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DEDICATION

‘You’ve got a friend in me

You’ve got a friend in me

When the road looks rough ahead

And you’re miles and miles

From your nice warm bed

You just remember what your old pal said

Boy, you’ve got a friend in me

Yeah, you’ve got a friend in me ’
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people there. I’ve made some great friends and had some amazing experiences.

Again, there are too many people to name here but I want to thank everyone for

making my time in Cardiff so amazing. I’ll hugely miss twice daily coffee breaks,
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and see everyone!
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been there the whole way through my PhD journey. I owe my Mum, Dad and
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edge, such as ‘Why isn’t Pluto a star anymore?’, which I’m sure greatly helped my

prepare for the viva experience. I can’t wait to share my graduation with them and

celebrate properly (in fantastic robes and a big, floppy hat). I’d also like to thank

my Gramma, Kay and John for always being there for me, and taking part in many

entertaining family ‘debates’. I love my mildly insane family, and am so lucky to

have grown up with them all around me.
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PRINCESS OLIVIA AND THE MAGI-

CAL MOOSE

This story has been reproduced from the FRELLED man-
ual by kind permission of Rhys Taylor.

ONce upon a time, the fair Princess Olivia was bored and decided to look

in her magic mirror.. ‘’Mirror, mirror, on the wall,” said the Princess,

‘’who has the best HI data of them all ?”

‘’You, O Princess”, said the mirror, ‘’but it would be even better if you looked at it

with FRELLED.”

The Princess decided that this was a good idea and would go to the library to learn

all about it. It was a long way to walk, but luckily a magical moose appeared from

nowhere. That’s what magical mooses do.

‘’Climb aboard !” said the moose, ‘’I’ll take you to the library in no time at all.”

The moose ran to the library at an amazing speed. ‘’Thanks, moose !” said the

Princess, ‘’I don’t suppose you know where I could find out about FRELLED ?”’

‘’Why yes,” said the moose, ‘’for I am a magical moose.” The moose and the

Princess sat down in front of one of the library’s many computers.

‘’First,” said the moose, ‘’you should decide whether you want the data to be in

3D or 2D, and push the little blue button accordingly.”

The Princess sighed a disdainful sigh. ‘’You can’t be a very magical moose,” she

said. ‘’Why would I want to look at data in 2D ? I am a Princess, you know !”

‘’Ah, quite,” said the moose, who magically blushed and shuffled his feet in an

embarrassed manner. ‘’How silly of me. Anyway, next you should press the ‘99’
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button”. 2

‘’Why ?” asked Princess Olivia.

‘’This will work out how much of the data should be transparent,” said the moose,

‘’and then automatically set the appropriate data value in the ‘maximum data

value’ box. ‘99’ means that 99% of the data will be transparent, which usually

looks quite nice.”

‘’How very convenient,” declared Princess Olivia in a regal manner. ‘’Anything

else ?”

‘’Yes,” said the moose, ‘’You must choose which projections to export. Let’s try

just the XY projection for now, it will be faster. Then you need to press the ‘Map 1’

button in the top part of the panel.”

The Princess did as she was bid, and gasped.

‘’Gasp !” said Princess Olivia, ‘’I see that something else happened when I pressed

map 1 !”

‘’Yes,” said the magical moose, ‘’The top part controls how the data is converted,

but it also sets defaults for how to display the data. That’s what the buttons at the

bottom are for.”

The Princess was delighted that her regal fingers would be saved from the exces-

sive manual labour of pressing more buttons than were absolutely necessary. ‘’I

suppose you are quite a magical moose, after all,” she said, grudgingly. ‘’What’s

next, moose ?”

‘’All you have to do now is press ‘Go’ !”said the magical moose.

‘’Alright,” said the Princess, ‘’but will this take long ? I have to go and fight off an

invading horde of goblins this afternoon.” 3

‘’Not at all !” said the moose, proudly, ‘’The code is parallelised. It shouldn’t

take more than a couple of minutes.”And indeed, in almost no time at all, the

Princess marvelled to see a wonderful three-dimensional image appear on the

screen. ‘’Wow !” she exclaimed, ‘’This is better than Avatar ! Especially since it

doesn’t have any 9ft tall smurfs. But what about all these other buttons ?”

‘’There isn’t any time to explain. This is only a quick start guide,” said the moose,

magically breaking the fourth wall. But he tipped his head and something white

and fluttery fell from his antlers. ‘’Try reading this manual. That should answer

2 The moose had the magical ability to pronounce quotation marks.
3 Princess Olivia was a warrior princess.
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all your questions.”

Princess Olivia thought about this and adjusted her tiara in a haughty fashion. She

wasn’t sure that Princesses were allowed to read manuals. Perhaps she could find

a servant to read it for her.

