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Preface

Background and Development of Thesis

The mind wants to discover by reasoning what exists in theitynff space that lies out there, be-
yond the ramparts of this world - that region into which theellect longs to peer and into which
the free projection of the mind does actually extend its fligh.ucretius

This work has been made possible by a grant from the John ®&wompFoundation falling
within the category of ‘Science and the Big Questions.” Tikigust one of several initiatives
supported by the Foundation to promote cross-disciplinesgarch in both cosmological physics
and philosophy. Another such initiative was a conferenadpdd run in September 2009 in honour
of George Ellis titled “philosophy of cosmology: Charagdgrg Science and Beyond.’It was
intended to launch, in the words of Joe Silk, “a serious gjaéobetween active cosmologists and
philosophers of science with the hope of catalysing schblprin the philosophy of cosmology.”
This is due in large part to the remarkable shift in the lasade towards a ‘Multiverse cosmology’
where anthropic reasoning plays a central role. Some diegetilis a “deep change of paradigin”
or “new zeitgeist® in cosmology and particle physics, prompting interest ffanafield. These are
exciting times in the fields of astrophysics, cosmology ahitbpophy and it has been a privilege
and a pleasure becoming involved at such a monumental pertogman discovery.

My own interest in this field began many years ago after repéiaul DaviesThe Mind of

3de rerum Book II.

4http ://astrowebl.physics.ox.ac.uk/ “philcosmo2009/home
SBarrau 2007.

SWwilczek 2007a.



God That book, more than any other, created within me a sensgriobity and open-mindedness
about the world that | believe has remained with me to this dtag what brought me to Oxford
and the undertaking of this thesis on the ‘Big Questionsér€hs no other subject | would rather
have worked on.

This DPhil has been something of an experiment in the stietbping field of the philosophy
of cosmology. It was proposed that the work be divided intth/3 philosophy and- 2/3 astro-
physics, which is roughly how it worked out. By its experirt@mature, the exact outcome was
unknown and so | shall take the opportunity now to offer a repn the overall experience.

Research-level philosophy is difficult and distinctive angst academic subjects. Just about
everything there is to say in philosophy has already beeahaad, with mounting contributions
from each generation of deep thinkers, it is ever harder t $omething new and worthwhile
to talk about. As Alfred Whitehead once remarked, “The safemeral characterisation of the
European philosophical tradition is that it consists of aeseof footnotes to Plato” (Whitehead
1929, p.53).

This is not to say that there is no room left for a philosophyxa@$mology. On the contrary,
new specificquestions arise all the time spawned by genuine discovigriessmology, both em-
pirical and theoretical (see §3.1), that are distinctiy@tjlosophical in nature (Ellis 2008). Often,
however, it is not the case that nothing like these questi@assever been conceived. The his-
tory and depth of philosophy is so vast that we need not reetba wheel for the most part but,
rather, relate these new specific questions arising outsshotogy to those in the same class that
have already been studied in other areas of scholarshigexaonple, with the rapid acceptance of
anthropic reasoning in cosmology in the last decade, casyisté have, somewhat unexpectedly,
found themselves having to analyse what exactly is meanhbgleserver. This, of course, has
been the conundrum of quantum physics for almost a centunyara has thus provided much
ground work for cosmologists to appropriate within theintext.

Relating the new questions arising in cosmology to the whitory and philosophy of science
as well as metaphysics and epistemologigz.(the nature of ‘evidence, ‘explanation, ‘rational

inference,’ etc.) requires a tremendous breadth of knaydethe surface of which few can scratch.



Going about this within an astrophysics department makedraady difficult task all the more so.
This is not because physicists are not willing philosoplerts as one might expect, they tend to
focus on one kind of philosophy - what you might call the “sitiféc kind.”’

I do not say this as a criticism; astrophysicists have a jotbotand this requires a pragmatic
mind-set in order to get results and make progress. Themvier @ shortage of new and exciting
problems to work on in an astrophysics department. Thihéuradds to the difficulty of per-
forming philosophical research in an environment whereutige to join in with ‘down-to-earth’
projects with ‘real data’ and an assortment of interestinggfes can be very allurirf).

As | was free to spend 2/3 of my time working on more mainstream astrophysics in conne
tion with the Anthropic Principle, | decided to work towardsues on galactic habitability since,
as shall be seen, | am unconvinced that there is much utilibetgained from theories purporting
to describe an alleged reality thaien in principle can never be observediZ. the Multiverse)?
Galactic dynamics, on the other hand, are more amenable toléissical’ scientific method, being
open to testability and falsifiability and thus provided dagene counter-balance to the non down-
to-earth ideas that | knew | would end up studying (namelydineent ‘buzz-topics’ of parallel
worlds, Boltzmann Brains, infinite copies of ‘us, etc.).

For this reason, | was more than happy to get involved in thixgaZoo project® when
presented with the opportunity. Not only did it offer me thence to get involved in something
‘real,’ ‘solvable,” ‘grounded,’ etc., but the whole con¢ayd employing the internet to do pattern
recognition as a giant ‘neural net’ of sorts intrigued maénitin with my interest in the philosophy
of mind. Moreover, having witnessed so many powerful irgesentures spring up in my lifetime,
| was keen to get involved in what possibly could be the nextthing. Indeed, over the last three

or four years the Galaxy Zoo project has grown tremendoustiyspread out into numerous other

7] do not wish to go into detail at this early stage as to what amby that term. Speaking informally, | might
describe it as the view that any problem in philosophy canobesd using Bayes’ theorem.

8C.f. (Kuhn, 1996, Ch.IV) “Normal Science as Puzzle-solving

9 would add several caveats to this sentence if it were noessty to get pedantic.

10The Galaxy Zoo project was established to perform morphicébglassifications of galaxies from the Sloan Digital
Sky Survey using a web interface and the volunteer work ofihents of thousands of users from around the world. It
is a prime example of ‘Citizen Science’ - a form of crowd s@ogc in action. Se@ttp://zool.galaxyzoo.org/
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‘Citizen Science’ projects including some outside of sceett

One of these projects is the fruition of an idea stemming fnoyrpast as a humanities student. |
proposed that the web-interface technique could be useslpdtanscribe ancient manuscripts and
built the first prototypé? Like with galaxy images, there are far too many manuscragrrents
around the world for experts to sift throufhand degraded papyrii written over by numerous
hands is far too difficult a pattern-recognition problemdomputers to handle. Three years later,
in August 2011, the ‘Ancient Live$* project was launched thanks mostly to Chris Lintott for
obtaining funding and making it a reality.

In the meanwhile, the core projects in astrophysics foogssin galaxy-images continued
and evolved significantly. My role was to work on galaxy mesgspecifically and, after much
grappling with interfaces, | developed what | believe is ligst method to date for overcoming
the very difficult pattern-recognition problem of identifg mergers in large telescopic surveys.
These projects allowed me to acquire the background exymerieequired to do astrophysics at
research-level quite generally with issues of galactigtabbity as my overarching goal in order
to connect up with the philosophical component of the thesis

The philosophical side of my research developed graduallyhie first half of my DPhil can-
didature. When | joined the astrophysics department | haghd) had a fair dose of philosophy
and was still wavering between realism and anti-realism hadng not made up my mind, would

probably have described myself as a phenomenoldgists is common in philosophy, my opin-

Uhttp://www.zooniverse.org/

2http: //www-astro.physics.ox.ac.uk/~ddarg/shtml/greek.html

13There are millions of ancient Greek fragments in the Sadkieary in Oxford alone, mostly from Oxyrhynchus
in Egypt. Over the century in which they have been there, ardynall portion have been published but include many
important documents lost to antiquity (unknown Gospeléppbphical works, astronomical fragments) and the pitojec
promises much in the way of future discovery.

http: //ancientlives.org/

15phenomenologists are conservative philosophers who tetiihik that we don’t ultimately ‘explain’ anything, we
merely ‘describe’ what we see, hence the ‘phenomena’ inaingen It differs from empiricism in that phenomenologists
(in the philosophical sense) are more focussed on senagstaing the terminus of that which ultimately ‘exists’ in
mechanical instruments as somewhat arbitrary. Entitigerimbwhat are observable, Kant's ‘noumena,’ may well exist
(hence it is not as assertive as idealism), but then we just Boow anything about them other than the affects they
confer on the phenomena, so the phenomenologist reseevdssignation of ‘existence’ for sense-data and mental life
alone. It is primarily associated with Continental philpkp and is not to be confused with the ‘phenomenalism’ of
the Analytic tradition - a theory of epistemology that wapplar with Ernst Mach, Bertrand Russell and the logical-
positivists A. J. Ayer and Rudolph Carnap. My original ainm fhe philosophical part of the thesis was to give a
‘phenomenological interpretation’ of the Fine-Tuning bétUniverse and, though eventually abandoned, vestiges of



ions developed and changed over the course of my DPhil catdal Nowadays | think my
position is closer to what philosophers would term ‘epigtestructural realism’ and, since this is
the time my thesis is due, this is the position | will defencimluating the Anthropic Principle.

The most intensive part of the philosophical research cdmetaluring six months of studying
abroad in Paris that | arranged in order to work with BerndEspagnat (who was kind enough
to lend me his time). This was a wonderful experience and laage of scene and solitude was
very helpful at a time when much hard thinking was requiraeslolild highly recommend a similar
course of action to any future dual-topic candidate.

In the end, after much difficult reading and pondering whimhits very nature, is apt to frus-
trate and bewilder the mind, | am personally extremely midagith the philosophical conclusions
| reached as well as the outcomes of the astrophysical psojebough many are still on going.
The Big Questions remain of course, as they always will, loyelfully 1 will have succeeded in
saying something interesting about them that, as far as tatlufiew else have noticed before.

That said, the task of now articulating thoughts on matterd@se to edge of communicability
is most exacting. To accomplish this | think it will be helpto the reader to first acquire an

overview of the thesis and how it fits into the progressinglfadlthe philosophy of cosmology.

Overview of the Thesis

There is something like a Puritan’s restraint in the scistivho seeks truth:
he keeps away from everything voluntaristic or emotionahlbert Einstein®

The grand totality of the world - the Cosmos - has always st the forefront of philosoph-
ical enquiry. Although the ancients had only the visibles&nd planets to guide their thinking,
some still managed to survey an impressive range of phitdsappossibilities regarding their na-
ture and origins. The Greeks in particular, from whom modeinonomy has inherited so many

terms and concepts, partook in sophisticated discusshaisontinue today (more or less) in de-

this original aim can be found in §2.3.3.
18Einstein archives, 1-160.
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bates over scientific realism versus empiricism. As desdrtly Duhem in great detdil, the clas-
sical schools divided the study of the heavens into two plisgs: ‘astronomy’ and ‘physics, what
today we would call physics and metaphysics respectivetyrohomy was considered a branch of
mathematics and sought to represent the movements of thetpldhe ‘wandering stars’) through
geometric models as pioneered by Plato’s students Eudmdi€allippus'® Aristotle, by con-
trast, was less interested in describing the movementsematically and more interested in the
question of their essence and causation, that is, theit.

Up until the scientific revolution, it is safe to say that Bpean scholarship gave far more
regard to the philosophical project of Aristotle. The Gredkew that their geometric models
were underdetermined - that various configurations of gshier different relative motions could
be used to describe the same movements of planets - and socikat physicists argued, the only
way to decide which configuration of spheres truly corresieonto ‘reality’ must be a question of
nature and essence, not mathematics.

The debate was rekindled when the gravitational model ofthewthat consisted of formu-
lae, challenged that of Descartes’ vortex theory, a detsonipf substance. As we know, Newton
won out and ever since physics has become increasinglyaahstocussing on mathematical re-
lations, whilst declining to address questions of ‘natued ‘substance.” Thanks to this choice
of methodology, our description of the world has reachediatymd breath-taking scale and detalil
epitomised by the standard models of particles and cosmoWfih regards to the latter we have
been privileged in this past decade to witness the deteofitime vacuum energy of space, to see
the quantum ripples of the early Universe fossilised in tihdBCand to have found hundreds of
new solar systems that resemble our own.

Given the unquestionable impressiveness of these achemtemit is tempting to think that we

are finally in a position to answer the philosophical questiof old, to be the first to break out of

17 f. Sauver les apparences. Sur la Notion de Théorie physique

18p|ato famously posed the problem to his mathematical cqmeanies: “what are the uniform, perfectly regular,
circular movements of the planets that are suitable to akeyfpotheses to enable the phenomena to be saved?” (Duhem
2003, p.14; my translation.) Eudoxus and Callippus tookhgpdhallenge and developed models of the solar system
with 27 and 34 concentric spheres respectively. These vaézedupplemented with epicycles by Apollonius of Perga
and Hipparchus of Rhodes and formed the basis of the Ptatesyatem that lasted in Europe until the Copernican
revolution.
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Plato’s cave and see reality as it is ‘in itself.” There isagrpublic interest in claims that modern
physics implies the existence of an infinite Multiverset tha law of gravity brings the world into
existence “from nothing” and has thus rendered God “unrsecgd® But something seems amiss
here, as though we've suddenly reverted back to the Arigateroject. Is the modern scientific
method, in virtue of its restriction to mathematical regrgation, capable of establishing such
metaphysical inferences? Surely modern science has taagbmethingphilosophical about the
nature of reality, but what?

Let us consider wherein our privileged outlook is supposdikt Is it that we have more data
than the ancients - a bigger list of numbers? All astroplafsinages are grids of numbers. The
CMB data is just a grid of numbers. The spectra of Type la supee can be printed out as a
long lists of numbers. Is that it3 our possession ahore numbers all that separates us from the
belief systems of old? One might say that it's pgdt that we have these numbers at our disposal,
it's also that weunderstandhem - where they come from and what thegan This seems right;
‘understanding’ and ‘meaning’ must have something to dotit,much philosophical ambiguity
can arise through blind deference to these terms, so we reustreful. Two considerations are
worth noting.

Firstly, we can only ever push the origin of numbers down alle@nly numbers beget num-
bers. We can always posit a mathematical relation that mapsiomber to another, and this law
might prove useful in describing observations, but we camagé ask: whythis relation and why
this numerical domain rather than many others that we can imagkew does the postulation
of relations help understand how it is that numbers - thosensggly immaterial constructs and
conventions of the mind - manage to get instantiated in thédwto ‘exist’ (if indeed that term is
appropriate) ‘out there’ in the first place?

Secondly, to speak of thmeaningor understandingof numbers is to make tacit reference to
some cognitive process. The human brain is, no doubt, ayhagtept ‘pattern-recognition’ ma-

chine. It receives inputs (photons, sound waves, etc. hallacterised by numbers) and produces

19“Because there is a law such as gravity, the universe can ahcreate itself from nothing. Spontaneous creation
is the reason there is something rather than nothing, whyrihverse exists, why we exist. It is not necessary to invoke
God to light the blue touch paper and set the universe goktayiking & Mlodinow (2010).
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outputs (more sound waves, mechanical impulses throudsslietc. - all characterised by num-
bers). The relation between these inputs (e.g. the imagetigeg and outputs (e.g. running)
needs to be very specific if the brain is to last long enouglepoaduce itself. Perhaps then ‘to
understand’ simply is to be equipped with something like aralenet so-configured as to allow
one to survive effectively.

But survival is not the only input-output relation exhilaitey humans. The typical human brain
has~ 10 neurons and these provide ample sé8peith which we could construall of life’s
activities as a machine processing numerical inputs arplitait eating, recreation, philosophical
musing, etc. This would include the astrophysicist in thiechenterpreting, say, the latest CMB
data. Patterns of light enter the neural net that is the plsgsis brain and eventually result in a
specific sequence of mechanical impulses acting on a keylfthaa typing of a publication to an
astrophysical journal). These patterns are encoded iatitrehic signals that are sent around the
world-wide web allowing certain other brains, that haverb&eined’ to process such patterns
in a similar way (i.e. other physicists), to undergo modifimas to their neural pathways. These
newly configured nets then carry forward these patternsc{arisific paradigm’) and can be made
subject to new data inputs. And so science advances.

Some consider this to be an ‘elegant’ view of the world ex@ehgf mystery wherein numbers
and relations between numbers exclusively constitute dbed of reality. But, in my opinion,
something has been left out in this picture. Althougfeél like | understand this scenario as
I've described it so far, if | now pumyselfin the position of the aforementioned astrophysicist
- a brain processing inputs and outputs - | no longer see dayfoo feeling whatsoever. This
creates a conundrum of sorts: how can number-processiegig® to qualitativesensationsand
how can qualitative sensations end up undergirgimgryconclusion one can arrive at as to the
interpretation of numbers?

Perhaps that last statement needs expansion. When theiphisiasked why she thinks the

CMB data imply a particular conclusion, she does not regdgcause my brain-state was charac-

20if each neuron can take just two states (an underestimags)thte total number of possible brain states!f§'2v
1030000000000
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terised by the list of numbe#d.092923.45,27.0+i35.22, ...} at the time of my analysis.” Rather,
she replies, “becauseféelslike the simplest option” or “iseemdike the most plausible interpre-
tation.” But what ddeelingshave to do with reality? Unless there is some fundamentai@ciion
between the way the world ‘is’ and how it ‘appears’ to our ngiriid the form of qualitative sen-
sation, it just seems immaterial what one ‘feels’ about thtadWe therefore must believe there
to be a connection between ‘feelings’ and ‘reality’ if we &webe realists and this brings us to the
‘problem of knowledge’: how can we infer anything about itgalvhen we are forced to deal not
with ‘the thing in itself’, Kant’s ‘noumena,’ but with the wil of appearances, the ‘phenomena’?

Where does this fit into the philosophy of cosmology? Firstiwe are to interpret the num-
bers and mathematics in the way that some cosmologists Wigeldfor instance, to infer that
an infinity of other worlds (where everything that can happélh happen) are “unquestionably
real” (Vilenkin & Garriga 2011}* we must surely ask whether our minds are up to the task in the
first place. This, like most things in philosophy, is contmial, but a significant few think that
evolution lends little case for confidence in our capacitddanetaphysicé?

Secondly, and more obviously, questions of epistemologyrelevant to the philosophy of
cosmology due to the centrality of anthropic reasoning idtMerse scenarios. As | shall argue
herein the Anthropic Principle - a famous misnomer - can bastas anind principleor, as | have
called it elsewhere the “Noological Principle” (see Dard.20). The Anthropic Principle simply
states that one can only observe oneself to be in a place valete necessary and sufficient
conditions for observers to exist are met. The philosopharaifications that that entails will thus
depend on what understands by the term ‘observer,” whichdepend in turn on one’s position

within the philosophy of mind. Is there something specialihe human mind as, for example,

21Claims of such certitude are not rare in the popular litemtuFor example, that the cold spot in the CMB is
“the unmistakable imprint of another universe beyond thgeeadf our own” (Mersini-Houghton 2007) or that “[t]he
Multiverse is forced upon us by observation” (Tipler 20075 this claim is based on the many-worlds interpretation
of quantum mechanics).

2250me examples are Eugene Wigner: “We have no right to expatotir intellect can formulate perfect concepts
for the full understanding of inanimate nature’s phenom#tigner (1950); Briane Greene: “Our brains evolved so that
we could survive out there in the jungle. Why in the world dbcabrain develop for the purpose of being at all good
at grasping the true underlying nature of reality?” quoterfrKruglinski (2004); Patricia Churchland “Boiled down to
essentials, a nervous system enables the organism to dundee four F’s: feeding, fleeing, fighting and reproducing.
The principal chore of nervous systems is to get the bodys pehnere they should be in order that the organism may
survive... Truth, whatever that is, definitely takes thedhiost” Churchland (1987).



Roger Penrose believes (Penrose 1999)? Does a photoggpteccount as ‘an observer? |
will pay brief attention to the notion that an ‘observer’ is entity capable of performing pattern-
recognition, i.e. to have the capacity to extract patteromfthe surrounding environment and
utilise this information to its own advantage. This is, inmpavays, an interesting and useful view
and highly amenable to the scientific method (hence why itrangly favoured by philosophers
of mind known as ‘eliminitavists’ such as Paul Churchlange €hurchland 2000). However, |
shall suggest that this view of an observer is ultimatelyueagnd that it unsuccessfully attempts
to side-step the elephant in the room: consciousness.

My eventual conclusion will be that, although the urge tdtgharadigms to include anthropic
reasoning is priori understandable given the fine-tuning of the Universe falligent life (FTL),
cosmologists who go down this path will, ultimately, end uithwar more metaphysical baggage
than they originally bargained for. In that sense, the @loifihical component of this thesis will
resemble Davies’ critique of the Multiverse (Davies 2007).

Now, to those who ar@aot adverse to metaphysics, myself included, this is dugsmean
that Multiverse theories are not fascinating ideas. In,fafally concur with its proponents in
reporting a sense afleganceabout the notion that, say, our Universe is part of a giarttila
of sorts, exponentially growing with each passing momerat &ingle, unimaginably large space-
time. | also find the String-Landscape proposal rattiactivein its generation ot 10°%°values
of the cosmological constant. Wherald differ from exuberant proponents of the Multiverse
scenario is in the significance attached to reports of messtasations (“elegance,” “attractive,”
etc.) that it conjures up within one’s mind. Since, as shallbgued, the Multiverse does little
or nothing to aid in the taxonomy of the physical Universee #igorithmic compression of the
phenomena - the idea that the existence of an infinite spaeei$ to be epistemically grounded
in a ‘feeling’ alone sounds far from scientific and, accogdin George Ellis, it “does not belong
fully in the scientific fold” (Ellis 2011, p.295). This conaes the ‘demarcation problem’ in the
philosophy (and sociology) of science (on what basis doesdistinguish ‘science’ from ‘non-
science’), which this thesis will touch on.

These philosophical considerations lead into more famd&trophysics once we turn to the
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Principle of Mediocrity(PoM). The idea that, roughly, “we should expect to find ourselvethe
largest reference class of observers” is philosophicallytentious but is the closest one comes to
a ‘test’ of the Multiverse. Although | am personally sceptithat any strong conclusions can be
drawn from the principle it is, nonetheless, an intrindicaiteresting question whether or not our
habitable zone is optimal for life in the local parametercgpaf fundamental ‘constants.’

To investigate this, | use a cosmic-scale, semi-analyticlehof galaxy formation to test
whether variations in the cosmological constant lead toenmrless disc-dominated galaxies -
what | term a ‘second-order’ proxy for life. These models tameed toreal physics inour Uni-
verse and will instigate, | believe, a fascinating seriefutifre investigations. Although our model
probably relies on too many caveats at the present time t® filnm conclusions, it (i) highlights
the many complex processes and feed-back mechanisms oh lifidepends and (ii) gives new
incentive to the improvement of physical simulations. Omlyen we arextremelyconfident that
our models capture observables (e.g. the galaxy luminfsiistion) in a near-unique way (break-
ing degeneracies in the tuning of independent parameisilt)wve be able to vary fundamental
constants, such as the cosmological constargetwhat would happen in other universes with
regards to life.

What our model does tell us though with good confidence istieeffects on the mass func-
tion of the Universe upon changes to the vacuum energy ar@egligible. In other words, merg-
ers are important with respect to the abundance of life inthigerse andinderstanding mergers
in particular the effect they have in transforming ‘disas*bulges’, is therefore a key ingredient
in answering the aforementioned question: is our Univepsienal for life?

This brings us full-circle: in order to find and study mergigalaxies we need to Heighly
adept at pattern recognition (as shall be discussed in setad)cdand this requires us to be in a
part of the Universe conducive to the evolution of such newgtworks. Perhaps then, even if this
Universe is not optimal for ‘life’ per se, perhaps it is opéihfior the study of cosmology, since we
would not be asking these questions if we were cognitivetgrable of doing cosmology (as no
other animal on the planet is). This also requires us to hageaeific value of the vacuum energy

at an epoch wher@, ~ Q.
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In the last few chapters | detail how the Galaxy Zoo projegtiing the internet, allows us to
combine the collective capacities of human pattern red¢imgminecessitated by natural selection,
to find mergers efficiently. We produce the largest homogsigatalogue of binary mergers to date
and study their fraction and properties (colours, stetlasses, environment, star-formation rates
and AGN signatures) for the local universe. We also studyrtition and properties of multiply-
merging galaxies (i.e. small clusters) and compare themvegdss those of the binary-mergers, to
the semi-analytic models of the Millennium Simulation.

| review the strengths and weaknesses of the Galaxy Zooitpehim comparison with other
pattern-recognition techniques and develop a new, refimedface to find mergers and separate
their photometries. Unlike the first mergers study, thisrowed approach allows for the study of
minor-mergers - which are also important in galaxy evolutién a virtually complete manner.

These studies are important in understanding the galaxgition mass of & 101°M@ that
marks the split in the bimodal distribution of galaxy prapes (between disc/late-type and bulge/early-
type galaxies). We discuss the possible role that mergaysiplthe origin of this transition mass
and conclude that, plausibly, they accentuate the disgebiimodality around this mass since, on
average, galaxies at this stellar mass no longer have suiffigilarge gas fractions to reform discs.
Plausibly then, too many mergers hinder life by reducingvtilame of galactic habitability zones

in a given universe through disc-to-bulge conversion.

