10t
23m Kich 103 6 x 10*
2342 K125 103 6 x 10°
245 Al43 " 80 4 x10°
2623 A243 110 8 x 10°
2798 A283 35 5 x 10°
U3395 K140 90 7 x 10°
2964 K210 26 6 x 10*
2992 A245 3n 2 x 10°
3227 A9Y4 23 2 x 10°
3256 50 4 x 10"
3310 A7 20 4 x 10°
3396 A270 32 5 x 10°
3395 A270 32 2 x 10* !
3627 A7 12 8 x 107
3656 A155 53 9 x 10°
3690 A299 63 4 x 10'*
3786 A294 51 1 x 10°
3800 A83 69 1 x 10*
38084 ABT 128 6 x 10°
4038 A244 9 6 x 10*
4088 A8 16 1 x 10°
4194 M b0 53 7 x 10°
4438 A1 20 12 4 x 10’
4568 K347 43 9 x 10*
1c883 A193 140 2 x 10'°
5194 10 4y x 107
5394 ABY 70 5 x 10*
5929 A%0 56 1 x 10°
5930 A90 56 4 x 10°
1C4553 A220 1o 5 x 10**
5953 A91 40 8 x 10*
6240 150 2 x 10
7469 A298 102 5 x 10'¢
T4 A28Y 59 T x 10*
7761 K59¢ 86 7 x10°
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source is unlikely to undercut the argumient advanced above. Aitken & Roche (1985) show that
the unidentified IR features at 7.7, 8.6 and 11.3am, which appear to be carried by the very small
grains (Sellgren 1984; Leger & Puget 1984), are strikingly absent in the mid-1R spectra of Seyfert
galaxies and quasais, presumably because they cannot survive the hard UV radiation field in the
central few arcsec of these galaxies. Thus extended 104m emission from very small grains seems
to be unlikely for tie case of Scyfert-like active galactic nuclei.

On the other hand, Roche & Aitken (1985) also show that the spectral features associated with
very small grains are common in starburst galaxics. Indeed, Aitken & Roche (1984) do find the
11.3 um feature to e strong in one of the merging galaxies in our sample, NGC 1614. In this case,
the small grains are likely to be located in the neutral gas at the boundaries of H u regions (Ryter,
Puget & Perault 1988), and therefore shielded from the hard UV radiation inside the jonized
region.

In summary, small grains cannot account for cxtended 10 n emission from a Seyfert-like
central luminosity source; they are apparently destroyed by the hard UV radiation field. If
mid-IR emission from small grains is present in our sample of interacting galaxies, it is likely to
arise in the neutral gas outside 1 regions, and therefore their presence will be further evidence
for starburst activity.

4.3 IR LUMINOSIHIES

In Paper I we argucd that mergers between disc galaxics produce the largest IR luminosities yet
found in galaxies. Here we investigate non-merging interacting galaxy luminosities and compare
them to the mergeis. In ‘Table § we list the 10an luminosities, computed using L,,=4xD%S,,
where L is the fuminosity at 10gm, D is the distance, and S, is the 10um flux density.

The significance of these luminosities is perhaps best appreciated by comparing them with the
10um luminosities of other classes of galaxies, as in Table 6. Known interacting galaxies have
been removed from the comparison sample of bright spirals (and are included in the interacting
group). Itis apparent that the 10an luminositics of nuclear starbursts in interacting galaxies are
about an order of magnitude larger than those in non-interacting galaxies. The comparison with
merging galaxies i cven more striking: mergers are more luminous by a further order of
magnitude, and seem to constitute the luminous tail of a distribution of activity in interacting
galaxies. Thus these data suggest that, on average, starbursts triggered by interactions are ~10-

‘Table 6. Nuclear 10m huninosilics.

Class ol galaxy ] Range (Lo) Mean (Lo) References
Interactlng 2h 4x107-7x10°* 2.5x10° This work
Merging 9 4x10°%-5x10'° 2x10t* Joseph &
Wright (1982)
Seyferts 50 4x10%-10%! kx10t* Rieke (1978)
Starbursts: 482 10°* © Rleke &
NGC253 6x10° Lebofsky (1978)
NGC2903 1x10°* ’
Bright spirals 17 10*~7x10* 2x10°* Rieke &

Lebofaky (1978)
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10(Htimes more intense than those in non-interacting spirals, and the luminosities of inergers are
comparable to thuse of Seyferts.

‘The integrated IR luinosities, Ly, within these apertres, may be estimated using the
extrapolation Ly =15L,,, (cf. Scoville et al. 1983; ‘Telesco & Gatley 1984). These integrated
luminosities will be used in discussion of starburst models in Section 6 below.

4.4 MASS—LUMINOSITY RATIOS

A useful way to parametrize the mass associated with star formation activity is in terms of the
mass-to-luminosity ratio, M/L. (For the galaxics under discussion the bolometric luminosity is
dominated by the IR luminosity.) The minimum mass-to-light ratio which can be maintained by
thermonuclear encrgy generation for a Hubble time is M/ L~ (in solar units, which are assumed
hereafter). Thus a low value for M/ L is evidence for signilicant recent star formation and implics
that the star formation must be occurring in a short-lived burst.