”Oh, alright,” she said. ‘’Goodbye moose !”

The moose magically disappeared. Later on, Princess Olivia decided that fight-

ing the goblins was too much effort. Instead she decided to teach them all about

FRELLED. And they all analysed HI data ever after.

THE END.
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ABSTRACT

‘Brief let me be.’

WILLIAM SHAKESPEARE, HAMLET

THis thesis explores possible solutions to the dwarf galaxy problem. This

is a discrepancy between the number of dwarf galaxies we observe, and

the number predicted from cosmological computer simulations. Simu-

lations predict around ten times more dwarf galaxy satellites than are currently

observed. I have investigated two possible solutions: dark galaxies and the low

surface brightness universe.

Dark galaxies are dark matter halos which contain gas, but few or no stars,

hence are optically dark. As part of the Arecibo Galaxy Environment Survey I

surveyed the neutral hydrogen gas around the nearby galaxy M33. I found 32 gas

clouds, 11 of which are new detections. Amongst these there was one particularly

interesting cloud. AGESM33-32 is ring shaped and larger than M33 itself, if at the

same distance. It has a velocity width which is similar to the velocity dispersion of

gas in a disk galaxy, as well as having a clear velocity gradient across it which may

be due to rotation. The fact that it also currently has no observed associated stars

means it is a dark galaxy candidate.

Optically, dwarf galaxies may be out there, but too faint for us to detect.

This means that with newer, deeper, images we may be able to unveil a large,

low surface brightness, population of dwarf galaxies. However, the question re-

mains as to how these can be distinguished from background galaxies. I have used

Next Generation Virgo Survey (NGVS) data to carry out photometry on 852 Virgo

galaxies in four bands. I also measured the photometric properties of galaxies on a

background (non-cluster) NGVS frame. I discovered that a combination of colour,
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magnitude and surface brightness information could be used to identify cluster

dwarf galaxies from background field galaxies. The most effective method is to

use the surface brightness-magnitude relation.
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CHAPTER 1
INTRODUCTION

‘There is a theory which states that if ever
anybody discovers exactly what the Universe is
for and why it is here, it will instantly disappear
and be replaced by something ever more bizarre
and inexplicable. There is another theory which
states that this has already happened.’

DOUGLAS ADAMS

SINCE ancient times mankind has looked up at the sky and pondered its’ place
in the Universe. From the pyramids of Giza being perfectly aligned with
the stars of Orion’s belt, to the Mayan civilisation measuring the cycle of

Venus with stunning accuracy, it is clear that the heavens have always played a
crucial role in civilization. The heliocentric model of the solar system, the idea that
the Earth revolves around the Sun, can be traced back to Aristarchus in the third
century BC. However, it wasn’t until the sixteenth century that a mathematical
model of a heliocentric system was produced by Nicolaus Copernicus. This was
followed by Johannes Kepler expanding the framework to include elliptical orbits
in order to explain observations of the paths of the planets across the sky. These
ideas were cemented by Galileo’s telescopic observations of the planets and their
moons.

It took until the seventeenth century, with William Herschel and Friedrich
Bessel, for it to be realised that the Sun was only the centre of the solar system,
and there was a greater Universe outside of this. The first observed galaxies were

1
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simply perceived to be nebulous patches on the sky, and this eventually led to the
great debate on ’island universes’.

1.1 ISLAND UNIVERSES

By the eighteenth century astronomers had entered ’The Realm of the Neb-
ulae’, to borrow Hubble’s magnanimous book title (Hubble, 1936). The French
Mathematician and Philosopher M. de Maupertius described the nebulae as such
(de Maupertius, 1742):

"These are small luminous patches, only slightly more brilliant than the
dark background of the sky; they have this in common, that their shapes are more
or less open ellipses; and their light is far more feeble than that of any other objects
to be perceived in the heavens."

It was noted that one possible explanation for these Nebulae was that they
were not single stars, instead they were systems of many stars which, due to their
distance, could not be resolved into separate stars and so resembled faint patches
of light in the sky. Hence, the theory was proposed that these groups of stars
did not reside within our own ’stellar system’ (the Milky Way) but were further
out in space. This became known as the theory of ’Island Universes’, however it
existed solely in the realms of philosophical speculation until the late nineteenth
century. At this point the cumulation of observational data brought the problem of
the Nebulae to the forefront of astronomy and the theory of island universes was
one possible solution.

The Curtis-Shapley debate brought the issue to a head in 1920. Shapley be-
lieved that the Nebulae were part of the Milky Way. The crux of his argument
rested upon the fact that if the Andromeda galaxy wasn’t a part of the Milky Way
then it’s distance would be of the order of 107 light years (around 3Mpc), which at
the time seemed laughable to many astronomers (Shapley and Curtis. 1921). Cur-
tis, on the other hand, argued for the island universes interpretation. His main
evidence were the fact that Andromeda had more Novae than the Milky Way,
dark lanes in other galaxies resembling the dust clouds in the Milky Way and the
Doppler shifts of light from other galaxies.

