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The Effect of the Environment on the
Evolution of Galaxy Colours

by Gregory Tudor Davies, M.Sc. Thesis, May 2006

ABSTRACT

In chapter 1 of this thesis, I give a brief overview of the birth of modern cosmology
and the growth of the current paradigm. I then go on to describe the different types
of galaxies, the star formation rates within them and give some notes about galaxy
photometry. In chapter 2 I give a brief overview of the current generation of high
redshift galaxy surveys and describe the data, the analysis of which forms the original
work in this thesis. This work is summarised below. In chapter 3 I describe the methods
I used to carry out the work. I present my results in chapter 4 and my conclusions in

chapter 5.

I present an analysis of the environmental dependence of the u’-r’ colour distribution of
433 galaxies in a volume limited sample. The median rédshift is 0.8. The sample was
created from the Deep Extragalactic Evolutionary Probe 1 (DEEP) Groth Strip survey
with magnitude and redshift limits given by Mg < -19.0 and z < 1.1 respectively. The
environment was quantified using the spatial density of galaxies, measured in number
Mpc~3. Comparison of the results to those obtained by other authors from the Sloan
Digital Sky Survey (SDSS) around z = 0.06 permits an analysis of the evolution of this
colour distribution. The colour distributions from both surveys are well fitted by the
sum of two Gaussian distributions, delineating two distinct galaxy populations. These
are the early-types (red) and the late-types (blues). My first result is that the fraction
of galaxies that are in the red population increases with environmental density. The
proportion of galaxies that are red increases from 0.2 to 0.4 over 4 orders of magnitude
of environmental density. That trend is much stronger at lower redshift. Further, the
difference between the fractions of red galaxies in the two redshift regimes is greatest
in the cluster environments. This difference is evidence of the Butcher-Oemler Effect.
The mean colours of the two populations change very little as density increases.
However, perhaps a very faint trend of the blue galaxies getting redder with increasing
density is detected. Further analysis indicates that the change in galaxies’ colours with
cosmic time is almost entirely due to processes intrinsic to the galaxies themselves.

Their environments make an almost negligible contribution to the colour change.

11



Chapter 1

Overview of Cosmology and Galaxy

Formation

1.1 Introduction to Modern Cosmology

1.1.1 The Big Bang

The birth of modern cosmology can be traced to Edwin Hubble’s ground breaking
inference in 1929 that the universe is expanding. He had shown that “fuzzy nebulae”,
previously thought to have been part of our galaxy, were in fact other galaxies outside
our own (e.g. [47]). Furthermore, using the relationships in 1.1, he deduced the

recessional velocities of these other galaxies from their redshifts:

z_/\o—)\e_g
== =

(1.1)

where A, and A, are the wavelengths at which light from the galaxy in question is

emitted and observed respectively.

Together with Milton Humason, Hubble formulated what is now known as Hubble’s

Law. This is an empirical velocity/distance relationship:

where Hy is known as Hubble’s constant. (It would later be shown that Hubble’s con-

stant was not in fact constant but that it decreases with cosmic time. It is now referred
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to as Hubble’s parameter). Hubble’s Law, combined with the cosmological principle of

a homogeneous and isotropic universe implied that the universe was expanding.

From an expanding universe, it was a short conceptual step to a big bang. If the
universe was expanding, it must have been smaller in the past. So Big Bang theory, a
central tenet of the Standard Model (and the crucial difference to the “Steady State”
model), was born. Very briefly, in the Standard Model, astronomers believe that the
Universe was born in a state of immense density, pressure and temperature. The exact
nature of the universe at this time is beyond current physics. Albert Einstein’s General
Relativity theory predicts a gravitational singularity (where the curvature of spacetime
is infinite) at this time. From this hot, dense state, the Universe expanded rapidly,
according to the Standard Model, in a period of exponential inflation [42]. During
this period of inflation, the universe became almost “flat”. A flat universe is one that
expands indefinitely but only asymptotically. This concept is explained more fully in
1.14.

1.1.2 The Cosmic Microwave Background Radiation

Some 300,000 years after the Big Bang, the temperature had cooled enough to allow
electrons and protons to form neutral Hydrogen (they had previously formed a plasma).
For this reason, this period is called the Period of Recombination. At the same time,
however, the photons present at this early epoch became dissociated with the matter
and the universe became transparent to radiation and this period is also called the
Period of Decoupling or Time of last Scattering. Since the epoch of decoupling, the
universe’s expansion has redshifted those photons to microwave wavelengths. In 1948,
George Gamow, Ralph Alpher and Robert Hernann predicted that these photons should
still exist as a snapshot of the universe at this time. In 1965 Penzias & Wilson [64],
having initially confused this remnant of the big bang with the dielectric properties of
pigeon excrement, accidentally discovered the Cosmic Microwave Background (CMB)

Radiation.

In 2004, the CMB was shown at unprecedented resolution by the Wilkinson Mi-
crowave Anisotropy Probe (WMAP). This map (shown in figure 1.1) of the CMB shows

anisotropies in the temperature of relative size ~ 1075 on scales of tens of arcminutes
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mv?  GMm
r r?

(1.3)

where m is the mass of the star, v is its orbital velocity, r is its radial distance from
the galactic centre and G is the universal gravitational constant. If we assume that the

amount of mass enclosed within a radius r of the centre is independent of radius, i.e.

M £ M(r) (1.4)
then further simplification leads to
GM

However, the rotation curve is found to be flat. This means that v # v(r) which

necessitates

M(r)xr (1.6)

A final piece of evidence for the existence of dark matter comes from the inferred
merger histories and hierarchical structure formation of the present day galaxies. After
decoupling, the primordial hydrogen and helium started clumping together and forming
the first generation of stars. The clumping is due to the gravitational instabilities
resulting from the primordial fluctuations in the power spectrum. The stars (along
with other baryons simply in the forms of hot and cold gas) then clump together to
form galaxies and later clusters of galaxies. However this bottom up approach requires
the presence of cold dark matter. Ordinary baryonic matter had too high a temperature
and too much pressure left over from the big bang to form the first stars by collapsing
from the Jeans instability. The cold dark matter was required to provide the extra
gravity to allow the initial collapse. It is believed that the gas out of which the stars
would eventually form was initially mixed in with the dark matter. When the dark
matter collapsed to form a halo, the gas cooled to form a disk and then more stars
condensed out of the gas. This picture of the growth of structure in the universe is
consistent with the distribution of galaxies in the present epoch, as shown by huge
surveys such as the Sloan Digital Sky Survey (SDSS) and the 2DFGRS. Further, semi-

analytic models (e.g. [16]) of galaxy formation incorporating this type of dark matter
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have shown that the universe, as we see it, is consistent with this type of merging of

structures using dark matter.

1.1.4 Dark Energy

There is one final twist to the story (at least in so far as the current paradigm is
concerned). In the last few years (e.g. [70]), studies of Type Ia supernovae implied
that the universe is not only expanding but is accelerating. This was a paradigm shift
since it had previously been thought that the gravitational attraction of all matter
in the universe must be slowing the expansion down, although it may not have been
enough to stop it. The fact that the universe is accelerating means there must be
something that is causing this acceleration. This strange new phenomenon has been
termed “dark energy” because it cannot be seen and there is no evidence that it is
matter based. In fact, it is very unlikely to be some form of matter because all known
matter has attractive gravity. Dark energy must have some kind of “negative pressure”

p related to its density p by w (which must be negative) in its equation of state:

w =p/p (1.7)

The story of dark energy, however, goes back long before the current millennium.
Consider Friedmann’s equation that relates the Hubble parameter H, the scale factor
(also known as the expansion parameter) of the universe a, the universal gravitational
constant G, the density of the universe p, the dark energy A and the geometry of the

universe quantified by k:

a 3 3 a2

The A term is equivalent to Einstein’s Cosmological Constant. His General Relativity

o\ 2
H2—_—(E) =% +é_£ (1'8)

equations had predicted that the universe would expand. Unable to reconcile this with
his intuition, Einstein inserted this constant, representing a force that would oppose
gravity, in order to keep the universe static. On hearing of Hubble’s finding of an
expanding universe, Einstein called the inclusion of this constant his greatest blunder.
However, in the light of the type Ia supernovae results, this constant is again being

seriously considered. Equation 1.8 can be simplified by re-parameterising in terms of
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the critical density p.. This is the density required to make the universe expand forever
but only asymptotically. In other words the universe is flat and there is no dark energy.

This corresponds to setting k = A = 0 into equation 1.8 yielding

_3H?

Pe = &G

(1.9)

Then defining Qy = po/p. and Q4 = A/3HZ, where the 0 subscript denotes present

day values, equation 1.8 becomes

O +Q4—k=1 (1.10)

This means that, if the universe is flat (i.e. k=0) then all the energy in the universe
is either matter (comprising both baryonic matter and dark matter) or dark energy.
This is indeed the current paradigm, often labelled ACDM (Cold Dark Matter). It
is the one that I shall be assuming throughout this work. More specifically, I shall
be using the values (Ho, Qar, Q24, k) = (70, 0.3, 0.7, 0) where Hy has been measured
in kms™'Mpc~!. The value of Q) of 0.3 approximately comprises 0.05 (baryons) +
0.25 (dark matter). Thus, although it is only believed to dominate proceedings on the

largest scales, dark energy comprises 70% of the universe’s energy.

1.2 Galaxy Types and Star Formation Rates

1.2.1 The Galaxy Luminosity Function

I begin this section with a brief description of the galaxy luminosity function, i.e. the
distribution of galaxies within a fixed volume of space in terms of their luminosity,
(and the evolution thereof) is another property of the universe that any model of
galaxy evolution must satisfy. In this sense, the luminosity function of galaxies in the
current epoch is another piece of circumstantial evidence supporting the ACDM model
described above. The most commonly used parameterisation of the galaxy luminosity
function is that of the Schechter Luminosity Function. The Schechter parameterisation
assumes that there are many more faint galaxies than there are bright ones and that,

at the high luminosity end, the number diminishes rapidly with increasing luminosity.
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In the Schechter parameterisation, a gives the slope of the faint end of the distribution,
L, gives a “characteristic luminosity” above which the number diminishes rapidly and
n, is a normalisation constant for the number ¢ of galaxies per unit volume per unit
luminosity:

L

¢(L)dL = n, (L—> e_L/L‘% (1.11)

Equation 1.11 can be re-parameterised using absolute magnitudes (M) instead of lu-

minosities;

(M*—M)

S(M)dM = §¢~*zn1o[1o%ﬂw—M>]a+le-1°E M (1.12)

Figure 1.5 shows a comparison of various estimates of the K-band luminosity function.
The K-band luminosity is useful for two reasons. Firstly, the K-band falls in a window
of atmospheric transmission and thus is suitable for observations from the ground.
Secondly, for all but the highest redshift galaxies (z < 4.5), the 40004 break is below
the 2.2micron wavelength where the K-band is centred. This is particularly useful
when comparing real and mock luminosity functions because galaxy spectra are much
easier to predict in this wavelength range so a disparity here would immediately signify
a fundamental problem with the model. In both panels of figure 1.5, the solid lines
shows an estimate of the Ks luminosity function [17]. In the lower panel, the dotted
line shows an estimate of the Schechter K-band luminosity function inferred from the

SDSS z*-band luminosity function of [10].