Final Notes

This thesis is not intended as a bodke activities undertaken have been far too variedther,
it summarises and attempts to connect as best as possibérowsresearch projects that have been
carried out over the course of the DPhil candidature. Bex#us language and methodology of
philosophy reads and feels different to mainstream asysip$, the thesis has been divided into
two parts roughly corresponding to whether or not the subjeatter is primarily philosophical
or mainstream astrophysical. Of course, this is not a diiétle as philosophy is informed by

ideas from science and science is permeated with philosophys division is merely to help
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prepare the reader in choice of mind-set. Part I, the philo®al section is, as one might expect,
more pedantic in many ways and requires more backgrouncdmexibn and justification as this
thesis is written primarily for astrophysicists. By comstraPart Il requires much less background
description (e.g. the meaning of terms such\&2DM can be assumed). Had this thesis been
written primarily for philosophers, it would have been thbery way around (where the meaning
of ‘epiphenomenalism’ could be safely assumed). The efftttis is to inflate the natural volume
of Part | and so, to save space and enhance the readabil#tyelgut a large amount of clarifying
remarks into the footnotes.

There are many topics and tangents | wish | could have covmretlave not been able to in
the preparation time and page-limits of this thesis. Inipaldr, after much deliberation, | chose
to remove a central section of the philosophical thesis Id@aloped on the topic of epiphenom-
enalism. What started as an article to be published in a @uuickly became book length and,
since the thesis was running long and since it is written arily for astrophysicists, | decided
that that section was a bit ‘too philosophical’ in the serss it might have required too much
background familiarity with the field. The risk though is thigpotentially undermines the case |
had been building. For this reason, | make available¥dhe full essayif the reader so wishes
to explore it. This link also puts into one place materialevaing the various projects that | have
been involved in. This includes several ongoing projecés kiave not been included here in due
to space but the reader may find informative nonetheless.

Above all, | have tried to writeclearly and | would prefer that the reader understand what
has been argued and disagree, rather than end up confusedohildsophical work is, like all
matters philosophical, bound to prove controversial. Utapy difficult to say anything interesting
in philosophy that is not controversial. My primary aim ig tmbe purposefully controversial, but
to say something interesting.

| use the convention of a capital ‘U’ for our Universe domadirat is, the finite volume within
our harizon, which may or may not be part of a wider Multiveraad small ‘u’ for a generic,

putative universe domain. Below are some abbreviationg usthe paper.

23http: //www-astro.physics.ox.ac.uk/ ddarg/shtml/thesis.html
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AP - the Anthropic Principle.

CAS - concentration, asymmetry, smoothness/clumpingssef® of galaxy-morphology parame-
terization).

CCD Chip - charge-coupled device chip.

CMB - the Cosmic Microwave Background.

GMyg - Gini coefficient, second-order moment of the brightest 20% galaxyOs light (system of
galaxy-morphology parameterization).

DR6 - 6th Data Release of SDSS.

DWD - this author.

FTL - the fine-tuning of the Universe (laws, parametersjahitonditions, etc.) for the possibility
of physical life forms as we know it.

GZ - the Galaxy Zoo project,

IDL - data analysis language; scripting language often bgeastronomers.

IMF - initial mass function (of stars, galaxies, etc.).

MGS - Main Galaxy Spectral sample (of SDSS).

PoM - the Principle of Mediocrity.

SAM - semi-analytic model (of galaxy evolution).

SDSS - Sloan Digital Sky Survey (automated 2.5m telescopdnUSA).

SED - spectral energy distribution.

SFR - star-formation rate.

ToE - Theory of Everything.

WW - Weinberg Window (see p. 72 for definition).
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Chapter 1

Introduction

1.1 Perennial Questions

| am reminded here of the aesthetic category of the sublimepalied to the highest mountains,
raging oceans, the night sky, the interiors of some catHedemd other things that are superhu-
man, awesome, limitless. No question is more sublime thartivee is a Universe: why there is
anything rather than nothing- Derek Parfit

Much was said by way of introduction in the preface. Here vme tai give an overview of the big
philosophical issues connected with the Anthropic Prilecgnd connect them with the specific
questions that this thesis aims to address.

According to Leibniz, the first question of philosophy thahtuld rightly be asked” is “why is
there something rather than nothing?” (Leibniz, 1951, p)5Zhis question is tightly bound to two
more that follow from it and which, taken all together, ngatlimmarise the perennial questions

of philosophy:

Iparfit (1998).
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1. The Ontological Question: why doasythingexist?

2. The Taxological Question: why does that which exists laxhhe form and order that it

does?

3. The Axiological Question: why does that which exists axlilgts the form and order that

it doesmatterto anyone?

As stated, these questions seem to form a hierarchy; thaddatbows on from the first and
the third from the secontl The common driving force behind all three questionsasceivability
we seem to be able to conceive of alternative outcomes toviiiah in fact obtains. We can make
some sense of the Universe not existing, of it containingifess substance alone and of nothing
whatsoever mattering to anyone (no ‘good, ‘evil,’ etc.pthdnly that, but alternative outcomes to
this world - or no outcome at all - seem to be simpler, moreiiny more to have been expected,
less mind-boggling, etc. than the very particular world thia in fact find ourselves ifh.

With regards to the first question, the fact that somethdpgsexist is perhaps the single
greatest violation of what Okham’s Razor would have us expeeor what could be ‘simpler’
than that nothing exist? Why, in the words of Hawking, does thniverse “go to all the bother
of existing?” Yet, we know something exists, so one of the tnmadely-reported metaphysical
intuitions — that we would expect nothing to exist — is congliewrong. This is not a promising

start for metaphysics.

2My choice of term ‘axiological’ came after some deliberaticThe first term that came to mind on the issue of
‘mattering’ and ‘importance to the individual’ wasistential However, the root meaning of this term is the same as
ontological and breaks the trend of using Greek roots (asdritst two). Axiology, the study of ‘good’ and ‘value’ is
to presuppose that something matters to at Isasteonén existence (to be discussed). | also considered calliisg th
the ‘noetic’ question as the existence of ‘mind’ is a prefisige to ‘something mattering.’

3Many before me have noticed the similarities between thasstipns. As Marcelo Gleiser writes, “the question of
“How come us?” is, in reality, not one but three questionsrafins, intertwined and mutually dependent: “How come
us?” implies the existence of (i) a universe capable of @iboring life which, furthermore, is (iii) intelligent engh
to ask about its origins. Thus, “How come us?” encompasseisrak origins, of cosmos, life, and mind; they may be
(and often are) treated separately, but they are part ofdivisible whole” Gleiser (2004, p.638).

4This sentiment is captured nicely by Wittgenstein who, adic to his biographer Norman Malcolwould often
“have a certain experience” and then be “inclined to use phichses as ‘how extraordinary that anything should exist’
or ‘how extraordinary that the world should exist” Malcolff958, p.56).

5Note: Okham's Razor is notoriously difficult to spell out izally (Sober 2008). One might complain that the
principle is being misused here by construing it in ‘too dienp fashion (what other complaint could there be?); but if
we need a more complicated construal of Okham’s Razor theeprthciple is undermined all the more.
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Similarly, why does the Universe exhibit the form and speitifithat it does given an infin-
ity of logically-possible alternatives? This, as we shadlcdss, lies at the heart of the perplexity
generated by the ‘fine-tuning the Universe for intelligefd’ I(FTL). Finally, how is it that some-
thing manages to ‘matter, for there to be pleasure and pairgaalitative sensations when we can
imagine an existent world like ours with complex, self-igwcing automata, but harbouring no
mental life - no capacity for qualitative sensation - andstho more the case for concern than a
robot or computer (presuming that robots and computers tihav@ qualitative sensations)?

Contrast these mysteries with so-called ‘Platonic’ truthsh as the truth that 27 is divisible
by 3. We might say that whahakesthis true is that there is noonceivablealternative; it be-
longs analytically to the very concept of numbers that 2hisithle by 3. Statements of material
existence, on the other hand, tend to be what philosophéfgitradition of Kant distinguish as
‘synthetic’ truths, that isa posterioritruths discernible only by experience.

Although it seems unlikely that all three of these questiailsever be answered to our satis-
faction, perhaps - given their interdependence - some cahden to be redundant. As Barrow
and Tipler noted in the opening of their seminal work on théhdaopic Principle (AP), the great
idealistic philosophers regardetindas fundamental, in which case existence and order must fol-
low since these seem to be concomitants with (or what caesi} thinking. Cogito ergo sum.
The primacy of mind is also the broad theological positioprezsed, in one way or another, by
all the major religions, be it in describing God, the Deitytbe Absolute. According to this
view, Leibniz’s first question is to be made subservient totbud, that is, existence is ultimately
grounded in something like an axiological telos - an intehd@od’ or ‘value’ (what Parfit calls
the ‘axiarchic’ view)®

By contrast, naturalistic philosophers have long sougtghmw that order, complexity and
mind are all emergent phenomena entailed by the potegtiafiprimitive, material existence.
Nowhere else in science, which is methodologically malistig, is this reductionistic goal ex-

pressed more poignantly than in the physicist’s bid for aediy of Everything’ (ToE). Although

parfit (1992). An example of this view is represented by thiéopbpher and Neoplatonist John Leslie, who has
written extensively on the AP. He thinks that the Universestsxbecause the “ethical need for a good universe or
universess itself creatively responsibl®r that universe or those universes” (Leslie 1996, p.126).
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this phrase did not appear until the 1980%1e modern notion can be traced back to the work of
Roger Boscovich in the 18C, with clear expressions appearing by the end of tH&CL%uch as

the following by William Hicks

The ultimate aim of pure science is to be able to explain thetrmomplicated phe-
nomena of nature as flowing by the fewest possible laws framstmplest funda-
mental data... science will have reached its highest goahvitishall have reduced
ultimate laws to one or two, the necessity of which lies algshe sphere of cognition.
These ultimate laws - in the domain of physical science at lewill be the dynami-

cal laws of the relations of matter to number, space and tifi¢hen these relations
shall be known, all physical phenomena will be a branch oé poathematics. Hicks
(1895).

It will be helpful to this discussion to try and describe inmaadletail what the physicist has in
mind by a ToE. As a first gloss, we can say that a future ToE wonlgrinciple, be able to relate
any measurement whatsoever that one might make back tot&eliasmall set of numbers with
equations that have relatively few terms and few free patamédthe fewer, the better). To see
why this would be such a desirable goal, it is helpful to adbptmodern picture of the Universe
as a giant computer of sorts. (For parallel discussions s&@&B 1993, ch.5; Lloyd 2010.)

One of the great insights that helped launch the scientifioluéion was that the Universe
somehow manages to keep track of a vast array of numbers atritiéise numbers can be accessed
through the process of measurement. According to classieahanics, the state of every particle
can be given by just six numbers (the phase space of the drivand these could all be written
out, in principle, as a giant list. The numbers in this lis aot random variables but are related to
each other by constraints that we call the laws of nature ¥drete there is a constraint, there is a
symmetry).

The presence of these laws servealgorithmically compresthe length of the list of numbers
that specify the phase-space of the Universe. One need titet out the whole list for every
moment in time (what we might call the ‘trivial representatiof the Universe’), one only needs

an initial slice plus the laws, and all future moments arewable thereon (c.f. Laplace’s demdh).

A possible origin of the phrase is from Ellis (1986).
8This view could easily be extended to include classical $igithich, forming a continuum, would need infinite
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Although quantum mechanics might seem to spoil this view, dhme overall principle re-
mains (relating measurements to initial conditions andlfumental constants via mathematical al-
gorithms), only we must exchange ‘deductive-nomologitaims for their ‘statistical-inferential’
counterparts to be strictly genefalthough no single outcome of a quantum experiment can be
predicted, the statistics of an ensemble can be.

With this view of the Universe as a computer of sorts, we cantbe vision of TOE proponents
as the reduction of the trivial representation of the Urdeeio one using the fewest bits of infor-
mation required to specify the initial conditions, fundanta constants and parameters within the
laws themselves (e.g. the powers that feature in indivitkerahs); i.e. to reduce the phase space
of the Universe to a comparatively ‘simple’ representatié first, this project seems daunting
since the number of particles in the universe-i$0?° and so (assuming particle conservation), the
initial conditions at some arbitrary point in the past wordduire the same order of magnitude of
free parameter®

If left as it is, such large information content could harblly called ‘simple.” But we need to
appreciate the role that randomness plays in such contéxisexample, while it is true that if
we look out in any particular direction of space we will notddgle to predict what the intensity
of CMB radiation will be precisely, we do know that (i) it iskély to correspond very closely
to 273 K (by the Universe’s large-scale isotropy) and (ii) if veké enoughmeasurements in
different directions we will find that, as a statistical eméde, they can all be described very
accurately by just a few parameters such as the spectrat molerning the power lawp, of
Gaussian inhomogeneities and their characteristic andglitheQ parameter (see Tegmark et al.
2006). These parameters,Q, etc. are real numbers and so could, in principle, requinafamite
number of decimal places. Nonetheless, going frorh0?° real numbers to just a few is clearly

progress in the reductionist project.

precision to specify in the trivial representation. Sinaeare only concerned with concepts at this point, we will ignho
fields and speak only in terms of particles.
9Additionally, one can replace the classical ‘phase-speggfesentation with the quantum ‘wave-function’ repre-
sentation of the Universe; the key point is that in both cdélsedJniverse is represented by a long list of numbers.
10strictly speaking, this is an estimate of the number of basyia the Universe and is simply figurative of the sort of
numbers were dealing with when describing the classicagispace of the Universe.
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It is conceivable to then reduce this information contemthier. It could be that these real
numbersn, Q, etc. are related to, say, an inflationary potential pararisetd by an integer power
or two (whether or not this is the case is yet to be determijrtad} reducing the required number
of ‘bits’ from that of a real number to that of an integer. Ihetwords, ever 10°° real numberst
making up the initial conditions of the Universe, which astfiseems like a tremendously complex
information content for a theory to encapsulate, could ingiple (if we allow the concept of
‘intrinsic randomnes$? to play a role in our explanatory framework) be reduced to fugew
integers via some relatively short algorithms.

One might then hope that the inflationary potential takesfdine it does because of some
underlying theory of particle physics that would uniquedjate the parameters in the inflationary
potential to, say, a fundamental constant (or a paramesgiiglthe common progenitor of it and
other fundamental constants). In this way, the giant lishabers - perhaps infinitely long -
that are the coordinates of the phase-space of the Univerdd, cconceivably, have the same
Kolmogorov complexity as that found in a relatively shortrquuter program and a few integérs.
All of this is neatly summarised by Davies who writes,

Although the Universe is complex, it is clearly not random.The existence of reg-
ularities may be expressed by saying that the workldsrithmically compressible

Given some data set, the job of the scientist is to find a deitatimpression, which
expresses the causal linkages involved (Davies 1995, p.4252%*

If such a ToE were ever discovered, uniquely specifying oniverse, then it would be able

11Whether or not the precision of each real number in the coatds of the phase-space of all the classical particles
is infinite or not is a fascinating question. Some have suggdédhat there is a limit to the number of ‘bits’ of informatio
that the Universe can store on its ‘hard drive’ based upomtneber of plank volumes in the Hubble volume (presently
~ 10122 see Lloyd 2002).

12The philosophical question as to whether or not there trsilynirinsic randomness’ is beyond the scope of this
thesis. | assume a common-sense understanding of the term.

13Kolmogorov complexity is a measure of the information cametd within a string of characters or numbers in
terms of the shortest algorithm required to generate it.risgof perfectly random numbers can not be reduced algo-
rithmically at all, whereas an infinitely long number likecan be compressed algorithmically to a simple computationa
process. In this sense, the presence of ‘naturally oc@imirigeometric’ numbers such asande can feature regularly
in a ToE without doing too much to detract from its overall plitity. See discussion p.16.

1Dpavies also points out in this article that the question atat languagewe express the computations of the
Universe in makes little difference to the overall scenbgoause all universal computers can simulate one anottler an
that the extra program length needed is typically very snid# notes that, “The fact that the definition of machine
complexity is machine-independent suggests that it captarreally existing quality of the system” Davies 1995, p.
252,
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to predictall observations (statistically) in principle, relating thdrack to just a hand full of
parameters, ideally, 2’s ams, etc. For example, if we were to ask what the galaxy luriigos
function of our Universe would be at= 0, such a theory would be able to predict it to arbitrary
precision given enough computing power. ldeally still, fimal ToE would also be such that ‘it
could not have been otherwise, thus approximating ‘platdruths’ such as why 27 is divisible
by 3, etc. and thereby providing some sort of answer to Lelbfirst questiont>

There are two very obvious reasons to be pessimistic ovéraypcospect. Firstly, even if the
formalism of a ToE were ever worked out, it is hard to see hoelsomental contemplation of the
theory alone could ever address the question of its suliant What is it, as Hawking famously
put it, that “breathes fire into the equations?” Secondig, very difficult to see how the ToE could
ever be ‘unique’ since we can easily imagergy combination of numbers constituting the phase
space of the Universe in the trivial representation. Fa thason Weinberg thought that the best
one could hope for would be an “isolated” ToE,

The final theory would be like a piece of porcelain that carfm®twarped without
shattering. In this case, although we may still not know whsy final theory is true,
we would know on the basis of pure mathematics and logic wayrtith is not slightly
different. (Weinberg 1993, p. 189)

As the ToE is most closely associated with particle physids, not surprising that its prac-
titioners in particular have been highly reluctant to adariything anthropic (or the “A-word,”
see quote p.71) into their methodological framework. Tlaeetwo key reasons why anthropic
reasoning, if cogent, would undermine one’s confidenceerfukure discovery of a ToE.

Firstly, as was argued in Darg (2012), it is plausible thatedistence places ‘anthropic con-
straints’ on the complexity of the Universe, that is, on tleest to which the Universe’s phase
space can be algorithmically compressed. If the Universe wio simple, it would not be able
to furnish the sort of complexity that our existence recglirA Newtonian world with two parti-

cles (and one free parameter) would be simple, and thusypamgus in the way that proponents

15This hopeful prospect is neatly captured by the words of Wheeler, “To my mind, there must be at the bottom
of it all, not an utterly simple equation, but an utterly simfmea. And to me that idea, when we finally discover it, will
be so compelling, and so inevitable, so beautiful, we wilsay to each other, ‘How could it have ever been otherwise?’
(Wheeler 2004).
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of a ToE would like it to be, but not life-permitting. Our pexesurelyrequires some minimal
number of independent parameters (just as a complex conpgratgram does), of which there are
presently several dozéfi that are required to specify our Universe. It could even leectise that
we have already substantially achieved the maximum dedre@mpression’ that is possible in
the standard models of particle physics and cosmology ¢thdtuis methodologically pragmatic
to assume this is not the case).

Secondly, it is widely accepted that these parameters uirtode finely-tuned such that small
changes to them (when expressed in a dimension-free mamoeld render life as we know it im-
possible (or unlikely) for one reason or another (Carr & RE®89; Barrow & Tipler 1996; Rees
2003; Tegmark et al. 2006; see §2.1 and 3.1 for further dison} For a discussion of the mean-
ing and cogency of claims to FTL, see Appendix ATheincreasinglypopular positioramongst
physiciststhat would ostensibly “explaii” this fact is to combine the AP with a Multiverse con-
taining a very large number of separate space-time domdiesanhe fundamental parameters are
allowed to vary. In this case the ToE - if there is such a thimguld have to govern the distribu-
tion of local ‘by-laws’ and values of ‘constants’ and woulgtefore be too general to describe our
Universe uniquely. As a consequence, few or no predictiontddbe made regarding observables
herein and our best theories would end up as they are now -empirical prescriptions giving
our local “address’® so to speak, in the vast Multiverse.

The AP is no doubt also distasteful to physicists since, fitsmery inception, there has been
an aura of ‘mysticism’ attached to it. Ambiguous and provwiveachoices of words are partly
responsible for this, such as the ‘Strong Anthropic Prilegighat states that the Universeust
(whatever that means) be such as to eventually enable tBerqre of observers (Carter 1974).

Additionally, theists have taken up the FTL and AP as a meamns\talise the teleological argu-

16For example, Scott (2006) counts there to be 26 free parasriatparticle physics and 12 in cosmology; Tegmark
et al. (2006) count there to be 26 in particle physics andaat|® in cosmology though likely this will require about 6
more when observations are refined.

17Note that, what is meant by “explanation” is a philosopHicabntentious subjeand shall be discussed throughout
Chapter 2

18| horrow this phrase from Tegmark; Wilczek expresses a aimtought, “According to the new zeitgeist, the
real world of phenomena must be consulted after all, if onlpadsition ourselves within a perfect, but inaccessible,
multiverse” (Wilczek, 2007a, p.44).
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ment (Stafford Betty & Cordell 1987; Holder 2004; Swinbu@4; Collins 2009; Spitzer 2010).
It is not surprising therefore that, for many, the AP is agsted with extra-scientific discourse.

As understandable as the desire of the TOE proponent migheftire be to exclude the AP
on methodological grounds, we note that it is, at rock bottamistinctively pragmatibeliefthat
the Universe can be reduced to an arbitrarily simple reptafen by humans and that, arguably,
it is implausible that this is the case. Not only does ourtexrise seem to place a lower limit on
the complexity of the Universe, such thatprinciple the Universe could not be reduced to an
arbitrarily simple representation, there is also littlagen to think that our cognitive capabilities
are such as to be able to accomplish this. As Barrow expl#ese could be a cognitive bias

implanted in us to seek out patterns where none in fact oktaiare discernible);

the search for a single all-encompassing Theory of Evargtfig] the ultimate expres-
sion of some scientists’ deeply held faith that the esslesttiacture of the Universe as
a whole can be algorithmically compressed. But we recogthiaethe human mind
plays a non-trivial role in this evaluation. Inextricabipked to the apparent algo-
rithmic compressability of the world is the ability of theran mind to carry out
compressions. Our minds have evolved out of the elementseqgifhysical world and
have been honed, at least partially, towards their presatat 8y the perpetual process
of natural selection. ... [because of evolutionary pressuthe brain would effect
an algorithmic compression upon the Universe whether oitwegre intrinsically so
compressible. (Barrow 1991, p.232-3).

To asses the intrinsic worth (or lack thereof) of the AP, westinerefore think hard about the
nature of human cognition. Unfortunately, this has beegelgroverlooked by working cosmolo-
gists since they, by the nature of their work, tend not to Ivevdahemselves in discussions on the
philosophy of mind. In 82.1 it will be argued that there argosising similarities between the key
problems that cosmologists face today and what philosgpbiemind have been trying to tackle
for millennia.

Like physicists, philosophers of mind are in search of a tfthaory” though there is little
agreement on what that final theory would look like. The vieastramenable to the scientific
method is one in which the mind is viewed as a ‘pattern-reitimgr machine - an entity capable
of extracting the patterns of nature and using these toesmmhething like a simulationf the

external world within the brain to help navigate one’s wanotlgh life. It is regularly posited as
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a working proxy for ‘life’ in discussions on the AP (e.g. HarR007 lists “information gathering
and utilizing systems” as a candidate for a quantum cosniealbgelection-effect criterion).

From this perspective, the mind is a quantifiable input-outmachine no different in prin-
ciple from a computer, a thermostat or a windmflland ostensibly renders reference to every-
day or “folk-psychological” concepts such as beliefs, petions, desires, etc. obsolete. This
is the philosophical position aliminitavism It is the view that the wide-spread (hence “folk-"),
common-sense assumption that such states as beliefs mdas what constitute or chiefly affect
the course of human cognition is, according to Churchlaf8%1p.322), “probably mistaken” and
therefore in need of elimination.

To illustrate this stance within thgohilosophy of mind, and to introduce the reader to the
astrophysical projects that will feature in Part Il, we caralgse the Galaxy Zoo project from
the eliminitavist perspective. The Galaxy Zoo project isimitiative that originally sought to
assess the morphologies of galaxies of 32 photometric objects from the Sloan Digital Sky
Survey (SDSS) using volunteers via the world-wide web. Téia pattern-recognition problem
par excellenceThe astrophysical motivations for precision evaluatibgalaxy-morphology will
be discussed in 84; for now, we will merely sketch out how @®aleoo works. (The corresponding
published description of the project is Lintott et al. 2Q08.

Natural selection requires that humans navigate their@mwent in a manner that promotes
survival. Over the course of time, the neural nets that @omstthe human brain have come to be
equipped with standard capacities such as the represent#tBD trajectories (the throwing and
evasion of projectiles), the ability to form mental repras#ions of the local environment and, in
particular, acute facial recognition prowess (see Gea®8.1eéh.8 and references therein). A large
part of scientific discovery can be understood as spin-ddices of such adaptations (though we
will not speculate on specifics in the fashion that is populéne field of evolutionary psychology).