A resolution to this debate was at least partially reached in the mid-1920s.
The astronomer Edwin Hubble observed Cepheid variable stars in the Andromeda
galaxy. Cepheid variable stars were discovered by Henrietta Swan Leavitt when
studying variable stars in the Magellanic clouds. She found that these pulsating
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FIGURE 1.1 The Hubble tuning fork diagram, Sandage (1975). Elliptical galaxies appear
to the left of the diagram, with a number to denote their ellipticity (0 is perfectly circular
and 9 is extremely elongated). The diagram then splits into barred (SB) and non-barred (S)
spirals, with the small letters denoting flocculence (a is the least flocculent, c is the most).

stars have a well defined relationship between their luminosity and pulsation pe-
riod; this means they can be used as distance estimators. Using this technique
Hubble measured Andromeda to be 1.5 million light years away, therefore placing
it far outside the confines of the Milky Way.

1.2 GALAXY EVOLUTION

At the same time that this debate raged, astronomers noticed that the neb-
ulous objects had a range of varying morphologies. The Hubble sequence is a
system for morphological classification of galaxies invented by Hubble in 1926.
He divided galaxies into three main classes based on their physical appearance:
spiral galaxies, elliptical galaxies and lenticular (or S0) galaxies. It was thought
that elliptical galaxies were ’early type’, and these moved through the lenticular
phase to become spirals or ’late type’ galaxies, as can be seen in fig 1.1. Ellipticals
are denoted by the letter ’E’, followed by a number which is indicative of ellipticity
(0 is entirely spherical and 9 is the most elongated). Spiral galaxies are split into
two classes : barred and non-barred spirals, labelled ’S’ and ’SB’. These labels are
followed by a lower case letter donating how tightly would the spiral arms are, ’a’
is for the most tightly wound and ’c’ is for the most flocculent.

We now know that the majority of galaxies are actually dwarf galaxies.
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These were not known about in Hubble’s time and do not appear in his classi-
fication system. Most dwarfs are dwarf ellipticals, having similar properties to
elliptical galaxies. However, dwarf irregular galaxies and dwarf spirals also exist.
These dwarf galaxies are crucial to this thesis, and will be discussed in much more
detail later.

1.2.1 HIERARCHICAL STRUCTURE FORMATION

The belief that ellipticals form first and evolve into spirals was later called
into question. In 1962 Olin Eggan, Donald Lynden-Bell and Allan Sandage (Eggen
et al. 1962) proposed that disk galaxies formed from the monolithic collapse of a
gas cloud: the cloud would collapse and settle into a rapidly rotating disk. This
was known as the ’top-down’ formation scenario. However, it would later give
way to a ’bottom-up’ formation model. This is where small things form first and
merge to make bigger things. This ’bottom-up’ formation method, also known as
hierarchical structure formation, was first suggested by Leonard Searle and Robert
Zinn (Searle & Zinn 1978). They looked at metallicities of globular clusters at the
outskirts of the halo of the Milky way and discovered that they could not have
formed in-situ. The result of this is the theory that larger galactic halos are built up
from many smaller ones (e.g. Lacey & Cole 1993), this can be represented by the
merger tree diagram shown in fig 1.2. Under the hierarchical structure formation
model the early and late type galaxies appear to be the wrong way round: spirals
would merge to make ellipticals.

Ellipticals can therefore be seen as having resulted from mergers of spiral
galaxies: their stars are randomly distributed and don’t sit in disk like planes and
they have little gas or ongoing star formation. This has led them to be thought of
as ’old, red and dead’, as due to their lack of continued star formation, they have
no young blue stars and appear red in colour.