1.2.2 The Hubble Sequence

Figure 1.6 shows the major galaxy morphologies in Hubble’s classic “tuning fork” di-
agram. Originally, Hubble thought that all galaxies evolved from left to right along
this diagram (i.e. from early-type to late-type). This is no longer believed to be the
whole story but, as will become apparent, the issue of galaxies transforming from one
morphology to another is still a very pertinent one. The “E0” galaxies, as depicted on
the extreme left of figure 1.6, are commonly known as elliptical or early-type galax-

ies. They are usually older than spiral galaxies, typically contain older stars, are not
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Figure 1.7: Integrated spectra of elliptical (top left panel), Sa (top right panel), Sc

(bottom left panel) and an irregular galaxy (bottom right panel). The fluxes have

been normalised to unity at 5500A4. [52]
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producing new stars and typically have a large bulge. (The term “early-type” is thus
somewhat paradoxical since they tend to contain “late-type” stars). The spirals (barred
and unbarred) shown on the right of figure 1.6 tend to be younger galaxies with active
star forming regions and are labelled late-type galaxies and have more of a disk shape
than a bulge. They tend to be bluer in colour whilst the ellipticals tend to be redder.
The S0 galaxies, or lenticulars, are an example of an intermediate class between the

two extremes of the Hubble Sequence.

How do the stellar populations of the different types of galaxies differ? Figure 1.7
shows the typical rest frame spectra of an elliptical galaxy (top left panel), an Sa type
galaxy (top right panel), an Sc type galaxy (bottom left panel) and an irregular galaxy
(bottom right panel). The spectra are normalised to unity at 5,500A4. It is helpful to
divide stars into two broad categories to explain the shape of these spectra, namely
those on the main sequence (MS) of a Hertzsprung-Russell diagram (e.g. figure 1.8) and
those that have moved off the main sequence to become red giants, super giants, etc.
During stars’ hydrogen-burning phase, they move up the MS (small vertical movement
in figure 1.8). Thus, they are getting hotter (bluer). Thereafter, they move towards
the top left of the HR diagram. i.e. they are getting cooler (redder) but larger and
more luminous. Since this is a typical stellar evolutionary track, the red giants will
be older than the bluer, hotter MS stars more often than not. However, it must be
remembered that more massive stars evolve more quickly and so there will be some red

giants that are younger than some of the MS stars.

A natural break in galaxies’ spectra is formed at 40004 because, shortward of this
wavelength, stellar photospheric opacity is markedly increased. This is not only due
to Ca II Fraunhofer H and K lines but also to a variety of elements heavier than
helium in various stages of ionisation (e.g. [43]). The size of this break correlates with,
among other things, stellar temperature. The elliptical galaxy has barely any flux at
wavelengths shorter than 4,0004 indicating that its stars are older and cooler. Also,
there is a distinct lack of emission lines which, as described below, shows that the
galaxy is not producing any new stars. The size of the 4,000A break is much smaller
in the Sc galaxy because it has a population of young, hotter stars such that the fluxes
either side of the break are comparable. There are also strong Ha (6562.84) and [OII]

(3727A) emission lines denoting active star formation. The irregular galaxy also has
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Figure 1.8: A schematic Hertzsprung-Russell diagram in which stars’ luminosities are

plotted against their temperatures. [48]

strong star formation and arguably less flux from its older stars than it does from its

younger ones.

In fact, galaxies’ star formation rates (SFR) are found to vary over a very large range.
The SFR can be virtually zero in gas-poor ellipticals, S0s and dwarf galaxies. Gas-rich
spirals may have ~20M@®yr~!, starburst galaxies up to ~100M®yr—!. Even higher
rates, up to 1,000M®yr—! can be found in the most luminous IR starburst galaxies
and are almost exclusively the preserve of galaxies undergoing tidal interactions and

mergers. These are described further in section 1.2.4.

1.2.3 Measuring Star Formation Rates in Galaxies

How is the SFR, for example in units of MgMyr~?, of a galaxy inferred? When new
stars form in a galaxy, they are embedded in a sea of neutral Hydrogen (an HI region).
The massive, hot stars (O, B types) will emit flux over a wide range of wavelengths but
some of it will be at wavelengths shorter than the Lyman limit for H. This is the energy
required to remove an electron from the ground state (n=1) of neutral hydrogen to the
n=o0c state, i.e. to ionise the atom. Thus flux that is of a wavelength shorter than

the Lyman limit ionises this sea of hydrogen on its way out of the galaxy (e.g. [51]).
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As electrons then recombine with the hydrogen ions, they emit radiation at various
wavelengths depending on the transition the electron undertakes during recombination.
The lines produced by this process are called recombination lines and they effectively
re-emit the galaxy’s integrated stellar luminosity shortward of the Lyman limit, thus
providing a direct, sensitive probe of the young, high mass stellar population. The
H, (or Balmer,, n=3 to n=2) line is the most commonly used recombination line.
The wavelength of the transition between levels n; and n, in neutral hydrogen can be

calculated using the Rydberg Formula:

% — Ry (LQ _ iz) (1.13)

n{  ni

where Ry = 1.097 x 10~7 m~! and is known as the Rydberg constant.

Further, since these lines result almost exclusively from the flux from massive (> 19 M)
and short lived ( < 20 Myr) stars, the equivalent widths of these lines provide a near
instantaneous measure of the SFR, independent of the SFR history. The calibration
of the H, luminosity as a measure of SFR depends on the initial mass function (IMF)
and metallicity assumed. [52] quote the following, assuming a Salpeter IMF with mass

limits 0.1 and 100 Mg, and solar abundances:

SFR(Mgyr™") = 7.9 x 107 L(Ha)(ergs™") (1.14)
where the H, calibration is computed for Case B recombination at T, =10,000K.

As can be seen from figure 1.7, Ha is a very useful tracer of SFR with a rest wave-
length of 6562.84. It is not without its limitations however. The method rests on
the assumption that all of the massive star formation is traced by the ionised gas and
the answers are sensitive to the ratio of high mass stars to low mass stars (and conse-
quently to uncertainties in the IMF). Furthermore, Ha is redshifted out of the visible
window in galaxies with z > ~0.5. An alternative line, at a bluer wavelength is the
forbidden line [OII]. This is in fact a doublet at 3726.1 and 3728.8A, usually quoted as
the approximate average wavelength of 3727A. Although the luminosities of forbidden
lines are sensitive to metal abundance as well as the ionising luminosity, the excitation

of [OII] can be calibrated empirically through Ha as a quantitative SFR tracer.
There is, of course, a difficulty with emission lines. They are hard to obtain, especially
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at high redshift, because a lot of telescope time is required for a small number of
objects. So, in the unfortunate absence of emission line luminosities, a more crude but
useful method is to use galaxies’ colour indices. This is simply the galaxy’s magnitude
at one wavelength (usually the wavelength of a standard filter) subtracted from that at
a longer wavelength. Different filters and photometric systems are discussed in more
detail in section 1.3.1. Whilst optical colour indices are too degenerate with metal
abundance to be calibrated to give precise SFR values (although u-v vs. v-k can break
the metal degeneracy to some extent), they are still able to indicate broadly what type
of galaxy is being observed. For example, as described above, bluer galaxies tend to
comprise younger stars and are more likely to be spirals. Redder galaxies are more
likely to comprise older stars and are more likely to be elliptical. To probe SFR, colour
indices that have one filter either side of the 4,0004 break at the redshift of the galaxy
are more useful. Emission line luminosities are most likely to be unavailable for faint

galaxies and this is when colour indices are most likely to be the only tool to hand.

It is worth mentioning at this point that, in theory at least, it is possible to simulate the
evolution of galaxy colours. With an accurate initial mass function (IMF), an analytic
form of the star formation history of the galaxy, a theory of stellar evolution that
incorporates nucleosynthesis and metal yields and a vast spectral library, the various
colour indices and line fluxes of a particular galaxy can be computed for any epoch.
Two of the best attempts to do this have been the stellar population synthesis models
of Bruzual & Charlot (e.g. [12]) and the project called Projet d’Etude des GAlaxies
par Sythese Evolutive (PEGASE, [37]). These synthesised colours provide a useful

reference (within inherent uncertainty) against which to compare measured colours.

1.2.4 The Decline in SFR

It has long been known (e.g. [59]) that the cosmic star formation rate has dropped
significantly since the universe was approximately half of its current age. In fact, the
star formation rate (SFR) is believed to have dropped by a factor of 3-10 since z ~ 1-2.
Figure 1.9 shows the variation of star formation rate density (SFRD) with redshift.
The figure shows the rate for all galaxies and also for galaxies of different masses.

It is natural to ask why this drop in SFR has happened. The possible answers can
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and the above assumption yields

M, xM=kM

Substituting equation 1.17 into equation 1.16 then yields

EM = —-M

giving

dM
ﬁz—k/dt

Then integrating gives

M= Moe_kt

and finally

M, = M,(1 — e*)

and

M, = ke™*t

(1.16)

(1.17)

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

Thus, as a simple model, the exponentially decaying SFR is a good starting point. An

alternative to the ideas presented above would be to have a homogeneous “blob” of

gas of density p. Now consider the Schmidt law that relates the SFRD to the mass

density:

n
PSFR X pga.s

where pgrr and pg,s are the volume densities of star formation and gas.

(1.23)

Then, the SFRD is determined by the density of the gas that is available to form stars.

Kennicutt [53] found that 1.5 was a physically plausible value for n. This prediction

came from a picture in which the large-scale SFR is presumed to scale with the growth
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rate of perturbations in the gas disk. Assuming a constant volume and substituting

equation 1.23, with n=1.5, into equation 1.16 yields

M* o t3 (1-24)

Another mechanism by which a galaxy loses gas is via the superwinds from typell
supernovae. Whether this gas will actually escape the galaxy will depend on, amongst
other things, the mass of the dark matter halo and modelling such a phenomenon is
far beyond the present scope. For much more advanced models, see, for example, [69]
and [54].

However, there are several possible mechanisms originating from outside a galaxy that

could theoretically suppress or even cut off the star formation [11].