The human capacity for pattern-recongition lends well tlaxgagmorphology studies - espe-
cially mergers - since the reconstruction of 3D trajecwri® mentally rotate discs, etc. allow

one to assess the recent history of a galaxy to considerabigagxy (or at least, to much more

19¢.f. Leibniz,Monadology 17.
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accuracy compared to a computer and relative to the progesisies involved). Above all, the
human brain is highly adaptable and can be readily inductedriew pattern recognition tasks not
previously encountered by the individual. Before usersefGalaxy Zoo interface could partici-
pate, they had to have their ‘neural nets’ trained via amertiitorial, the principles of which are
easily understood blgack-propagationn neural net theory. (A user is shown a galaxy image and
text that associates the pattern, say, “spiral” and a sgiir@bed galaxy. If a user classifies a galaxy
in disagreement with the pre-determined ‘expert’ opintbien they are informed of this and their
neural net back-propagates in such a way as to get it righttimes; see Mackay 2009, ch. 39 for
introduction.)

The volunteers then take a test which, if passed, enabl@scihssifications to be officially
registered. An image is sent via the web to the individuatsnputer screen to appear in the
interface as shown in Figure 1.1. The image is transmittadphiotons to the user’s retina in a
configuration that closely resembles the original photowwsdent on the 2048 2048 pixels of
the CCD chip of the SDSS instrument. From there, the intiésaof the neural net take over that
function, from the eliminitiavist perspective we are ddsiag, deterministically. As a result of
the image training undergone, the neural net of the indalidsi configured to fit the image to a
template and this eventually results in the mechanicaluduip the computer moude click on
the corresponding template (c.f. the spiral buttorthe interface.

The grand effect of this is to produce something like a giamiral net via the world-wide
web and hundreds of thousands of volunteers. Each image iesdi~ 38 times allowing the
extraction of a level of confidence for any given morpholagifit. In particular, this study will
concentrate on how the fraction of votes for the ‘mergeregaty was used to produce a very
powerful merger catalogue (see 84), and how this lead todkeldpment of a new and improved
technique for finding and studying mergers (87).

The description given thus far required no folk-psychatadjiterms in order to convey how,
roughly speaking at least, the Galaxy Zoo project convertge arrays into morphological quan-
tifiers. Indeed, this can be said of all processes in the matevorld; in particular, all human

interactions can be analysed as the result of ‘informatimetgssing’ carried out by their in-built
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Figure 1.1: The original Galaxy Zoo interface. Users hadaaehof six morphological templates:
elliptical, spiral edge-on, spiral clockwise-rotatingpiral anti-clockwise-rotating, star/error and
merger. The major task carried out in 84 was to turn the clickthe merger-button into something
scientifically useful.

neural nets. Moreover, no distinction was apparent betiwleeigausal activity taking place in the
internet, the computer, the telescope or the human braay wrere all part of the same overall
‘information-processing’ system.

This has ramifications when it comes to deciding what is mbgrdn ‘observer.” If humans
are indistinguishable from information-processing systesuch as the internet, and humans are
observers, then it is tempting to identify an observer asetbimg that processes information. In
which case the internet is an observer just as much as we and. why stop there? Are the
photons that travel across space “carrying informatiogsbabbservers’? As we can begin to
see, as tempting as such a definition might be for an obsénfermation’ is ultimately a vague
criterion (see Barbour 2011 who notes that the term ‘infaioma can be used in several different
ways, often giving rise to ambiguity). Many systems exhibfiut-output relations; even a rock
that absorbs and subsequently emits radiation can be gedsis an input-output ‘machine.” Does

the rock process information? Why is it different from a cagp or the human brain?



1.1. Perennial Questions 13

This carries the discussion into the tricky subject areaspécified complexity,” entropy and
coarse-graining. The puzzling fact is that we have an intugense in which the human is charac-
teristically different from the rock, but it is extremelyffitult to put one’s finger on exactly what
- if anything - the distinguishing characteristics are withappearing anthropocentric. Consider

the words of Penrose on describing entropy,

It is important to realize, when we refer to the ‘specialhe$a low entropy state, that
we are referring tananifestspecialness [e.g. an assembled glass full of water]. For, in
a more subtle sense, the higher entropy state, in theséiaitsige.g. a smashed glass
and spilled water]is just as ‘specially ordered’ as the lower entropy state, gvitn

the very precise coordination of the individual particlé®enrose 1999, p. 399).

As Penrose recognises in the passages that follow, ternmsesutspecial’ and ‘useless’ are
somewhat vague and potentially anthropocentric; what daeean for something to be ‘special’
or ‘useful’ independent of human convention? Yet physicistsrwlittle about such nuances since
the intuition that the brain is a very ‘special’ configuratiQvhile the rock is not) is so strong
that for allpractical matterstheir entropic calculations can be performed and appligdont any
need to worry. Unfortunately for us, we are not tacklingractical problem at this point but the
philosophicalproblem as to what constitutes an observer. In a similar wayking physicists can
operate using the quantum formalism of the Copenhagerpretation and achieve their practical,
technological aims without worrying about what constiguge'measurement’ or an ‘observable’
in the philosophical sense (whergatslosophersof quantum mechanics, by contrast, require the
pedanticism of Niels Bohr). It is not enough therefore to &vame’s hands and declare that there
is a common-sense division between rocks and brains. Betheing viewed as material objects
that interact with their environment, both are relativadywlentropy states. Appeals to ‘specified
complexity’ or ‘specialness’ make tacit use of a privilegederence class, but which one and
why? If ‘specialness’ makes ultimate referencaigpthen this undermines the realist’s project of
describing the world independently of human convention.

The lesson we shall draw at this point is that, as was foundiamtym mechanics, ‘observer-
hood'’ is a vague and controversial subject, and we cannt#rmueo offer a definitive answer. The

only conviction that can be put forward with any sort of foisghat the notion that an observer



is an ‘information-processing machine’ is an appealing when doing science but it ultimately
fails to offer much if any guidance as to how one demarcategmbr from non-observer philo-
sophically. Is a fly an observer? Is an amoeba an observerzdl phone an observer? If not,
why not?

These are questions we can leave to those of the elimirtitsteiace that we have been con-
sidering (see Churchland 2000 for a hard-line take on thmieitiavist perspective). To others
who perhaps agree that an ‘information-processing’ caakwof ‘observerhood’ does lead to an
impasse of sorts, a re-evaluation of the path that lead usggoint will seem worthwhile. That
path was the denial of the first-person perspective in daagrihe contents and state of the world.
To expel perceptions, beliefs, desires and the like fromisopleilosophical outlook was always
going to result in confusion for us, that it is, the indivitleantemplating such thoughts; for who
else could be contemplating such thoughts apart from theidhhl >°

In the next chapter we shall bracket eliminitavism aside takd seriously the datum of con-
sciousness in the context of the Multiverse scenario andtARll be shown that the Multiverse
is such an all-encompassing concept that it can be used pdaiak absolutely everything - even
problems as recondite as the mind-body problem. As a puret@gphysical proposal it can be
adopted in regards to Leibniz’s first question there isvery little scientific utility in the proposal,

if we understand science as the quest to render a positigstiount of natural phenomena.

200ur discussion thus far parallels d’Espagnat’s philosoalténalysis of the observabémd its inextricable link to
the individual He writes, “Up to this point, of course, a realist may coesithat everything is still all right. We easily
conceive of a Universe essentially independent of our oviresavhile some parts of it do act on us, and we find it
reasonable to only talk about the latter. But on reflectiorrg@adize that we are faced with a serious question. If our
universe of discourse is indeed limited and shaped up by exgejving aptitudes, as we just considered must be the
case, what guarantees have we that we do perceive factsiagd #s they really are “out there”? ... the idea seems
to be to acknowledge the absolute primacy of the notion ofipbs observation (or experience) while simultaneously
ignoring the ultimate reference to the fact of getting awtheg the primacy in question normally implies [and] to try
and make this view consistent by implicitly evoking someuagotion of some sort of impersonal, hence objective,
“observation-per-se.” ... in their scientific acceptatitire notions “to observe” and “to experience” essentiatipliy
selectively turning one’s attention to such and such pagic This is what distinguishes experimentation from just
passively “looking around.” But then, may we really speakhaf experience an instrument would have? Is there, in
an instrument, something akin to selective attention? Imisa by itself, the position of its pointer more significant
(for whom? for “it"?) than the one of any one of its constihgfiatoms, or of the fly that happened to graze its dial? ...
when all is said and done, the very notion of some “obsematier-se,” taking place in a world completely composed
of inanimate objects turns out to be self-contradictorg'E6pagnat 2006, p. 450-1).



Chapter 2

The Anthropic Principle and the Mind

2.1 A Surprising Connection

It is quite clear that experts in different disciplines obtlght should communicate with each
other more than they do. However, because human beings idiffieeir motivations, beliefs, and
ways of thinking more than is apparent, it is always diffi¢albridge the gaps between distinct
fields. Incompatibilities between words and basic notidlifégring conceptions of what strictness
should consist of — these and other obstacles combine imm#hké task arduous indeed. Bernard
d’Espagnat

At a conference on the philosophy of cosmology in Oxford 20@8rtin Rees presented two
conceivable forms that might characterise a final physicakbry of Everything” (ToE), as dis-
cussed in 81, summarised versions of which are shown in Bable

These theories prompted the following exchange betwees B three other cosmologists
- George Ellis, Brian Greene and Raphael Bousso - that peevath excellent summary of the

contemporary debate on fine-tuning and the Anthropic Ryieéi

ld'Espagnat (1983, p. 1).

2The following transcript is taken from the video archive fioe conference. | have chosen punctuation, elision and
removal of pauses in a way that | believe remains faithfuhtdriginal intention of the participants. It can be found
herehttp://www-astro.physics.ox.ac.uk/\~ddarg/shtml/rees_talk.shtml between~ 39:30—43: 15.

15
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Table 2.1: Possible forms of a ‘Theory of Everything’ acénglo Rees.

ToEa ToEg

1) All physical parameters arel) There are universes with several, or eyen
uniquely determined. an infinity of values, for some parameters, de-
pendant on the outcome of symmetry breaking,
compactification, etc.

2) (Therefore) there’s no role far2) The parameters in our “universe” shoyld
anthropic reasoning. be typical of the anthropically allowed subset
weighted by the (theory generated) prior prob-
ability distribution.

Ellis: What | don’t think people comment on enough [is that Zdis more difficult to understand than

[ToEg] because then you've got your fundamental theory and itdeadh set of effective theories in the
standard model of particle physics. .. [with] the parameeliging in one particular ‘spot.” There is no reason
why that fundamental theory should cause that ‘spot’ torlihie anthropically allowed domain... so that
introduces a much bigger puzzle and so [gbE a much less puzzling way of solving it than [TQE

Rees | completely agree that that is reason why, in ignoranceeftietailed physics, many of us would not
be surprised if we are forced towards [E]because, indeed, it does get round that problem.

Greene I'm sorry, | don't quite understand that. | mean, if you yriave a fundamental theory that
determined all the parameters uniquely. . . what's the Bsumean, you can say ‘whyattheory?’ ...

Ellis: because... you could have ended up anywhere.
Greene ...yeah you could have, but you couldn't, because it waguaiy determined, right? ...

Ellis: ...yes but there’s a subset there which allows life to eaisd there’s no reason wh§U(10) x

U (5) x O(3) - or whatever - must end you up with those values lying précistere the strong-force-to-
the-weak-force ratio is such as to allow life to exist. Inttbase the image of life would be written into
SU(10) in some sense so that is incredibly strange.

Greene But if that’s how it is, that’'s how it is. ..

Bousso ...this is just a comment on [Ellis’] and [Greene’s] exchan String theory, | guess, [was long]
believed to be one of those theories that will just spit ethéng out, you know, in terms of 2's arms and

so on and we’ll understand the electron mass and, back indtees8hellekens, maybe others but certainly
Schellekens, was worried about the fact that if this wasitrweuld seem rather miraculous that at the same
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time, you know, all these incredibly Fine-Tuned things wbaobme out just right because it's so obvious
that if you just vary these parameters a little bit, suddgwoly don’t have complex structure. So it certainly
was something that people did worry about, and | think witlneseason. ..

Rees ...this is metaphysics...

Greene ...but what's the measure of the space of ideas for whichhweelld be surprised? ...I think
that’s the key thing that's driving the conversation.

Two important characteristics of the fine-tuning debatadtaut in this discussion. Firstly, the
question raised at the end of the exchange (“what’s the mea$the space of ideas for which we
should be surprised®)is indicative of the widespread presumption of a functi@talccount of
mind amongst cosmologistsThis philosophical stance tends to go hand in hand with thencon
desire amongst cosmologists to “mathematize” literallgrgthing in existence, even our ‘ideas’
(and leads them to take seriously the possibility that wehirbig living in a computer simulatior).
This is philosophically contentious and extremely couiniéuitive, to say the least: surely we
must consult our idedsgst in order to assess whether our choice of mathematical repiason is
sensible, not the other way around.

This is connected with the problem of formalising our prigpectations in the Bayesian ap-
proach to anthropic reasoning given our lack of approptaiekground knowledge in this meta-

physical context. We can always write dosomeprior, but whether or not it is a ‘sensible’ choice

3Note, the participant might have intended this sentencestmbtaphorical, meaning something like “but what
is your background knowledge and why think that your senssugfrise is to be taken seriously?” Greene shows
sensitivity to subtle issues regarding the philosophy afdhin his most recent book “The Hidden Reality,” see Greene
(2011, p. 281-306) for a good discussion on the philosophyiofl and its pertinence to the Multiverse hypothesis.

4Functionalism is the position that identifies consciousnetth something like an information-processing system
(e.g. a computer program). Many examples of this widesppeadumption amongst cosmologists (and physicists
generally) can be given, such as, “The human mind is a verypt®ayet special type of program. It is capable,
in particular, of forming a model of itself as a subprogramd atudying this subprogram. This model-building and
analyzing process is called consciousness.” Barrow & Tif1896, p. 155). Also, “Computer scientists have made it
plausible that the essence of mind is to be found in the operaf algorithms that in principle could be realized within
radically different physical embodiments (cells, tratwis, tinkertoys) and in no way rely on the detailed struetoir
physical law” (Wilczek 2007b, p. 151).

STipler (1994), Bostrom (2003b), Barrow (2007), TegmarkQ@Q Greene (2011).
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can only be decided by a strictly qualitative judgm@mtaim to show that some of the conceptual
problems that characterise cosmological speculatiorh(aat¢he Universe arising out of ‘nothing-
ness, see §2.5.2) are due in part to a general lack of agpi@tof the subtleties of the philosophy
of mind and this leads to the ‘over-reification’ of matherogti Until cosmologists start to think
seriously about the nature of consciousness and its primatyeory adjudication, certain confu-
sions and points of contention (as seen in the above exchanljeontinue on indefinitely. In
short, cosmologists might benefit from interaction withipbophers of mind.

Secondly, notice how difficult it is to articulate a sense afdality? that would appropriately
depict ‘why’ the laws of physics take the form they do. On time dvand, it would seem like an
absurd coincidence if the only possible form of ultimate sibgl theory were just right for life. On
the other hand the very notion is paradoxical since, in sanees there would be no ‘coincidence’
as it was ‘unique’ and therefore ‘necessary’ in the senseahaxisting universe could not have
been otherwise (hence Greene’s aphoristic reply “you cbale, but you couldn’t”).

Mainly owing to the strong intuitive sense in which it is ircfaot necessary that our Universe
be the only kind that can exist (for it is easy to imagine matheplogically possible universes,
see §2.2), cosmologists have largely turned toglaBd the anthropic reasoning it requires. So
whereas the single-Universe hypothesis faced an awkwgetplay between chana® necessity
in light of fine-tuning, the Multiverse hypothesis (conjethwith the Anthropic Principle) offers a
prima faciemore satisfactory combination of chareed necessity.

It is interesting to note that this question (why does theemiatworld have the form it does?)

6Any series of mathematical symbols can be written down, leatding whether or not (i) those symbols “mean”
anything and (ii) whether those symbols have anything to il $eality,” requires a strictly qualitative judgmentsie
we end up with a regressd infinitum If my equation is deemed sensible because it can be mapedi® numerical
proxy of “sensibleness,” then we again have to decide wihéitia mapping is “sensible,” and so on. This comes down
to the fact that all human reasoning must boil down to statésnef ‘intuition’ and ‘naturalness.’

"Paul Davies seems to agree that there is something subtlienpodtant about the nature of consciousness that is
unduly overlooked in discussions on fine-tuning, “Humarate more than mere observers. They also have the ability
to understandthe universe through logical reasoning and the scientifithote This remarkable fact, often taken for
granted by scientists, cannot be explained by anthropitifratse reasoning.” Davies (2007, p. 493-94).

8].e. to say what is meant by ‘necessary’ or ‘possible’ in tlveiy context.

9Suppose that the Multiverse exists in some ‘necessary’es@idgn perhaps to how it used to be supposed the
Universe existed ‘necessarily’ or ‘brute-factly’). Them matter how rare (‘chance-like’) a biofriendly univerdemain
might be in the space tdgical possibility, if the Multiverse is sufficiently large and wegated it will inevitably generate
one like ours. Then, because we can only observe the uniiférgesuitable for life, our sense of surprised is removed
(or so the argument goes). Hence an elemebbtifi‘chance’and ‘necessity.’
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has the same basic structure as that posed by philosopheisa{why does consciousness exist
and have the form it does#.I aim to show that there are many intriguing parallels betwibese
two questions. Unlike the cosmologists though, philosoplod mind continue to struggle with
the traditional, restrictive modalities when it comes tgghkaining’ how consciousness arises from
matter and comes to take the particular form it does. Is ttitimsomehow ‘necessary’ that matter
give rise to consciousness (when we can conceive of logipaiésible alternatives) or is it to be
construed as some play on ‘chance’? It shall be shown thatyasimilar game can be played
in the philosophy of mind as is currently played in cosmologgmely, that a Multiverse plus
selection effects can be used to accountafosolutely everything even phenomenal, structurally
coherent experience, that is, consciousness. Althoughliibe presented as an indirect criticism

of infinite Multiverse hypotheses, it will likely intriguehilosophers of mind.

2.2 Historical Precedence of the Connection

Does this mean that understanding all the properties of &giian of the universe will require,
besides a knowledge of physics, a deep investigation of warrature, perhaps even including
the nature of our consciousness? This conclusion wouldicdytbe one of the most unexpected
that one could draw from the recent developments in inflatiprtosmology:!

— Andre Linde

The teleological argument has had a rough ride since Pagsywould now defend his design
argument in academic circles where it is accepted that Désmi offers a superior account of the
origin of biological complexity. The last stand for the dgsiargument, it would seem, therefore
rests on ‘wider teleology’ such as the prerequisite FTL. Eesy, Paley had a subtle rejoinder
by way of the seemingly inexplicable correlation of conssivess with biological complexity (an
argument he likely borrowed from LocKg€)and, as shall be argued, this same basic rejoinder

applies equally well to the modern day debate between thaisd non-theists with regard to the

10The perennial problem philosophers of mind face is to find gprepriate modality to describe ‘why’ it is that
matter gives rise to consciousness — an awkward interplayete® ‘chance’ and ‘necessity.’

L inde (1994, p. 104).

12¢C 1. Locke,Essay IV, iii, 28.
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Multiverse and fine-tuning.

Let us begin by reviewing Paley’s overall reasoning, whi@ssubtler than many appreciate.
This is in part because few are acquainted with Paley’s weslobd his watchmaker analogy,
but also because Paley did not formalize his design arguriangxplicit premises, preferring
to base his case solely on analogiéslt is therefore easy to read Paley and miss this much-
neglected line of argumentation based on consciousnesP#ravin was reluctant to address.
Paley’s design inference did not rely solely on there beimgmexity in nature (what we might
label his eutaxological argument) but that it also coindigdth the instantiation of pleasure and
pain in living beings in an appropriate way (what we migheletis teleological argumenty. This
extra focus is not surprising given his background.

Paley was not only a natural theologian but also a polititélogpopher and utilitariah® The
influence of this ethical-political stance on his naturadiogy is evident throughout his writings
on the subject. Although Paley thought that material ceatrie was sufficient evidence for a
generic deity, it was phenomenal contrivance specificiifit grounded his inference to theism.
That is, it made no sense to say that the material contrigant@ature had a manifestseor
purposeunless these terms made implicit reference to some ocagrrefutility in nature in the

phenomenal sense of the word — pleasure and pain in theitajiva aspect.

13In fact, the second half of Paley’s Natural Theology focusestisely on proto fine-tuning arguments in astronomy
and the laws of physics. Even when Darwinism took centagestds proponents were swift to recognize the wider-
teleological implications of the theory as the whole ecalabhistory of the world would have to have been “encoded”
in the initial conditions of the Universe (or conditions ggiarbitrarily far-back in time). See, for example, the quioy
Huxley, Barrow & Tipler (1996, p. 87).

14paley was familiar enough with metaphysics to know that neckrdown argument could be given for the design
inference that would overcome the extreme scepticism eDamavinian thinkers like Hume. Thus “Paley sought to
prove the existence of a Designer beyond reasonable doubivitg that deductive logical proof was not possible, but
that while sceptical logic-choppers could never be sildntieey could be made to look absurd,” Eddy & Knight (2008,
p. Xxi).

151t arguably belongs to the very concepttefos(teAo¢) that there not be justny sort of ‘end, but that the ‘end’
be of somevalueor utility to someone, the sort of end that an agent would in somedesiye In short, it is impossible
to divorce the concept of teleology from utility. This is efted in the very etymology délos as well as meaning
‘end’ or ‘goal’ the original Greek usage also denoted ‘védliygrice,’ or ‘tax.’ The distinction drawn here between
‘eutaxological’ and ‘teleological’ arguments may be stighdiosyncratic (where | emphasize the role tigailitative
utility plays in demarcating the two concepts); for an alternatiseussion of these two concepts, see Barrow & Tipler
(1996, p. 29ff) who attribute the terminology to L. E. Hicks883).

16pgley was a key figure in the late®l@entury movement ‘Theological Utilitarianism.” It did nietst long as most
19" century theists took exception to utilitarianism, reckmnit to be a secular system of ethics in competition with
their own. Much of Victorian literature sought to discrettii¢ philosophy by casting the antagonist (as Dickens sa ofte
did) as highly materialistic, cold, calculating, etc. Sede31991) for historical discussion of the movement.
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Paley was thus explicit in the opinion that these two facétaature are conceptually and
metaphysically independent of each other: complexitydt by itself, sufficient for the instan-
tiation of the qualitative aspects of mental life, rathbe tapacity to experience utility had been

“superadded” to biological organisms that otherwise wdatde merely been complex automéfa.

The necessary purposes of hearing might have been answiheditwharmony; of
smell, without fragrance; of vision, without beauty. Nowf fihe Deity had been
indifferent about our happiness or misery, we must imputeungood fortune (as
all design by this supposition is excluded) both the capadfitour senses to receive
pleasure, and the supply of external objects fitted to exciRaley (2008, p. 252¢

There are thus two prongs to Paley’s argument: the fittingeoksry organs (the eutaxo-
logical) and, separately, their ‘capacity to receive pleas(the teleological). The one does not
automatically entail the other, in Paley’s opinion, and le® fiact that physical states and mental
states coincide in such a regular and appropriate mannddvieeuentirely coincidental without
design'®

Darwin’s theory of evolution offered a radical alternataecount for the first part of Paley’s
observations — the existence of biological complexity iture— and in virtue of this alone came to
displace the whole of Paley’s design argument as the domintatiectual paradigm. But despite
deep familiarity with Paley’s work, Darwin seems to haverbegtremely reluctant to grapple with
the second, subtler prong of Paley’s argument: why doeseaating forth the qualitative aspects
of pleasure and pain? Why is there any conscious experi¢m@tiaranature? Darwin just seems to
take it for granted that to account for complex behaviouoenattically entails the instantiation of

such things as quaf&(and thus utility). This is evidenced by his ambiguous imtiing of utility-

17« . .the Deity has superaddgreasureto animal sensations, beyond what was necessary for anymihgose, or
when the purpose, so far as it was necessary, might have feeted by the operation of pain.” Paley (2008, p. 236)
[Italics original]. In modern parlance, we could say thakelydook philosophical zombies to be both conceivable and
metaphysically possible.

18He continues, “I allege these as two felicities, for they diféerent things, yet both necessary: the sense being
formed, the objects, which were applied to it, might not hswited it; the objects being fixed, the sense might not have
agreed with them. A coincidence is here required, which midaot can account for.”

1970 use Chalmers’ paraphrase of Kripke (2001, p. 153-4), “WGed created the world, after ensuring that the
physical facts held, he had more work to do.” (Chalmers (1996.24).)