1.2.2 COSMIC DOWNSIZING

Cosmic downsizing provides an explanation for this colour bi-modality in
galaxy populations. Larger galaxies have older stellar populations due to active
galactic nuclei (AGNs) having evacuated large proportions of these galaxies’ gas
reservoirs, hence quenching their star formation relatively early. However, smaller
galaxies do not have AGNs and so hold on to their cold gas, needed for star forma-
tion. Downsizing is the migration of star forming activity over cosmic time from
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larger to smaller halos due to the AGN activity (e.g. Neistein et al. 2006, Juneau
et al. 2005). From a downsizing point of view the stars in higher mass galaxies
on the red sequence appear redder because they are older, whereas dwarf galaxies
would be less red because they have formed more recently. There is no conflict
between downsizing and the LCDM model (see below) as massive galaxies do
continue to accrete smaller companions, but they do not contain enough gas to
alter the stellar populations of the ellipticals. Boselli et al. (2001) state that dwarf
galaxies do have large gas reservoirs per unit mass, when compared to massive
spirals. There have been many studies which have claimed to have observed di-
rect evidence for downsizing. Kriek et al. (2007) have used emission lines to study
the evolution of stellar populations in AGN host galaxies, and Rigby et al. (2011)
use simulations to investigate the radio luminosity function; they state that their
results provide clear evidence for downsizing in the radio-AGN population. How-
ever, Boselli et al. (2008) state that, when trying to reproduce galaxy properties ob-
served in the Virgo cluster using a starvation scenario which includes downsizing,
they do not reproduce the observed H I deficient population. Additionally Smith
et al. (2009) state that the core of the Coma cluster does not exhibit the effects of
downsizing.

There have been some recent observations of massive objects at high red-
shift. Fu et al. (2013) have discovered an elliptical galaxy with a mass of 4 x 1011M�

at a redshift of 2.3. It has a gas-to baryon fraction which is far higher than the mean
for galaxies with masses of 1011M� at z∼2. Fu et al. (2013) state that gas rich major
mergers at high redshift can form the most massive galaxies observed by z ∼ 1.5.
Therefore, the existence of these galaxies at high red shift is not inconsistent with
hierarchical structure formation. This fits in with a downsizing scenario, as these
massive elliptical galaxies at high red shift would have their gas exhausted at early
epochs by AGN feedback processes.

1.3 THE GALAXY RED SEQUENCE

The red sequence is the region in which red galaxies, generally elliptical or
dwarf elliptical types, sit on a colour magnitude diagram. Their colours are redder
as they have little to no current star formation occurring and have old, metal rich,
stellar populations. This means that they lack young blue stars and are largely
made up of an older red population. Figure 1.3 shows the relative positions of the
red sequence and blue cloud on a colour-luminosity diagram. It is believed that
galaxies begin life in the blue cloud as star forming galaxies. As they age their gas
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FIGURE 1.2 A galaxy merger tree representing the hierarchical structure formation
model. Small halos merge to form larger ones, and these then merge in turn. In this dia-
gram the top of the tree represents a time when there were a lot of small halos, and these
merge to eventually form the trunk of the tree, or a large cluster sized halo. t0 denotes the
present time, and t f is the time at which a parent halo containing more than half the mass
of the final halo was created, (Lacey & Cole 1993).
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FIGURE 1.3 The positions of the galaxy red sequence and blue cloud on a colour - lumi-
nosity diagram. Galaxies with current star formation tend to sit in the blue cloud. When
star formation has stopped, and a galaxy’s stars are older the galaxy moves onto the red
sequence.

is consumed through star formation. When their gas reservoir is so depleted that
star formation stops they evolve onto the red sequence. In between the blue cloud
and red sequence is a region sometimes named the green valley, it is beleived that
galaxies may evolve accross this green valley to get from the blue cloud to the red
sequence. Galaxy clustering in these regions has been observed in SDSS studies
(e.g. Zehavi et al. 2011). It is a subject of debate if and how galaxies evolve across
this green valley to join the red sequence (e.g. Guo et al. 2016b, Schawinski et al.
2014).

1.4 LCDM

The LCDM cosmological model is the leading explanation of how our Uni-
verse works. It is a paradigm of the the Big Bang model and states that we live in a
cold dark matter Universe with a cosmological constant, L. The model starts with
the Big Bang, when the Universe exploded out of a point of infinite density. The
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afterglow of the Big Bang can be observed in the cosmic microwave background
(CMB), see fig 1.4. As can be seen from the figure, the temperature across the CMB
is not uniform, but has fluctuations. These are the imprint of quantum fluctua-
tions in matter which occurred shortly after the Big Bang, and were measured by
the COBE satellite in 1992 to be ∼ one part in 105 (Boggess et al. 1992). After this
there was a period of massive inflation meaning that these initial fluctuations be-
came the seeds for the large scale structure observed in the Universe today. As the
early Universe cooled, matter began to form, with the first stars forming 400 Myrs
after the Big Bang.

The LCDM model incorporates Big Bang cosmology into a model which in-
cludes a cosmological constant and cold dark matter. The dark matter is described
as cold because its particles move slowly when compared to the speed of light. The
cosmological constant gives the energy density value of space and it’s magnitude
and sign dictates the expansion timescales of the universe. A LCDM Universe is
described by a set of cosmological parameters. It has an energy density parame-
ter W0 = 1, corresponding to a flat geometry. Three different fluids contribute to
this energy budget: matter with WM,0 = 0.27, dark energy with WL,0 = 0.73, and
radiation with WR,0 = 4 x 10−5. The matter term is the sum of contributions from
ordinary baryonic matter (WB,0 = 0.045) and Cold Dark Matter (WCDM,0 = 0.225).
Additionally, dark energy is very well described by an equation of state parameter,
w = -1, which necessitates the introduction of the cosmological constant.