Extrinsic Processes: Ram Pressure Stripping

“Ram pressure stripping” was first proposed as an active mechanism in cluster cores
back in 1972 [41]. Via force balance considerations, they estimated that a galaxy
moving through a hot, ionised intra-cluster medium (ICM) would experience a “ram
pressure” from the ICM that could potentially strip away most or even all of the gas
in the disk of the galaxy. This mechanism has recently been invoked to explain the
rapid rise in the ratio of lenticular (SO) galaxies to spirals since z=0.5 that was noted
by [22]. Ram pressure stripping provides a mechanism for turning gas rich spirals in
cluster cores into the featureless disky SOs with no atomic hydrogen left that are found
today. They have no recent star formation but have evidence of a sudden halt in the
star formation in the past. Figure 1.10 shows a simulation of a disk moving through
the ICM at two different angles to the orientation of the disk. The most striking
feature is the short time (~100Myr) in which all of the HI is removed. The mechanism
of ram pressure stripping is only effective in a dense environment and is more so for
faster moving galaxies. The ram pressure is proportional to pICMvgal where pron 18

the density of the ICM and vy, is the velocity of the galaxy.
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galaxies, it may lose its position at the centre of this reservoir and the supply of fresh

gas will be reduced.

It is thus very important to understand the role played by the galaxies’ environment

in the declining SFR and this work aims to shed some light on this issue.

1.2.5 Red and Blue Galaxies

For the rest of this thesis, I shall talk about galaxies as though they only populate two
groups: reds and blues. It is a simple model but one that has its benefits. For example,
one can measure the relative abundances of these two groups at different redshifts and
in different environments with only galaxy colours to hand. One can consider whether
galaxies are moving from one group to another, when that’s happening and what’s
causing them to do so. In short, splitting galaxies in this way enables an investigation
of the evolution of the dependence on parameters such as environment of galaxies’ SFR
in the absence of spectral lines.

This simple splitting of the galaxies into two groups is further justified when one looks
at the colour distribution of galaxies from a survey. Two distinct populations, one
with redder colours and one with bluer colours, are seen. This trend in galaxies in
the local universe has been known for some time [3] but it has recently been seen out
to z ~ 1 [6]. In this sense, measuring a galaxy’s colour is a very powerful tool with
which to study star formation. Colours are readily quantifiable, easily reproducible
and, via the models such as those mentioned above, directly related to star formation
history without making further assumptions. Further, as mentioned above and as
shown in several figures throughout this work, the colour distribution is bimodal. When
investigating galaxies using unimodal functions, the galaxies will tend to populate a
single clump in the given parameter space [30]. It is then difficult to track how galaxies
evolve. When the parameter space clump is divided up into smaller parts, it is not
clear whether a change in the number of galaxies in a particular bin is due to a change
in the number of galaxies or to the motion of galaxies in and out of that bin from
neighbouring bins. Although other parameters can be bimodal, colour remains the

easiest to measure and it’s also relevant to the emergence of the Hubble sequence.
[4], hereafter B04, studied the distribution of galaxy colours, as a function of both
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Figure 1.12: (From B04; SDSS galaxies). The distributions of u’-r’ colours in luminosity

and density bins. The distributions are again clearly bimodal

environment and luminosity, in the local universe. Figure 1.12 shows a 5x5 block
of histograms of galaxies’ u’-r’ colours. The data are taken from the SDSS. It is
immediately apparent from this figure that, at any given luminosity, the fraction of
galaxies that are red increases with increasing environmental density (I discuss in detail
how environmental density is quantified in §3). However, at a fixed environmental
density, the mean colours of each of the red and blue distributions does not change
much at all with increasing galactic luminosity. This is shown more clearly in figure
1.13 which plots, for each of the red and blue distributions, the mean colours of those
distributions as a function of density, with one line for each of the five luminosity
classes. Figure 1.14 shows clearly the increasing fraction of galaxies that are red with

increasing environmental density in all luminosity classes.

The following questions naturally arise: does the cluster environment cut off star for-
mation? If the cosmic SFR was highest around z~1, what was the environmental
dependence of the colour distribution at that time? Since z~1, how have galaxies’ en-
vironments changed? Can any change in the colour distribution (and hence the SFR)

since z~1 be accounted for by the change in environment? This work aims to answer
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these questions by carrying out a similar analysis to B04 but at z~1 and then compar-
ing the colour distributions and environmental dependences of the colours at the two
different epochs. In §2 I describe the current status of high redshift galaxy surveys,
the data used and how a volume limited sample was made. In §3 I review different
methods of measuring environmental density and describe the way in which I analysed
the data and how the errors were estimated. In §4 I describe my results and present
an argument describing what caused the changes in colour between the two epochs.

There is a discussion, along with my conclusions, in §5.

1.3 Galaxy Photometry

Just before moving on to the part of this thesis describing my own work, it is necessary
to explain a few points regarding how astrophysicists analyse photons from distant
galaxies so that they can compare the galactic colours they infer with those of other
researchers. In this section, I shall firstly describe the different photometric systems in
use. It is important to remember that older photometric systems such as the Johnson
system are not based on SI units but use the magnitude of Vega in various wavebands
as a calibration. Later systems, such as the SDSS system use the AB magnitude
system. This is a big step in the right direction with regard to SI units because the
flux corresponding to 0 magnitude is the same in all bands. After describing magnitude
scales and the different phofometric systems,I shall then describe K-corrections and E-

corrections.

1.3.1 Photometric Systems

The curious, arbitrary nature of the stellar magnitude scale is due to its historical
development. Almost 2,000 year ago, Hipparchus defined a qualitative scheme in which
stars visible with the naked eye fall into six brightness categories. The scheme was later
refined by Ptolemy. The brightest stars were designated first magnitude and the faintest
sixth magnitude. William Herschel’s finding that a first magnitude star was 100 times
brighter than a sixth magnitude star was verified by N. R. Pogson in 1856 and the scale

was quantified. Therefore an interval of five magnitudes corresponds to a factor of 100
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in brightness and a one magnitude interval corresponds to a brightness ratio of 100/%
= 2.512. In fact, this definition reflects the operation of the human eye which translates
equal ratios of actual intensity into equal ratios of perceived intensity. The human eye
is therefore a logarithmic detector. Consider two stars m and n with fluxes f,, and
f, and apparent magnitudes m and n respectively. Since a one magnitude difference
means a brightness ratio of 100*/5, (m-n) magnitudes mean a ratio of (100Y/5)m",

Therefore,

ful fm = 1000m=/5 (1.25)

Taking logarithms (to the base 10) of both sides and then rearranging then yields:

m —n = 2.5l09(fun/ fm) (1.26)

The absolute magnitude of an object is defined as the magnitude that would be observed
if the object were placed at a distance of 10pc from the Sun. The colour of an object
(and more pertinently for the current work, a galaxy) is given by the difference between
its magnitudes at two different wavelengths. It is usual to use colour = (magnitude at
a shorter wavelength) - (magnitude at longer wavelength) such that, the more positive
the colour, the redder it is and, the more negative the colour, the bluer it is. In practice,
magnitudes are only available at certain fixed wavelengths where standard filters are
used. Thus, to define a photometric system, one needs a detector, a set of filters and

a means of calibration.

1.3.2 The Johnson-Morgan-Cousins Photometric System

Until recently, the photometric system that was almost ubiquitously used was that
of Johnson and Morgan [49] and Cousins [19]. Their filters’ parameters (effective
wavelength, Ag, and bandpass, A)) are shown in table 1.1.

For the system to be really useful, it must be calibrated. The first stage of the cal-
ibration requires a large set of stars (Johnson and Morgan used about 100 stars for
their initial calibration). It is necessary to determine the apparent magnitude of every
star relative to every other, thus defining the standard magnitudes of the photometric

system (i.e. filters and detector). Then, in the second stage, the absolute flux of just
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Filter Ao A
U 365nm | 70nm

B 440nm | 100nm
\% 550nm | 90nm

R 640nm | 150nm
I 790nm | 150nm
VA 950nm | 200nm
1.25pum | 0.12um
1.66pm | 0.16um
2.22pm | 0.22pum
3.45um | 0.35um
4.65pum | 0.46pum

Zz £ o0 R I o

10.3um | 1.0pm

Table 1.1: The names, central wavelengths and typical passbands of the filters used in

the Johnson photometric system

one star is calibrated, usually given for zero magnitude at each filter, and the whole
system is calibrated. The star chosen for this purpose was Vega. This means that Vega
has magnitude 0 in every band of the photometric system, even though it has different

levels of flux (for example measured in SI units) in each band.

Apparent magnitudes in the Johnson/Vega system are denoted by capital letters (e.g.
B, V) and absolute magnitudes are subscripted (e.g. Mg, My).

1.3.3 The SDSS Photometric System

There have been several other magnitude systems developed over the years, one of
which is the SDSS photometric system. In 1995, ahead of the first data release from
the huge Sloan Digital Sky Survey, a new photometric system (also known as the ABg;
system) was developed based on the filters and detector of that survey. The system
comprises five colour bands: u’, g’, r’, i’ and 2z’. (Notice that colours and magnitudes
in this system are denoted by lower case letters and apostrophes, unlike those in the

Johnson system). Table 1.2 gives the effective wavelengths and passbands of these
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the thin films they’re made from.

1.3.4 The Kron Photometric System

In this section, I describe Kron’s approach to determining a galaxy’s magnitude. Kron
[57] considered the problem of how much of a resolved galaxy’s light should be included
in the calculation of its magnitude. Obviously, in a perfect world, all of it would be but
the greater the radius out to which one integrated the flux, the noisier the measurement
will be. Kron simply wanted to put down a circular aperture, measure the flux within
it and then subtract the background. It is obviously important to accurately model

the intensity profile of the galaxy, which is where I shall start this description.

In 1963, Sérsic generalised de Vaucouleurs’ (e.g. [20]) R1/4 model (for the distribution
of a galaxy’s intensity) to his own R}™ model (e.g. [68]). Sérsic’s intensity profile is

expressed as

1= neas{ - (2)" 1]} 0

where I, is the intensity at the effective radius R, that encloses half the total light and

by, is a constant that is defined in terms of n. See [40] for details.