Rotation curves (tom which masses can be estimated are available for seven interacting
galaxics and three mesging galaxies, For all of these, vur apertures correspond to the linear region
of the rotation curve. 'The mass within the volume covered by the- 0 photometry has therelore
becn estimated [rom the rotational velocities by assuming a yx/lilorm deusity distribution

M(r)=rvi(r)/G, (2)

where M (r) is the mass within radius r, v(r) is the rotational velocity at radius r, and G is the
gravitational constant. A total mass has been estimated for NGC2798 from the 1 data of
Peterson & Shostak (1977), which gives a total mass for the pair, by assuming that NGC 2798 and
2799 are of equal mass. Upper limits for the masses of NGC 06240 and 520 were estimated by
assuming their measured line widths to be Doppler-broadened due to rotation.

Mass-to-light ratios for all these galaxies and 1cferences to the data from which the mass was
derived are given in Table 7. These ratios are all -<1 and, in coujunction with the evidence trom
the continuum energy distributions and the spatial exteut of the IR emission, they make o very
strong case for recent episoc: - of star formation.

Table 7. ‘Lhe ratio of nuclear mass 10 total IR luminosity.

Calaxy M/L Relerence
NGC  Arp (sclar units)

520 157 <0.01* Stockton & Bertola (1980)
1604 186 0.003 Ulrieh (1972)
2798 283 <0. 4 Peterson & Shostak (1977)
2992 245 0.001 Heckman et al. (1981)
3227 94 0.02 Rubln & Ford (1968)
3256 0.0V Feast & Robertaon (1978)
3396 270 0.002 D'Odorico (1970)
3395 270 0.007 D'Odortco (1970)
4088 18 0.02 Caruzzi-Meyssonnier (1978)
4194 160 0.03 Demoulin (1969)
5194 0.3 Tully (1974)
6240 <0.08" Fosbury and Wall (1979)
TT14 284 0.01 Demoulin (1968)

*Sce note in text (or method of estinating the s,
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Kigure 4. Optical cmisiion linc intensity ratios for all of the galaxics in the sample with the requircd data available.
The contours denoting ‘Tin Regions®, *Seyferts®, cte. are taken from Baldwin, Phillips & Terlevich (1979).

5 Optical and radio evidence for the starburst interpretation

If the starburst in:erpretation of the IR fluxes from interacting galaxies is correct, then these
galaxies should have optical spectra indicative of recent star fornzation. There are optical spectra
in the literature for 33 of the 39 interacting galaxies in the sample (Keel ef al. 1985; Heckman
1983; Dahari 198%; Bushouse & Gallagher 1984; Balzano 1983; Rose & Searle 1982). The
relative line intensities |On]/11f3 vessus [Nu)/Ha for 22 of these are plotted in a Baldwin,
Phillips & Terlevich (1979) diagram in Fig. 4. A further 11 galaxies have been classified in the
literature using similar criteria. In total, 21 of the interacting galaxics have relative line intensifics
similar to those found in H n regions, four ate classified as Liners, and six as Seyfert palaxies. The
four galaxies with Lincr-type spectra are NGC 6240, 2623, 3627 and 4438, and of these Keel et al.
(1985) have classifizd the stellar continuum of NGC 4438 as having a significant component due to
carly-type stars.

The occurrence f six Seyfert galaxies in the sumple, NGC 3227, 3786, 5929, 7469, 2992 and
§953, is probably not inconsistent with the number of Seyfert nuclei expected in a field sumple of
this magnitude range (¢f. Keel er al. 1985). Scyfert-like optical spectra do not rule out the
presence of a starburst since there is also intense star formation in the nuclear (i.e. the inner 1
kpc) region of sore Seylerts. NGC 1068 is a classic example of such a galaxy, and in this case
about half of the IR luminosity is provided by the Seyfert nucleus and about half by a surrounding
3kpe disc of star formation (Velesco et al. 1984; Tresch-Fienberg e al. 1987). There is evidence
that at least three of the galanies in this sample which are classified optically as Seyferts are
composites with star formation as well as Seyfert activity in their nuclear regions. Jenkins (1984)
has studied NGC 5953 in detail and linds extremely luminous extended *nuclear’ emission lines
indicative of Hu reggions as well as the compact non-thermal core. The radio data for NGC 2992
and 3227 all show a nuclear soutce extended on scales of 10-100 pe, consistent with a starburst.

Condon ef al. (1982), Hummel, van der Hulst & Dickey (1984) and others have argued that
steep-spectrnm extended nuclear riwdio sources in spiral galaxies can be explained in terms of
young supernovae i nd supernova remnants associated with recent bursts of star formation. The



L9l

14 G. S. Wright et al.

Tabte 8. Radio duta lor interacting galaxics detected at 104m.