20Conveying to those unfamiliar with the term what is meantdoyréferred to by) the word “qualia” is, in one sense,
extremely difficult yet, in another sense, extremely easy.aAirst gloss we can say thajaale (plural qualia; the
term ‘percept’ is used in a similar regard in philosophidatles) is the distinctive, subjective quality that consts or
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laden terms with mechanistic terminology and his gratitdistinction between the ‘corporeal’

and ‘mental.” For example,

As natural selection works solely by and for th@od of each being, all corporeal and
mental endowments will tend to progress towgpdsfection. . There isgrandeurin
this view of life. .. from so simple a beginning endless formsstbeautifuland most
wonderfulhave been, and are being, evol¥édEmphasis added]

The obvious problem not addressed by Darwin’s purely méstiaraccount of complexity
— one that purports to expunge any formrafus(vou¢) from the creation accouftt — is the
then anomalous appearancenolusin biological organisms. Why is theany ‘good,” ‘wonder,’
‘beauty,’ in nature rather “than blind pitiless indiffei@®” Certain key figures in the early Dar-

winian movement, such as Thomas Huxley, recognised thdgmmoblnd sought to address?#.

characterises a mental experience. If this sounds rathechmcal and imprecise, there is a reason for that, narngliy,
it is impossible to preciselgefinesomething using words that mean or refer to other thingsatenot as intuitively
immediate and accessible as the very thing you are tryingfio&l The claim is that the word qualia refers to those
aspects of one’s mental life with which one is so intimatalguainted that we cannot realigfinewhat qualia arger
se we can only point them out through examples. Thus, it is complace to describe qualia through the phrase “the
what-it-is-like to (experience something).” For exampgfesomeone is asked “do you know what it is like to taste an
orange?” or “do you know what it is like to see the colour red®st people will reply, “of course.” Itis in this sense that
it is easy to grasp what is meant by qualia. When one is unamms¢say, in a dreamless sleep), one does not have any
qualia. When one is awake and is visually experiencing thedyenjoying tastes, suffering pain, etc., ah@eshave
qualia. For an excellent further introduction to the coricepecommend Frank Jackson’s famous thought experiment,
“Mary in the black and white room™http://plato.stanford.edu/entries/qualia-knowledge/\#2) Jackson
(1982). (This thought experiment is also referred to as KmWwledge Argument. My aim here is not to endorse
Jackson’s conclusion, which he himself later repudiatather, | cite it as it is an excellent means to help the reader
gain familiarity with the term.)

21Darwin (1998, p. 395-6). It is generally acknowledged thatwin’s position on the philosophy of mind is difficult
to pin down and that his opinions on the matter varied ovetifeBme. On occasions he speaks of consciousness as
something real and distinct from the biophysical system lasnihe writes, “A sensitive nerve when irritated transmits
some influence to the nerve-cell... This involuntary traigsion of nerve-force may or may not be accompanied by
consciousness,” Darwin (1989, p. 53-4). Yet, most of hidyaig of mind, principally inThe Descent of Maand
Expression of the Emotionwas strictly behaviourist and thus rendered phenomenalatousness superfluous to his
theory. Robert Richards surmises, “Darwin never reallyrgdad the philosophical depths of the mind-body problem.
But he formed a fairly clear and simple idea of the relatigmsii thought to brain... For the Newtonian scientist (an
ideal toward which Darwin aspired), the occult connectibesveen matter and its powers did not need explanation,
only description. So Darwin felt comfortable with the agiicism expressed by Abercrombie as to the ultimate relation
of mind and brain. In a passage Darwin marked, the Scotsgupler declared: “Matter and mind are known to us
to be certain properties:- these properties are quitendistiom each other; but in regard to both, it is entirely olit o
reach of our faculties to advance a single step beyond ths fetich are before us. Whether in their substratum or
ultimate essence, they are the same, or whether they ageathiff we know not, and never can know in our present state
of being.” To this passage, Darwin appended the Newtoniaemation: “It is sufficient to point out the close relation
of kind of thought & structure of brain.”” Richards (1987, %b). See also Richards (2005).

22Thjs goes back to the lonian philosophers. Anaxagoras. ..

23Huxley famously espoused a form of epiphenomenalism campabnscious experience to the whistle on a steam
locomotive - an effect of the engine with no causal feedbatk(ey 1874; quoted in James 1990, p. 86).
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Alfred Russel Wallace, co-discoverer of natural selectiorte,

Neither natural selection, nor the more general theory ofution can give any ac-
count whatever of the origin of sensational or consciowgs lthey may teach us how,
by chemical, electrical, or higher natural laws, the orgadibody can be built up, can
grow, can reproduce its like, but those laws and that groedghnot be conceived as
endowing the newly-arranged atoms with consciousffess.

Bracketing eliminativism for the time being, which simplgrdes there is conscious life or
that it makes any sense to talk aboutdiiif seems clear that, unless one is a substance-dualist,
“sensational” or “conscious life” must be an intrinsic peofy or potentiality built into the most
fundamental layer of physical reality. On this view, the giogl Universe is, in some strong sense,
brute-factly utility-yielding, possessing propertieslatencies in its very structure that bring forth
pleasure and pain in their qualitative asp&cThis is, for those who contemplate it, an astonishing

realization. Colin McGinn asks,

How did evolution convert the water of biological tissueoithe wine of conscious-
ness? Consciousness seems like a radical novelty in theraajvnot prefigured by
the after-effects of the Big Bang; so how did it contrive toiisg into being from what
preceded it?’

McGinn’s question is a loaded one for no naturalist will wislaccept that there was any “con-
trivance” per se which connotes some overarching axiological telos iroactiather, they typically

maintain that these properties or potentialities build inature could not (in some metaphysical

24Wallace (1869, p. 391).

251 do not think it is difficult to speak meaningfully about caisusness. As John Searle writes, “There is a problem
that is supposed to be difficult but does not seem very difftouhe, and that is the problem of defining “consciousness.”
It is supposed to be frightfully difficult to define the termutBf we distinguish between analytic definitions, which
aim to analyze the underlying essence of a phenomenon, anohan-sense definitions, which just identify what we
are talking about, it does not seem to me at all difficult tegivvommon-sense definition of the term: “consciousness”
refers to those states of sentience and awareness thatltyiegin when we awake from a dreamless sleep and continue
until we go to sleep again, or fall into a coma or die or otheeAbecome “unconscious.” ... Consciousness so defined
is an inner, first-person, qualitative phenomenon.” Sgd®88, p. 5). See also the ‘catalog of conscious experiénces
compiled by Chalmers (1996, p. 6-11).

26searle agrees on this point: “Only to conscious agents eae #ver be a question of anything mattering or having
any importance at all,” Searle (1998, p. xiv).

2"McGinn (1999, p. 13-4). He continues, “We have a good idea th@Big Bang led to the creation of stars and
galaxies, principally by the force of gravity. But we knowraf comparable force that might explain how ever-expanding
lumps of matter might have developed an inner conscious.lfebrain is a celestial object with more bizarre propertie
than any black hole or red dwarf or infinitely dense singtydrMcGinn (1999, p. 15-6).
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sense) have been otherwizethat they are a mere happenstance, an unintended by-profdhet
metaphysical dice that brought about our existeéfice.

These options seem exhaustive (though see §2.5.3 for anadite ‘Multiverse explanation’).
Natural selection has no explanatory relevance here. Tdhsdythere is qualitative experience
in nature because it is advantageous for organisms to hdsetat miss the point completely.
That would be as strange as supposing that electrons haxgedhecause this is an advantage to
organisms. The whole question is why it is that the Univerag dény (potential for) qualitative
experiencen the first placeupon which natural selection might &¢ét.

To those acquainted with the debate on the FTL, these cadaftmrms (contrivance, necessity
or chance) will sound quite familiar. The question has loegrbasked whether physical fifeas
we know it is common to the observable Universe (“hecessgiyén the underlying physics),
an incredible fluke unlikely to be repeated again (“chana®”the result of intentional design
(“contrivance”).

Despite facing structurally similar problems, cosmoltgiand philosophers tend to prefer
very different answers. Whereas many philosophers of mimti g accepting the emergence
of consciousness from the underlying properties or paétigis built into nature as a mystery or
a ‘cosmic fluke’ or as ‘metaphysically necessary’ - whatesuggh terms means - fewer physicists
nowadays who work on the corresponding problem of fine-gimrphysics for the emergence of
biological complexity are willing to accephis as a cosmic fluke or as metaphysically necessary,
etc.

Why not? After all, physics is not complete and so, some hdsened, as we learn more

28For example, Davies (2003, p. 153) speaks of conscioussesssured,” whereas Gould (1987, p. 431) speaks of
it as a “quirky evolutionary accident.”

29McGinn continues, “It is important to see that Darwiniandhedoesnot explain the existence of conscious minds.
This is not because consciousness possesses a speciaf tgggm that cannot be explained by blind evolutionary
natural selection. The problem is more fundamental. It isaspecially difficult to see how matter can take on the
attributes of design... Paley’s argument was not that metteld not in principle be shaped into a complex organism...
His argument was that design needs a designer, not thatrroattiel not be configured into living organisms... But the
problem with the conscious mind is that it is hard to see lamyprocess — naturalr divine — could possibly shape
matter into mind... This seems impossible as a matter otjplie.” McGinn (1999, p. 81-2).

30As we shall see (§2.3.1) the term ‘life’ is used by differentreors in different ways. Some treat it as a synonym
for ‘consciousness.’” Here, by ‘life,’ | only mean the phyaistructures we call bodies and | leave open the possibility
that they not be attended by qualitative experience (asipliiosophical zombie).
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about the world we will eventually find that all of these finmé¢d laws, fundamental constants
and boundary conditions will all be explained as part of al fama unique theory of everything.
We would then see that what appeared to be “contrivances&tliout to be “necessary.”

Few physicists find this plausible; for them, it is not saisbry to declare a problem dissolved
by merely asserting that an outcome was ‘necessary.” Wal@ay of anyprima facieunlikely
event that ‘it came about, therefore, it came about nedgssaend of story®! Consider the

illustration given by John Leslie,

Suppose that the words MADE BY GOD are found all over the wegddanite. Their
letters recur at regular intervals in this rock’s crystdit@as. Two explanations sug-
gest themselves. Perhaps God put the words there or perbappowerful visitors
from Alpha Centauri are playing a practical joke. Both erplégons might account for
the facts fairly well, yet along comes a philosopher with tigpothesis that the only
‘really possible’ natural laws are ones which make grargeycsuch words. And in
that case, says he, there is no need for anything to be ‘fimedtun order for there
to be such words. Nothing else is genuinely possible! .., Wesre are countless
logically possible natural laws, but the ontyally possibleones are the laws which
yielded electrons, pebbles, stars, and MADE BY GOD... Sutés would be inge-
niously idiotic3?

Unless we are to do away with “explanation” altogetfethe claim that the only “metaphysically-
possible” physical universpist is (evidently) one fit for life is seen to be an empty respotfse.

(Unless one supposes itlife itself that ‘actualises’ universes from the space of lolgpeessibility;

this is an interpretation of the Strong Anthropic Principléhis position doesot ‘explain away’

31Consider for example the question, “Why did the World Tra@a 1@ collapse?” Few would accept the response,
“because the probability of this happening was (evidertthg.” Introducing the word ‘necessarily’ without any fugth
information tells us nothing. Also, to say that our Univeadene is ‘necessary’ would, in a strong sense, profoundly
violate the Copernican Principle by placing biofriendseen the category of ‘metaphysical necessity’ which, ta tur
metaphorical, sounds like self-proclaimed deism.

32| eslie (1996, p. 16). Elsewhere Leslie comments, “The cthimn blind necessity is involved - that universes whose
laws or constants are slightly different “aren’t real plegdipossibilities”... is in any case eroded by the variougsptal
theories, particularly theories of random symmetry bnegkivhich show how a varied ensemble of universes might be
generated.” Leslie (1996, p. 202).

33This is not a facetious suggestion as the very concept ofieagibn is central to this discussion. In §2.4.1-2.4.3
we discuss its relevance and connection with ‘algorithmimpressibility,’ that is, the capacity of explanation tanigr
diverse observations under one common, mathematicalla@tipnal scheme.

34An alternate claim, though similar in character, is to siggpihat just about any combination of physical parameters
will lead to life. But this is as obviously false as is the atdife can be found anywhere in the observable universe (even
the surface of the sun or in matter-free empty space). Wemigriiee where the necessary and sufficient conditions for
life are met. See quote by Wilczek p. 73.
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FTL though, it merely elevates ‘life’ to a quasi-divine léwad self-existence.) Carr and Rees
concur,
One day, we may have a more physical explanation for someedftithropic] rela-
tionships discussed here that now seem genuine coincislenewever, even if all
apparently anthropic coincidences could be explainedigwty, it would still be re-

markablethat the relationships dictated by physical theory happetso to be those
propitious for life3> [Emphasis mine]

Smolin expresses the same thought rather poignantly,

It strains credulity to imagine that mathematical consisyecould be the sole reason
for the parameters to have the extraordinarily unlikelyueal that result in a world
with stars and life. If in the end mathematics alone wins usame chance in #3°
we would have little choice but to become mystics. This wdoddan even purer
mysticism than the anthropic principle because then eveth W&muld have had no
choice in the creation of the worf§.

The factis, itis easy to conceive of logically possible @nses that are not just life-prohibiting
but, given the fine-tuning of our Universe, seem to be in agitdorward sense much more
probable than our¥. We can call this the Cosmological Conceivability Problenhatis it that
picks this particular Universe (with the special feature of life) odttlee space of conceivable
universes and makes it ‘exist®

In a similar manner, the so-called “hard problem” of congsitess, to use Chalmers’ term,

is essentially a conceivability problem. It is easy to cave®f a physical universe with com-

35Carr & Rees (1979, p. 612). Elsewhere Rees adds, “Maybe afoedtal set of equations, which some day
will be written on T-shirts, fixes all key properties of ouriverse uniquely. It would then be an unassailable fact that
these equations permitted the immensely complex evoltitianled to our emergence. But | think there would still be
something to wonder about. It is not guaranteed that singplatéoons guarantee complex consequences. .. Why should
the fundamental equations encode something with such fdteamplexity, rather than the boring or sterile universe
that many recipes lead to?” Rees (2007, p. 60).

36Smolin (1997, p. 45). The number23 is Smolin’s estimate for the random probability of finding tharameter
values needed for stars to exist (p. 325).

3"More probablea priori. If we choose a single random universe from the space of abgiossibility, it seems
extremely unlikely that it would be life-permitting. Rouglspeaking, there are many more ways of combining physical
laws and parameters that prohibit complex structures.dfaljects that the probabilities of a logically possiblesarse
being ‘actualised’ are not uniform, but peaked around piéemitting universes, then FTL has just been moved up one
level: why doeshis probability distribution ‘exist’ over the space of logigabssibilities?

3850me will complain that it is anthropomorphic to label thisuerse as more ‘special’ than, say, a de Sitter space
sparsely filled with a blackbody distribution of low-tempgrme photons. This gets into the pragmatics of explanation
(see 8§2.3.3) we are interestedh life precisely because it furnishes consciousness wisithesine qua norof there
being anyinterestwhatsoever and hence of there beamything‘'special.’
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plex self-replicating machiné¥that arenot accompanied by qualitative experience. Why then,
if a causal account of the physical origin and functioningiofiogical entities can be given (the
dominant view since Darwin), is there this extra somethivag tve recognise and label by ‘qualia,’
‘consciousness,’ ‘self-awareness,’ etc.? Moreover, wdgsdqualitative experience correlate with
the physical brain in such a regular and appropriate wagmgitat we can conceive of all sorts
of random correlations that would not allow for a coherenntaklife? We can summarize these

parallel conceivability problems as follows:

1. Cosmological Conceivability Problem: Physical uniesrgvithout complex, self-replicating
machines are conceivable and common in the space of logiga#isible universe®. So
why isn'’t this universe one of them?

2. Consciousness Conceivability Problem: Complex, sgificating machines without quali-
tative experience (or with different psychophysféatorrelations) are conceivable, causally
accounted for (given Darwinism) and common in the spacegi€é possibility*? So why
isn't this complex, self-replicating machine — the reader — one of ##8m

The increasingly popular response of contemporary coggisitoto (1) is to appeal to a multi-
universe scenario conjoined with the Anthropic Princiglaat is, ours is1otthe only universe to
exist, rathermanyuniverses exist with varying physical laws and constantsstraf which prohibit
life. Only in those rare universes that allow for the exiseenf “observers” will there be anyone
to make any such observations and so, according to this itiswyot surprising that the universe

we find ourselves in is observer-permitting. This, in thenag of most cosmologists, is a more

39Moreover, | think it is easy to conceive of philosophical Bes: beings that are physically identical to humans
but not attended by qualitative experience (or, very diffeérqualitative experience to what we experience). Agdin, i
the reader disagrees that it is possible to conceive of a him@iag without consciousness then presumably they would
disagree that it is possible to conceive of other universes.

40This is the premise of fine-tuning; i.e. there are far moreeslof physical constants that don’t allow life than those
that do, etc.

4IThe term ‘psychophysical’ is part of the standard vocalyulesed by philosophers of mind, most often in reference
to property dualism, the position that mental events andighyevents arsui generisthat is, separate kinds of thing
in the world, but that they are ‘related’ or ‘correlated’dligh ‘psychophysical relations/correlates.’

42The conceivability argument, like most things in philospptioes find some opposition. For a discussion of the
conceivability argument see Chalmers (1996, p. 65-9).

430r, just as poignant is the question wémen't our mental staterrelated with the physicalifferentlyto how they
are in fact correlated? Not only are self-replicating maekiwithout qualitative experience conceivable, it is a&lasy
to conceive of many logically possible ways of correlatinglip and physical states differently to how they are in fact
correlated. This would mean that our universexseedinglyare in the space of logical possibility.
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satisfactory position to take in the fine-tuning debate th@nempty response that FTL is, in some
ill-defined sense, “necessary” or the one-off resuléxttemechance.

Yet, philosophers of mind are reluctant to follow suit (eoqeld in 82.5); they prefer to cling
to the old categories, maintaining that consciousness ke fact” or “necessary” feature of
the physical world or even to deny that physical life withoahsciousness is conceivabf@.hese
are the very sort of responses most physicists explicijgcteas an “explanation” to cosmological
fine-tuning.

| suspect that this is probably because philosophers of mhindot regard consciousness as
a ‘fine-tuning’ problemper se(just as, before cosmological fine-tuning was establistiesl |Uni-
verse did not seem “contrived” to facilitate life and so i&ry a ‘brute fact’ was easier to accept
psychologically)*®

Before we delve into further details, it would be worth-vehib further explore the intercon-
nections between the fine-tuning debate (and fundamenyaiqshgenerally) and the problem of

consciousness.

2.3 Motivations for this Study

| shall briefly discuss some broad reasons why physicistemeal and cosmologists dealing with
metaphysics in particular cannot simply ignore the natficmpsciousness and the role that it plays
in shaping their conclusions. Unfortunately, there is dittth dialogue between cosmologists and

philosophers of mind that these issues rarely get raised.

44n a recent survey of philosophers of mind who are membersnivetsity faculties, 126/191=(66.0%) of re-
spondents “accept or lean towards” philosophical zomhbieygical beings identical to humans but unaccompanied
by qualitative experience) being “conceivable.” Signifitia fewer (47/19%24.6%) thought that they are inconceiv-
able (would these 47 philosophers also claim that physichfferent universes are likewise inconceivable?); 18/19
(=9.4%) said “other.” When philosophers of any subject wekedshe same question, the fraction of those who “ac-
cept or lean toward” the inconceivability of zombies drogppe149/931 £16.0%), whereas 548/93%+68.9%) “accept
or lean toward” their being conceivable; 234/93126.1%) said “other.” See Bourget & Chalmers (2009).

45Als0, the fact that the universe was discovered not to benatebut must have had a “beginning” in the finite
past helped overthrow the notion that the Universe is a &fatt.’ For example, Bertrand Russell famously declared
(in the era before the establishment of the Big Bang) that tthiverse is just there, and that’s all.” (From the BBC
Russell-Copleston debate, 1948.)
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2.3.1 Consciousness as a physics problem

Firstly, when cosmologists claim that the physical laws badndary conditions of the universe
are ‘finely-tuned’ they almost always state this in refeetw some feature of the universe that
they take to benterestingor significant(notice these are utility-laden terms) such as “complex
chemistry,” “life,” “intelligent life,” “conscious life’; etc. The claim is that, were the Universe
slightly different in its physical evolution, then the faeg to which the fine-tuning made reference
would not have obtained for one reason or another. Thisénatcompanied by the further (more
philosophical) assertion that such coincidences are f®img” and “require explanation.”

There is a tacit assumption almost always at play in suchugéons amongst scientists: if
an explanation could be offered that would remove our sehseirprise regarding one finely-
tuned feature of the Universe (e.g. “complex chemistry&ntlall the other referents to fine-tuning
(“life,” “intelligent life,” “consciousness”) would folbw automatically. That is, in the context of
fine-tuning, such referents as “life,” “intelligent lifejcomplex chemistry” and “consciousness”
are treated as virtual synonyms.

Undoubtedly at operation here is the pragmatic assumptianscience can be compartmen-
talised: chemists get by using non-fundamental phenorogiwall “laws” that are assumed to be
determinable, in principle, by the underlying physics oftigtes, etc. This assumption allows
them to make “progress,” especially technological, withibie cumbersome task of making con-
stant reference to the underlying fundamental laws (whrehimpossible, practically speaking,
to solve for the vast majority of problems in sciencey.fortiori, physicists normally suppose
that consciousness is the concern of brain-science anogyiend is thus far removed from their
domain of expertiseiz. fundamental particles and the like. It is no more their tastesolve con-
sciousness than to explicate the how other organs funatitimei bodyeven thoughin principle,
physicists do suppose that this could be done.

The problem though is that many brain scientists and phglloss of mind are relying on
physicists to help solve mind-body problem for them. A commosition regarding this problem
parallels our earlier discussion on fine-tuning: physiéegemplete and a future, unified rendition

of the natural world will entail the emergence of qualitatphenomena. As William Lycan states,
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As microphysics continues to get weirder and weirder, it Mlondeed be idiotic to

insist on a nineteenth-, twentieth-, or even twenty-fiesttary conception of ultimate
matter;it is hardly our place to second-guess the physidisir that reason, . .. by the
time the mental is actually reduced to anything (if everlygits may well be other
than physics as conceived in the 2080$Emphasis mine]

Yet, most physicists deny that this is their responsibi{dy are simply oblivious to the onus be-
ing foisted upon them by philosophers). For example, in hisgntation of the “Mathematical

Multiverse” (which we shall examine in §2.5) Max Tegmarkieta

In my opinion. . . although understanding the detailed matirhuman consciousness
is an important challenge in its own right, it is not necegdar a fundamental the-
ory of physics, which, in the case of us humans, correspondbet mathematical
description of our world found in physics textbooK$.

This passing of the buck between the different domains @hnee (that physicalists assume
obey a causal/mereological hierarchy) can, in principtegigindefinitely. But so long as it does, it
simply begs the question regarding the presumption of phiisin as an ‘ultimate explanatioff’

To simply assumethat physicalism does explain everything — including camsgness — prior
to doing so is apt to beg the questith.So if, as physicalists claim, consciousness is a latent
property of matter, then consciousness is just as much dgonolor physicists to solve than for

philosophers.

2.3.2 Epistemology and fundamental physics

Secondly, consciousness is relevant to physical thearigs far as they raise epistemological con-
cerns. This is not just the trivial fact that epistemologjzablems potentially affecall areas of
human thought. Rather, it is the special fact that cosmoédgihysics has lead many to posit what

are, on the face of it, such metaphysically extravagantiestiviz. an infinity of unobservable

46 ycan (2003, p.13).

47Tegmark (2008, p.109).

48As found in claims such as “[rleductionist science is omnipetent,” Atkins (1995, p. 129).

49specially since physicalism is often presented not jusethatological strategy, but a philosophical truth-claim
enjoying ‘epistemic justification.” This leads however t@mhpel’'s dilemma: is our current conception of physics
adequate to account for consciousness (this claim seenadisilple) or is some ideal, future physics adequate to
account for consciousness (this claim seems empty). Sepé&léi®69, p. 180-3).
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worlds in whichanythingthat can happen will happeff)beyond the constraints of empirical ad-
equacy that one might regard these consequencesedsictio ad absurdumGiven such claims,

it is prudent and worthwhile to closely re-examine the ietglal path that lead us there. How
did we, in just a few centuries, go from observing applesmrfalto positing the superluminal in-
flation of an infinite space-time? Are the epistemologicalnidations of science secure enough
to bear the weight of an infinite ontology beyond the obsdelt seems that a careful return
to first principles of epistemology and scientific inductisrrequired if we wish to rigorously as-
sess the plausibility of extra-universe scenarios. Bupagaemologists recognise, a return to ‘first
principles’ immediately implicates consciousness in®discussior?

A similar project took place with qguantum mechanics. They$ibal' interpretation of the
quantum formalism that made explicit reference to ‘measerd’ or ‘observation’ was so per-
plexing that its pioneers had to go right back to first pritespof epistemology and philosophy
of science. For Bohr instrumentalism was the only safe jposibtne could adopt. For Wigner
and von Neumann, it was consciousness itself that collaffeed/ave function. For realists like
Everett who wished to remove the observer completely, thmdbsm was taken to describe the
branching off of infinitely many parallel worlds.

It is interesting to note that in both the science of the laagd of the small - cosmology
and quantum mechanics - the most popular realist intetpetato emerge in the modern day
that purportedly remove thebserverfrom our description of reality both involve the prodigious
multiplication of reality beyond what webserve Why not just stick with what wé&now that is,
with what weobservé®? Does something “really exist” if its existence has no pdsshearing
on the evolution of our sense-data (which forms a key partunfroental life)? In a somewhat

circular way of reasoning, multi-world proponents musipaew, eventually, via reports of their

50pespite the objection that this position entailseductio ad absurdunfLuke Skywalkerreally did blow up the
Death Star a long time ago in a galaxy far far away), and Hitb@rgument against actual infinities, cosmologists
commonly assert this to be the case, as any reader of NewtSti@nScientific American will know.