In 1980, Kron [57] developed a magnitude system (Kron magnitudes that derive from
Kron radii) that can take an intensity profile such as that in equation 1.27 and can

return galaxy magnitudes. The Kron radius, R; is defined as follows:

2 fOR I(z)zdz
o [ I(z)zdz

where x is the dummy variable for radius, I(x) is the intensity profile and R is the

Ri(R) (1.28)

radius out to which the integration is calculated. R; is thus a luminosity-weighted
radius that defines the “first moment” of the image. The question to be answered is
how many effective radii must one integrate out to in order to have included enough
of the galaxy’s flux from which to derive a magnitude. Consider the analysis below:

using a Sérsic intensity profile and substituting in

z= b(l%) v (1.29)
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Figure 1.16: Kron radii R;, as obtained from equation 1.30, are shown as a function of

the radius R to which the integration was performed. Values of n range from 0.5, 1, 2,

3, ... 10. [40]

Then equation 1.28 can be rewritten as

Ri(z,n) = %zgz g (1.30)
where
_ —d[logI(r)]
TR = ~iliogR] (13D

Kron argued, without rigorous derivation, that an aperture of 2R;, when R; was ob-
tained by integrating out to a radius R that is 1% above the sky flux, contains more
than ~ 90% of an object’s total light. Indeed, the SExtractor software [8] integrates
out to 2.5R;. However, figure 1.16 shows a plot of R; vs. R, both in units of R, for
various values of n. It is clear from this plot that, given that one usually only measures
a light profile out to 3-4 R, at best, the asymptotic value of (R;/R,) (i.e. that value
that cannot be increased, even by integrating out to greater and greater radii) will
only be approached for profiles with n less than about 1. Table 1.3 gives values of the
asymptotic values of (R;/R,) for the different values of n and also the percentage of
the luminosity that is included in 2R; and 2.5R;. It is from these luminosities that the

Kron magnitudes are calculated.
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Sérsic n | Asymptotic | L(<2R;) | L(<2.5R;)
7 Ri/Re % %
0.5 1.06 95.7 99.3
1.0 1.19 90.8 96.0
2.0 1.48 87.5 92.2
3.0 1.84 86.9 90.8
4.0 2.29 87.0 90.4
5.0 2.84 87.5 90.5
6.0 3.53 88.1 90.7
7.0 4.38 88.7 91.0
8.0 5.44 89.3 914
9.0 6.76 90.0 91.9
10.0 8.39 90.6 92.3

Table 1.3: Theoretical Kron radii and magnitudes [40].

1.3.5 The Petrosian Photometric System

The final photometric system that I shall mention is that of Petrosian [65]. Petrosian
defined a quantity n(R) such that

or [FI(R)R'dR'
n(R) = f‘;rR2I(R) (1.32)
L(< R) (Ir
= = .33
~RAI(R) _ I(R) (1.33)
The logarithmic expression, plotted in figure 1.17, is written:
2.5log[n(R)] = w(R) — (k)R (1.34)

where u(R) is the surface brightness profile. (R) is thus the average intensity within
some projected radius R divided by the intensity at that radius. n(R) is actually a
very useful function because, if every galaxy had the same stellar distribution, for
example a Sérsic RY™ profile with the same value of n for each galaxy, then a radius
where the n-function equalled some pre-defined, constant value would correspond to

the same number of R, for every galaxy. The flux within Rp, when 1/9(Rp) = 0.2, is
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2.5 log 1 [mag arcsec™?]

R/R,

Figure 1.17: The logarithm of the Petrosian function n(R) given by equation 1.34,
shown as a function of normalised radius (R/R.) for Sérsic profiles having n = 0.5, 1,

2,3, ..., 10. [40]

often used to estimate an object’s flux. The advantages of this method are that the
measurements are unaffected by exposure-depth (i.e. the limiting surface brightness
detected) and cosmological redshift dimming because these effects affect both surface

brightness terms in equation 1.34 equally. See [40] and references therein for details.

1.3.6 K-Corrections

In Hubble’s universe, space is expanding and thus galaxies are moving apart from
each other. Note that, in this section, I shall not be concerned with galaxies’ peculiar
velocities, only their velocities due to the Hubble flow. The light that reaches us from
these distant galaxies is thus redshifted. To view this light with a telescope on Earth,
one must use a filter whose wavelength window includes the wavelength of the redshifted
light, not as it would appear in the rest frame of the emitting galaxy. The resultant
spectral energy distribution (SED, a plot of emitted luminosity versus wavelength) will
be similarly redshifted. A “K-correction” must be used to change the SED to that
which would be seen by an observer in the rest frame of the galaxy that emitted the
photons. In a perfect world, this would be simple. One would deduce the redshift

of the galaxy from the emission and/or absorption lines in the spectrum then simply
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1.3.7 E-Corrections

A further correction to galaxy colours, required to account for the evolution of the
galaxy during the time between emission and detection of its photons, is known as
the e-correction. In other words, if a galaxy’s colour is observed at high redshift and
one wants to know how that colour would appear today, it is necessary to estimate
how many of its stars would have moved off the main sequence, become redder, etc.
However, it should be noted that such a correction does not account for new stars being
formed in the galaxy which will also alter its colour. The e-correction is thus limited

in its use.
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Chapter 2

Data

2.1 Overview of Current High Redshift Surveys

In this section I present an overview of the current status of high redshift galaxy
surveys. Table 2.1 summarises the surveys’ key parameters. High redshift surveys aim
to complement the low redshift surveys, primarily the SDSS and the 2DFGRS, and
the CMB data by providing information about the universe at an intermediary epoch.
They aim to shed light on some of the fundamental questions in modern cosmology.
For example, by providing statistics of large scale structure to be compared to the
other epochs, the surveys will help to show the evolution of large scale structure and

how that has depended on the distribution of dark matter.

High redshift galaxy surveys are also able to provide evidence as to the value of the
cosmological constant, £24. Non zero values of §2, would warp spacetime in predictable
ways which affect the relationship between the apparent size, brightness and number of

galaxies versus redshift. These are the things that high redshift surveys can measure.

2.1.1 The Deep Extragalactic Evolutionary Probe (DEEP)

survey

The DEEP survey is a multi-year programme (observing from 2001 to 2005) which
uses the twin 10m W.M. Keck Telescopes and the Hubble Space Telescope (HST) to

conduct a large scale survey of distant, faint, field galaxies. Their broad scientific goals
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Name Telescopes Instruments | Redshift Area of | Magnitude
Range Coverage Limit &
Band
DEEP1 Keck LRIS 02-12 1x40 x5 | 24.0 ()
(Groth = 0.056 [(°
Strip)
DEEP2 Keck DEIMOS 0.70 - 1.55 4 x 120 | 24.5 (IaB)
x 16’ =2.16
o
GDDS 2 x Gemini | GMOS 1-2 4x 3000 = | 24.5 (I14B)
0.033 [P
VVDS VLT VIMOS 0-5 4% 20 x 20 | 26 (I4B)
=16 P
GOODS SST, HST, | Various 1-6 300 @ = | Various
Chandra, 0.833 [°
XMM-N
Z2COSMOS | VLT VIMOS 12-24 25 (Bag)

Table 2.1: Summary of the current high redshift galaxy spectroscopic surveys.
Acronyms are as follows: DEEP - Deep Extragalactic Evolutionary Probe, GDDS -
Gemini Deep Deep Survey, VVDS - Vimos VLT (Very Large Telescope) Deep Survey,
GOOQDS - Great Observatories Origins Deep Survey, LRIS - Low Resolution Imaging
Spectrograph, DEIMOS - DEep Imaging Multi Object Spectrograph, GMOS - Gemini
Multi Object Spectrograph, CFHT - Canada France Hawaii Telescope, VIMOS - VIs-
ible Multi Object Spectrograph, SST - Spitzer Space Telescope, HST - Hubble Space

Telescope, XMM-N - X-ray Multi Mirror - Newton
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include investigating the formation and evolution of galaxies, the origin of large scale

structure, the nature of the dark matter, and the geometry of the Universe.

Another issue is that of the galaxy bias. The problem is that, since it is believed
that the conversion of baryonic gas into galaxies and stars was inefficient and uneven
throughout the universe, the resulting galaxies are an imperfect tracer of dark matter.
A way of attacking this problem is provided by the DEEP survey. It will measure
galaxies’ line widths from which their (visible) masses can be inferred. Although the
galaxy formation models will probably not be able to infer the mass of an individual
galaxy’s dark matter halo from its visible mass accurately enough, it is hoped that,
over large scales, the fluctuations will average out leaving an offset that is just a scale
factor. Thus an extra tool is provided in turning maps of (luminous) galaxies into maps
of dark matter. DEEP will also investigate the nature of dark matter (i.e. is it hot
or cold?) by measuring the power spectrum on short length scales (150 million light

years) which are highly diagnostic for distinguishing hot from cold dark matter.

There are two phases to the DEEP project. The first phase, DEEP1 incorporates 3
main fields and other small patches, one of which is the Groth Strip (GS). The data
that I have used in this work are from the GS. DEEP1 was a pilot phase for DEEP2
which uses the DEIMOS spectrograph on Keck to obtain redshifts of ~ 50,000 faint
galaxies with redshifts > 0.7. Examples of recent results from the DEEP survey include
the following: only 9% of present day L* galaxies have undergone major mergers since
z ~ 1.2 [32]; the discovery of luminous, metal-poor galaxies at redshifts ~ 0.7 [31];
finally, [28] analysed clustering of galaxies and of groups of galaxies at z ~ 1. They
found that groups are more clustered than galaxies and that galaxies in groups are

more clustered than the full galaxy sample.

2.1.2 The Gemini Deep Deep Survey (GDDS)

The GDDS is an ultra-deep (K < 20.6 mag, I < 24.5 mag) redshift survey targeting
galaxies in the "redshift desert” between 1 < z < 2. The primary goal of the survey is
to constrain the space density at high redshift of evolved high-mass galaxies [1]. Recent
results from the survey include: evidence for a significant population of red galaxies at

1.3 < z < 2.2 whose integrated light is dominated by evolved stars [61]; the finding that
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a significant fraction of massive galaxies were formed just 3Gyr after the big bang [39);
the statistical properties of the heavy element enrichment in the interstellar medium
(ISM), including high Fell column densities, of star forming galaxies at redshift 1.3 <
z < 2 [67].

2.1.3 The Vimos VLT Deep Survey (VVDS)

The VVDS covers a large area of the sky (16 [I°) and also a large redshift range (0
< z <5). It aims to “set major constraints onto galaxy formation models, large scale
structure formation models and cosmological scenarios describing the evolution of the
universe”. Their strategy has been as follows: firstly, deep imaging of the whole area
of the sky was obtained in UBVRI and also in K in some selected areas. Then redshifts
were obtained for galaxies in magnitude selected samples from the imaging survey.
These samples ranged from the shallowest, 100,000 galaxies down to I, = 22.5, to
the deepest, 1,000 galaxies down to I, = 26. Results to date include: the optical and
near-infrared identification of 1054 radio sources in the 20cm Very Large Array (VLA)
radio survey. It appears that radio selection preferentially selects galaxies with higher
intrinsic optical luminosity [27]. [2] measured the evolution of the galaxy luminosity
function at 15004 in the redshift range 0.2 < z < 1.2. In addition to confirming that
star formation was significantly higher in the past, they found that the bluest class of

galaxies evolved less strongly in luminosity than the other classes.