NGC Pair Radio spectral Radio sjze! Reference

index (arcsec)

520 A157 -0.60 -~ 10 Condon et al. (1982)
1614 A186 23 Condon et al. (1982)
23M/2 K125 -1.0 E Stocke et al. (1978)
2445 AV43 22 Burke and Miley (1973)
2623 A243 -0.8 0.5x0.4 Condon {1980a)

2798 A283 -0.6 2.5x2.5 Stocke et al. (1978)

2964 K210 -0.9 E Stocke et al. (1978)

2992 A245 -8 Condon et al. (1982)

3227 A9Y -0.7 3x3 Stocke et al. (1978)

3256 vV65 -1.3 Wreight (1974)

3310 a17 -0.7 - 10 Hummel (198%)

3395 A270 -0.7 E Stocke et al. (1978)

3627 A7 -0.73 E Hummel (1980), Israel &
van der Hulst (1983)

3690 A299 -0.80 > 6 Gehrz et al. (1983)

4038 A2u4 Hummel (1980)

4088 A18 -0.77 E flummel (1980), Glola et
al. (1982)

§94 A160 -0.7 -6 Hluminel et al (1984)

4438 A120 -0.85 3-12 Hummel (1960)

4568 K347 -0.95 E Stocke et al. (1978)

1883  A193 -0.7 E Sulentic (1976),
Heckman (1983)

5194 -0.81 E Condon (1980b)

5394 ABY -0.6 5x6 Stocke ¢t al. (1978)

5930 290 -1.0 3x5 Stocke et al. (1978)

14553  A220 -0.6 1.3x0.5 Condon (1980)

5953 A91 -1.0 E Stocke et al., (1978)

6240 -0.85 -5 Condon et al. (1982)

7469  AZ08 -0.6 4x2 Stocke et al. (1978)

774 A281 -0.93 3.5x2 Condon ¢t al. (1982)

71761 K592 -1.0 ux8 Stocke ct al. (1978)

VE denotes galaxies whose radio emission has been classiticd as extended, although no size is
given.

characteristics of the radio emission from the interacting galaxy sample are summarized in ‘Fable
8, to test whether they are consistent with this scenario. For 29 of the 39 interacting galaxics
detected at 10um, the radio ~urce has been resolved and has a non-thermal spectrum, ty pically
of index (vdinS,/dy)~-0.7. ihe two most compact sources are in NGC 2623 and 1C4553, with
sizes ~(.5arcsec (Condon 1980a,b), which corresponds to ~27lpc in these galaxies. By
comparison, a typical Seyfert galaxy such as NGC 3031 has o compact radio source of size <1 pe
and a spectral index of +0.1 (Kellesman eral. 1976). Thus. the interacting galaxies clearly do not
have the charactetistic radio properties of Seylert galaxies. Their radio features are those
expected for a starbuist.
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Taken together the IR, optical and radio measurements on this group of 39 interacting galaxlcs
provide good evidence that the 1R emission from the majority of the g b-llax\cs is powered by recent
bursts of star formration. All but four of these galaxies (NGC3786, 5929, 7469, 3656) have
additional radio or optical evidence suggesting that star formation is occurring in their nuclei.
Thus itis difficult 1o avoid the conclusion that starbursts are the dominant source of the IR acuvny
in interacting galaxics.

6 Characleristics of starbursts in interacting and merging galaxies

We have showa in Scctions 4 and 5 that the IR, radio, and optical propertics, of this sample of
interacting and merging galaxics may be most plausibly understood in terms of a recent burst of
star formation. We now wish Lo investigate the quantitative astrophysical implications of this
interpretation using the simple analytical starburst models of Telesco & Gatley (1984), discussed
in detail in Telesco (1985). In these models the initial mass function (IMF), the luminosity per
star, and the main-tequence lifetime of the stars are all approximated by power-law functions of
the stellar mass. A Miller-Scalo (1979) IMF is used, and we have adopted the numerical constants
tabulated in Telesen & Gatley (1984).

6.1 STAR FORMAIICN RATES

We consider the formation of OB A stars in a starburst with a constant star formation rate that has
proceeded for a suf iciently long time so that equilibrium has been established and the death and
birth rates of massive stars are cqual. The total luminosity of the starburst is related to the
formation rate of OBA stars (1.6-60M) by

dM/di~2X10-WL, (Mo yr ). . 6]

For the values of Ly, typical of interacting and meiging galaxies (¢f. Table 5), the 1SM is being
coaverted into carly-type stars at phenomenal rates, ~1-100M, yr =4, By comparison, the star
formation rate in the Galaxy, cstimated from observations in the solar neighbourhood, corres-
ponds to ~0.003A1, yr¥inaregion ~1 kpe in diameter (¢f. Miller & Scalo 1979). Our estimated
star formation rates would incicase by a factor of ~2 if a starburst age ~107 yr had been assumed
instead of OBA star formation in equilibrium. Extending the IMF to 0.1 Mg would require a rate
of conversion of gas into stars of all mass ranges a factor of ~3 times higher still,

6.2 DURATION OF THE STARBURN S

The mass-to-light ratios provide a powerful constraint on the length of time during which the star
formation rates derived above can be maintained, since the starburst will eventually consume all
of the available gas. All of the M/L ratios in ‘Table 7 are very small and imply short-lived
starbursts. ‘Fhe net rate of consumption of interstellar material in the formation of OBA stars,
M, can be estimated from equation (3) by assuming that massive stars ultimately return ~75 i)cr
cent of their mass to the 1SM. "Then

AMfdi~SX10 -1 L (Mo, yr o). : ()]

17 10 per cent of the galaxy mass is gas, then the maximum duration 7 of the starburst is given by
TdM /di=eM/10, vhere Mis the galaxy’s mass and € is the efficicncy of conversion of gas into
stars. Then

T=2X10%M/L,,  (yr). )
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The M/ L ratios of the interacting and merging galaxies thus imply that their interstellar gas will be
consumed in very short time-scales, ~5% 10e=108 yr. For most of the galaxies then, if the starbuist
is to be maintained for periods > 107 yr, fresh material must be supplicd to the nuclear region on
this time-scale. The duration of a starburst nucleus must depend on the balance between
interaction-driven infall of material and the outflow which will result from the large number of
supernovae produced in the burst. Given the large fraction ol interacting galaxies with starbust
nuclei, itis evident that the interaction is continuing to supply fresh material for star formation on
thesc timescales. In addition, the star formation ctliciency must be much greater than the ~5 per
cent observed in molecular clouds in the galaxy (Cohen & Kuhi 1979).