These model parameters have the same values as those observed, by mis-
sions such as WMAP (Hinshaw et al. 2013) and Planck (Planck Collaboration et al.
2016), so the LCDM model is extremely effective at describing the universe we live
in. Further predictions arising from the LCDM model are the abundances of the
elements hydrogen, helium and lithium; the large scale structure of the Universe
and the accelerating expansion of the Universe (Riess et al. 1998).

In the LCDM model the Universe forms as a great mesh of filaments, with
galaxy groups and clusters forming where these filaments intersect. Material trav-
els down the filaments to the clusters and hence, they continue to grow. We ob-
serve this structure from our position in the Milky Way: we see the galaxy clusters
Virgo, Coma and Fornax from within our Local Group of galaxies.

1.5 SIMULATIONS

Simulations are a vital tool for astronomers to test theories on the evolution
of the universe. For instance, in testing the LCDM model, it is possible to simulate
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FIGURE 1.4 A Planck Collaboration map of the cosmic microwave background. The red
areas of the map correspond to warmer regions and the blue areas to cooler regions, (
Planck Collaboration et al. 2014).

a universe with all the cosmological constants set to their most accurately known
value and see what the universe should look like at the present time. Until recently,
these simulations have been made up of solely dark matter particles (e.g. Lemson
& Virgo Consortium 2006, Klypin et al. 1999a). There are two main reasons for
this: the first is that these simulations are extremely computer power heavy, so un-
til recently it has not been possible to incorporate any baryonic physics in to them.
The second reason is that our Universe is made up largely of dark matter, so dark
matter simulations are thought of as a good approximation to our Universe. The
dark matter density cosmological parameter is 0.23, compared to 0.05 for baryonic
matter density, which makes it clear to what degree dark matter dominates. There-
fore, in simulations such as those done by Klypin et al. (1999a) (see also Kravtsov
et al. 1997) only dark matter particles are used and the only active force is grav-
ity. Klypin et al. (1999a) follow the evolution of the dark matter particles in the
simulations and use these to predict the subsequent appearance of the universe.
These models predict that in a simulated galaxy group similar to the Local Group
we should see about 300 satellites in a 1.5Mpc radius- observationally however,
we only see around 40 in the local group. This problem is seen consistently across
these LCDM dark matter simulations, and will be discussed in more detail later
(see section 1.6).
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More recent simulations, such as the Virgo Consortium’s Evolution and As-
sembly of GaLaxies and their Environments (EAGLE) project (e.g. Schaye et al.
2015) and Illustris (e.g. Vogelsberger et al. 2014b), are hydrodynamical simula-
tions. Hydrodynamical simulations are able to account for the baryonic compo-
nent of the Universe by calculating fluid motion, as well as gravity. This allows
effects such as feedback to be incorporated, which is believed to be vital in galaxy
evolution. Feedback is a process that regulates the growth of galaxies, in which the
interstellar medium is heated (e.g. as a result of a supernova explosion) and halts
further star formation.

1.6 THE DWARF GALAXY PROBLEM

The dwarf galaxy problem arises when these simulations are compared to
our observable Universe. When examined on large scales the results of the dark
matter only simulations seem to largely echo the Universe we live in: there are
great filaments with clusters of galaxies at the intersections and large voids of
empty space in between. However, when examined on galactic scales they show
around an order of magnitude, or ten times more, dwarf galaxies than we observe
(e.g. Klypin et al. 1999a, Bullock 2010) . Klypin et al. (1999a) carry out dark matter
only LCDM simulations of a region the size of the Local Group, within a radius
of ∼1.5 Mpc. Using a particle size of 1.66 x 107 they predict around 9 times more
satellites than are observed in the Local Group. Moore et al. (1999) also use dark
matter numerical simulations to examine substructure. They investigate the dark
matter sub halo population of a Milky Way sized galaxy halo and predict that we
should find around 500 halos with masses larger than 108M�; in reality around 50
are observed.

One proposed solution to the dwarf galaxy problem is that the simula-
tions that predictions come from do not mirror our Universe closely enough, as
they have not incorporated enough baryonic physics. Recently the EAGLE team
(Schaye et al. 2015) have run suits of hydrodynamical simulations, which incorpo-
rate a lot more baryonic physics. Their APOSTLE (A Project Of Simulating The
Local Environment) simulations focus on a Local Group sized region (Sawala et al.
2016). From these simulations they state that the number of luminous satellites
now agrees with the number observed, however they still predict around ten times
more dark matter halos. This means that these halos may have matter in them, but
have not had enough mass to form stars in the simulations. There are currently
∼ 60 known galaxies with masses above 105M� within 2 Mpc of the Local Group
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FIGURE 1.5 zoom sequence from 100 Mpc/h to 0.5 Mpc/h through the Millenium-II sim-
ulation at redshift 0.