2.1.4 The Great Observatories Origins Deep Survey
(GOODS)

GOODS is a follow up to NASA’s “Great Observatories” programme. This programme
originally comprised four space-borne missions observing at different wavelengths. In
chronological order of launch, these were the Hubble Space Telescope (HST) which op-
erates at ultra violet (UV), optical and the near infra-red (NIR),the Compton Gamma-
Ray Observatory (CGRO), the Chandra X-Ray Observatory (CXO) and the Spitzer
Telescopes that observes in the IR. The project aims to “incorporate a Spitzer Legacy
project designed to study galaxy formation and evolution over a wide range of red-

shift and cosmic lookback time. The project will trace the mass assembly history of
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galaxies, the evolution of their stellar populations, and the energetic output from star
formation and active nuclei. GOODS builds on the deepest observations from NASA’s
other Great Observatories, Hubble and Chandra, and will be done in partnership with
astronomers at Gemini and ESO (the European Southern Observatory)... By observing
at lambda > 3 um, Spitzer will measure the rest-frame near- and mid-infrared light
from objects at 1 < z < 6, but very deep observations are needed to detect ”ordinary”

galaxies at these high redshifts”.

Recent publications from the GOODS include the following: [35] found that they could
account for the majority of the 3.6 ym background by integrating the IR background
light in the Hubble Deep Field North (HDF-N) from faint sources. [13] analysed the
growth of stellar mass with cosmic time, as partitioned according to galaxy morphology.
They found little evolution in the form of the galaxy stellar mass function from z ~ 1
to z = 0 and evidence that the relevant mass scale (for the transition from late type
galaxy to early type) moves to higher mass at earlier epochs. This would support the

“downsizing” phenomenon, described in chapter 5.

2.1.5 The zCOSMOS Survey

The final survey is the zCOSMOS survey. zCOSMOS will use 600 hours of Very Large
Telescope (VLT) time, using the Visible Multi Object Spectrograph (VIMOS) to yield
spectra for (i) approximately 28,000 galaxies at 0.2 < z < 1.2 selected to have 45 < 22.5
and (ii) approximately 12,000 galaxies at 1.2 < z < 2.4 with B4g < 25. The goals of the
survey include defining the large scale structure defined by the galaxies out to redshifts
z ~ 2.5 and use spectral diagnostics (e.g. star-formation rate, reddening, chemical

abundance of stars and gas) to characterise individual galaxies and populations.

Recently published results include: [33] examined oxygen gas abundances at z ~ 1.4
and found that [OlI]-selected mp 4p < —21.5 galaxies had high [OIII]/[OII] line ratios,
low extinction and low metallicity. This type of spectrum is seen in progressively
more luminous galaxies as redshift increases and thus this is evidence to support the

downsizing picture.
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Throughout this work, I assume a ACDM cosmology of (Hyp, Q4, Q) = (70, 0.7, 0.3).

2.2.2 K-Corrections to Groth Strip Data

In this section, I shall provide a brief description of the process used to carry out the

K-corrections to the Groth Strip galaxies. See [71] and [36] for fuller descriptions.

In doing the K-corrections, the DEEP team made use of the 34 galaxy UV-optical
SEDs (comprising all different morphologies) selected from the atlases of Calzetti et
al. [15] and Kinney et al. [55].

The first step in making a K-correction for a particular galaxy (for example at redshift
0.7) was to create synthetic restframe U-B colours for each SED. This was done by
convolving the SEDs at z=0 with the response curves of the U and B filters using the
U and B zero points in the Vega magnitude system. Secondly, the SED was redshifted
to the redshift of the galaxy in question. In the example of the galaxy above, this
would mean multiplying all the wavelengths by (1 + 0.7 =) 1.7. This high redshift
SED was then convolved with the response curves of the V and I filters (using the same
method as was used for the U and B filters above) to produce synthetic high redshift
V-I colour. (Light emitted into the U and B filters by a galaxy in the same restframe
as the observer would appear in the V and I filters respectively if the galaxy were in the
redshift range in question here). Next, the high redshift V-I colours and restframe U-B
colours were combined to yield K;pg, the K-correction required to change an observed
I magnitude at high redshift to a restframe B magnitude (and not to be confused with
a K-band magnitude!). Finally, low-order polynomials were used to find each of the
U-B colours and V-I colours as a function of K;5. Then entering these fits with the

observed V-I colours yields K;p and restframe U-B.
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Chapter 3

Analysis

3.1 Methods of Measuring Environmental Density

In this section, I shall briefly overview three different methods of measuring the envi-
ronmental density (i.e. number of galaxies Mpc~3) in high redshift galaxy surveys. See
[29] for more details. In section 3.2, I describe in detail how I measured the densities

in my volume limited sample in the Groth Strip data.

All three of the following methods have the advantage that they don’t rely on galaxies
being put into previously defined classifications of environment. i.e. it is not already
assumed that a given galaxy is either in a cluster, a group or in the field. Instead,

these methods produce continuous measurements of environmental density.

3.1.1 Cosmological Distances

The nt* nearest neighbour method relies on calculating the distance from one galaxy
to another. I shall therefore begin by showing how to do this. Given a galaxy’s
right ascension (ra), declination (dec) and redshift, one can in principle calculate the
galaxy’s position within the (three dimensional) sphere that is centred on the Earth.
The ra and dec correspond directly to the azimuth and altitude angles respectively
used in spherical polar geometry. Before deriving the distance to another galaxy, I first
need to derive the relation between the scale factor a and redshift z, namely that a is

proportional to 1/(1+z).
The scale factor is defined by the equation
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r=a(t)x (3.1)

where r is the real distance between two objects and x is the comoving distance between

the objects. Hubble’s Law can thus be rewritten as:

_ I,

vV =
Ir|

(3.2)

Then substituting in equation 3.1 yields:

a
v=_r= Hr (3.3)

where the second equation is the form of Hubble’s Law stated in equation 1.2. It

immediately follows that

a
H=- 4
a (3 )

Now consider two objects that are close together. One object emits a photon that

travels to the other object. From equation 1.1, it follows that

=1 (3.5)

Differentiating v with respect to A, gives:

dv c

M

cA

— 20 3.6
W (3.6)
Now, given that the objects are close together and thus that, from Hubble’s Law, v

<< ¢, it follows that

(3.7)

We next differentiate v with respect to r in equation 3.4 (again assuming the two

objects are close) and substitute this into equation 3.7 to give:

On integrating equation 3.8, we get
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and thus

Ao a
)\—e—a—e—z-i'l (310)

Then setting a, = 1 (i.e. normalise the scale factor to the present day value) yields:

1
“=1 (3.11)
It will also be useful to differentiate a with respect to z to give:
da 9
== 12
7, =0 (3.12)

We are now ready to convert redshift to radial (comoving) distance. Start with the
Robertson-Walker metric,
dr?

ds? = 2dt* — o’ Tzt r2(d6? + sinde?) (3.13)

where s is the spacetime interval between two events (in this case, the emission and
detection of a photon), c is the speed of light, t is time, a is the expansion parameter,
r is the radial distance to the galaxy, k is the flatness parameter, 6 is the declination

of the galaxy and ¢ is the right ascension of the galaxy.

For a given galaxy, it is always possible to choose the coordinate axes such that df = d¢
= 0. In the ACDM cosmology described above, I am taking k = 0 too. Remembering
that ds = 0 for a photon and integrating yields:

1
= ht .14
T c/ adt (3.14)
Therefore
r= c/lﬁda (3.15)
ada

Then substituting in H = a/a yields:

11
5
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Substituting equation 3.12 into equation 3.16 gives:

1
r= —c/ﬁdz (3.17)

Thus, we now just need to see how H evolves with z in order to get the distance to the

galaxy from its redshift. In order to do this, consider again the Friedmann equation:

LN 2
a_ () _8G A K
H—() =—5rt3 - (3.18)

We need to rewrite this equation in terms of the critical density. Remembering that,

since p is proportional to a3,

p_pol
yields from equation 3.18:
H\* Qn &k
(@) =& et 20

Now, rewriting equation 3.18 for the present epoch gives:

871G k A
-+ = 21
°= 73 H 3 (3:2)
Dividing this equation through by H32, re-arranging, substituting into equation 3.20
and re-arranging again gives:

1/2

H = Ho[(1+ 2)*(1 + Quz) — Q2(2 + 2)] (3.22)

Thus, for given values of 2y, and 2, equations 3.17 and 3.22 between them give
the numerical integration to derive the distance to a galaxy given its redshift. With
this information, it is easy to calculate the difference in radial distances between two
galaxies. In order to calculate the angular size distance between two galaxies (i.e.
the projected separation on the sky), consider again the Robertson-Walker metric in
equation 3.13. Consider the two galaxies both to be distance r from the Earth and
subtending an angle At at the Earth. They are distance s (=/ ds) apart from each
other. Since the two events now are the emission of two photons, one from each of the
galaxies simultaneously, dt = 0. We again choose k = d¢ = 0 and df = dvy. Simplifying

the metric this time gives:
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ds = ardf (3.23)

where 1 is simply the distance to either galaxy, as calculated using equations 3.17 and

3.22. Finally, substituting in the relationship between a and z and integrating gives:

1
T 142

To calculate the angle Ay from the ra and dec, use the following equation derived from

8

rAg (3.24)

spherical polar coordinates:

Atp = cos™ | coshycos,cosbycosdy + cosdy singcosbssings + sinb; sinbs (3.25)

where ¢; and 0; are the ra and dec of the i** galaxy respectively.

The n‘* Nearest Neighbour Density Estimate

Finally, we are in a position to calculate the distance from one galaxy to another:
we simply add the difference in the two galaxies’ comoving radial distances (crd) from
Earth to their projected separation in quadrature. The method of n®* nearest neighbour
density calculation usually involves counting the number of galaxies in either a circle
or a sphere. If the distance to the n** nearest galaxy is d, a 3 dimensional, spherical

density p would be calculated as

n

= — 3.26
P g_ﬂds ( )
However, a 2 dimensional, circular density 3 would be calculated as:
n
N=— 27
s (3.27)

The choice of which density to use is a difficult one. The above analysis assumed that
redshift information is available and assuming that, in reality, the galaxies do live in a
three dimensional space, the three dimensional density would obviously be preferable

if it were possible.