6.3 STARBURST INITIAL MASS FUNCTION

Since most of the mass ol the starburst is in stius at the low-mass end of the IMF, the total buist
mass is a sensitive function of the lower mass cut-olf, ‘Thus the M/ L ratio can be used to constiain
the lower mass cut-off to the IMF if the age of the starburst is known (¢f. Ricke e al. 1981). We
can use the following order of magnitude argument to set i lower limit to the starburst age. If the
non-thermal nuclear radio emission is interpreted as arising from young supernovac and
supernova remnants associated with the starburst, then the stasburst must be sulficiently aged for
a significant number of supernovae to have formed. Heacee the starbuest ages are >107yr (f.
Kronberg, Bicrmann & Schwab 1985). This age may then be used to cstimate the mass of stas
formed in the starbursts in the interacting and meiging galaxics.

In order to limit the lower mass cut-off to the IMF, an estimate of the mass of stars formed
during the lifctime of the starburst for different lower mass cut-offs is needed. For a Mitler-Scalo
IMF extending from (.1 to 60 Mo, 60 per cent of the mass is in stars less massive than 1.6 M., and
93 per cent in stars with mass : below 10M,, (Telesco 1985). Since these stars have lifetimes
longer than or of the order of e starburst age of 107yr, a good estimate of the mass of stius
formed in the burst can be obtained simply from the star tormation rate and the duration of the
burst. Telesco (1985) has caleulated the gquantity 1. -V dM/dt as a function of the starburst age and
lower-mass cut-off to the IMF {or the starburst models discussed above (i.e. a constant star
formation rate). His results for a 10%-year-old starburst are used with the starburst luminosity (o

Table 9. Starhurst masses compared 1o nuclear masses.

Galaxy Nuclear Mass Accumulated Starburst Mass
NGC - ("e) Lower Masa Cutoff (M)
0.1 0.8 1.6 3.2 6.5

520 1x10* 1x10° 7x10* 5x10* 3x10° 1x10°*
1614 2x10°? 6x10° hx10? 2x10° 1x10° 11121
2798 3x10'* 7x10* 4xig* 3x10° 2x10° 9x10’
2992 5x107 ax10* 2x10° 2x10° 1%10° 4x10”
3221 ux10® 2x10* 1x10* 8x10” 5x107 2x107
3256 6x10°* 6x10° 4xio* 2x10° ix10° 1512:
3396 2x107 7x10” ux10’ 3x10” 2x107 8x10¢
4088 3x107 2x10” 1x107 8x1Q* 5x10* 2519:
h19y 3xi0® 1x10° 6x10* ux10* 2x10* 1x10*
5194 2x10* 6x10% 4xl10¢ 2x10* 1x10¢ 5x10*
6240 5x10'° 3x10° 2x10° 1x10° 7x10* 4x10*
YARL] Ix10° 1x10° 6x10°* "x10° Ix10* 1519:
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estimate the total mass of stars fuormed in the burst for the various lower mass cut-offs to the IMF.

The results for lower mass cut-olls 0f 0.1, 0.8, 3.2 and 6.5 M, are compared to the masscs of the
galaxy nuclei in Table 9. For all except NGC2798 and 6240 (for which only poor limits to the
nuclear mass arce available), the total burst masses are about the same as the total mass estimated
for the starburst regions, if the IMF extends to 0.1 Mg, However, the starburst mass cannot
account for all of the observed mass in the nuclear regions since the galaxics must also have the
normal evolved stellar population. If the fraction of a disc galaxy's mass in gas is ~10 per cent, it is
difficult to imagine :hat the starburst mass could be more than 10 per cent of the observed nuclear
mass (and this wculd require ~ 100 per cent clficiency in converting gas into stars). In Table 9 the
tabulated mass which is nearest to 10 per cent of the observed mass is underlined for cach galaxy.
It is evident that, for all except the two galaxies with poor mass estimates, the lower mass cut-off
to the IMF must be ~3-6 M., il the starburst mass is ~10 per cent of the total mass.

This simple analysis suggests that, like the canonical starbursts in NGC253 and M82 (Rieke er
al. 1980; Kronberg er al. 1985). the extremely luminous starbursts found in interacting and
merging galaxies have the remarkable feature that the star formation s restricted to massive stars.
Apparcntly the star formation induced in the nuclei of interacting galaxies is both extremely
cfficient and biasec towards massive stars.

6.4 SUPERNOVA RATES

‘The starburst model for these interacting galaxies can be further investigated by calculating a
supernova rate from the IR observations. Type 1l supernovae, which evolve from stars more
massive than ~10 M,,, are a direct consequence of a starburst. For a starburst with a constant star
formalion rate, such as those discussed above, and which is sufficiently evolved (~107yr) for
supernovae to have occurred, the rates of formation and destruction of OB stars will be in
cquilibrium. The supernova rate should then be approximately equal to the star formation rate
for these types of stars.