The top-left panel shows the super-cluster scale. The top, middle and bottom
panels on the right hand side show a cluster. The bottom-middle and -left hand

panels show an individual galaxy whose dwarf companions can be
seen,(Boylan-Kolchin et al. 2009).
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for signs of dark galaxies (Davies et al. 2006). So far the numbers of dark galaxy
candidates have fallen far short of the number that would be needed to solve the
dwarf galaxy problem. If the next generation of telescopes do not unveil any more
then we may have to accept that gas rich dark galaxies are not the smoking gun
which will solve the dwarf galaxy problem, but any detections we do make will
help towards unveiling the hidden dwarf galaxy population.

6.4.2 THE LSB UNIVERSE

The aim of my work on the Virgo cluster was not to find new dwarf galax-
ies, but to come up with a method of identifying them from background sources.
I have discovered that if colour information is used alongside magnitude and sur-
face brightness information then this can be done relatively easily. Many new
dwarf populations are being discovered as data quality improves (e.g. Davies et al.
2016, Mihos et al. 2015, van Dokkum et al. 2015a), and this number will only in-
crease with new survey telescopes. The methods discussed in this thesis will aid
in the confirmation of dwarf cluster membership, and therefore help in the iden-
tification of new dwarf populations. As we enter the age of big data astronomy it
will be vital to use automated detection methods, along with strict identification
criteria, to identify dwarf galaxy populations effectively, and hence harness the full
power of the new generation of data.

This will directly contribute to helping solve the dwarf galaxy problem, as
the number of identified dwarfs will increase. However, we may find that we end
up extending the Schechter function to fainter mass bins, and not discovering new
dwarfs at the current faint end of this function. This could mean that the slope of
the Schechter function will not change by the amount required to solve the dwarf
galaxy problem. It may be that a multi-pronged approach is needed to bring ob-
servations and simulations together: some new detections coupled with improve-
ments in how accurate a version of our universe we can create in simulations.
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APPENDIX

’This morning I found a book in my

brother’s bookcase. It’s in English and deals

with time and the universe and everything.

I flipped through the pages, but started

sweating and had to put it down. It was too

much for me.’

ERLEND LOE, NAIVE. SUPER

7.1 PHOTOMETRY DATA TABLES

Tables 1-6 below give the results from the photometry of the Virgo cluster
galaxies.

Table 1 presents, in column order, 1. the galaxy’s VCC number 2. RA 3.
Dec 4. u band magnitude 5. u band magnitude error 6. g band magnitude 7. g
band magnitude error 8. i band magnitude 9. i band magnitude error 10. z band
magnitude 11. z band magnitude error.

Table 2 presents, in column order, 1. the VCC number 2. u − g colour 3.
u − g error 4. u − i colour 5. u − i colour 6. u − z colour 7. u − z error 8. g − i
colour 9. g − i colour error 10. g − z colour 11. g − z colour error 12. i − z colour
13. i − z colour error.

Table 3 presents, in column order, 1. the VCC number 2. the radius mea-
sured at the 28 mag arcsec−2 isophote in the g band 3. u band mean surface bright-
ness within this radius 4. u band surface brightness error 5. g band mean surface
brightness within this radius 6. g band surface brightness error 7. i band mean
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surface brightness within this radius 8. i band surface brightness error 9. z band
mean surface brightness within this radius 10. z band surface brightness error.

Table 4 presents, in column order, 1. the galaxy’s LSBVCC number 2. RA
3. Dec 4. u band magnitude 5. u band magnitude error 6. g band magnitude 7. g
band magnitude error 8. i band magnitude 9. i band magnitude error 10. z band
magnitude 11. z band magnitude error.

Table 5 presents, in column order, 1. the LSBVCC number 2. u − g colour
3. u − g error 4. u − i colour 5. u − i colour 6. u − z colour 7. u − z error 8. g − i
colour 9. g − i colour error 10. g − z colour 11. g − z colour error 12. i − z colour
13. i − z colour error.

Table 6 presents, in column order, 1. the LSBVCC number 2. the radius
measured at the 28 mag arcsec−2 isophote in the g band 3. u band mean surface
brightness within this radius 4. u band surface brightness error 5. g band mean
surface brightness within this radius 6. g band surface brightness error 7. i band
mean surface brightness within this radius 8. i band surface brightness error 9.
z band mean surface brightness within this radius 10. z band surface brightness
error.
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TABLE 7.1 The VCC number, RA, Dec, magnitudes in the u, g, i and z bands with errors.