The major problem with this method is due to galaxies’ peculiar velocities. Consider

two high redshift galaxies that are very close together. They both have a receding
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velocity from Earth due to the Hubble flow but, in addition, one of them also has a
very large velocity relative to the other one. This may be, for example, due to its
position in an orbit around the core of a dense cluster and is called the galaxy’s pe-
culiar velocity. Since the distances to these galaxies are being calculated from their
redshifts which in turn depend on the galaxies’ velocities, one will infer a large separa-
tion between them when in fact their separation is small. This effect has particularly
difficult ramifications for deriving densities in regions containing large peculiar veloc-
ities (e.g. centres of clusters of galaxies) and also on smaller scales where the radial
separations are smaller. The smaller scales issue is particularly prevalent in surveys
that are not very deep because the comoving radial separations (crs) are smaller and
for low redshift galaxy surveys in general because, as I show later in this work, the
average galaxy’s environmental density has increased with cosmic time. [29] found
that even redshift errors of o, = 0.02 smear out line-of-sight galaxy distributions on
small scales (rendering any photometric redshifts unequal to the task). Thus, the two
dimensional density is often used when studying the densities of galaxies in groups and
clusters. However, even when a 2 dimensional, projected density is to be used, radial
information can still be usefully incorporated into the calculation. For example, when
B04 calculated their projected densities, they only measured distances to galaxies that
had been pre-selected as being within £+ 1000kms~! of the galaxy whose environmental
density was being measured. In this way, they excluded any galaxies that, although
close to the line of sight of the galaxy in question, were actually just foreground or

background objects that didn’t affect the galaxy’s environment at all.

A further decision to be made is the value of n. Choosing a very low value of n, such as
1 or 2, risks implying a very “noisy” density distribution. This is because, for example,
if a galaxy is a long way from all other galaxies except one, measuring its density by
using its distance to the first nearest neighbour will greatly overestimate the density.
If too large a value of n is chosen, e.g. n > 5, then the density could be overestimated
or underestimated because one will likely be using the distance to the next structure
(e.g. the next group of galaxies). Thus all galaxies would be assigned a very similar
environmental density. [29] found that the densities were relatively (e.g. compared to
problems from peculiar velocities) insensitive to the value of n if n was chosen to be 2,

3 or 5. These values corresponded to the sizes of small groups detected in the DEEP2
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survey.

3.1.2 Number of Counts in an Aperture

Another, much simpler, method of measuring density is to simply count the number
of galaxies within a fixed metric aperture, for example a sphere, of known radius
centred on the galaxy whose redshift has been determined spectroscopically and whose
density is to be measured. It is assumed that only some of the galaxies in the field
of view are suitable for deriving spectroscopic redshifts and that the others are simply
counted because only photometric redshifts are available. However, this method is
likely to produce a noisy density because the count is likely to include foreground
and background galaxies and thus overestimate the density. This is because galaxies
whose redshifts are only determined photometrically may be included in the count (i.e.
subtracting the background is a very uncertain procedure). The main problem with
this method is that, for high redshift galaxy surveys where the area on the sky that
is covered may be of the order of 1 00° larger apertures will be more affected by the
edges of the survey. For example, within a 30" x 30 field (i.e. 20 h=! comoving Mpc
on a side at z ~ 1), 81% of circular apertures with a radius of 1 h™! comoving Mpc
will fit within the surveyed field. However, for apertures of radius 3 h=! and 5 h~!
comoving Mpc, only 49% and 25% respectively of the field will be unaffected by the
edges of the survey. It is not believed that larger apertures provide any advantage or
additional information worth the price. In addition, they will be measuring over scales

that are less relevant to the galaxy.

The aperture count method does have one advantage to it. Since it is less susceptible
to redshift space distortion (rsd) by definition (than, for example, the n** nearest
neighbour method), along with projected n'* nearest neighbour density, it is better
suited to calculating the densities in more dense regions such as cluster centres. The 3-
dimensional n?* nearest neighbour distance and the Voronoi method, described below,

on the other hand, are more suited to working in less dense regions.
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Figure 3.1: Demonstration of Voronoi Volumes around galaxies [29)

3.1.3 Voronoi Volume

A third method for calculating a galaxy’s density is to use a “ Voronoi Volume”. As in
figure 3.1, each galaxy has a Voronoi volume around it defined as a unique polyhedron
enclosing a three dimensional space, every point of which is closer to the galaxy in
question than to any other galaxy. [60] provides computational details and further
discussion of the usefulness of the Voronoi method. It is worth reporting here [29]’s
results from a comparison of the Voronoi volume and n** nearest neighbour volume in
a DEEP2-selected mock field of 120’ x 30’. Figure 3.2 plots the cube of the distance
to the 5 nearest neighbour versus the Voronoi volume for galaxies not within 5 h™!
comoving Mpc of an edge of the survey. The strong agreement between these two
volume estimators is quantified by a Spearman ranked coeflicient of 0.85. However,
[29] also found that, for the simulated DEEP2 data, the n?* nearest neighbour distance
was much more robust to edge effects than was the Voronoi method. Given that the

th

n** nearest neighbour distance is also much cheaper computationally, I chose it over

the Voronoi method when carrying out the present work.
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Figure 3.2: Plot of the cube of the 5" nearest neighbour distance versus vs the Voronoi
volume. The galaxies plotted are only those that are not within 5 h~! comoving Mpc
of an edge of the survey. The strong agreement between the two is quantified by the
Spearman ranked correlation coefficient of 0.85

[29]
3.2 Measuring Environmental Density in the Groth

Strip Volume Limited Sample

In measuring the density of the environment in the Groth Strip, I elected to employ the
3-dimensional n*® nearest neighbour method with a correction for peculiar velocities
that is described below. The method of counting galaxies in an aperture would not
be suitable to this high redshift survey whose area on the sky is a very elongated 40’
x 5. As described above, the Voronoi volume correlates well with the 3-d n** nearest
neighbour method. As a final comparison between these two methods, [29] analysed
the effect of redshift space distortion (rsd) on each volume method. They defined the
percent change in environment measure X for galaxy q, A,(X) as:

AL(X) = 000X sa) ~ 10910 XRg) 1007 (3.28)

ORr

where X, , is the measure of X for galaxy q computed from the redshift-derived position,
XR,q is the measure of X similarly computed from the real-space position in the mock
DEEP2-selected spectroscopic catalogue and op is determined via a Gaussian fit to

the logarithmic distribution of environment measure X for all galaxies in the real space
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Figure 3.3: The effects of redshift space distortion on each of the Voronoi method
and the 3-dimensional n** nearest neighbour method for n=3, 5. A,(X) is defined in
equation 3.28 and is plotted here for 5,031 galaxies in the DEEP2-selected simulation

within 0.7 < z < 1.4 and more than 4 h™! comoving Mpc from any survey edge [29]

simulation. The histogram of A,(X) is shown in figure 3.3. It is immediately clear
from this histogram that the two measures are affected very similarly by rsd and thus

neither gains an advantage on this score.

So, owing to the smaller computation requirements and greater robustness to edge

effects, the 3-d n** nearest neighbour method was chosen.

The issue of peculiar velocities still had to be dealt with, however. In order to counter
this problem, I set to zero any comoving radial separation (crs) that could have been
inferred purely from a peculiar velocity of 300kms~! (approximately a typical peculiar
velocity of a galaxy in a group) and took the projected separation to be the total
separation. The method is thus the fully fledged 3-dimensional n* nearest neighbour
method for galaxies in lower density environments and the projected n** nearest neigh-
bour method for galaxies in the densest environments, thus utilising the best methods,

as described above, in both types of environment.

In order to quantify the uncertainty in redshift z due to a peculiar velocity v, consider

the following relationships which are derived from equations 1.1 and 3.16:
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H
0z ~ —or (3.29)

c
1
0z ~ Edv (3.30)
or —1—62) 3.31
: (3:31)

where H is measured in kms~'Mpc~!, ¢=3x10° kms™!, r is measured in comoving Mpc

and v is measured in kms™!.

Equation 3.30 shows that an uncertainty in v of 300kms™! (it would be 1000kms~!
for a deep cluster environment) translates to an uncertainty in z of 0.001 (0.003).
This uncertainty in z due to peculiar velocity is independent of the size of z and
thus has a greater effect at lower z. Thus B04 opted for the “quasi two dimensional
density” alluded to above. They considered galaxies that were within 4+1000kms™!
of the galaxy in question but, in actually computing the density, only considered the
projected separations. (B04 also only considered galaxies brighter than M, = -20
necessitating a correction to my data for them to be compared to those of B04, as
described in section 3.6). Working at higher z and with bigger crs, I decided to accept
a crs that couldn’t have been inferred from a peculiar velocity of 300kms™! as genuine
and used it to form a three dimensional density. I considered galaxies that were within
35Mpc (in any direction) and 0.01 radians of the galaxy in question. These values
were chosen so as to include all galaxies that could possibly affect the environment of
the galaxy under study without including those too far away to do so. Histograms of
the crs, angular separations and total separations, together with a histogram of the

galaxies’ redshifts, are shown in figure 3.4.

Galaxies whose 5th nearest neighbour was more than 35Mpc away were given a nominal

density of 1x10~° galaxies Mpc~3. This corresponds to r5 ~ 50Mpc.

3.2.1 Survey Edges

A further complication was the geometry of the survey. As can be seen from figure 2.1,

the area on the sky is very long and thin. Additionally, given the large redshifts of the
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y = A=t | goem(emn)/uf (3:32)

There are thus a maximum of 6 free parameters, namely the amplitude (A;), centre
(x;) and width (w;) of each of the two distributions. Initially, only the two widths were
fixed with the other 4 parameters being free. The widths were fixed at the widths of
the red and blue distributions in the colour distribution of all 433 galaxies (i.e. all 5
histograms combined). These widths were 0.255 magnitudes for the blue distribution
and 0.162 magnitudes for the red distribution. Then the iterative curvefit procedure
in Interactive Data Language (IDL) fitted the double Gaussian to the data, taking the
middles of the tops of the bars in the histogram to be the data points. The double
Gaussians were fitted by finding the values of the other 4 parameters that minimised

X2

At this point, the first result was found. Namely that the colours of each distribution
varied very little with environmental density. That is, the centres of the red distribu-
tions were almost identical in all 5 histograms and similarly for the blues. This result
is shown graphically in figure 3.7 which plots the mean colours of the red and blue
distributions versus density and shows a comparison with the corresponding results
from B04. This remarkable result, with ramifications for star formation rates and the
evolution of galaxy colours, is mentioned only briefly here in order to explain the way
the analysis was carried out hereafter. It is discussed more in chapter 5. Note that, in
figure 3.7, the U-B colours from the Groth Strip galaxies have been transformed to the
u’-r’ colours used in the SDSS. This process is explained in section 3.5 and is done via
two different methods, as shown in the figure. Throughout this report, I shall denote

wavebands used in the SDSS photometric system with apostrophes (e.g. u’-r’).