51As Daniel Robinson puts it, “Without pausing . . . to considérether Descartes was on the right track in declaring
himself to be aes cogitanswe can surely agree that our state of conscious awarena$sasure that trumps all others
in the matter of epistemic authority.” Robinson 2008, p. 18.

52The simple answer is that in the purest sense we only observeense-data and if we only stick with our sense-
data, we end up embracing idealism. But as soon as we begiimgantities beyond our sense-data, that is, ‘beyond
what we observe,” we find no non-arbitrary terminus and #esls to one expression of ‘ultimate plenitude’ or another.
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mental life: “because | find this theory beautiful,” “it seematural,” “it strikes me as the simplest

option,” “it's marvellous, liberating, rich, exciting,te. But then, how can it be that physicists will

put so much epistemic weight on the qualitative sensati@specially aesthetic - that accompany
contemplation of their theories and then maintain that cimusness is not relevant to what they
do?

Take for example the distinctive epistemological problenown as Boltzmann Brains - a
problem that has lead some cosmologists to take seriouslypdture of consciousness, ‘how’ it
arises and ‘when’ it arise¥s.

The problem — which is uncannily reminiscent of the ‘brairaivat’ scenario that epistemol-
ogists are so fond of — goes as follows. In the lat® Century, physicists tried to reconcile the
fact that the observable Universe was in a low entropy stéteits (supposedly) infinite age. The
argument goes that since entropy is always increasing @iogpto the second law of thermody-
namics, the Universe would have reached thermal equifiban infinite amount of time ago if it
had already existed for an infinite amount of time.

Boltzmann proposed that in a Universe of infinite age andapaxtent, random fluctuations
can take place such that, very occasionally, a region ofespélt happen to find itself in a low
entropy state just as, in an ideally isolated tub of watepatr temperature, there is a non-zero
albeit minuscule probability that the water collect itsetb two regions of hot and cold. This does

not violate energy conservation and so is permitted by théddmental, classical laws of physrés.

53Consider the following passage of Linde amidst his disaussif chaotic inflation, “The standard assumption
[in physics] is that consciousness, just like space-timfereethe invention of general relativity, plays a secondary
subservient role, being just a function of matter and a tootlie description of the truly existing material world. But
let us remember that our knowledge of the world begins ndt wiatter but with perceptions. | know for sure that my
pain exists, my ‘green’ exists, and my ‘sweet’ exists. | do meed any proof of their existence, because these events
are a part of me; everything else is a theory. Later we find loatt dur perceptions obey some laws, which can be
most conveniently formulated if we assume that there is songerlying reality beyond our perceptions. This model
of material world obeying laws of physics is so successfat goon we forget about our starting point and say that
matter is the only reality, and perceptions are nothing hugeful tool for the description of matter. This assumption
is almost as natural (and maybe as false) as our previousnptisan that space is only a mathematical tool for the
description of matter. We are substituting reality of owgliiegs by the successfully working theory of an indepeniglent
existing material world. And the theory is so successful taalmost never think about its possible limitations. .IWi
it not turn out, with the further development of sciencet tihe study of the universe and the study of consciousness
are inseparably linked, and that ultimate progress in tleevaili be impossible without progress in the other?” Linde
(2004, p. 450-1)

54To envision how this is possible, imagine starting with tiigl state (a tub with the hot and cold water initially
separated) specified by the positions and velocities ohalparticles in the tub called the microstatg;,,. Now run
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The problem though is that if our existence was due to a velgtrare occurrence of thermody-
namic fluctuations, it is thought to be much more probablétti@aneural networks corresponding
to our brains (equipped with our memories and contemplatimgyproblem for a short duration)
come about from these sorts of random fluctuations than agpoegion the size of the observable
Universe lasting billions of years for brains to evofve.

Boltzmann'’s original proposal assumed classical, tinmengble laws of physics, but the Uni-
verse is quantum mechanical and seems to be, with the oellefpthe wave function, time-
irreversible. Nonetheless, modified Boltzmann Brain peoid are still a plague for infinite-
universe hypotheses. According to quantum field theorypnéged with Copenhagen terminol-
ogy, ‘particles’ are instantiated via ‘measurements’ opéitades of perturbations of scalar fields
permeating all space and tii®.As such, there is a non-zero, even if minuscule, probability
‘observing’ a particle at any point in space. This implieattthere is a non-zero probability of
observing two particles bound together at any point in spaed so on. In short, the probability
of observingany combination of particles in bound states — no matter howrt#zar ridiculous —

has a non-zero, though inconceivably small, probabilitycdxding to this view, the ‘reason’ then

the clock so that the random collisions of the molecules @y average out and the tub comes to be in thermal
equilibrium (a higher entropy state®jnitial. Now run the systenbackwardin time and, since the collisions all obey
energy and momentum conservation, one will be able to traee/thing back to the low entropy state of separated hot
and cold,®sinq. Now, according to the fundamental postulate of statibtitechanics all N possible microstates occur
with equal probability. So if one instantiates N such tubsvafer, chances are that that 1/N will be specified by the
micro-statedinitial - But this causally entails the imminent separation of theewimto hot and cold regions. The reason
why we never see this happen is simply because N is an enomuouiser and there afar more microstates that don’t
result in any significant decrease of entropy within ourtiifees (or, indeed, within the age of the Universe). But in
an infinite universe N microstatese realized and are realized amfinite number of times. Thus, in regions of space
and time that argreatly separated, on average, one will find entropy decrease indgedescribed. By extension one
can imagine, as Boltzmann did, that as the pocket fluctuatidow entropy that we call our Universe will eventually
dissipate into a perfect fluid of thermal equilibrium, we dakethat state reverse the clock a few billion years and
thereby account for the appearance of our low entropy region

55To see this, imagine taking our adiabatically isolated téibvater at 100C and putting a brain into it that is
neurologically configured so as to instantiate the thougbksociated with this problem. Now run the clock forward
(say a year) and one will find that the system has reached &hemuilibrium and the molecules associated with the
brain are perfectly intermixed with the water. Now takés state(which at any moment has probability 1/N) and
reverse the arrow of time — in a year the system will bring &lzobrain having such thoughts. The argument goes
that the ‘volume’ of phase space corresponding to such e statffairs is much larger than the volume of phase space
corresponding to a universe that will last billions of yeansl allow brains to evolve therein. Hence such brains are mor
likely to occur (or so the argument goes), on average, asethdtrof ‘spontaneous fluctuations’ than on the ‘normal’
evolution-over-billions-of-years view.

56Not all particles are represented by scalar fields, but spiaiso, which can be thought of as bundles of scalar fields
that couple together in a specific way. Thus the electron asitrpn are components of one ‘electron-positron-spin-
up-spin-down field.’
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why wenever observe Luke Skywalker materialising out of the quantacuum is only due to its
sheer improbability.

As Hawking and Israel put it this way in their discussion o&gtum tunnelling from a Black

Hole,

It is possible for a black hole to emit a television set or GrmDarwin ... but the
overwhelming probability is for the emitted particles tos@an almost thermal spec-
trum >’

Nonetheless, in an infinite Universe, “everything that capgen will happen an infinite num-
ber of times.” On this view Luke Skywalkeloesmaterialise out of the quantum vacuum before us
(that is — our astonished doppelgangersindinite number of timesSome have even speculated, in
the spirit of Boltzmann, that the entire universe ‘is’ a quen fluctuation that can last indefinitely
(so long as its net energy is strictly zef§).

This is especially problematic for the ‘inflationary Mukiitse’ according to which our Universe
is a small patch of an unimaginably large space-time stradtoat is, overall, expanding at an
enormous rate.

For every universe like ours that the inflationary Multiveegenerates, an inconceivably larger
amount of vacuum-dominated space is produced. In fact,sib imrge that the prospect emerges
of macroscopic entities materialising out of the quanturouuan for brief moments at a non-

negligible rate. De Simone et al. (2010) describe the sd@nah the following way,

[Clomplex structures will occasionally emerge from thewam as quantum fluctua-
tions. .. Anintelligent observer, like a human, could be sueh structure. Or, short of
a complete observer, a disembodied brain may fluctuate kigteace, with a pattern
of neuron firings creating a perception of being on Earthf cddrse, the nucleation
ratelgg of Boltzmann brains is extremely small. .. [However,] if thecelerating ex-
pansion of the Universe is truly driven by the energy dersity stable vacuum state,
then Boltzmann brains will eventually outnumber normalesiers, no matter how
small the value of gg might be...When extracting the predictions of this theory,
such an infinite preponderance of Boltzmann brains cannigrioeed®®

5"Hawking & Israel (1979, p. 19).
589

59De Simone et al. (2010, p. 1).
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Despite insisting BBs are a problem, cosmologists who bifiregn up are not all agreed on
what exactly the problers. Some worry that to believe a theory that entails their erise in
greater numbers than ‘normal observers’ wouldelpestemically self-defeatingFor if BBs are
more common in the Multiverse than observers like us, therctdsmologist ‘would expect’ to be
a BB and thus hold non-veridical beliefs regarding the exteworld°

This is an unusual state of affairs in physics — | know of neotilass of theory in physics that
is rejected or modified on the grounds of it being ‘epistettjcself-defeating.” For example, no
one ever rejected classical mechanics implicating Laphadieterminism even though it seems to
leave no room for “rational thinking®

Other cosmologists don't think this is a problem since wesladkeadyconcluded that we are
not BBs and that we are epistemically justified in believihgttour ideas of the external world
are veridical — so what does it matter if there are all of tHésmk observers” elsewhere in the
Multiverse? For some this goes against the spirit of the @opan Principle as it would make us
‘special observers’ (in the sense that we are not the mosilpog sort of thing that ‘observes’).
For others it is no big deal. James Hartle has suggestedstheg insects far outnumber humans,
we are obvioushnot especially typical observers, even on earth.

Page thinks consciousness is the key criterion and thatisiheve, to paraphrase him, “much
more of it” than insect§8? His concern is not that we’ll end up wondering if we are BBshea,
he thinks that if BBs far outnumber us, then the fact that veeéadomly selected ‘observergia
the Principle of Mediocrity; see p. 74) turn cubtto be BBs would count as “very strong observa-
tional evidence against any theory predicting such a loregtHuniverse with a quantum state that
can allow localised observation®”His solution is based on reasoning similar to the Doomsday

Argumenf* whereby he predicts that our Universe will have to ceaserekipg (exponentially) in

604 T]he next observations that she will make, if she survit@snake any at all, will be totally incoherent, with no
logical relationship to the world that she thought she kh&g Simone et al. (2010, p. 1-2).

61An expression of this well known problem is attributed to JSBHaldane the quote of which is given on p. 66.

625ee Page 2008c.

63page (2006, p. 7).

64The Doomsday Argument takes the principle of mediocrityosmly enough to predict that, if we are to be typical
observers with respect to time we would expect (given theeaptial growth rate of the human race) for the last human
being to die in about ten thousand years (typically).
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about 20 Gyrs.

However, Multiverse-wide decay of the vacuum energy is naiion in the eternal-inflation
scenario (to be discussed in 82.5). Its proponents haveftirersought to ‘regulate’ this problem
through some clever choice of ‘measure.’” Collins has pdimet®® that hand-picking a measure
that renders us ‘typical observers’ just seems to creathanaather artificial fine-tuning problem.

In summary, the problem of Boltzmann Brains obviously maissues regarding conscious-
ness. What is a minimal ‘conscious’ observer? Is it a humainba silicon chip, a file cabinet?
Is functionalism (the theory of mind invariably assumed urcts discussions) the correct basis
for these calculations? The purpose here was simply totdinecreader’s attention to the fact
that basic epistemological questions — and therefore theaaf consciousness — are issues that

physicists can't just ignore in the Multiverse discussions

2.3.3 The motivations and pragmatics of physical investigaon

If you know the wave-function of the Universe, why aren’t iychf?

— Murray Gell-Man to James Harfe

Thirdly, and finally, is an often overlooked consideratianta why consciousness is relevant
to fundamental physics — the so-called ‘pragmatics of exilan.” This concerns the context,
philosophical presuppositions and psychological factioas shape one’s explanatory framework,
i.e. what sort of responses we find “satisfactory” to questithat we are interested A.

Why do we strive to ‘explain’ anything at all? Unless one cgjefolk-psychological expla-
nations right from the outset, the answer seems obvious:xyiaia things because weantto,

because there is utility for us in seeking explanati&hBirstly, the more we are able to explain the

65R. Collins at a recent Cambridge conference.

66Hartle (2007, p. 275).

67See van Fraassen (1980, p. 97-153), Garfinkel (1981, p. 2tficcounts. Garfinkel offers this famous example:
a priest asked Willie Sutton, when he was in prison, “Why did yob banks?”, to which Sutton replied, “Well, that’s
where the money is.” Clearly the space of relevant alteraeatis different for Sutton (grocery stores, petrol statjon
etc.) as itis for the priest (not robbing at all).

68By ‘explanation’ here | mean something like a causal accofittie associations we observe in various phenomena
that we deem parsimonious and thus a promising basis forrttpogment of ‘effective strategies’ (see Cartwright
2002, p. 21-43).
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workings of nature, the better we are able to proffer thratnghtechnological manipulation of our
environment. Secondly, even if the prospect of direct tetdgical application seems far-fetched
(e.g. parallel-universe theories), there is intrinsidggophical utility infeelinglike we understand
the world around us, knowledge for the sake of knowledgep spéak. Wevantto know about its
functioning, origins and destiny because this seemsydtititevant. One usually studies physics
because it is thought that it might tell us something about whk are, what the nature of things is
and thereby indicate where and how to focus our efforts irptirsuit of happiness.

If science were not thought to be a utility-relevant praztieve would abandon science and
resume some other practice that we did consider to be utdigvant. In short, we do science
becausend only becauswe deem it valuable, in the broadest sense of the words Michael

Polanyi illustrates this fact poignantly,

[1]f we decided to examine the universe objectively in thesseof paying attention to
portions of equal mass, this would result in a lifelong preguation with interstellar
dust, relieved only at brief intervals by a survey of incaswast masses of hydrogen
—not in a thousand million lifetimes would the turn come teeginan even a second’s
notice. It goes without saying that no one — scientists mhetl— looks at the universe
this way, whatever lip-service is given to ‘objectivify.

The current, highly publicised search for exo-planets m@pmatic of this utility-orientated
bias. We are fixated on the search for extra-terrestrialdéeauseve wantto know what the
relationship is between beings like us and the cosmos andewilling to invest a lot of utility
(in the form of dollars) into massively ambitious projediat, in all objective likelihood, will end
in null results (in so far as finding life goes). For examplachael Hart concludes, based upon

his analysis of the Drake equation

Normally, when theoretical conclusions based on existimpties are in complete
accord with the observations the conclusions are readdg@ed. Why, then, are so
many people reluctant to believe that [the expected numbadwanced civilisations

in a typical galaxy the size of the Milky Way] is a low number@duld suggest that

this reluctance is primarily a result of wishful thinkinggalaxy teeming with bizarre

life forms sounds a lot more interesting than one in which veesdone’°

69Polanyi (1973, p. 3).
"OHart (1999, p. 271). Similarly, planetary scientist StuRrtTaylor writes, “the evidence that our existence was
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Notwithstanding the sobering calculations, discoveridéh wxistential implications have an
intoxicating effect on the imaginatiofl. To disregard the question of consciousness is to ignore the
very thing that motivates us to question anything and the teng to which we introspectively pay
heed in deciding what answers we find “satisfactory” or natr @otivations in turn influence what
we choose to study and how we go about studying it. Althoughdabmmon in science to speak of
the ‘major problems’ in a given field, it is not as though natdecides the ordering of our priorities;
we do. How else though can one convey the pertinence of a givestion than to underscore the
way in which it is relevant to some form of human utility? Ddbe word “pertinence” have any
meaning without an underlying notion of utility and theredmnscious experience?

The notion of pertinence becomes highly relevant when wettuthe philosophical questions
of physics. For example, it seems to me that the question eftfining (and its interpretation)
is an important question because it directly concerns existt questions regarding the origin of
life and the Universe, whether there is transcendent petpamsd so forth. But such questions
matter because and only because we are conscious beingselsdo you answer the person
who says that the fine-tuning of the Universe for intelligbfe ‘deserves’ no more explanation
than a Universe sparsely filled with innate hydrogen? Theroi‘datum’ that one can point to
in order to persuade such a person. The only response is thaeguse life matters.” There is
no way to compel someone feelthe need to explain something. The oft quoted phrase “iscrie
out for explanation” has a distinctly non-technical ringttas though the exhorter is resorting to
psychological tactics rather than ‘objective reason. sTikidue to the fact that explanation is an
endeavour undertaken lygand is subservient to our utility-orientated nature.

Yet, some will insist we are being anthropomorphic: so whiisre is a coinciding of the laws
of physics with the instantiation of stuff mattering in theadjtative sense? Why not just be content

to have observed that there is a coinciding pair of events paiir of many) and leave it at that? We

mostly a matter of chance has, in the presence of the Moenalliy been staring us in the face. .. However, it seems to
me better to stand up and face the objective evidence for ivisat . The knowledge that we are probably alone in the
universe, that conscious intelligence has arisen acatgrand we are its only keeper,” Taylor (1998, p. 203-4).

"1“The search may prove hopeless — the distances and numieecergainly daunting — but it is a glorious quest,”
Davies (2003, p. 153). One never hears a scientist say “st?viraresponse to the suggestion that alien life might
exist; it is taken as obvious that it is a “worthy” if not “gious” question that “deserves” an answer. Notice how
utility-laden such terms are.
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could take such a position to its extreme of course. We cagildeathat, in some purist sense, the
existence of complex life that instantiates pleasure,,gapes, fears and all the drama of human
history does not “need” to be explained, but the same obtasees could also be extended to our
first-person phenomena. There is no “need” to believe in &real world.Of course, solipsists
will think of their phenomenas if the external world exists and behaves according to common
sense (in the spirit of Vaihinger), but these acts of compkacan always be construed as heuristic
fictions; constructs that aid the intellect in the accomntiodaof sense-data. The only basis for
rejecting solipsism is the fact thatfaelsimplausible. But this is a strictly qualitative judgment, a
seeming act of voluntarism stemming from the particularstitution of one’s mental life.

It is important to stress that what is being claimed here gabe “proven,” it's very much a
case of “you see it or you don't.” If the reader is waiting for @gument that whaveto explain
certain things and that the things Wwaveto explain arex,y, z - it won't happen. We explain what
we wantto explain and we use the framework wantto use.

That does not mean that all is relative; often what we wartaswhich is objective. But when
ideology clashes with the positivistic methods of sciermee’s will usually wins out. As Isham

writes,

[O]ne should not forget that an attachment to a particuldogbphical position can
have powerful emotional overtones.. . it is not unusual td &rphysicist, or philoso-
pher of science, defending a specific position with a fenauod passion that far
outreaches the degree of emotion normally associated wightgfic beliefs; indeed,
sometimes it is as if his or her very existence depended ooutoeme of the debat@.

By failing to consider the fact that we are first and foremdtgrautility — a fact intimately
entangled with our conscious lives — rather than “pure meagmhysicists sometimes fail to see
that science has pragmatism built deep into its structaréurh they often end up confusing meta-
physical predilection with empirically-grounded destiop. In summary, one cannot objectively
deliberate on ‘truthiithoutconsidering the subjective factors that affect our chofademlogical

commitment and, thereby, the sort of explanations that g first person) find satisfactory.

72|sham (2008, p. 66).
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This is but a short examination of some of the reasons whyhmdggy and philosophy of mind
are important considerations to be aware of when doing clugmpespecially in making profound
statements about the nature of existence rather than maitiesipts to describe that which exists

mathematically. It is to these issues we now turn.

2.4 On the Physicalist Identity Thesis

2.4.1 Causation, Explanation and Unification

Superstition is nothing but belief in the causal nekiis.

— Ludwig Wittgenstein

Thorough philosophical accounts of ‘explanation’ havevamshat there is a close and some-
what circular connection between the concepts denoteddpjeleation,’ ‘causation,” ‘understand-
ing’ and ‘evidence.” To ‘explain’ something scientificaily, more or less, to citeausalrelations
(i.e. laws) between different entities in space or tifheThe guiding concept by which we
discover what the “real” (as opposed to the “accidentalljws of nature are, anenificationand
universality(concepts closely associated with ‘algorithmic complekssi’ as discussed below/?
Once we have figured out some of the general causal relatgogslightning is usually followed
by thunder), we can posit specific causes to account for fapeffiects to help us ‘understand’ or
‘explain’ the world (e.g. the thunder soundgxreforethere must have been lightning nearBy).

While this rough and intuitive description is enough to allscientists to get on with their

research, formulatingxactlywhat the principles of explanation are, how we figure themamat

73Wittgenstein (2009, 5.1361).

74These are the well-known deductive-nomological and irdesstatistical models of explanation.

75The dictum ‘correlation is not causation’ makes the taskmlifig the true ‘causes’ (the hurtling rockusedthe
window to beak) as opposed to the mere correlations (nigrayal precedes day) a surprisingly non-trivial task.

76as well as, arguably, counter-factual analysis.

""To complicate things even further, the term ‘explanati@mmstimes does not seem to concern causgiésrsebut
mere elucidation — seeing the connections clearly wheréiqursly they had been foggy. Giving a solid example of
some abstract idea can very often help ‘explain’ to otheratwhey had not previously ‘understood’ even though there
is, in a sense, no more conceptual ‘content’ in the solid gtarhan in the abstract notion. Moreover, there is the subtl
difference between explanatiguacausality and explanaticuapragmatics concerning what class of explanation one
finds relevant to a given ‘why’ question (see §2.3.3).
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how one is to get around the obscure counter-examples tilaspbhers are apt to bring to our
attention is all notoriously problematic. As Hume famougtynted out, it is remarkably difficult

to sayexactly whatcauses ‘are’ beyond “constant connexion” and this has leack philosophers

to declare their non existené® But if causation is just correlation, doesn't that reducelaxation

to mere description, albedfficientandusefuldescription, as Duhem believed? Such debates have
been ongoing for millennia and the only thing we can all agneés that, despite its ubiquitous
use in human language as though obvious and unproblenmatjgahation’ is an extremely subtle

notion. As Stathis Psillos summarises,

The fact of the matter is that concepts of causation, lawsatiire and explanation
form quite a tight web. Hardly any progress can be made in lti@dation of any of

those without engaging in the elucidation of at least somb@bthers. All we may
then hope for is not strict analysis, but some enlightenicgpant of their intercon-
nections’?

If causation is not a stand-alone concept, and if explanagoarguably synonymous with
‘efficient description,” then one must proceed with extrezagtion when addressing the problems

of reality and consciousness, which has causation at i{sogge, if confusion is to be avoided.

2.4.2 The Special Role of Numbers in Physical Explanation

Physics is mathematical, not because we know so much almphifsical world, but because we
know so little: it is only its mathematical properties that wan discover. For the rest our knowl-
edge is negativ&? — Bertrand Russell

The first identity statement to be defended expresses a fbfepistemic structural realism’
that stems from the observation that fundamental physisgsno substancgser se When ex-
amined closely we find that thanly things that fundamental physics posits as existing “outethe

are (1) numbers (coordinates and fields) and (2) relatiotvgd®® numbers (combinations of arith-

78Russell's famous dictum is, “The reason why physics hasetktaslook for causes is that, in fact, there are no such
things. The law of causality, | believe, like much that passeister among philosophers, is a relic of a bygone age,
surviving, like the monarchy, only because it is erronepssipposed to do no harm,” Russell (1912).

"9Psillos (2009, p. 12).

80Russell (1927, p. 163-4).
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metic operationsj! Hence the first identity,

I1: all physical statesre a set of numbers and (combinations of) arithmetic relatiogisveen

those number&?

Although the same basic point expressed! byoes back to Locke, Hume and Berkeféy,
was discussed extensively by Rus¥elind is debated right through to the present day in philo-
sophical circles (under the general heading ‘structuraism, of which there are many nuanced
versions)>88 it tends to elicit shock or indignation upon first hearingp@sally with working
scientists) and will therefore require some defence. Suogle might say, fundamental physics
posits the existence afl sortsof distinctive substances (matter, energy, photons, ehatgctrons,
atoms, etc.). The claim df; though is that when each of these terms are analysed, thayrmall
out to be shorthand labels for collections of numbers thatdsin certain mathematical relations
to each other. An electron, when treated as a particle jsish ‘et of numbers that we intuitively
think of as describing “where it is” (four numbers for its spaime location) and “how much”

of it there is (one number for its mas¥) The coordinates (which are numbers) are distinguished

810f course there are many sorts of relations between numheérsets of numbers in physics, e.g. matrix multipli-
cation, but these can always be reduced to combinationgdbthr basic arithmetic operations (- x=-). Even exotic
‘numbers’ like Grassmann variables can be reduced to isgihiorepresentations of the basic arithmetic operatioas vi
their representation in square matrices (and matrix nidéipon is just a long sequence of combinations of arithmet
operators). It is usually the case, especially once groepsery rich and complicated, that the abstract groups are
definedas isomorphic to the matrix representation. | include dakoperators under the term ‘arithmetic’ since all the
defining concepts involve the usual— x = operators.