VCC RA (deg) Dec (deg) u u_err g g_err i i_err z z_err

299 184.6662 13.5982 18.29 0.02 17.19 0.01 16.43 0.01 16.26 0.02
306 184.7015 8.9884 19.71 0.03 18.73 0.02 18.06 0.02 18.02 0.03
309 184.7138 12.5984 17.27 0.02 16.51 0.01 16.03 0.01 16.05 0.02
310 184.7238 12.1939 19.84 0.03 18.77 0.02 18.00 0.02 18.05 0.03
319 184.7583 13.9824 16.22 0.02 15.12 0.01 14.67 0.01 14.45 0.02
322 184.7715 13.9805 16.05 0.02 15.02 0.01 14.42 0.01 14.33 0.01
328 184.7970 12.8836 16.99 0.02 16.35 0.01 15.92 0.01 15.82 0.01
330 184.8019 12.8519 17.85 0.02 16.77 0.01 15.89 0.01 15.81 0.02
333 184.8104 13.7957 19.78 0.03 18.85 0.02 18.24 0.02 18.06 0.03
334 184.8093 13.8824 16.38 0.02 15.61 0.01 15.08 0.01 14.96 0.01
350 184.8579 13.3109 17.69 0.02 16.96 0.01 16.51 0.02 16.51 0.02
353 184.8778 12.2089 19.57 0.03 18.52 0.02 17.63 0.02 17.54 0.02
354 184.8754 13.9907 17.60 0.02 16.53 0.01 15.72 0.01 15.58 0.02
355 184.8774 14.8777 13.71 0.02 12.33 0.01 11.27 0.01 10.97 0.01
361 184.9044 15.1622 18.28 0.02 17.18 0.01 16.35 0.01 16.23 0.02
364 184.9351 12.2826 18.63 0.02 17.30 0.01 15.89 0.01 15.31 0.01
369 184.9385 12.7983 14.65 0.02 12.30 0.01 11.18 0.01 10.90 0.01
372 184.9487 14.7063 19.65 0.03 18.21 0.02 17.22 0.02 17.10 0.02
389 185.0138 14.9615 15.37 0.02 14.03 0.01 13.16 0.01 12.99 0.01
391 185.0123 13.7962 19.08 0.03 18.04 0.04 17.21 0.03 16.91 0.03
394 185.0359 9.4681 18.53 0.02 17.42 0.01 16.62 0.01 16.49 0.02
401 185.0608 12.8652 18.86 0.02 18.00 0.01 17.49 0.02 17.41 0.02
407 185.0783 9.5454 15.87 0.02 14.58 0.01 13.70 0.01 13.56 0.01
410 185.0908 12.1878 17.58 0.02 17.08 0.01 16.72 0.01 16.61 0.02
414 185.1015 14.6908 18.61 0.02 17.42 0.01 16.62 0.01 16.58 0.02
418 185.1119 14.7853 18.59 0.02 17.46 0.01 16.69 0.01 16.52 0.02
421 185.1280 13.5192 18.80 0.02 17.54 0.01 16.77 0.01 16.71 0.02
425 185.1489 8.2011 19.18 0.03 18.15 0.02 17.41 0.02 17.41 0.03
426 185.1513 12.8848 19.42 0.03 18.39 0.02 17.48 0.02 17.36 0.02
428 185.1678 13.8896 17.39 0.02 17.01 0.01 16.99 0.02 16.87 0.02
431 185.1933 12.7578 19.40 0.03 18.38 0.02 17.55 0.02 17.41 0.02
444 185.2276 14.9889 18.64 0.02 17.46 0.01 16.69 0.01 16.81 0.02
447 185.2454 8.8662 20.53 0.06 19.63 0.02 18.96 0.04 19.03 0.06
452 185.2700 11.7546 17.07 0.02 15.82 0.01 15.02 0.01 14.89 0.01
455 185.2868 9.7096 18.86 0.02 17.66 0.01 16.91 0.01 16.81 0.02
456 185.2878 12.2992 19.51 0.03 18.52 0.02 17.73 0.02 17.62 0.02
458 185.3031 8.9632 17.87 0.02 16.74 0.01 15.86 0.01 15.80 0.01
461 185.3126 13.3465 17.81 0.02 16.60 0.01 15.68 0.01 15.58 0.01
471 185.3535 9.6203 19.65 0.02 18.92 0.02 18.37 0.02 18.20 0.03
477 185.3629 15.0200 18.25 0.02 17.40 0.01 16.81 0.02 16.90 0.02
493 185.4377 13.1932 18.64 0.02 17.65 0.01 16.87 0.01 16.68 0.02
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VCC RA (deg) Dec (deg) u u_err g g_err i i_err z z_err