Given that the centres of the distributions were changing so little, in order to further
reduce the number of free parameters (and thus test the applicability of the fitting of
the double Gaussian more robustly), the centres of each colour distribution were then
fixed. In each of the 5 histograms they took the values of -0.185 for the red distribution
and 0.33 for the blue distribution hereafter. Now the only free parameters were the 2
amplitudes of the distributions. Figure 3.6 shows each of the 5 histograms, the fitted

double Gaussian and the value of x? in each histogram.
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Histogram | n | x2 | p(x? | n)
1 91]14.0 0.12
2 81 569 0.66
3 81| 34 0.91
4 81 0.7 1.00
5 9| 80 0.53

Table 3.1: The values of n, x* and the probability of getting at least that x2 given n
for each of the 5 histograms in figure 3.6

The values of 2 in the histograms of figure 3.6 merit further discussion. For a function
to be well fitted to a set of points, the value of x? should be as close to n, the number
of degrees of freedom (defined as the number of points to be fitted minus the number
of free parameters) as possible. If x? is much larger than n then the function is simply
inappropriate for the data points and a new one must be sought. If it is much smaller
then the natural scatter of the points would cause suspicion that there are too many
free parameters (within reason, almost any function could be well fitted to a set of data
points if there are enough free parameters). Table 3.1 summarises the results of this
analysis. The histogram numbers refer to the histograms in figure 3.6 (i.e. histogram
1 is the least dense, 5 is the densest). The probabilities in the 4t column are the
probabilities of getting a value of x? greater than or equal to the value of x? in the 3™
column given the number of degrees of freedom in the 2™¢ column.

Thus the value of x? in the left most histogram is larger than hoped for. The first
reason for this, as can be seen in figure 3.7, is that the colour of the red distribution in
this histogram isn’t quite as red as the other 4 which are almost identical. Thus, when
the colour was fixed at that of the other 4 histograms, the fit in the left most histogram
would always be worse. It is also likely that, as the histogram containing the galaxies
in the least dense environments, it is also the one that is most contaminated by edge
effects. It is the only histogram in which the trend line misses the red population;
perhaps the peak was too narrow for the model. The other values of x?, apart from
that for the 4t" histogram, are thus of the right order. The x? value in the 4% histogram
is very small but, since the same method has been used for the others, I put this down

to a fortuitously good fit!

68



3.4 The Ratio of Galaxies that are red

The next step was to find the ratio of red galaxies to the total number of galaxies
for each density bin. To this end, the above approach was slightly modified. The
two amplitudes were re-parameterised as the amplitude of the blue population and
the ratio of the amplitude of the red population to that of the blue distribution. The
benefit of this technique was that, in calculating the ratio of red galaxies to all galaxies
as A,w,/(A,w,+Awy), the error in this ratio would only come from the error in one
parameter in the x% minimisation, namely the ratio of amplitudes. The error in this
parameter was defined as the amount by which the value would need to be changed
from the value that minimised x? to the value that raised the reduced x? (that is x>
divided by the number of free parameters) to the reduced x* +1. Statistically, this
error corresponds to a 1o limit. For details, see [9] . Figure 3.8 shows how the ratio of
red galaxies to all galaxies changes with environmental density. The error bars on this
plot are those derived from the process above. The equivalent plot from B04, using
the SDSS first data release, is plotted alongside for comparison. I shall discuss these

results in chapter 4 and their implications in chapter 5

3.5 Colour Conversions between different Photo-

metric Systems

As described above, figure 3.7 shows how little the mean colours of the red and blue
distributions vary with density and the equivalent result from B04 who carried out a
similar analysis on galaxies in the local universe. Apart from the fact that the colours
of all four distributions (red and blue in the high and low redshift universes) vary little
with density, it is also interesting to note the changes in the mean colours between
the epochs. This change is analysed formally in section 4.4 but it is necessary to first
describe how the Groth Strip galaxies’ U-B colours in the Johnson magnitude system

were converted to u’-r’ colours in the SDSS photometric system.

For comparative purposes, I did this conversion two ways. The first was to use the

conversion equations of Fukugita [38]. By observing stars with known U, B and V
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magnitudes with the Sloan filters, Fukugita et al. derived the following relations:

v —¢ =138(U - B)+1.14 (3.33)

and

¢ —7 =1.05B-V)-0.23 (3.34)

Combining equations 3.33 and 3.34 yields:

v — ' = 1.38(U — B) + 1.05(B — V) + 0.91 (3.35)

Thus, it was necessary to convert the U-B colours into B-V colours. This was done
using the lines corresponding to z=0 of tables containing no evolution colours (one U-B
table and one B-V table) of galaxies of different types, from E/SO to Sdm. Using first
the U-B table, the U-B colour of the galaxy in question was used to find that galaxy’s
“position” in the z=0 line (i.e. what type of galaxy it is). It was then assumed to
hold the same position in the z=0 line in the B-V table and its B-V colour was read off
accordingly. I was then able to convert the Groth Strip galaxies’ colours to those of the
Sloan Photometric System to compare them to those of galaxies in the local universe

obtained by B04.

The second set of equations, used to check the conversion of Fukugita et al, was that

of Krisciunas & Tonry [56]:

W — ¢ = 1.3290(U — B) + 1.1786 (3.36)

and

g —r' =0.9578(B — V) — 0.1803 (3.37)

Then equations 3.36 and 3.37 together yield:

W — 7' = 1.3290(U — B) + 0.9578(B — V) + 0.9983 (3.38)
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3.6 Density Corrections

To validate the comparison between the densities in the two surveys, two further correc-
tions were required. Firstly, the magnitude limit of the SDSS (r’ = -20.0) corresponded
to a B limit of -19.28 (conversion done using [56]). This is different to the limit of B =
-19.0 that I had chosen for my volume limited sample. Thus, the SDSS was sampling
over a smaller brightness range of galaxies. The correction factor, by which the Groth
Strip galaxies’ densities were to be divided, was calculated as the ratio of the number
of galaxies brighter than -19.0 to the number of galaxies brighter than -19.28. These

numbers were calculated by integrating the Schechter Luminosity Function:

[ ¢(M)dM
Jo P o(0)am

Ratio = (3.39)

where ¢(M) dM is given by equation 1.12. The ratio was calculated to be 1.065

The second correction was to account for the fact that the SDSS density was a two
dimensional one whereas the Groth Strip one was three dimensional. This correction
was made by dividing the SDSS densities by (2000/H). The 2000 comes from twice
the 1000kms~! used in B04. H is Hubble’s constant. This factor comes from equation
3.31.

Of course, all the colour conversions and density corrections described in this and the
previous sections introduce their own intrinsic uncertainties into the calculations. A
preferable method and possibility for future work, from the point of view of comparing

my work to that of B04, would be to carry out my analysis on the Sloan data.

73



Chapter 4

Results

In this chapter I present my results from the analysis of the Groth Strip galaxies. The
results are shown graphically in figures 3.6 (histograms of the galaxies’ U-B colours
binned according to environmental density), figure 3.7 that shows how (little) the mean
colours of the red and blue distributions change with environmental density and figure
3.8 that shows how the fraction of galaxies that are red changes with environmental
density. Section 4.1 discusses these plots and states all of my results. The latter two of
these three figures include the equivalent results from B04 in the local universe. This
inclusion permits a comparison of the two epochs and an analysis of the evolution of
galaxy colours. The two epochs are compared in section 4.2 and the evolution of galaxy
colours is discussed in section 4.3. Then, in section 4.4, I present an analysis of this
colour change, asking what is responsible for the change in the mean colour of galaxies

between z ~ 1 and z ~ 0.

4.1 My Results

My first result is that the distribution of colours of the Groth Strip galaxies is well
fitted by the sum of two Gaussian functions (a “double Gaussian”). This is at least
true where the edge effects permit a reliable density measurement and where the mean
colours of the red and blue populations are close to the fixed values. As explained in
section 3.3, it is for these reasons that the fit in the leftmost histogram in figure 3.6 is
poor. As shown in figure 3.6, the values of x? are, on the whole, of the right order in

5 bins selected according to the galaxies’ environmental density.
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My most important result is that the fraction of Groth Strip galaxies that lie in the
red distribution increases with the density of the galaxies’ environment. The frac-
tion increases from ~ 0.2 to ~ 0.4 whilst the environmental density increases from
~ 2x10* galaxies Mpc™ to ~ 4x107! galaxies Mpc=3. This is shown in figure 3.8.
Although this result is not unexpected, it is still interesting to note that, even by this
time (approximately 5Gyr after the Big Bang), a galaxy’s colour was correlated with
the environment in which the galaxy was sited. Various possible reasons for this are

discussed in the latter sections of this chapter and in the next chapter.

Finally, the mean colours of the red and blue distributions vary very little with the
density of the galaxies’ environment. In fact, above a density of 4x10~2 galaxies Mpc 3,
the mean colour of the red distribution varies imperceptibly from (u-r’) ~ 2.25. The
mean colour of the blue distribution is more scattered, around (u’-r’) ~ 1.2. These

results are shown in figure 3.7.

4.2 Comparison of the two Epochs

Figures 3.6, 3.7 and 3.8 are the high redshift equivalent figures of figures 1.12, 1.13
and 1.14 respectively. Notice that in figures 1.13 and 1.14 the galaxies have also been
split into different luminosity bins. The luminosity bin equivalent to the Groth Strip

galaxies is -22 < M, < -21.

Figure 3.6 immediately confirms the bimodal distribution of the colours of the galaxies
in the Groth Strip. This confirms the result of [6]. The immediate questions to ask
are, “What causes colour bi-modality at this redshift?” and “Are the causes the same

as those at low redshift?” I shall attempt to answer these questions in chapter 5.

The increase in the fraction of galaxies that are red is found both at high redshift and
in the local universe. However, it is also clear that the strength of the trend is greater
in the local universe. Therefore, it is possible that, whatever is causing the increase,
it is more pertinent in the local universe. Alternatively, if this result is due to more
than one effect, perhaps one or more of those effects are only low redshift phenomena.

Again, these interpretations are discussed in chapter 5.
The difference between the two fractions increases with density and is greatest in the
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densest environment, presumably those of the cluster centres. This means that there
are more blue galaxies in cluster centres at high redshift than there are today and
this is evidence of the Butcher-Oemler Effect. This effect was first reported in 1978
by (14]. Further, the average density of a galaxy’s environment is higher in the local
universe than it was at z ~ 1. This is consistent with the idea of galaxies falling into

the potential wells of clusters with cosmic time.

The mean colours of the red and blue distributions of local universe galaxies were also
found to vary very little with environmental density. The red colour again varied less
than the blue, differing little from (u’-r’) ~ 2.45. The blue colour was (u-r’) ~ 2.0
although their error bars are small enough to hint at a very weak trend of the colour
getting redder with environmental density. Whether this weak trend is also there at
high redshift is impossible to discern given the size of the error bars. These results
have been seen before in the local universe - it is especially true that the properties of
early type galaxies are nearly independent of density (e.g. early type galaxies: [7], late

type galaxies: [58]).