82A closely related expression of this fact (perhaps a synaumstatement) is the maxim “information is physical,”
a notion oft attributed to John Wheeler’s aphorism “it froit’’b

83See Locke Essayil viii), Hume (Treatise 1.4.4). See also “Historical Note,” Lockwood (1990, p. 189.

84See Russell'dnalysis of Mattere.g. “Physics, in itself, is exceedingly abstract, and aévenly certain mathe-
matical characteristics of the material with which it dedisloes not tell us anything as to the intrinsic charactehisf
material.” Russell (2007, p. 10).

85F0r example, Simon Blackburn makes the same point, “Wherhim& bf categorical grounds, we are apt to think
of a spatial configuration of things — hard, massy, shapewshiesisting penetration and displacement by others of
their kind. But the categorical credentials of any item iis fist are poor. Resistance is par excellence dispositiona
extension is only of use, as Leibniz insisted, if there is s@moperty whose instancing defines the boundaries; hadnes
goes with resistance, and mass is knowable only by its dycadraffects,” Blackburn (1990, p. 62-3). Chalmers notes
how “strangely insubstantial” this view is, Chalmers (1996153).

86This view is also represented in the massive literaturetafi¢sural realism.’

87And this number we label “mass” jui a quantity relating the rate of change (more numbers) of tioedinates
when placed a certain distance (more numbers) from anokbetr@n (more numbers), etc.
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from the mass (which is also a number) solely by their locatiothe equation of motion, that is,
by their mathematical relation to each other.

Likewise an electron, treated as a quantum-mechanical ,\asigs two sets of numbers: the
coordinate domairt,x) € R* mapped (via mathematical relations) to the field ragige x) € C
and its mass is again a number that features in the equatiorotién (a mathematical relation
linking the physical state at one moment to another statdedeatime). Thus whether we treat an
electron as a particle or a wave, they both have “being nusiifieicommon. When a Lagrangian
description of a physical system is written out, the onhnghiistinguishing different kinds of
particles (for they are all numbers) is their position in #ggiation. However many extra ‘modes’
one might posit® and however elaborate the (combinations of) arithmetatiars between these
modes, it will always remain the case that it is essentialst humbers and relations between
numbers that are ‘really out there’ according to fundamepitgsics.

Likewise an ‘atom’ jusis a set of particles bound together in a particular configonasindis
therefore a set of sets of numbers standing in certain mattieahrelations to one another. Atoms
are said to form structures via their mutual electric fieldbi¢h are also just numbers) and all
material objects jusire structures of atoms (sets of sets of sets of humbers anéreddietween
numbers), according to physicists. There are of coursegbphically-inclined scientists who
take this point seriously (carrying on the tradition of &iific relationalists’ such as Leibniz and

Mach). For example, Paul Davies writes,

[Physicists] invent certain concepts such as ‘energy’ tirfa’ At rock bottom, these
concepts are merely code-words that encapsulate in a &sdplvay certain compli-
cated mathematical properties. However, they become sididato us that we tend
to treat them ‘out there’, possessing certain objectivedf qualities. We then run into
trouble that these hypothetical ‘things’ simply cannot ipagined. Whatever mental
image you may have of an atom, it is wrong! What, then, is amatd would say
that it is an abstract concept — a Platonic idea if you likeat Helps us relate certain
types of observation in a systematic way. ‘Atomic theoryaeually simply a set of
algorithms for effecting these relatiofs.

88For example, a spinor is an n-tuple of fields that couple wihheother in a particular way and are thus not
qualitatively different from scalar fields that couple wither scalar fields and modes of spinors, etc.
89Davies (1995, p. 264).
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Another way to get at this fact (that programmers especialyht appreciate) is to consider a
computer simulation of a physical system. A galaxy simatatiypically has three “substances,”
that is, kinds of particle: gas, stars and dark matter. Heweo the computer all three kinds
of particle are just numbers stored in the RAM and dindy thing that differentiates them in the
simulation is the way in which these numbers ‘couple’ withtae other numbers, that is, the
mathematical relations that determine how these numbéngpgated in the computer's memory.
It is only when these numbers are mapped to an ‘observablpugusuch as a screen that is
configured so that the pixels emit different wavelengthsigiitl(400 nm for a gas particle, 700
nm for a star, etc.), or some other pictorial mapping, and t#wod up putting our brains into
specific physical states thaevisually recover a sense of their ‘substantive’ distinssdJp until
that moment everything - the computer RAM, the screen, thmpare all just numbers standing
in specific mathematical relations to each other (from theigde-physics perspective). Thus,
numbers are the only thing that the physicist ever reallyitpas “out there.” Descriptions of
‘substance,’ e.g. ‘water,’ ‘gold,’ etc. are higher-levabels that ‘soft sciences’ use as a shorthand
for the underlying physic%} but real physics deals exclusively with numbers and reiatietween
numbers. Notice moreover that all of this is based on armlysfore we've mentioned anything
about the weirdness of quantum mechanics.

Perhaps the reader will insist that these numbers, thatase“dut there,” merelydescribe
the “stuff” that the real world is made of. We can grant that thee sake of argument; but the
important point is that this is thenly thing we can say about the “stuff.” Whenever we might ask
the skeptic of 1 to tell us something about what this stigbther than it is such as can be described
by numbers (or things that are composites of things that angbers, etc.), the only thing that is
left to say (other than to exchange synonyms like “the stifhatter,” etc.) is “the potentiality to
be measured” or “the potentiality to couple with numberg tuaple with numbers, etc. that can

be measured.” But the measuring device againigisumbers and relations between numbers,

90As Poincaré describes, “these are merely names of the imegysabstituted for the real objects which Nature will
hide for ever from our eyes. The true relations between theslebjects are the only reality we can attain, and the sole
condition is that the same relations shall exist betweesetlobjects as between the images we are forced to put in their
place. If the relations are known to us, what does it matteseifthink it convenient to replace one image by another?”
Poincaré (1905, p. 161).
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according to reductionistic physics.

This view leads to deep perplexity when we try and recontike fact that the worldeels
S0 very non-abstract and tangible. The equations desgrthim evolution of these numbers “out
there” have no apparent need or capacity in and of themseh\ms draped over with “substance.”
That this is the case is suggested by the following matstiablution” offered by J. J. C. Smatrt,

There seems, however, to be no reason why we should not daf dheelectron has
to have non-relational properties, then these propertiegpeoperties of which we
know nothing. (‘Properties we know not what'’, to parody Legk In this way our
metaphysical principle could be satisfied and no harm déne.

The fact is, physicists only ever assign numbers and relati@tween numbers to the category
of “existence” because only these aisefulto science (see §2.3.3). Itasly when these numbers
corresponding to “particles” come together into the comégon we call the “brain” that some-
thing substantive suddenly seems relevant to the deseripfithe world, that is, whewe make
mental contact with the worl#® But apart from those working on the mind-body problem, other
scientists only ever posit numbers as being “out there.” Wigneat minds have puzzled over the
startling meagreness of this apparent mathematical antofenrose remarks,

The more we understand about the physical world, and theedeep probe into the

laws of nature, the more it seems as though the physical vabridst evaporates and
we are left only with mathematics.

Similarly Erwin Schrédinger commented,

I am very astonished that the scientific picture of the realldvaround me is very
deficient. It gives a lot of factual information, puts all aexperience in a magnifi-
cently consistent order, but it is ghastly silent about atl aundry that is really near

91Smart (1963, p74-5). Note: even if there really are ontalaly irreducible relata, “of which we know nothing,”
they are superfluous to science and so, given the pragnratatige of science, will be treated as such. These “unknown
properties” certainly won't help the physicalist in thefteanpt to identify the mental with the physical. If the “urdan
properties” justare the qualia, then we have panpsychism. Worse, we wsiillcheed psychophysical laws determin-
ing/describing why these ‘latent qualia,” which on this ete justare the properties of which we know nothing, give
rise to theparticular qualia they do in the given arrangements of the brain. Bubtitg information we have regarding
their arrangement are the numbers associated with tharelat

92That is at least according to the view that pan-psychismggionsness is ‘everywhere’) is false and that qualitative
experience only takes place “in” biological nervous system

93« . The deeper we understand the laws of physics, the mo@evériven into this world of mathematics.” Penrose
(2000, p. 3).
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to our heart, that really matters to us. It cannot tell us adnadvout red and blue,
bitter and sweet, physical pain and physical delight. .e&w® sometimes pretends to
answer questions in these domains, but the answers arefenyso silly that we are
not inclined to take them seriousl.

How does one end up going from this rich world of appearancesleurs, sounds, solidity,
etc. — to this mathematical “evaporation of the physicalld/@ To see how this originates a
brief review shall be given for the original motivation farience to focus on numbers rather than
substance. This will require appreciation of two concelpés are essential to science and hence to

our discussion: (i) measurability and (ii) algorithmic qoassibility.

2.4.3 Measurability and Algorithmic Compressibility

If we take in our hand any volume; of divinity or school metggits, for instance, let us ask, Does
it contain any abstract reasoning concerning quantity omfaer? No...Commit it then to the
flames: for it can contain nothing but sophistry and illusfSn

— David Hume.

Measurability is a key concept in the process of ‘objeatifyinquiry.®® The ancient approach
to natural philosophy was, for the most part, to intuit on tbasis the physical world operates
and then argue through sophistry and rhetoric who had thgefsar’ account. This resulted in
what, retrospectively, seem like strangely anthropomiorplojections onto nature. For example,
Aristotle ‘explained’ the motion of different substancescks falling, fire rising, etc.) in terms of
‘final causes.” The rock fell to the ground ‘because’ thatssnatural state, nature tends towards
the ‘good’ (itstehoc) and therefore the rock fell because it is ‘good’ that it do so

Although it might seem utterly arbitrary to us to that it iy’ that rocks make their way
downwards, it is difficult to express why this view is wrongybad appeals on strictly pragmatic
grounds. What is behind the thought that our modern accdurgtare is “better” than Aristotle’s?

One can quickly see that, if we try and defeat Aristotle ondws terms, we’ll end up in frus-

tration. For if hedefineghe future state of the system to be such that it is closehtodbod’ then

94schrodinger (1996, p. 95).

9Hume (1962, p. 163)

96| take the phrase from van Fraassen (2002, Lecture 5). Tirereders to the methodological directives of (an ideal)
science enabling us to bypass ‘intuition bickering’ (se38).
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no matter what the future state is, his hypothesis will reniaitact because, by definition, what-
ever happens will be closer to ‘the good.’ If we bicker oveuitions, asserting that the modern
view of science justeelsmore ‘natural,’ then Aristotle can always reply in like mannleaving
us all in a stalemate. Besides, if the modern scientific agadrds so ‘natural’ and ‘intuitive,” why
did it take millennia to figure this out? What about the manypfexing conclusions resulting
from the scientific approach, such as those of quantum meshahat seem far from being ‘nat-
ural. Clearly our assertion that the modern approach isrtatiral’ approach is retrospective in
character — how would we have convinced Aristotle to adopistrategyin his day?

It turns out that there is not much more to say to Aristotleeotthan that his approach is
not veryuseful It gives us no predicative power and it is helpful to know wvtiee future state
of physical affairs will b€)” In short, theonly thingwe can all agree on is that our modern
account is better, i.emore goodin the literal sense that it is more utility-yielding in itsgatical
applications’®

Once one appreciates thatefulnesss the key notion that gives content to our belief that our
modern approach to science is ‘better’ than Aristotle’s will quickly see why it is that numbers
are key to science. After centuries of bickering about niatsjgal intuitions, natural philosophers
eventually decided to simply let natudescribeto us what it does, rather than telling nature how
we expect it to behave.

To describe nature we could, in principle, observe the axiwf the world and write down
long lists of apparatus in before- and after-states usingisvoBut if this were all there were to
science then it would be ery inefficient way to go about things and hence would not be very

useful. The special thing about numbers is that they allstg tio be compressed via mathematical

9nterestingly, on the one occasion when Aristotle did adi®@@ mathematical relation, it turned out to be wrong
and thus falsifiable: “A given weight moves a given distamca given time; a weight which is as great and more moves
the same distance in a less time, the times being in inveg@pion to the weights,On the Heaveng6 (translated
by J. L. Stocks). Such is the power of experimentation: peiple started seeking experimentaasurementour
knowledge was stuck in the false minimum of intuition-baspdculation.

98The deeply pragmatic structure of science is evidencedégitinificance scientists attach to its ‘usefulness.’ This
is implied by Feynman’s famous quip, “Philosophy of scieiscabout as useful to scientists as ornithology is to birds.”
Ironically, if he takes this to be significant or ‘true,’ thitisays something profoundly philosophical, that what go&s
scienceneedgto be useful. What would Feynman have said to the philosopherreplied, “science might besefu)
but does it tell us what'srue?” | suspect Feynman would not have entered into furtheodig¢ and voluntaristically
actedas if ‘to be useful’ is ‘to be true.’
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relations. No other type of entry into a list makes such ‘infation compression” possible. We
are therefore constrained to extract numbers out of natuee to focus our efforts omeasuring
things — if we are to encapsulate in the most efficient manossiple the many patterns that it
clearly exhibits.

These mathematical relations between various instrurhezddings then allow extrapolation
and prediction which is crucial in deliberating between peting hypotheses, especially when
our primal intuitions, feelings and ideologies tend to gethie way. For example, despite it's anti-
intuitive ‘shortcomings,” quantum theory predicts meadile quantities that have been verified
to ten significant figures (the anomalous magnetic momehgudntum theory didhot correctly
describe what is going on “out there” in the world, then thebability that these numbers coincide
to ten significant figures would b@/10)*° (the probability of ‘guessing’ a given decimal-digit to
the power of, in this case, tef). This ‘prediction’ of the theory would have been a tremendous
fluke therefore unless the algorithms that constitute tramtium formalism really did describe the
evolution of numbers that are “out there” and so whether watditmantum theory ‘intuitive’ or not
is — in some significant sense — completely immaterial. Wéretve like it or not, find it intuitive
or not, this must béowthe world really is (though it tells nothing abowhatit is, besides such
as can be described by numbers). The key point then is thabitly by obtaining numbers via
measurements that we can ‘objectively’ assess the accofezygiven theory (by comparing its
predictions with measurements) with a highly perspicuaud elear sense in which a model is
‘close’ to a reality that virtually all of us can agree upors @pposed to the murky, vague and
disagreeable realm of ‘feeling’). For numbers offer us tleaest sense aomparisorthat there
can be since the operators “greater than,” “less than” anddkto” bear an unrivalled sense of

Cartesian clarity about thefi®

991 am making a crucial albeit extremely ‘natural feeling’ asmtion here that if quantum theory did not correctly
(or very approximately) describe something going on in reathien the probability of it getting any particular digighit
is 1/n where n is the total number of possible digits in oumtimg system. Of course, our convention of counting to
the base 10 doesn't affect this probability. If the countaygtem had been binary the measured quantity would have
agreed with prediction to J0og 2 ~ 32 significant figures.

100There is a subtle and important rejoinder worth mentioniAtthough it may sound as if I am portraying mea-
surement and mathematics as the antidote to “intuitiondoing,” it remains the case thadmeintuition is completely
unavoidable in doing science and making sense of the woddit I5 purely in virtue of equalitative judgmenthat any
equation written down is deemed to be ‘sensible.” For examghe could, if they so desired, challenge the equation
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This example of quantum theory’s prediction of a measurgb#mtity is illustrative of an im-
portant connection between coincidence and causatione)dft the hypothesis that the prediction
of a measurement to ten significant figures was a fluke andayeenclude that quantum theory
really does describe what is going on in the world. Why? — beedhis prediction is an indi-
cation that quantum theory correctly captures the intigattterns that we find in nature and so,
by adopting it, we are able to describe the patterns of name efficiently than just accepting
many different measurements as brute facts to be compilémhanlists. Without quantum the-
ory, the digits 1001159652188 obtained by experimentalsoreanent constitute a list of numbers
bearing no relationship to each other and so their infolwnatontent cannot be reduced. But the
algorithms given by the mathematics of the quantum forrmatignerate this list of numbers pre-
cisely (and beyond) and thereby allow this list, that is ity long (assuming the world agrees
with quantum mechanics “all the way down”), to be compresstra relatively simple algorithm.
There is thus a close connection between the rejection eé4bagt coincidences (in favour of a
causal account between observed correlations) and dgocicompressibility — the shortening of
lists to statements of pattern. Our acquisition of knowédfjthe world depends crucially upon
spotting such (what would otherwise be) coincidences angletionst

Consider a heuristic illustration of this claim. Supposegeeout and measure the heights of
all the mountains in the world. Although any given combioatof heights is extremely unlikely,
these mountains have to hagsemecombination of heights and so we do not find it surprising
that the mountains of the world have the particular heigmts tio (given our current background

knowledge).

written above: p(Q|E) = 1— p(—Q|E) ~ (1/10)1° whereQ is the hypothesis that the quantum formalism describes
reality (i.e. the physical world ‘is’ quantum mechanicatidd is the measurement of the anomalous magnetic moment
found to agree with the prediction of the quantum formalignten significant figures. In writing this down it was
assumed that if quantum mechanics had nothing to do witityeéhén the probability of ‘predicting’ any single digit
correctly is 1/10. This cannot be “proven” of course. A skeptight challenge this assumption and suggest that the
probability of the relevant apparatus producing any paldicdigit correctly was, in fact, more like @9999999%ven
thoughguantum mechanics has nothing to do with reality. When welaskkeptic whythis would be the probability,
the person could reply “this is a brute fact about the worldthat “my choice of prior probability is no less arbitrary
than yours.” Clearly, there is no way to falsify such a pasitother than to report our intuition that “that seems com-
pletely absurd.” Likewise, there isn’t anything more to the&im that thea priori probability of guessing each digit right
is ~ 1/10 other than that it “seems utterly plausible.”

101as Davies notes, “the question “Why is the universe know2bleduces to “Why is the universe algorithmically
compressible?” and “Why are human beings so adept at disngwhie compressions?” Davies (1991, p. 63).
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Now suppose we had in fact found that the highest mountaimynrange never rose above
some maximum height above sea level, and that this height was instantiated doaktimes
around the world. In such a case we would encounter a deeghaieed psychological desire to
seek a causal account of this phenomenon. For example, we pugit some powerful atmo-
spheric effect that erodes mountains at a rate proportimn#iie exponent of its altitude above
some critical height near tq or we might attribute it to the calling card of an alien visita. But
why would we be loathe to attribute it to chance? The answerngected to the fact that there is
algorithmic compressibility exhibited in the descriptithighest possible mountaia constant,”
allowing the list of mountain heights to Ishortened Instead of having to give a number for a
certain set of mountain tops, one can give a single numbeifof this set and it is this shortening
of demands on our memory that impels us to seek an underlgingection.

This in turn is connected with the role of simplicity in thgezhoice. ‘Simple’ graphs of the
form y=constantneed only one free parameter to be specified. Straight-liaehg need only two
free parameters and so are also rather simple. But as theqmolgl order increases, so the lines
become less ‘simple’ as you need to specify more and moreplissmeters. Our preference for
the ‘smoothest’ curve through all the points (in the classiderdetermination problem) is closely
connected with this fact. One could always, of course, fitretion between the actual heights of
mountain tops in the world (and any other measurement). ¥amnple, one could in principle fit
a relation between mountain heights and their distance franequator. But this relation would
require a monstrous high-order polynomial involving so gné&ee parameters that need to be
empirically determined that one would not end up shortettiedist of required measurements but
increasing it. It is this lack of free-parameter reductibattmakes us think that there is no causal
connection between mountain height and, say, distancetfieraquator.

To generalise, theompressibilityof the patterns of nature is closely associated with itsalaus
structure and this is closely associated with its undeglyiapacity to undergo unification. This is
why science, at its most fundamental (i.e. physics), onkitesmumbers and relationships between
numbers — because this is the only way one can encapsulgtatteens of observable phenomena

efficiently Once one has extracted these patterns, physics has dqab #@ad there is no role
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whatsoever for descriptions of “substance” at the mostdumehtal level.
Defining Physical Explanation

Furthermore, we can take the centrality of algorithmic coespibility one step further and
define'physical explanation’ in terms of a theory’s capacity tgaithmically compress the mea-
sured phenomena of nature. According to this criterion,rié& physical theory is proposed that
doesnot bring about an increased amount of mathematical conciseregfuction of free parame-
ters, etc. in comparison with pre-established theories ihis not an improvement over them. In
other words, we can say that of two physical theories A and B,a\'better physical explanation’
if it more efficiently encapsulates the relevant patternsiited by the phenomena in question,
i.e. if it exhibits more algorithmic compressibility than® One needs to distinguish ‘physi-
cal explanation’ here from the more general concept of faifie explanation’ since théormer
is essentiallycharacterised by mathematics and the latter need not begstt Inot to the same

degree)03

2.4.4 The Irreducibility of Consciousness

It is well recognised that the success of modern science edomt via the methodological edict
to focus on measurements and that the role of theory was tabesunt for why it is thathose
numbers, on any particular occasion, were measured in teretgiations that relate those numbers

to ‘universal’ numbers embedded, so to speak, in the enviemt!%*

102Take as an example Newton’s phenomenological theory ofitgrand Descartes’ vortex-theory of gravity. Al-
though Newton’s involved ‘spooky’ action at a distance, éthematically ‘saved the phenomena’ to great accuracy
(hence his famous dictum,“hypotheses non fingo”). Dessattteory, by contrast, gave no predictive power at all. By
the proposed criterion for the goodness of a ‘physical exgilan, Newton'’s is the better one since it compresses list
of measurements algorithmically; Descartes’ does not.

10350, for example, the hypothesis of common-descent of anspedies might be a good ‘scientific explanation’
akin to a good historical hypothesis that unites otherwispatate phenomena under a single coherent scheme (and is
in an obvious sense rather parsimonious therefore), bwieis ehot involve ‘free-parameter’ reductiper se which is
central to a (fundamental) ‘physical explanation’ beinggadd’ one. Similarly, a ‘good historical hypothesis’ rarel
involves mathematics, but trades on common-sense notfdnswan psychology and basic physical knowledge of how
the world works.

1040ver what exact period this transition occurred is debatéaki (2008) credits the rise of modern quantitative
science to Galileo, d’Espagnat (2006, p. 249) picks out iledarphenomenological treatment of heat (amidst the
great caloric-phlogiston debates) as suggestive thathéyl8" century, the transition from ‘natural philosophy’ to
‘quantitative science’ was more or less complete.
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Since the hard sciences only posit numbers and relationglgfwveen numbers, they are faced
with difficult options regarding consciousness, nameliyniglativism, physicalism or prawty-
dualism!% Eliminitavism states that there just isn’'t any such thingassciousness and we are
bracketing this option for the time beiff

The second view, physicalism, is also called the ‘identitgary’ of the mind as it aims to
identify consciousnesas being the same thirgg the physical brain or subsystems of the physical
brain. (Functionalism, the broad idea that consciousress lie identified with something like a
computer program, is usually considered to be a particiesion of physicalism. Itis, as far as |
can tell, the most commonly presupposed philosophy of mindreyst cosmologists; see p. 17 for
an example statement). My own construal of the identityithaisns to establish that physicalism
is false. Firstly, it is well acknowledged that physicaliga priori implausible. However hard its
proponents try to make this position work, it remains theedhat to say one’s “feeling of pain ‘is’
C-fibres97 (or any other combination of electrons, protons and nestiormotion), just seems
clearly wrong or, worse, plainly unintelligible. This isatlinformal case against physicalism, that
if one could be wrong about this, then one cannot really be etianything. Roderick Chisholm
makes a similar comment,

To the extent that weanunderstand the statement in question, wessmthat the two
properties referred to are not the same property. .. It haa held, not implausibly,
that to deny the validity of such rational insights is to umdime the possibility of
every type of reasoning®

A slightly more formal basis for the rejection of physicaliglerives from the previous asser-
tion (I1) that the only thing we can say about physical states is tlegtjtistare sets of numbers
and arithmetic relations between numbers and that queditakperiences — “being appeared to

redly,” “the taste an orange,” etc.are nothnumbers or relations between numbers. We now have

105There are of course many variant takes on the mind-body @mobbut these are the major ones to consider. See
Searle (2004a, p. 29-58); Chalmers (2010, p. 111-39), favarview of the various positions in more detail.

106The following comment by Searle might be helpful to the reatieennett [who is an eliminitavist] denies the
existence of consciousness... | think most readers, whetrtdid this, would assume | must be misunderstanding him.
Surely no sane person could deny the existence of feelindmve understood him exactly.” Searle (1998, p. 120-1).

107C fibres are peripheral nerves in the central nervous sysseml Kripke famously used them in his analysis of the
physicalist identity theory (see Kripke 2001).

108Chisholm (1991, p. 556).
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two identity statements:

I1: all physical statesre a set of numbers or (combinations of) arithmetic relatioesmMeen

numbers.