Using the model »f Telesco & Gatley (1984) fur a starburst >107yr old and an IMF extending to
1.6 M, as before, we find the number of stars more massive than 10 M, formed per unit time is

dM(OB)/di~4X 1012 Ly, (M yr-1). (6)

The total IR lumincsity may be extrapolated from the 104an lux density, S,o. Substituting these in
the expression above gives the supeinova rate R estimated from the rate of formation of massive
stars: '

R~5X10-7DS,, (yr ). . . ©)

In terms of the 10m luminosity of the galaxies, R~6X 10-'* L, yr='. For the 10 4m luminosities
of interacting and merging galaxics in Table 5, which range from 4x 10°-5x 10" L, the corres-
ponding supcrnova rates will be ~0.003-3 yr=!. Such rates are not unreasonable compared to
estimates of supernava rates derived from the radio observations of supernavae in M82, ~0.2 yr-!
(Kronberg 1985), but they refiect the increased IR luminosities and hence star formation rates of
the interacting galaxics compared to other starburst galaxies. '

We noted above that for most of the interacting and merging galaxies detected at 10um, the
radio emission has :he spatial extent and spectral index expected if it arises from the supernovac
and supernova remnants associated with the starburst. Since the 104m luminosity is a measure of
the number of massive stars fosmed in a starburst, and the radio flux density is proportional to the
supernova rate, which is also a lunction of the number of massive stars, the starburst interpreta-
tion of the radio eniission implics that there should be a correlation between the 10im and radio
flux densities. Fig. 5 is a plot of 100m luminosity against luminosity at 1413Milz for all the
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Figure 5. The correlation between HR (Hhan) and sadio (1413 MEZ) luminosities. The IR datais from Tables §and 3,
and the radio data is from the scferences in Table 8.

interacting and meging galaxies for whicl radio datiare available. For those galaxies without a
radio measurement at 1413 Mz the flux density was estimated from that at other frequencics
using the measured spectal index. Despite some seatter a clear conelation is appaceat, implying
an IR to radio flux density ratio of ~3. This is close 10 the rtio of 4 which Condon ef al. (1982)
found for their spirals. If we estimate the far-IR Juminosities from the 10gm flux density. as
discussed in Section 4.3, this ratio between the 10gan and radio 1ux densitics also agrees to within
a factor of 3 with the ratio lound by Helou et al. (1983) for fac-1R and radio flux densities from the
discs of spiral galaxies. ‘Thus the correlation in Fig. 5. which spians more than two orders of
magnitude in the radio and IR luminosities, further supports the statbuist interpretation of both
the IR and radio data.

Several authors have derived a relation between radio flux density and supernova rate based on
the evolutionary models of galactic remmnants (e.g. Kronbeip & Biermann 1981; Condon ¢ ol
1982; Ulvestad 1982). Because e ir caleulation relers specitically to the radio flux at 1413 M1z
the relation of Condon eral. (196, is used to infer the supemaova rate ltom the radio enission.
They derive a supernova sate

R~ax10-0D2S,,,, (yr-). (8)

Equating the estimate of the supernova vate in equation (7). based on the starburst miodel, with
equation (8) suggests that the IR to radio flux satio lor a statburst should be ~8. Given the Luge
uncertainties in this estimate it is in reasonable agreement with the observed ratio of ~3.
Other authors (of. Helou et al. 1985 Antonucei & Olszewski 1985) have calculated starbuist
models which make ditlerent assumptions about the fraction of the IR luminosity provided by
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high-mass stars and the radio cnergy output and lifetime of supernova remnants. These models
give IR/radio flux density ratios dilfering by factors of 3-10 from cach other and from the simple
wmodel adopted herein. The fact that all these estimates agree (o within an order of magnitude,
and that galactic nuclei and extended disc emission hiave about the same ratio, indicates that star
formation and supernovae probably are sufficient to account for the radio luminosities.

7 Lmplications

The fact that interactions between galaxies trigger a luminous burst of star formation has
profound implications for extragalactic astrophysics, since the frequency of galaxy-galaxy
interactions should increase rather rapidly at epochs of increasing redshift. The frequency of
interaction will be proportional to the galaxies® peculiar velocitics with respect to the Hubble
flow, divided by the interaction mean free path. ‘The probability of interaction should thercfore
increase with redshift roughly as (1+42)*. (The situation is slightly more complicated than this
because the peculiar velocitics are proportional to 142z, and at some point the increased
probability of interaction duc to the higher velocities will be compensated by the fuct that
interactions are less effective at high velocities.) About 7 per cent of galaxies are prescatly
obscrved to have morphological disturbances such as bridges and tails which indicate an on-going
interaction (Vorontosov-Velyaminov 1977). Since such features are generally short-lived, with
lifctimes of ~5X 10¥yr, if the current rate of interactions is representative, most galaxies are likely
to have experienced interactions. ‘