4.3 The Evolution of Galaxy Colours

Additionally, both red and blue distributions are bluer than those at low redshift.
Between the two epochs, the red distribution colour becomes redder by ~ 0.2 magni-
tudes and the blue distribution becomes redder by ~ 0.8 magnitudes. In order to test
whether these colours could be explained by “isclated evolution”, I used the PEGASE
software to investigate whether a galaxy could evolve with an exponentially decay-
ing star formation rate. To clarify terms, by “isolated evolution”, I refer to a galaxy
evolving without any external influences on its star formation or morphology. The star

formation rate in PEGASE is parameterised as:

SFR = —ge_t/B (4.1)

where A is measured in Mg and B in Myr. I could not find a pair of values for A and B
that would produce the right colours at the right times, either for the red distribution

or the blue one. Figure 4.1 shows plots of u’-r’ colours versus age of the universe for

76






different values of A and B. The values of A and B are shown on the panels and the
caption explains the other lines on the panels. The gap in the colours of the blue
distribution at the two epochs was too great to be produced by this method. Similarly,
the gap in the red distribution’s colours was too small. It is, however, perhaps more
surprising that the difference in the red colours cannot be reproduced by PEGASE
and this would be a suitable line of further enquiry. These results are consistent with
the blue galaxies being disrupted by external influences (that is, influences in all types
of environment), having their star formation quenched or stopped and then joining the

red distribution. These results are discussed in full in chapter 5.

4.4 What caused the Shift in the Mean Colour be-

tween z ~ 1 and z ~ 07

Figure 3.7 is discussed in sections 4.2 and 4.3 but it is immediately apparent that the
mean colours of both the blue and red distributions have become redder since z ~ 1.
When the red and blue distributions are combined to form the total distribution, it is
equally apparent that the mean colour of all galaxies has become redder with cosmic
time. When considering why this has happened, there are three possibilities:

e 1) The average density of galaxies’ environments has increased with cosmic time. We
already know that galaxies in high density environments are redder (e.g. [21]). This
can also be seen from figure 3.8.

e 2) If one looks at the evolution of galaxies at a fixed density environment, it is
apparent that the fraction of red galaxies goes up with cosmic time.

o 3) Again when observing the evolution of galaxies at fixed environmental density, it
is known that the mean colour of galaxies was bluer at z ~ 1.

These three possibilities can be summarised by saying that the colour change of the
average galaxy since z ~ 1 is due to one of three parameters {or a combination of
them) increasing with cosmic time. These three parameters are the average density,
the fraction of galaxies that are red at constant density and the mean galactic colour
(either of the red and blue distributions individually or of the combination of the

two) at constant density. The third of these three possibilities amounts to saying the
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galaxies are evolving in isolation. The obvious question to ask was what proportion of
the colour change is due to each of the three parameters. To answer this question, I

set about the following analysis.

The average colour c,, of all the galaxies in an epoch where f, is the fraction of galaxies
that are red and c, and c, are the average colours of the red and blue distributions

respectively can be defined by

o = 5l + (1 - £ (4.2)

where the summation is over the 5 density bins (there are equal numbers of galaxies
in each of the 5 density bins) and an average over these 5 density bins has been taken.
We have two epochs in which to compare the average colours: the present day (low
redshift) and at z ~ 1 (high redshift). Using equation 4.2 with the low redshift values
of densities, colours and fractions (of galaxies that are red) yields the average colour
of the galaxies at low redshift. This colour is w’-r’ = 2.22. The same process at high
redshift gives an average high redshift colour of u’-r’ = 1.49. Of the three parameters,
fraction, density and colour, which is most responsible for this colour change with
cosmic time? Starting with all parameters at their low redshift values, I changed them

one at a time to see their relative importance.

To investigate the change due to the density, the low redshift line (the dotted line)
in figure 3.8 was extrapolated (by fitting with a suitable fit and then by checking
by eye) to cover the density range of the high redshift line. Then the low redshift
line was interpolated to the high redshift densities and the new fractions were read
off accordingly. Then these new fractions were fed into equation 4.2 to calculate the
average colour the galaxies would have if only their densities took the high redshift

values.

With the densities then returned to their low redshift values, I next investigated the
effect of changing the fractions to the high redshift values. To do this, the high redshift
line in figure 3.8 was interpolated to the low redshift density values. Then, using these
low redshift densities but on the plot of fraction versus density for high redshift galaxies,
the fractions were again read off, fed into equation 4.2 and the average colour the

galaxies would have if only their fractions took the high redshift values was computed.
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Density | Fraction | Colour (Red) | Colour (Blue) | Percentage Change
low low low low 0.0
high low low low 2.8
low high low low 12.0
low low high low 12.4
low low low high 54.3
high high - high high 100.0

Table 4.1: The relative importance of density of environment, fraction of galaxies that
are red and isolated evolution of galaxies in changing the average colour of galaxies
from the z ~ 1 epoch to z ~ 0. The words high and low denote the high redshift
and low redshift epochs whose values are assigned to each of the density, fraction and
colour. For example, the third line down reveals that, when the fraction of galaxies
that are red is set to the high redshift value but the density and colours of the red and
blue distributions are left at the low redshift values, 12.0% of the shift in the mean

colour between the epochs can be accounted for.

Finally, with all parameters returned to their low redshift values, I investigated the
effect of changing the colours to their high redshift values. This was done for both the
red and blue distributions together and for each distribution separately. In effect, I
was measuring the change in the average colour of galaxies over cosmic time due to

isolated evolution. This was done by simply changing the colours in equation 4.2 to

their high redshift values.

Combinations of changing two of the three parameters were also done. For example,
to investigate the effects of changing both the density and fraction to the high redshift
values, the fractions were read from the high redshift line in figure 3.8 but from the
points on the line that corresponded to high redshift densities. The results of this
analysis are shown in table 4.1 as a percentage change in the average colour of galaxies
as a result of the change in parameter values. The words “low” and “high” in the table

refer to the low redshift and high redshift values of the parameters respectively.

Finally, the results displayed in table 4.1 are very powerful. They indicate very strongly

that the change in the average colour of a galaxy since z ~ 1 is due mostly to the
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evolution of a galaxy that would occur if it were in isolation and is much less the result
of any interaction between the galaxy and its environment. This is evident in the fact
that only allowing the colours of the galaxies to change to their high redshift values
produces 66.7% of the total change in the average colour (4 and 5% rows of the table
combined). This is compared to just 2.8% when only the densities are allowed to take
the high redshift values (2" row of the table). In fact, the change of environment

causes very little change.
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Chapter 5

Discussion & Conclusions

I have shown the following:
e At z ~ 1, as in the local universe, the galaxies’ colour distribution is bimodal

e The mean colours of the red and blue distributions change very little with density,
as is the case in the local universe, although there is perhaps a faint trend of blue

galaxies’ colours getting redder with increasing density in the local universe.

e At z ~ 1, the fraction of galaxies that are red increases with the density of the
local environment. This result was also found in the local universe although the

trend is stronger in the local universe.

e The average density of a galaxy’s environment is slightly higher in the local uni-

verse than at high redshift.

e The density of galaxies’ environments appears to play only a minimal role in the
evolution of the mean galactic colour and, by extension, the mean galactic star
formation. However, it should be remembered that, for an individual galaxy, the

density can be of crucial importance.

e The vast majority of the change in mean colour is down to the natural evolution
of the galaxy: stars growing old and moving off the main sequence to become red
giants, gas being consumed to make new stars, gas being expelled by super winds,
etc. That is, the evolution the galaxy would undertake if it were left to its own

devices.
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"To conclude this thesis, it is worth considering what kind of galaxy formation picture is
supported by the findings of this work. Firstly, the bi-modality of galaxy colours itself,
both in the local universe and out to z ~ 1, appears to be incontrovertibly real [3, 4, 6].
This bi-modality betrays two distinct types of galaxy. Firstly, there is the “passively
evolving” red population. They are passive in that star formation in these galaxies is
either very low or extinct. Secondly, there is the actively star forming blue population.
The bi-modality also indicates that transitions between the two populations must be

relatively rapid because there cannot be a continuous spread of galaxy colours.

There is strong observational evidence for the existence of two distinct types of red
galaxy that are found in clusters (for example, [34] and references therein). The first
family formed their stars at high redshift (z > 2) over a short timescale and have been
observed, mostly as luminous ellipticals, in clusters since z~ 1. The second family
formed their stars over a more protracted timescale and are thought only to have
entered the more red, passive population as a result of interactions with other galaxies
which quenched their star formation. They retain their spiral shape up to ~ 1Gyr after

the quenching of the star formation.

The fractions of the passive population that comprise each of the above two families will
change with redshift. At higher redshift, one would expect the passive population to
be dominated by the first family of “primordial” galaxies that formed in the primordial
over dense regions and formed their stars quickly at high redshift. They have remained
in the cluster environments ever since. As time has progressed, however, more and
more of the second family, as their star formation was quenched and they had more
and more time to fall into the deep potential wells of the clusters, will have joined this

passive, red population.

This is certainly consistent with figure 3.8. The fraction of galaxies that are red in-
creases with environmental density, both in the high and low redshift universes. Addi-
tionally, that trend is stronger in the local universe where, in addition to the primordial
red galaxies, the second family of passive red galaxies have had time to have had their

star formation quenched and to fall into the cluster centres.

Finally, a note about “downsizing” versus hierarchical models of galaxy formation.

The above discussion relies upon the premise of bright galaxies already having most of
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their mass in the form of stars at high redshift (z > 1). Ostensibly, this is contrary to
the assumption of a ACDM hierarchical universe in which massive halos are assembled
later. The fact that star formation in massive galaxies was greater at high redshift than
in the local universe [50] has been taken by some as evidence for a “downsizing” model
of galaxy formation. Since the ACDM assumption has been a central tenet of this work,
it is important to resolve the apparent contradiction between ACDM and downsizing.
[26] have recently implemented a semi-analytic model within the Millennium N-body
simulation that includes feedback from Active Galactic Nuclei (AGN). This assumption
is critical because the AGN are able to quench star formation in massive halos by
heating the gas and quenching cooling flows. With this part of the model included,
they found that the ACDM cosmology is consistent with the existence of a population
of massive galaxies out to z ~ 5. The model also provides for the natural break in the
luminosity function of galaxies in the local universe at bright magnitudes and predicts
that star formation rate density will rise with increasing redshift in objects of all masses.
Ultimately, the goal is to know how star formation evolves within the parameter space

of mass, luminosity, environmental density, metallicity and redshift.
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