I>: qualiaare nota set of numbers or (combinations of) arithmetic relatiogisvieen number¥®

Froml; andl; it follows that:

I3: physical stateare notqualia.

Let it be clear from the outset that there obviously eslations between physical states and
mental states generally, but the qualitative experiencetigself a physical state, i.e. the qualita-
tive experiencés nota number, a set of numbers or (combinations of) arithmelitioms between
numbers. This seems exceptionally clear. Converselyeiinseunintelligible to say that “qualia
are numbers or relations between numbers.”

As obvious as it might seem that numbers are not the samedhkitggin,” “the smell of prim-

rose,” “back ache,” etc., to say that this is the case isdidblbe met with stiff resistance as it
automatically entails that there are things in the world #ranot the same things as what physi-
cists deal with (i.e. there is more to the world than math&sptThe main objection that always
comes up is to claim that the anti-physicalist argumentl{in tase stepk;_3) is an argument
from ignorance: we don’presentlysee that physical states are in fact mental states, butghat i
because our knowledge is incomplete — future insight anckclexperiments (that we cannot even
imagine!) will unveil the fact that qualia really are phyalicstates. (Notice that this response is

similar in form to the claim — discussed in §2.2 — that we ar®ignt of what future physics will

reveal and that it will in fact dissolve the problem of finetitug.)

109 focus on qualia because | find these to be the clearest irestaf consciousness that serve to illustrate the point.
I could replace the word qualia here with ‘conscious stategntal states,’ ‘qualitative experiences, ‘beliefstc. but
shall stick to qualia for clarity sake.
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Probably the most extreme version of the ‘future-discowetisreveal-all’ stance belongs to
McGinn. He thinks that the human race might evolve or undeygeetic-engineering, thereby
increase its capacity to do philosophy and then will be ablede what we are not presently
able to grasp (because, allegedly, evolution has not gtargehe proper noetic equipment to do
philosophy very well), namely, that mental states are it fdgysical states (or ‘emerge’ from
physical statesy?

To avoidl; McGinn would have to back these imaginasperphilosopherio see (by inspec-
tion?) that numberare qualia (denyind») or perhaps that they will dispense with numbers and/or
mathematics in defining physical states (denyling Neither of these options seem plausible and
so this theory, like all empty speculation of future unknewmasquerading as a ‘solution,’ is bound
for the horns of Hempel's dilemmi?

If the steps leading tb; are an ‘argument based on ignorance,’ (as Patricia Chundeuld
claim; see Churchland (1998)) then what is the reductisrssance based upon? Speculations of
future unknowns? The “properties of which we know nothingdposed by Smart? Nagel tries to
ward off theprima facieabsurdity of the physical-mental identity by trying to padkthe alleged
ignorance into the verb ‘to be’ (the linch-pin in any ideptiitatement), using an analogy from

mass-energy equivalence.

| believe it is precisely this apparent clarity of the wor@™ihat is deceptive'!?
Usually, when we are told that X is Y we know how it is supposed¢ true, but
that depends on a conceptual or theoretical backgroundsandticonveyed by the
“is” alone. We know how both “X” and “Y” refer, and the kinds ¢fings to which
they refer, and we have a rough idea how the two referentitispaight converge
on a single thing, be it an object, a person, a process, ar,evewhatever. But
when the two terms of the identification are very disparatmaly not be so clear
how it could be true. ...For example, people are now told atay age that all
matter is really energy. But despite the fact that they kndvatilis” means, most of
them never form a conception of what makes this claim trueabse they lack the
theoretical background. At the present time the status wéiphlism is similar to that
which the hypothesis that matter is energy would have hattafed by a pre-Socratic
philosopher. We do not have the beginnings of a conceptitiowfit might be true. In

110gee, for example, McGinn (1999, 218-28).
111gee p. 30 for brief description of Hempel’s dilemma.
11275 in my use of the words “is” and “are” in identitiés_s.
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order to understand the hypothesis that a mental event igsigah event, we require
more than an understanding of the word ‘48>

Nagel could not have picked a worse example — it actuallyshiligstrate the very point set
forth. Itis precisely becausenergy’ and ‘mass’ are bothumberggiven by, in this case, the well-
known relation EEmc that we can make sense, indebd only waywe can make sense, of their
being equivalent. Nagel seems to think that, because psigsiave a “theoretical framework,” this
enables them to “form a conception” of how matieenergy, as though physicists have a mental
image in their mind of some sort of ‘matter-energy gooindgisat the pre-Socratics wouldn’t have
been able to envisageOn the contrary physicists are often quite forth-right in admitting their
complete incapacity to “form a conception” of what their atjons describé!* It is for this very
reason that mathematics allows us to push far beyond th&slshiour conceptual intuitions (see
§2.4.3) — it’s just immaterial whether or not we can “form aception” so long as we can relate
the numbers embedded in nature to observable outcomestengic bombs as a manifestation of
mass-energy equivalencef?

In summary, the identity of the mental with the physical amtsuo the extraordinarily im-
plausible claim that mental states “are” numbers (and, spezifically, those nhumbers that go
into describing a brain, unless one embraces panpsychiEh®.unintelligibility of this identity
accounts in large part for why the mind-body problem is ydid®solved (and, according to many,
will never be solved) and why cosmologists who subscribautetionalism end up making con-

fusing claims on ontological matters (see §2.5).

113Nagel (1974, p. 447).

11401 example, “[W]ords can only describe things of which we frm mental pictures. . . Fortunately, mathematics
is not subject to this limitation, and it has been possibliatent a mathematical scheme - the quantum theory - which
seems entirely adequate for the treatment of atomic presp$sr visualization, however, we must content ourselves
with two incomplete analogies - the wave picture and thewuseplar picture.” Heisenberg (1949, p. 10). See also quote
by Davies given above p. 43.

115 nterestingly, Nagel's example was pre-empted by Poinadui@was himself a pioneer of the formula-inc? a few
years before Einstein's 1905 paper. Poincaré wrote, “theciple of the conservation of energy simply signifies that
there issomethingvhich remains constant. Whatever fresh notions of the wodg be given us by future experiments,
we are certain beforehand that there is something whichirsnesanstant, and which may be calledergy Does this
mean that the principle [of energy conservation] has no iingeamd vanishes into a tautology? Not at all. It means that
different things to which we give the nameafiergyare connected by a true relation... How, then, shall we kntvemw
[this principle] has been extended as far as legitimateplyimhen it ceases to be useful to us - i.e., when we can no
longer use it to predict correctly new phenomena.” Poin¢h865, p. 166-7).
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If one does not find the route froh andl , to | 3 convincing, one may prefer to get to the same
conclusion through other means: maybe the reader does fieftaken identity theory enlighten-
ing (in which case they might be persuaded by Kripke’'s amalgsd critique), some might prefer
to focus on supervenience as Chalmers does. However on¢ geigiere, if one does reject phys-
icalism then, since we are leaving aside eliminitavism aggion till the end, one is committed to
there beingelationsbetween the physical and mental — so called “psychophysielations. This
is known as ‘property-dualism’ and is easy to understandemnwbhysical state Y obtains, there

co-occurs some mental state X. And, as Chalmers claimsgdrigatible with naturalism,

There is naa priori principle that says that all natural laws will be physical$a to
deny materialism [i.e. physicalism] is not to deny natwmli A naturalistic dual-
ism expands our view of the world, but it does not invoke theds of darkness.”
Chalmers (1996, p. 170).

On this view then, there are two sorts of things in the wontd] & is the goal of Chalmers and
his ilk to discover the relations between the physical ardntiental. In the full essay from which
this work is largely an extract (see p. xiii), this project@falmers is critiqued since, df_s,
mental states are not numbers and so cannot undergo afgirilompression which, we postu-
lated, is the essential basis of a ‘physical explanatioze (& 51). However, the infinite Multiverse
plus mind-selection effect approachnsolve this problem and | show this as demonstration of its

metaphysical extravagance.

2.5 The Multiverse ‘Explanation’ of Consciousness

2.5.1 Multiverse Overview

In this section | shall examine the Multiverse hypothesid &8 relation to the anthropic A
fairly systematic presentation of the Multiverse is given by Tetgaafour levels, ¢ which are

(roughly in order corresponding to their degree of contrsy®r speculation)

1165ee Tegmark (2008, p. 122-3).
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Level 1: Regions beyond our cosmic horizon

Level 2: Other post-inflation bubbles

Level 3: The Many-Worlds Interpretation of Quantum Physics

Level 4: Other mathematical structuresz( Tegmark’s ‘Mathematical Multiverse’).

Each of these Multiverse scenarios, according to Tegmaatyrally entails an infinity of
universe-domains that are just as ‘real’ as our UniverseTisis is usually taken to imply the
truth of the dictum often stated in this subject area “eveng that can happen, will happen an
infinite number of times.” For example, taking the Level 1ramo of our Universe extending
out to spatial infinity, Tegmark calculates that a physiagdycof us exists 15 metres away and
concludes that “we will just have to live with it, since thengilest and most popular cosmological
model today predicts that this person actually exists” Tadn2004, p. 459).

Few cosmologists are satisfied with the Level 1 Multiversessiit does not thoroughly resolve
the fine-tuning problem. Even if spatially infinite, therestsl significant surprise associated with
the proposition thathis Universe is the only one to exist wifast thesencredibly precise laws
and parameters suitable for life. Clearly, for the strategwork, a sufficient degree of variegation
is required between different universe-domdihs. The most interesting proposal to bring this
about is the ‘String Theory Landscape’ based on M-theort; thaorrect, would naturally entail
the Level 2 ‘eternal-inflation’ scenario where the differgmost-inflation’ bubbles can acquire
radically different (effective) laws and ‘constants.’” Thmain appeal of the String Landscape is
that it is links independently developed ideas in partidiggics and relativity (String Theory
and inflationary cosmology) in a rather natural way. It thgrgives a theoretical framework for
what would otherwise be a somewhat gratuitous postulationyviads of parallel universes with
just enough physical variation between them to ‘explainyawlae FTL. It is worth underscoring
the ‘eternal’ in eternal-inflation: once it gets going it vidself-propagate and never end thus

providing the Multiverse-proponent with an actual infinitf/explanatory resources.” As Vilenkin

117Note, one can of course allow the laws and constants of physigary between different Hubble volumes, only
there is not a ‘natural’ way to do this that will not at the satimee generate something like a Level 2 scenario. (If,
say, you allow the parameters to vary in particle physicswdltend to alter the vacuum energy and induce eternal
inflation). Cosmologists therefore tend to prefer Level @ #re question then becomes what sort of underlying meta-
laws will govern the way laws and parameters vary betweenadtzsn
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explains,

[1]tis conceivable that inflation is not eternal. This outo®, however, can be achieved
only at the cost of making the theory rather contrived. Ineotd avoid eternal infla-
tion, the energy landscape of the scalar field needs to berstilored specifically
for that purposél®

In other words, trying to make the number of universe-domdinite would undermine the
original motivation for the scenario (the fact that the tlyeis not ad hocbut emerges rather
elegantly from ideas pertaining to ‘known’ physics). Thisquite generic: actual infinities are
a natural concomitant of Multiverse theories as one typiaaquires fine-tuning to make these
theories only bring about the existence of a large but finitmioer of universe$!® It is in the
context of such ‘actualized infinities’ that Boltzmann Brai(and the measure problem) become
an especially relevant issue as already discussed.

The Many-Worlds interpretation of guantum mechanics (L8yés relatively popular amongst
cosmologists due to its apparent observer independenae éllowing one to speak about ‘the
Universe’ without reference to ‘measurement,” ‘obsetvieistrument’ etc. as these don’t seem to
be applicable concepts in the early Universe when no one veamd). According to this view,
each quantum possibility represented by individual tetmthe wave-function of the Universe
(which is the product of all the wave-functions of all the tpdes therein) is realized, and every
combination of realizations constitutes a unique ‘brartblat, once formed, has (for all intents
and purposes) no further causal contact with the otH€r&Our branch’ would therefore be just
one within an infinity of other branches, each one realisidgfarent history of the world. When

conjoined with the eternal-inflation scenario (as sevesahwlogists propose we do), the mere

118yjilenkin (2006, p. 117). He adds, “The theory of inflation isflar the best explanation we have for the big bang.
If we accept this theory, and refuse to mutilate it by adding ad hoc, unnecessary features, then we have no choice
but to accept eternal inflation — with all its consequencéwether we like it or not” (Vilenkin 2006, p. 117).

119t js commonly reported that the String Landscape ‘has’ cedjicts’ the existence of $8° universes, thus giving
the impression that only a finite number of universes areiledtdy the theory. But this is misleading. Firstly, as
has been mentioned, the String Landscape entails etefftaldn and thus an infinity of universes each of which is
characterizedby one of 1% types. Secondly, it is not clear that there is an upper-limihe exponent (500). So it
is more appropriate to say that the calculation, if verilishows there to bat least10P% differenttypesof universe,
according to this scenario.

120Technically, according to the proposal, there is alwaysesnam-zero (albeit minuscule) interference between all the
different branches but it is so negligible that the brana@sreally be regarded as non-interactinig (decoherence).
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cardinality of this ‘actual infinite’ becomes unfathomably large.

Finally, Tegmark’s Level 4 is what we might call a form of fied Platonism’ where all ‘Math-
ematical structures’ exist in the same way that our Universgts. This position is comparable to
David Lewis’ modal realism where ‘all possible worlds’ exiFegmark identifies his position as
a form of ‘ontic structural realism.’ This is to be distinghied from ‘epistemic structural realism,’
which says that we are simply ignorant of any properties efdhjectively existing relata that
constitute the world external to the minther thanthe fact that they stand in certain mathematical
relations to each other (see Smart’s quotation p. 45). Gfictural realism goes one step further
and denies that there are any relata, it's only the relatibemselves that ‘exist.’ At first glance
then, Tegmark’s Multiverse seems to stand at the extremeotadsubstance-less ontology. All
there is, is mathematics.

How then does Tegmark reconcile the fact that the wigédsso very tangible? What does it
mean to say all mathematical structures (e.g. the matheahatructure isomorphic to the set of

imaginary numbers) ‘exist’ in the same way our world doesudtes,

Given a mathematical structure, we will say that it pagsical existencd any self-
aware substructure (SAS) within it subjectively. . . peresiitself as living in a physi-
cally real world!?! [Emphasis original]

It can hardly be denied that Tegmark’s position is rathefesing. He first stated (see §2.3.1)
that understanding consciousness is not necessary fontiafuental theory of physics,” but he
then seems to define ‘physical existence’ as that which isgperd subjectively (which sounds
ironically close to Berkeley'esse est percipt?? Now, for the philosopher of mind, this choice of
words just begs the question. The problem of consciougassisto do with how physical states
can give rise tesubjectiveperceptions?® So for Tegmark to equate physical existence with “that
which is perceived subjectively” just is (contrary to hiated position on p. 30) to effectively treat

consciousness as the essential ingredient of a fundanteataly beingphysical

121Tegmark (2004, p. 473).

122470 be is to be perceived” Berkeley 1710.

123ps Chalmers puts it, “The hard problem [of consciousnesi]the question of how physical processes in the brain
give rise to subjective experience.” Chalmers (1995).
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[T]he answer to the question ‘what breathes fire into the &opsm and makes a uni-
verse for them to describe?’ would then be ‘you, the SKS

At other times though Tegmark seems to go back on this nofisemething “existing phys-
ically” when he claims that other mathematical structuregoit! of SASs exist in the same sense
as our Universe. (For example, he writes that “all matherahttructures exist “out there” in the
same sense [as the physical worl}> Tegmark’s use of terms is, at best, idiosyncratic and, at
worst, incoherent. Such confusions are an inevitable cuesee of denyingy,, that is, equating
mental states with physical states. Those physicists whatedhat which gives the appearance of
the world being substantiated (i.e. consciousness) withhars and mathematical relations invari-
ably end up drawing unintelligible conclusions such as #megation of the world from ‘nothing,’

which we shall briefly survey.

2.5.2 Tunneling from Nothing

Today's scientists have substituted mathematics for erpets, and they wander off through
equation after equation, and eventually build a structureacl has no relation to reality. — Nikola
Tesld?®

High-profile cosmologists gather much attention when thegcalate about the Universe’s
coming into being ‘out of nothing.” How canon-beinggenerate anything? The physicist some-
times tries to get around what appears to be a plainly inestienon-sensical statement by simply
reifying mathematics. It comes at little cost to the phystitd write down an equation which, they
then claim, is representative of théx-nihilo-ad-remprocess. This amounts to saying that ‘noth-
ingness’ is in fact somethintf/ namely an eternal (perhaps timelessly-eternal?) randanben

generator (“quantum fluctuations”) whose outputs are fliadédy (combinations of) arithmetic

124Tegmark (2007, p. 120).

125Tegmark (2004, p. 473).

126Tes|a (1934, p. 42).

1270ne might complain that if nothingness is in fact somethimentthe term nothingness is a misleading choice of
term. The speculative physicist could invent a new word Wwhlienotes the collection of properties that they are refgrri
to but, presumably for socio-economic reasons (i.e. gefiopular books), they choose not to, although sometimgs the
put quotation marks around the word “nothingness” in ackedgment of its questionable appropriateness.
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relations (i.e. laws that exist in addition to the ‘nothiegg’) into an enormous variety of space-
times. After all, space-time coordinates and their costant essentially numbers; and where else
do these numbers come from except some other numerical d@n@e might assume therefore
that since ‘nothingness’ apparently has the capacity teigea numbers, numbers will eternally
be generated and instantiate an infinite number of spaastim

But why call those original numbers ‘nothing’ and the onewtich they are mapped ‘some-

thing’? An example of such a claim is given by Vilenkin, whoites

The entire eternally inflating spacetime originated as austnole closed universe. It
tunnelled, quantum-mechanically, out of nothing and imiatedy plunged into the

never-ending fury of inflation... The tunnelling procesgdawverned by the same fun-
damental laws that describe the subsequent evolution afrtiverse!?®

It seems unavoidable to me that this extra ‘something’ neéeds the presence or absence
of psychophysical relations (as suggested by Tegmark’sitlefi that physical existence is that
which is perceived by SASs). The numbers describing theiphlystate of one’s brain might have
a corresponding form in the Platonic realm — but why would {bis set of numbers and relations
(or the mathematical structure isomorphic to it) enjoy theipular qualitative experience that it
does (say the ‘what it’s like to taste an orange’) and not sother (say the ‘what it is like to
be imagining eternal-inflation)? Some extra, very spedétof relations is needed to supervene

over the infinite set of Platonic forms, specifying what dfa¢ive experiences, if any, are to obtain.

2.5.3 Multiverse or Mindscape?

What then sets the precise psychophysieddtionsthat obtain in our Universe? If one simply
posits that the precise psychophysical relations thaimh&re and now are the only ones that exist
in any possible universe, then this creates a serious fine-tumotggm. For if the psychophysical
relations that seem to obtain in our Universe aredhby ones that can obtain in any universe,
then it becomes extraordinary that they be so approprigt@ving us make coherent sense of the

world. Likewise, to say that such a precise set of relatioas \wecessary’ is to suppose that some

128yjilenkin (2006, p. 204-5).
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sort of ‘rationality principle’ is embedded into the naturfeexistence (similar to what what Keith
Ward calls the ‘Supreme Informational Principle’ Ward 20f0291).

The Multiverse could give the answer though and it resemtiliesquantum suicide exper-
iment.” Just as the laws of physics and associated free gaeasnare allowed to vary across
universe-domains, so the set of psychophysical relationklde allowed to vary between universe-
domains. Suppose, as Tegmark does, that there is a physdsitical person to the reader¥0
meters away and that the psychophysical relations are edldw vary. In this case, the reader’s
physical replica will experience (epiphenomenadf§)distinct mental states (or perhaps none at
all) and, in general, the replica’s mental states will natstdute coherent thoughts. Of course,
for all those universes where the physical replicas do nppéa to have structurally-coherent
psychophysical relations (as we do in this Universe at thiy /noment), they will not be able to
‘mentally register’ the fact that they are in such a worldtafte the phrase ‘structurally-coherent
thoughts’ from Chalmers 1996; see Darg 2012b for expansife can therefore use something
like the weak anthropic principle - but applied to mentateda as a selection effect to remove
the surprise as to why we find our mental lives structurallyezent (if they were not structurally
coherent at this moment, we would not appreciate this facttatlg). After all, we have an infin-
ity of such worlds to play with on the Multiverse scenario serg combination of mental states,
including those very occasional ones that are structucalherent, will obtain. Only where they
do will the individual coherently understand this fact.

This ‘solution’ allows the would-be materialist to embrdhbe intuitively-compelling, qualita-
tive distinction between mental states and physical s{@gsressed by,) while accounting for
their structural coherence within a naturalistic framewor

Several objections will no doubt have arisen by now in thele€a mind. The first one is that,
if the psychophysical relations that characterise thisvehsie are generated entirely at random,
then at any point in the future a new physical state couldiolieone’s brain such that they cease

to be accompanied by structurally coherent thoughts. Afghahis might disconcert the reader in

129epiphenomenalism is the view that physical states givetoise are accompanied by mental states but that these
mental states do not in turn affect the course of the physigstem’s evolution. See Darg 2012b for argument as to why
causal closure requires epiphenomenalism.
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so far as we all desire to have control over our (mental) Jiitds not atechnicalproblem for the
position. When one falls into a dreamless sleep, one’s laatiars a set of physical states that are
not accompanied by structurally coherent thoughts (forisimaving no thoughts at all). The only
times when we are able to worry about our thoughts beingtsiraity incoherent are those times
when our minds enter back into a structurally coherent ph&sgng epiphenomenal in nature,
any structurally incoherent thoughts we may have had iniges Wwill have left no mark on our
memories (as is the case for the vast majority of dreams we has in our lives). Thus, when
we do find ourselves having thoughts that we take to be structuaherent (and correspond
faithfully to the external world), we will not have been awaf previous times when our mental
lives fell out of structural coherence. For all the readeswks, their thoughts may have re-entered
structural coherence a few moments ago and any memory thgyhee of being structurally
coherent a few moments ago is simply because the psychaephyslations that obtain for them
now are such as to supervene in a structurally coherent maneerttoe physical memory states
recently recorded in the brain.

The second objection is that this is not a very ‘simple’ or§p@onious’ theory. One response
to this is to call the principle of parsimony (“Ockham’s R&zanto question on the grounds that it
is vague and suspiciously pragmatic. Another responsaistttanbe construed as parsimonious

in a similar way to how the physical Multiverse is purportedt ‘simple.” As Tegmark argues,

The first [objection] is that multiverse theories are vuliide to Ockham’s razor, since
they postulate the existence of other worlds that we canrrebh&erve. Why should
nature be so ontologically wasteful and indulge in such epcg as to contain an in-
finity of different worlds? Intriguingly, this argument cée turned around to argue
for a multiverse. When we feel that nature is wasteful, whatipedécare we disturbed
about her wasting? Certainly not “space”, since the stahffar universe model with
its infinite volume draws no such objections. Certainly nog%s” or “atoms” either,
for the same reason — once you have wasted an infinite amowanoéthing, who
cares if you waste some more? Rather, it is probably the appegduction in simplic-
ity that appears disturbing, the quantity of informatiorcessary to specify all these
unseen worlds. However. .. an entire ensemble is often muogbler than one of its
members. For instance, the algorithmic information cantéra generic integer n is
of order log(n). .., the number of bits required to write it out in binaonetheless,
the set of all integers 1, 2, 3,... can be generated by quiteial tomputer program,
so the algorithmic complexity of the whole set is smallemntkizat of a generic mem-
ber...Loosely speaking, the apparent information contisas when we restrict our
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attention to one particular element in an ensemble, thuisgdbe symmetry and sim-
plicity that was inherent in the totality of all elementseaaktogether. In this sense, the
higher level multiverses have less algorithmic complex@ping from our universe to
the Level | multiverse eliminates the need to specify ihitianditions, upgrading to
Level Il eliminates the need to specify physical constantstae Level IV multiverse
of all mathematical structures has essentially no algmittcomplexity at alft3°

The same could be said of the position represented herealthmissible psychophysical cor-
relates that supervene over the existing mathematicaitates obtain. (This view resembles the

‘mindscape’ proposed by Rucker 1997.) In other words, spthat

Pmm: “every possible combination of mental state exists”

is, in one sense, simpler than specifying the particularetations that happen to obtain this
Universe!3! Notice thateven on the physicalist construafl the mind-body problem (the position
that denied), one is committed t®,, since every possible combination of physical brain states
obtains (an infinite number of times) and, since on physioathe physical state is identical to the
mental stateP, follows.

Thirdly, one might object that this ‘solution’ to the minady problem is just to give up on
trying to find a more-satisfactory solution. But again, tisisa highly pragmatic complaint. |If
the scenario described juistthe case, then yes, weould be wasting our time. One can only
object to this position if one already knowsadvancethat we arenot wasting our time. But until
one finds an alternative solution, one obviously does notkinat we are not wasting our time.
If, to the best of our ability, we conclude that a problem isdluble, why on earth would one
carry on trying to solve the insoluble just because they i€ that conclusion? There surely
comes a point when we can understand a problem well enougte wisy it is that it is intractable,

otherwise why not invest money in the Feynman ratchet? Asikt@rites,

We have been trying for a long time to solve the mind-body |enob It has stubbornly

130Tegmark (2008, p. 121).
13170 write down a description of all the mental states that Haken place in one’s life time would require much
more information content than just saying “every possiloibination exists.” In this sensBym is ‘simple.’
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resisted our best efforts. The mystery persists. | thinktitne has come to admit
candidly that we cannot resolve the myst&s.