This fact underscores the importance of environmental wnsuh,r.mons in mlt.mpllng to
understand many of the astrophysical propestics of galaxies. ‘The high probability of interactions
over cosmic time-scales means that wost ‘normal® gataxies must have experienced interaction-
induced starbursts. Star foymation processes control the chemical evolution of galaxies, and since
interaction-induced starbuists are apparently 1-2 orders of magnitude more luminlm_s than
starbursts triggered by other processes, with correspondingly higher star formatipn’ rates,
interaction-induced starbursts wie likely to have played i major role in the spcc!ml and LllCIlllC-ll
cvolution of most galaxices. v

Interaction-induced stiubwists also have implications for the nmrpholo;,lc.ll evolution of
galaxies. Toomre (1977) and others have shown that the violent stellar dynamical relaxation
which is a consequence of the merger of two dise galaxies produces a stellar velocity distribution
and luminosity profi.c resembling an clliptical galaxy. A lacuna in this scenario is a mechanism for
the merger remnant to divest itself of the gas associated with the two disc galaxies. In Paper Il we
argucd that supernovae following a merger-induced superstarburst produce galactic winds over a
sufficiently large spatial extent to sweep the merger remnant as free of gas as any clliptical galaxy.

Such processes may also play a role in the morphological evolution of spiral galaxies.
Computations by Quainn & Goadman (1986) suggest that spiral galaxies acquire their bulges by
accreting dwarf disc galaxics. In this model a similar process to that discussed above for ellipticals
should follow, producing the low gas density characteristic of spiral galaxy bulges (Bosma 1978).
This sequence of events — mergets, violent relaxation, starbursts, and galactic winds - appears to
account qualitatively for the Hubble sequence: increasing M/L and d«.cr«.asuq, bulge/disc ratio
going from Sa to Sd.

Interaction-induced starbuists may also be the uigger for other types of activity in galactic
nuclei. Balick & Heckman (1982) have recently reviewed the extranuclear clues to the origin of
activity in galactic nuclei. Some of the clues they cite seein to be associated with interactions. For
example, Seyfert galaxies commonty exhibit tidal distortions and have companions. But perhaps -
cven more importantly, there is prowing observational evidence of the effects of interactions and
mergers in galaxies ut higher redshifts, Lilly & Longair (1984) report evidence for the effects of
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bursts of star formation from the optical~IR colours of 3CR radio galaxies at high redshifts (z~1).
MacKenty & Stockton (1984) lind strong emission lines in the extended luminous matcrial
surcounding the quasar Mik 1014, which they plausibly attiibute (o an interaction-induced buist
of star formation. Smith ¢t al. (1986) have recently analysed deep CCD images of 31 low redshift
QS50s (z£0.3). They lind that the host galaxics occupy the high luminosity tail of the general
galaxy luminosity function, and about half the QSOs are hosted by morphologically peculiar
galaxies (¢f. also Stockton 1982). Hleckman er al. (1986) have provided clear evidence that
powerlul radio galaxies are associated with morphologically disturbed galaxies.

One possible link between these morphological clues and the existence of interaction-induced
starbursts has been proposed by Terlevich & Metnick (1985). They suggest that there must be
class of very hot and luminous extreme Woll-Rayet stars, which they call *Warmers’, which
appear in the post-main-sequence evolution of massive stars. ‘Yhey show that these Warmers will
photoionize'the interstellar gas to produce an emission line spectrum like that of a Seyfert 2
galaxy, and this spectrum will eventually evolve into a Liner-type spectrum. The existence of such
a phase in the evolution of massive stars, in conjunction with the selatively higher frequency ol
interactions at carlier epochs, could account for some of the characteristic features of active
galactic nuclei. Interaction-induced starbursts and super-stabuists, with the features elaborated
above, will produce high-lumi...sity galaxies. These starbwists have exceptional efficiency in
producing high-mass stars from the gas available. ‘The post-main-sequence evolution of these
stars results in objects which can provide the high-excitation and high-luminosity characteristics
of some active galactic nuclei.

An alternative possibility is that interactions could be providing the fuel for a compact active
nucleus (¢f. Heckman et al. 1986). However, interaction-induced starbursts pose a problem for
such a model. If high-luminosity starbuists are tripgered in these interactions, the consequent
supernovi-driven winds would clear the nuclear regions of gas, thereby climinating the proposed
source of fuel for the compact source. Proposals that interaction-induced starbursts evolve into
active nuclei fuce similar ditficultics. In summary, although an association between nuclear
activity and interactions is increasingly clear, the causal link between interactions and such
activity, and the role ol associated starbursts, remains obscure.

8 Summary and conclusions

We have followed up the JITK L survey of various motphological types of interacting galaxics with
observations at 104m. Adding these results to existing data we have formed a sample of 39
interacting and merging g: es with 100m detections (>30) in S -8 arcsee apertures. These data
contirm and guantily the results of Papers Land 11 In particuliar we show

(i) From the shape of the continuum spectra, the spatial extent of the 1R and radio emission, the
mass-to-light ratios, and the optical cmission line intensities, itis difficult to avoid the conclusion
that the encrgy souice poweting the IR luminosity is a massive burst of star formation.

*(ii) The IR luminosities of interacting galaxies are on average about an order of magnitude
larger than those of typical starburst galaxies. The subset of interactions which have resulted in
the merger of two dise galaxies are the most luminous galaxics in the sample, by a fusther order of
magnitude. They are superstarbursts.

Using a simple analytical model of a starbusst we lind the following featuies to characterize
interaction-induced starbussts.