494 185.4235 15.0749 18.12 0.02 16.77 0.02 15.94 0.01 15.87 0.02
496 185.4282 9.3555 19.94 0.03 19.01 0.02 18.19 0.02 18.14 0.03
498 185.4304 10.2341 19.98 0.03 18.91 0.02 18.11 0.02 17.98 0.03
501 185.4500 12.8266 18.16 0.02 17.07 0.01 16.21 0.01 16.08 0.02
502 185.4533 11.8519 20.30 0.04 19.23 0.02 18.28 0.02 18.08 0.03
503 185.4597 8.5418 18.41 0.02 17.35 0.01 16.39 0.01 16.54 0.02
504 185.4586 9.7391 17.68 0.02 16.63 0.01 15.96 0.01 15.80 0.01
511 185.4828 8.3457 19.93 0.04 18.84 0.02 18.10 0.02 18.07 0.03
512 185.4816 11.9668 16.83 0.02 15.94 0.01 15.45 0.01 15.33 0.01
519 185.5036 14.1366 19.88 0.04 18.90 0.02 18.19 0.03 18.12 0.04
529 185.5358 9.8944 19.13 0.03 18.07 0.02 17.14 0.02 17.00 0.02
532 185.5435 11.6418 19.75 0.03 18.63 0.02 17.89 0.02 17.79 0.03
537 185.5533 12.6967 19.76 0.04 18.60 0.02 17.69 0.02 17.57 0.03
539 185.5617 14.1423 18.07 0.02 16.76 0.01 15.97 0.01 16.02 0.02
540 185.5704 10.9533 20.96 0.05 19.64 0.02 18.79 0.02 18.60 0.03
544 185.5843 9.0340 17.58 0.02 16.78 0.01 16.19 0.01 16.14 0.02
547 185.5871 15.1598 20.00 0.03 18.92 0.02 18.21 0.02 18.22 0.03
556 185.6171 13.1628 20.62 0.04 19.49 0.02 18.56 0.03 18.50 0.03
560 185.6319 11.8026 18.13 0.02 17.01 0.02 16.08 0.02 15.81 0.04
561 185.6488 8.8119 18.86 0.02 17.79 0.01 17.02 0.01 17.05 0.02
562 185.6496 12.1580 15.97 0.02 15.49 0.01 15.03 0.01 14.87 0.01
564 185.6517 11.2975 21.38 0.06 20.42 0.03 19.66 0.04 19.62 0.07
574 185.6762 8.8295 18.56 0.03 17.44 0.02 16.73 0.02 16.69 0.02
575 185.6804 8.1983 15.09 0.02 13.72 0.01 12.72 0.01 12.51 0.01
582 185.6968 8.4372 20.81 0.07 19.74 0.03 18.96 0.04 18.85 0.07
584 185.7012 7.9135 17.95 0.02 16.86 0.01 16.09 0.01 16.03 0.02
585 185.6957 11.3444 18.57 0.02 17.54 0.01 16.95 0.02 16.87 0.02
592 185.7119 13.5929 17.44 0.02 16.26 0.01 15.35 0.01 15.18 0.01
594 185.7131 15.2752 18.38 0.02 17.22 0.01 16.41 0.01 16.52 0.02
603 185.7467 13.7569 20.51 0.04 19.39 0.02 18.56 0.02 18.44 0.03
605 185.7583 13.5590 20.59 0.04 19.47 0.02 18.59 0.03 18.46 0.03
607 185.7601 13.9145 20.70 0.05 19.62 0.02 18.51 0.02 18.25 0.03
611 185.7702 8.3332 17.63 0.02 16.42 0.01 15.70 0.01 15.55 0.01
615 185.7697 12.0157 19.97 0.04 18.64 0.02 17.88 0.03 17.61 0.03
622 185.7955 9.0287 19.13 0.02 18.12 0.02 17.39 0.02 17.37 0.02
624 185.7983 13.4184 19.67 0.03 18.72 0.02 17.88 0.02 17.84 0.02
625 185.7967 14.8623 18.68 0.02 17.56 0.01 16.71 0.01 16.60 0.02
628 185.8173 7.6869 19.92 0.04 18.94 0.02 18.03 0.02 17.67 0.03
632 185.8333 7.0681 18.06 0.02 17.18 0.01 16.49 0.01 16.42 0.02
640 185.8640 7.8015 20.13 0.05 19.11 0.02 18.33 0.03 18.24 0.04
643 185.8723 14.8893 19.95 0.03 18.77 0.02 18.02 0.02 17.80 0.02
645 185.8818 11.2704 19.19 0.02 18.15 0.02 17.36 0.02 17.19 0.02
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