(i) Rates of formation of OBA stars of ~1-100 AL, yr= " are teguired to maiatain the high (R
luminosities of interacting and merging galaxies.

.2
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(|v) In those galaies for which mass estimates are available the starburst will consume tha gas
in ~107yr. The large fraction of observed interacting systems with evidence for starburst activity
implies that the interaction must be refuelling the nuclear region on these time-scales. ¢z

(v) Interaction-induced star formation must be extremely efficient in convcrlmg Las to stars

compared with processes in molecular clouds in the Galaxy. ‘ I
(vi) The IMF of tae starbursts in interacting and merging galuxics must bc lcsmclcd to stars of .
mass >3-6 Mg, (a feature which others have also found for other starburst galaxies), - - ©

(vii) The relative strength of the radio and IR emission from these galaxies is consistent with the
starburst models, and supernova rates of ~1yr=! are predicted on the basis of the IR luminosity.

These properties of interaction-induced starbursts, coupled with the -higher frequency of
interactions betwee 1 galaxics at carlier epochs, indicate the centralimportance of interactions in
the energetic, spectral, and chemical evolution of inost galaxies. And while there is clearly an
association betweer interactions and some other forms of nuclear activity in galaxies, the causal
link(s) with interaction-induced starbursts are not clear. The existence of Warmers may provide
one such link, but the pervasive galactic winds ensuing from a starburst would appear to eliminate
the fuel needed for any model involving accretion on to a compact object.
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Do Markarian ‘double nucleus’ galaxies have two .
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i
nuclei? The case of Mkn 788 AR A
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Summiary. Mka 788 is a classic example of a *‘double nucleus’ M.nrlumdn galaxy
Previous studies hawve failed to distinguish between the two ‘nuclei’ in any
physically signiticant way. We present an infrared image at 2.2um lgkc.n with
IRCAM on UKIRT, which shows source A to be the ;,.llaxy nucleus, th;qas
source B is probably an extra-nuclear H o region. This example suggests that it is
premiture to discuss *double nucleus’ Markarian galaxies as such untnl further
studies can demonstite the reality of the multiple nuclei. R

o
. L
1 Introduction . Db

[

The sample of galaxies with stiong ultraviolet continua identified by Markarian has beena rich
source of material for investigation of nuclear activity in galaxics. One interesting aspect of this
galaxy sample is the rather kuge Giaction of them, about 10 per cent, which apparently exhibit
double nuclei (Petrosyan, Saakyan & Khiachikyan 1978). The origin of this nuclear structure, and
its relation to the nuclear activity which many of these galaxies exhibit, is an intriguing problem.
Two nuclei are, of course. sugpestive of a recent merger between galaxies. Interest in these
*double nucleus' Mankarian galaxies has therefore been highlighted recently by the discovery of
the relation between ultraluminons infvared galaxics and interactions and mergers (Joseph &
Wright 1985; Joseph 1980). Marcover there is growing appreciation of a connection between
interactions and non-thermal nuctear activity in galactic nuclei (¢f. Lilly & Longair 1984; Smith ez
al. 1966; Heckman ef al. 1980). 1t it were established that Markarian *double nucleus’ galaxies
really arc the products of mergers, these two consideritions would make them a particularly
seminal class of galaxien with which 1o investigate the origin of nuclear activity in Ldl.lxlbs and its
relation to interactions : o : ‘

One such *double nutleus’” Marksian galaxy which has received conslduml)le attention is Mkn

788. Kollatscliny, Netzor & Fricke (1980, hereafter KNF) obtained CCD imagesin Ha and (O],
optical spectroscopy. a 21-con spectium and a VLA map at 20cm for this galaxy. They find that
both sources have the characteristics of high-excitation star-formation regions, and they suggest
that both are starbmst nuclei. They Toand no way to decide from these data which of the two
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Figure 1. A slice thiough the optical contimmm CCD image of M 788, reproduced from iy Vin KNE, ‘The
intensity scale is lincar. Oue pixel=1.91mesce.

sourcesis the dynamical centre of Mka 788, Anintensity cut through the optical continuum image
showing the profiles for both nuclei was presented by KNF and is reproduced in Fig. 1. While
sowice A is stronger in He, [Nnj.and [Su], comee 13 s stronger in FF and [Onand, as Fig. 1
shows, both sources seem identical in their optical continuum protiles.

Infrared imaging provides a powerful approach (o the identitication of palactic nuclei (of.
Telesca eral. 1985). Since the auclear regions in many galaxies, and especially stubuist galaxies,
are often heavily enshrouded by dust, infraned observations can provide infoumation on structure
and physical conditions much deeper into i gadaxy than can optical observations. lu addition, the
stars which constitute most of the mass of anonmal galaxy have peaks in their continuum spectra
in the near-intrared. For these reasons we obtained imapes in the K-band. 2.2, of Mkn 788.

2 Observalions

The observitions =eve obtained at UKIRT on 1987 April 30 using the UKIR Vinhaued cunera,
IRCAM (McLean *al. 1986; Mcbean 1987) “The detector aaray installed in the camera at this
time was an eagineering grade anay ol 0238 InSh detectors, nanufactured by Santa Barbara
Research Centre. The camera was used in its high-resolution format, (L62 aresee pixel ="', with a
standard K 2. 2pm) filter. An exposuie time ot 1205, in a staring mode (i.e. o chopping) was
used for cach image. Four images ol the galixy were interleaved with toar inaees of o neitby
blank sky ticld, and the blank sky frames were used to flat-field the galaxy images. Dark current
frames were subtracted hom object and Dat-lickl images belore division by the at field. The
mean sky level was then subtracted trom cach frame. “The final K-bad inge was made by
coadding the four galaxy images. Since cach salaxy exposare was shifted a lew esee from the
previous one. the effects of bad pixels were eliminated in the coadded image.

3 Results

A contour plot of the infrared image of MKk 788 is shown in Fig. 2. This figmie shows that the
I & 1 r

westernsoutee (nuclens Ain the notation of KNIE) is much more sharply peaked thin in source B.
The integrated luminosity of Source A at 2.2 0 is about twice that of B, whereas the W EHM of
A, Zaresee, isabout one-third that of B, Fhis is in sharp contrast to the optical CCD image of this

Markarian 'double nucleus’ galuries Up

)

7\

® fa)
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Figure 2. A contows plot ol Mka 788 at K(2.20m). The mean sky level ias been subtracied after flat-ficlding, amd the
image has been smoothed watly a sunning block of 3x 3 pixels (1.8 1.8 aresec?). ’l'huc'unlour scale is Jincar in suifuce
brightue:s.

galaxy - ¢f. fig. 1 in KNF, in which the two nuclei are virtually indistinguishable. This point is
made more forcefully in Fig. 3(a), which shows a cut taken through the two infuned peaks. For
compar son we line showa in Fig. 3(b) asimilar cut taken through the nucleus in NGC 3690. This
profileis taken from similar IRCAM K-band images of NGC 3690 obtained at UKIRT one night
earlicr. While sowce A has a profile characteristic of a galactic nucleus, source B does not. Thus
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Flgned (oA stice throuphothe two peaks in the 2.2-an image of Mka 788. (b) A cut through a similar 2.2-umimage
of the aucleas of NGO 3090A, The intensity scales are lincar.
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we suggest lrom the infrared images of Mkn IS8 that source A is actually the uucleus of this
galaxy.

The broader, lower-intensity profile of source B does not seem to be that of « palactic nucleus,
A plausible interpretation is that source B3 is i giant extia-unclear Horegion, similan in chivacter
to such objects as 30 Doradus in the Large Maogellanic Cloud (Weer ef al. 1978y, sonrce Cin
NGC 3690 (Gerhz, Sramek & Weednan 1933). on the "jubo’ Hi region in NGC 3310 (Telesco
& Gatley 1981,

From the sekutive star-formation activity estinated by KNF for sources A and B about 31011,
we can estimate how the total infrared lunminosity which KNEF infer from 1RAS data is
apportioned between the two somces. This gnves sowee B an infraced luminosity of ~109L,;.
This luminosity is about one-ninth that found lor the jumbo’ Huregion NGC 30 (Telesco &
Gatley 1984) twie that found for the giant Hnregion NGC 5461 in MI0T (Tebeseo & Gatley
1984) and 25 times that of 30 Dor (Werner eral. 1978). Thus the infrared luminosity of source B in
MKn 788 is consistent with our interpretation as wopiant estra-puclear Hn region.

These interpretations are corrobotated by the VEA map presented by KNI ‘The radio
continuum of soutce A was detected at 20em, whereas sonree B was undetected toa limit about
six times less than the flux density found for soarce AL This also suggests that soutce A s the iue
galactic nucleus.

4 Discussion

The optical features of both sources in MKn 758 e so similan it is not surprising that they have
been interpreted previously in terms ol a double nucteus structure. Ithas taken inhared imaging
to demonstiate which of the two sources s the light profile characteristic of i penuine galactic
nucleus. His tempting to speculate that wany more of the *double nuclei’ in N barian galaxies
may also be shown by infrared imaging to be composed of asingle nucleus and one o more giant
extra-nuckan Thnvegions, Inany case itis cleas that cantion is necessary in using these galaxies in
discussions ol interactions and mergers imonyg, galasics.

This imterpretation of the (wo sources in Mo 788 is also consistent with the supgeestion that
*double naclei” turnup more frequently among M Karian ealaxies than among the veneral galaxy
population. Since the selection criterion, astong ultraviolet exeess, will tend toinclude galasies
with recentbuists of star tormation, as well as palaxies with non-thermal nuclear activity, it would
not be surprising it this selection critenon were to produce i wnusually Linge number of galaxies
with massive extra-puclear star-fonmation egons, and henee apparent ‘double vuclei’.

5 Conclusions

(i) An inlined image of Mkn 788 @t 2 g shows that itis not a double nucleus galaxy; one
source is i 1y pical stubuist nuclens and the othed is probably i giant exua-nuclcn Fluregion.

(ii) There is a strong possibility thit a similin conclusion would be reachod lon many other
‘double nucleus’ Nerharian gadaxies il inbrared amages were obtained for i kgenr comple. Inany
caseitis cleily preniture to pusae discussion s ot the Mackarian maltiple nuclew. phenonienen,
its relations to interactions between galinies, and connections between these events aad various
torms of nudlear activity in galaxies, untid fusther obseavations, perhaps of the tvpe deseribed
here, have conclusively demonstiated the readiny ol the “double nucled’ in Mank.nian galasies,
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