The same criticism can equally apply to the physical Muigeetheory. Given an infinite
number of worlds just like oursany highly improbable state of affairs will eventually happen.
Carter & McCrea (1983), Barrow & Tipler (1996, p. 556-70) dthart (1999) have all argued that
certain hurdles for the evolution of life (e.g. the genesithe first self-replicating cell) that seem,
on the face of it, to be highly improbable were in fact overeony the brute-force capacities of
the infinite-universe hypothesis (whose metaphorical d@afdnonkeys has eternity to play at the
typewriter). If this is the case then biologists would indidee wasting their time searching for
chemical-evolutionary precursors for life since therendrany — we happen to be in the universe
where the tornado fortuitously encountered the junkyalsk we wouldn't be here to make that
observation (and we are likely alone within our Hubble vo&)m

Fourthly, one might object that this ‘solution’ would imptlyat it is highly unlikely that other
people we interact with, at any given time, are experiensimgcturally coherent thoughts (even
though they give every physical appearance of doing so).inAgdthough this is not desirable
outcome, it is not dechnicalproblem (since when does reality conform to whatwemntto be
the case? See Tegmark’s quote below on emotivism, p. 67)MIitteserse ‘solution’ would just
imply a concrete position with respect to the philosophgrablem of other minds. (We can never
be sure what sort of mental life (if any) other people expearie)

Fifthly, and most importantly, the reader might object ttias proposal undermines its own
epistemic justification. If “we” have no control over our tights (since they are random and
entirely epiphenomenal) then we have no reason to beli@vedbnario. This is of course a worry
but is nothing new and is not particular to this proposal s-ihjust the classic problem of induction
and epistemology: how can we have any confidence in our imgitwhen we don’t know the
underlying reality that generates our intuitions? To sat thve do know the underlying reality

that generates our intuitions, it’s the brain,” is to miss ginoblem altogether and argue in a circle.

132\1cGinn (1989, p. 1). He goes on to argue that our brains sérifen ‘cognitive closure’ such that evolution has
not granted us the fortune to be able to make the physicdgstity in a manner that makes sense to our minds. (See
§2.4.4).
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One had to trust their intuitionis the first placeto reach the conclusion that the brain exists and
that the brain generates the right sort of mental stateslder ahe individual to introspectively
conclude that one’s intuitions are reliable. (In fact wewrfoom dreams that weftenmake non-
veridical inferences from our mental states about the raifithe external world.) In other words,
one has already chosen to disregard the possibility thabeliefs are non-veridical as soon as one
posits the existence of the external world based purely @ppuarported sense of ‘intuitiveness’
characterising those very mental states.

The same basic problem of ‘us not being in control’ of our raktites or having free will
is not particular to this proposal either, but to a depictanthe mind supervening on strictly

deterministic physics in general, as Haldane famouslyesqad,

It seems immensely unlikely that mind is a mere by-producietter. For if my
mental processes are determined wholly by the motions ofi@to my brain | have
no reason to suppose that my beliefs are true. They may be stmically, but that
does not make them sound logically. And hence | have no refas@upposing my
brain to be composed of atorh

So while it must be granted that this proposal is problematitis regard, it does not create
new epistemological problems. The realist has already coedutiat the external world exists
because, it is claimed, the whole external-world hypothestertained within one’s phenomenal
introspection is deemed to be logically consistent and teelen associated intuitiveness, that
is, a “properly basideel' about it when contemplated. If a ‘properly basic feel’ i$ that is
required then this is no problem for the proposal since amitefiMultiverse will generate an
infinite number of sequences of ‘properly-basic feelinga.'other words, the Multiverse would
have its own capacity not only to ‘understand itself’ (as ynanthors have marvelled) but to
also ‘epistemically justify itself,” so to speak. To the qoliaint ‘this scenario is counter-intuitive,’
the reader is referred to the standard apologetic of Muli&groponents that encourages us to

disregard our intuitions when they militate against inénigality scenarios,

The perceived weirdness is hardly surprising, since exolytrovided us with intu-

133Haldane (1927, p. 209).



2.6. Summary 67

ition only for the everyday physics that had survival valaedur distant ancestor$?

In other words, the propsal might be counter-intuitive, batdly more than the Multiverse
itself which entails thaeverything that is possible happens an infinite number cégieven the
Star Wars universe (see quote by Hawking & Israel, p. 34). Msiatuitive as this is, it seems
that this is part and parcel of the infinite-Multiverse saamna

Finally, let me remind the reader that any attempted saiutiothe mind-body problem will
either create new mysteries involve highly anti-intuitive conclusions (for examplégtclaim of
material eliminitavists that consciousness is illusorjie-only thing that, by its nature, it seems it
cannot be). Once one has posited every combination of nasttactually existing,” why not ever
combination of mind? It also complies with Copernican idggl by ensuring that one’s mental

states are not ‘special,” as Tegmark remarks,

[The Mathematical Universe Hypothesis] is arguably exaémthe sense of being
maximally offensive to human vanity. .. The most compellamgumentagainstthe
MUH hinges on such emotional issues: it arguably feels @yurtuitive and dis-
turbing. On the other hand, placing humility over vanity lpasven a more fruitful
approach to physics, as emphasized by Copernicus, Gatitt®arwinl3®

Thus we see that the MUH has an answer to every objection efaehe one that the reader
alone can judge for its intrinsic worth: it just seems absutds the result of equating abstract
mathematics - of which there are countless forms - with tHaitlvwe know to exist, our finite,
tangible world. Ellis strongly urges, we “need to realisel&itly that the models and theories on
which we base our understandings are partial represemsatibreality, not to be confused with

reality itself.” Ellis 1999, p. 286.

2.6 Summary

The reader will be relieved to know that | do not endorse thdtiMarse “solution,” rather, it just

goes to show what sort of metaphysical baggage infiniteilvuite scenarios can lead to. It is not

134Tegmark (2004, p. 17).
135Tegmark (2008, p. 142).
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extra-universe theorigser sethat are the problem; indeed, it would be extraordinarig were
the only reality. We concur with Davies who argued that allaythe infinite into nature is to give
a “catch-all, blunderbuss” solution to the puzzles of tgaknd is no more of an ‘explanation’
than naive deism (Davies 2007). On the other hand, we havédternative suggestions for the
demarcation between reality and possibility. We suspeatttttis will forever remain a mystery.
The proposed ‘Multiverse solution’ to consciousness aigblights the appeals of elimini-
tavism; the world appearauchsimpler if we can take consciousness - with all its mysteriast
of the world as and when we do science. But this requires seitmfocus on measurements and
descriptions, that is, to take a rather positivist stancethis case science would not rule on the
existence of an infinite universe until or unless such a coabn proved empirically useful. We
conclude then with where we started: ‘existence’ is full ofstery; but simply saying ‘everything
exists’ leads to absurd conceptual and epistemologicalgmnus, well outside the practical domain

of science whose power consists in description of phenomena
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Chapter 3

Is Lambda Optimal for Life?

God was infallibly led by His wisdom and goodness to give tbddithe best form possible; but
He was not led to it necessarily. Leibniz:

3.1 Introduction

In this chapter we transition from philosophical investigas to more mainstream astrophysical
ones. We describe a new research program relevant to thedafttite AP and discuss preliminary
findings and its future potential.

For the first few decades since it was proposed by Brandoreari974 (Carter 1974), the
Anthropic Principle (AP) was deemed highly unsatisfactbgymost cosmologists and particle
physicists, no doubt in part due to the metaphysical ovegaf the proposa.There was some-
thing of a revolution however in the early 2000s chiefly spesvby theoretical developments in
String Theory and empirical consolidation of tAR€ DM cosmological model (see e.g. Komatsu
et al. 2009 for analysis).

Two empirical finds gave particular backing to anthropicsidarations within the cosmolog-

ical community. Firstly, the WMAP data (Spergel et al. 2088} distant supernovae (Riess et al.

1Taken from the interpretation of the French translatioroamfl in (Adams, 1982, p.266).

2As Schellekens described, “the number of string papers®&f@00 containing the “A-word” can be counted on the
fingers of one hand” (Schellekens 2008, p.8). Even gettitlgrapic calculations published in major journals proved
difficult in some cases (Weinberg 2007).
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1998; Perlmutter et al. 1999; see Perlmutter 2005 for révimint strongly to a non-zero value
of the cosmological constant an order of magnitude or twovedhe anthropically-allowed upper
limit calculated by Weinberg (1987a) (a limit some60— 120 orders of magnitude below the
expected value, see Carroll et al. 1992; Rugh & Zinkerna@6lL2 Bousso 2008) that allows for
the gravitational formation of stars and galaxies. We stallithis the ‘Weinberg Window’ (WW)
following Bousso & Polchinski (2000) where10-120M{, < A < 10 118m3, 3

Secondly, the data are (strongly) consistent with someepthdictions of the simplest mod-
els of inflation: a flat, homogenous, isotropic Universe witdar-scale-invarianGaussian inho-
mogeneities giving rise to structure formation (see e.gyl8et al. 2006). If correct, then the
Multiverse scenario seems to follow quite naturally. Thedthetical inflaton, permeating all
space-time, would take on a range of different values the¢ dne exponential expansion of space
for the most part. So long as the volume of exponentially edpay space out-proportions the
volume where the inflaton has been driven to the minimum ofiriflationary potential (corre-
sponding to the observed vacuum energy), run-away inflatitinself-propagate and generate
‘bubble universesad infinitum It has been argued that this condition is readily entailedhie
theory (Vilenkin 1983; Linde 1986).

Inflation thus seemed to solve several fine-tuning problerspunt for the initial expansion
of the Universe, and furnish a mechanism for generating the sort of largerab& scenario in
which anthropic selection effects could play a role akin @mnilinian natural selection. Just as

biological organisms might appear ‘pre-ordained’ for themvironments due to selection effects

3The lower bound for negativé corresponds to a short-lived universe ending in a Big Crunch

4There are two ways in which this is possible: ‘eternal’ andaatic’ inflation. Chaotic inflation is based on the
idea thaonly the patch of inflating space that directly gave rise to ounverie would be sufficient to generate bubble
universes in virtue of the fact that, above a threshold gnéhg amplitude of quantum fluctuations of the inflaten,
are great enough to match the characteristic fall in thenpiaieas the inflaton rolls down the hill; this creates positi
feedback and generates exponential growth of bubble rtiaeésee e.g. Linde 2007). A more generic ‘eternal’
inflation simply supposes that other regions of space-tiatarally possess differing values @fsuch that all regions
with significant vacuum energy will rapidly expand, and #e@sth zero or negative energy will contract away.

5In the context of eternal inflation the initial expansion af t/niverse - what used to just get taken as rather curious
initial condition - is understood simply to be the inheritedue ofa(t) come the end of inflation. As Blau & Guth 1987,
p.543-4 explain, “While the inflationary model does not iaijpé to explain the formation of the initially hot expanding
regions which subsequently supercool into the false vacstate, it does explain the origin of most of the momentum
of the cosmic expansion: the big bang gets its big push franfdlse vacuum.” The question of the ‘beginning’ can
thus be pushed arbitrarily far-back in time if eternal inflatis in fact past eternal (though see Borde et al. (2003) for
an argument against this being possible).
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operating on many life forms and many environments, so imfationary Multiverse only in the
very small life-permitting subvolumes would one be able talfife as we know it. As Wilczek

notes

It is simply a fact that intelligent observers are locatechiminuscule fraction of

space, and in places with special properties. As a triviasequence, probabilities
conditioned on the presence of observers will differ gro$sdm probabilities per

unit volume (Wilczek 2007a).

Around the same time the astrophysical data was coming @shfdevelopments in String
Theory, starting with Bousso & Polchinski (2000), were bkshing the consistency of a large
number of compactification schemes in 11D supergravityhEagological fixture (characterised
by moduli) can be populated by a set of fluxes and brane pasasnihiat, through combinatorics,
all give rise to a vast number of effective field-theoriesnc®ithe potential energy at any given
point in space-time would depend on the local values of tlstseg parameters (that play the
role of the inflaton), each world-line observer would findith@cuum energy driven to a local-
minimum in the potential (and eventually to the true vacudates\ = 0; Suskind 2007). If the
altitude and slope of the potential are just right then thisgrise to slow-roll inflation with the lost
potential energy fuelling the ‘reheating’ process andrgjuviise to what would look like a hot Big
Bang. Given the large number of possible vacua (estimates suggestedt least10190 — 10°0°
and possibly an infinity of such; Ashok & Douglas 2004), thedty entails the existence of
a (potential§ infinity of space-time patches with widely varying physitednstants. Susskind
termed this the String Landscape (Susskind 2003).

While some remain resistant to this new paradigm (see Starké@nTrotta 2006; Maor et al.
2008 and references in Kragh 2011, p.241-6), for an inangasumber within the particle and
cosmological communities the salient question iswbéetherwe live in a Multiverse but, rather,

what becomes of their disciplines in view of this developtnémparticular, how does the essential

6Whether global space-time constitutes an ‘actual’ verpasential’ infinity depends on the one’s philosophical
stance within the philosophy of time. B-theory or ‘Block Meise’ proponents of time see it as ontologically similar
to space, existing always or “timelessly.” Converselysthavho militate against the existence of ‘actual infinittesid
to embrace the everyday notion of temporal becoming: ordyptiesent ‘exists’ and events can only ever accumulate in
number towards a ‘potential’ infinity, without ever ‘trag@mg’ it; see Ellis et al. 2004; Ellis & Stoeger 2009.
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scientific notion of testability feature into the paradighindeed it does, when we have the single
statistic of our Universe from which to infer its generatimgchanism? Two chief proposals have
been offered to this problem. These are based upon (i) tltkcpicn of observable effectsithin
our Universe owing to universe-generating mechanismsigritié Principle of Mediocrity.

The first proposal is the less philosophically contentiduhe two as it need not, in principle,
make special reference to the notion of an ‘observer’ (adtle@o more so than any standard
scientific observation). However, it faces several pratiicoblems. A key prediction of eternal
inflation arising from, say, the String Landscape is the eatdbn of an infinite number of bubble
universes. The density and parameterisation of such efexpansion speeds, etc.) in a volume
of space-time will therefore depend on the local terrairhimithe landscape. This means that,
although one might deriveelationsfor the probability of a bubble-related observable, it Eiclilt
to see how any sound numbers could be inserted unless we khevewe are in the Landscape
(and thus how steep the potential is around us, whether thexdalse minimum nearby, etc.).
If an anomaly were to ever show up in the sky, doubtless a butdcade configuration could
be chosen that would ostensibly give rise to such an obsenvahd so exactly howd hocsuch
an “explanation” would be, whether it is similar to the figiof planetary orbits by spheres and
epicycles, is difficult to gaugé.Often these sorts of arguments make implicit use of the jpliec
of mediocrity as when, for example, Aguirre et al. 2007 wtdesume ourselves to be in a typical
surviving region” (p.13). (See Aguirre 2007 for discussadrMultiverse predictions.)

This, the Principle of Mediocrity (PoM), is the second brqgadposal which “suggests that
we think of ourselves as a civilization randomly picked ie thetauniverse” (Vilenkin 1995). As
already discussed, it leads to profound philosophical tipres such as the measure problem (see
e.g. Linde & Noorbala 2010) and the choice of reference dassbserver (Bostrom 2003a).

Notwithstanding these concerns, the principle trades ercéimmon sense notion that to assume

“For example, it has been claimed that Holman et al. (200&dipted’ the discovery of a void in the CMB based
upon their calculations of “entaglement and backreactiontributions” to the wave function of the Universe as it
propagates through the String Landscape and was reporfdevinScientist as “the unmistakable imprint of another
universe beyond the edge of our own” Mersini-Houghton (30@f course, had the number that appeared from their
calculation & 5x 108 light year$ been much less (and thus indistinguishable from normakg&lan inhomogeneities)
or much more (obviously ruled out), one wonders if such admton” would have been published.
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Figure 3.1:Left: An example of a standard anthropic-limits diagram markimgtioundary where
life is possible but says nothing about its probabflitRight: lllustration of the deperahcy of
f(p)selecON pi Where critical transitions are depicted by sudden ‘clitig’ the life-permitting is-
lands (as in the ‘diproton disaster’ with changing stroo€;see Appendix AL PoM-reasoning
places us at or near the peak.

typicality for any given situation is more likely to provercect than to assume the extraordinary
and leads us to examine the intrinsically interesting qoests to whether or not this Universe is
optimal for life (or ‘observers’) as we know it. For the remdér of this study, we shall place the
first proposal to one side regarding potential observaikeslibble-nucleations and focus on this

question related to the PoM.

3.2 The Research Program

In this section we shall explore some of thienciplesof PoM-reasoning. The classic fine-tuning
arguments, as set out by Barrow & Tiplg988)and others, focussed on anthropmundariesof

the fundamental constants and initial conditions thatattarise our Universe. The PoM goes one
step further and states that all the parameters upon wiictidpends are expected to be such that
life per volume in this parameter spapeaksnear to our observed values. This has resulted in
an increased effort to work out the functional dependenciifef on changes to these parameters
(Martel et al. 1998; Tegmark & Rees 1998; Weinberg 2000; &@eet al. 2004; Tegmark et al.
2006; Garriga & Vilenkin 2006). Following Tegmark et al. 08), we can treat the list of 31

free parameters in the standard models that they compilemraponents of a 31 dimensional



76 3. Is Lambda Optimal for Life?

vectorp, = {A\,Q, ..., ps1} and letp; = A for convenience. Again, following their notation, we can

represent the probability of observipgas

f(pi) O forior (Bi) fseled Pi) (3.1)

where fprior (i) iIs Some observer-independent, theoretical prior proilais would arise from a
Multiverse scenario andseied p) is the relative probability that, given a universe wiih it gets
‘observed’ therein. A philosophical question worth ragsia what exactly is getting ‘observed’ in
the universe witlp;; is it the values ofp, themselves (i.e. is our reference class one of scientists?)
or an observation adnything After all, we are clearly ngustin any ordinary reference class
of observers, but we are also in the very special classosiologists capable of working out
the values ofp; due to our (apparently fortunate) position in cosmic histathere Qa ~ Qn
enables us to detect dark energy and perform extra-gakastiionomy. By contrast, it could be
that ‘observers’ more generically populate hifyluniverses (near the upper bound of WW) where
galaxies have become eternally isolated by the time adddifeemanages to evolve.

Doubtless, cosmologists will generally, on methodololgigaunds, prefenotto insinuate that
we are ‘special’ just because we can do cosmology (thoughvibrth noting that Weinberg 2000
describes the reference class as that of a “scientific ggieBut this presupposes unwarranted
bias towards ‘mere life’ as opposed to ‘life like us.” Aftdl, & is a posterioriobvious that of the
vast number of animal species on the planet, we are the oely it do cosmology. Perhaps in
other much more frequently recurring universes there welzbry simple life - the most common
in the Multiverse - but no one in a position to do cosmologyéhe This highlights once again

the ambiguity of ‘observer’ and choice of reference classuich discussions:

9t is worth noting that several arguments have been madeveisyttife likely coincides withQa ~ Om (e.g. Garriga

& Vilenkin 20086, 8l1), but this misses a subtle point in so &aritstill seems fortunate that a common origin give rise
(deterministically) to life and something to whialeattach value (scientific discovery). This mimics the FTLcdission
as found on p.16.

10similarly, George Efstathiou once commented that he dogarzzle over the fact that he is not Chinese; even
though that might be priori the most likely outcome for a randomly chosen human beingg time datum is established
we need to adjust our expectations to accommodate what veeldéarnt to be the case.

1This is a point taken seriously by Starkman & Trotta (2008)pwyrite that choices fofsgecsuffer “from an acute
dependence on poorly understood microphysical processeb/éd in the evolution of life, especially of conscious
beings interested in making observations of the fundarheatestants” (p.2).
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Figure 3.2:Left: lllustration of the possible distribution df(pj)selec With p1 = A on the x-axis
and the remaining components @f.; on the y-axis (a 30-dimensional space). The claim of FTL
is that the majority of this plane (i.e. volume in the 31-dimsi®nal space) hosts no life, and so
these ‘biofriendly islands’ are relatively rare. Stand&fid diagrams, as in Figure 3.left pane),
focussed on the perimeter of the bases of these islandseaher this study we enquire about
the overall dependency deiecOn pi. Right: lllustration of possible distribution of (pi) prior; it

is typically assumed that in the region of interest (the W\8ide the dashed-linesj,(pi)prior IS
fairly flat. The shape of (p;) would be obtained by convolving these two distributionsetber.
The solid-black line represents universes like ours extmptariations in/A (and assumes that
our p; is optimal for life). Note: there is an implied break in theaxis at/A = 0 because it is
logarithmic.

Placing this issue to one side, if we are to follow the advicihe PoM, then we would expect
the value off (p;) to peak atp{ which we use to denote the values of our Universe. In othedsyor
any change in any component @fwould most likely reducef (p;),*?

of

Vi —— ~0. 3.2
a5 (3.2)

The shape of (p;) can be illustrated graphically as shown in Figure 3.1. Waesarly stud-
ies on anthropic bounds could be plotted on a 2D pldef gane), for our purposes we must

illustrate the principles of (3.2) on 3D graphs to show W#@oizs in f(p;). We can distinguish

120t course, this could be compensated by changes to othenptees as discussed below betwéeand Q; but if
f(A,Q) (all else constanthothgive 9 f(A,Q)/dN|q ~ 0 andd f(A,Q)/dN\|q ~ O, then we are likely near the peak of

f(A,Q).
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between smooth, continuous pathspipspace and paths that subjdcip;) to sharp or discontin-
uous changes. Gradual change\imboutp{ (while keepingpi’;él constant) are likely to be of
the former kind, since the anthropic depemcly arises from DM-halo formation which will vary
continuously with/A over the range of the WW before fading te= 0 (although, as we shall see,
changes to the DM-mass function produce non-negligibldtfaek effects on galaxy formation, so
the dependency df(p;) on A is not as smooth as one would expect just in terms of DM grawth)
The diproton disaster, by contrast, is an example of therl&ihd, arising due to the fact that two
protons fail to bind by a marginal 92 keV and would bind itxs were~ 13% larger (Barrow &
Tipler 1996, p.322). Thus variations in the strong forceefkag all else constant) would result in
a sharp drop off at- 1.13as due to this transition (as most of the hydrogen would havathyy in
the early universe leaving no resources for long-liveds$tar

The presence of such sharp transitions resulting from thrgptex shapes of nuclear potentials
and chemical shells means that it is extremely unlikely thatshall be able to wander far or
(any distance) fronp{ for particular directions whilst being able to ascertaimufitative changes
to fselec With any confidencé® However, if we areonly aiming to answer whether or nour
Universe is optimal for life, small changes to eachppfs all that we need to see if we are at or

near the peak. This seems like an intrinsically interespirggect. If it turned out that

. afselec
Vi ~0 3.3
an (3.3)

then it would imply that our Universe is near-perfect for niirs of our reference class and we
would not want there to be strong dependencd g, nearp;; on the other hand, if we could see
that it were plausible that the frequency of members of oigremce class would be increased by
variation inany single component of; (keeping the rest constant) then we could conclude that
our reference class is not maximisedpatand we would be able to tell roughly what direction

forior Would need to go in order to satisfy (3.2). This could proveamant since different a priori

13The anthropic bounds, such as those of the diproton disastknown bounds, but given the complexity of
biochemistry and critical resonances in stellar nucleath®sis, it could be that sharp ‘crevasses’ exist within the
‘island’ depicted in Figure 3.1.
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Figure 3.3: Figures showing the relative scalings of a unifg distributed random variabldeft
pane), as/ is assumed to be in the ranggM$, < 1, and when considered in the same interval
but in log spacer{ght pane). It is because the density of points exponentiates in lagephat
the anthropidimit is taken to imply an anthropigrediction (within an order of magnitude) given
a flat prior.

models could thereby be ruled out on PoM grounds. The diffecentributions fromfseec and
forior @s functions ofp; are illustrated in Figure 3.2.

The advantage to this approach is that one need not worryt daodistant’ islands. One of
the key criticisms of the claim of FTL is that, for all we knowmdically different forms of ‘life’
might arise in universes with physics markedly differennfrour own. The claim of FTL however
is that, plausibly, even if distant regions gfspace do permit ‘life, the majority of the volume of
pi-space is such thdt(p;) = 0. 14

Although, as we have acknowledged, we can only plausiblyoegghe parameter space very
close topf for certain parameters, this is enough to test the overiaitjple. The cosmological con-
stant is the obvious parameter of interest to begin withsritall observed value @ ~ 10-129M%,
has been described as “the worst fine-tuning problem in p&y§Krauss 2004) and, owing to its

relatively simple physical effects, we can allow it to varyeo the WW and remain reasonably

14This would mean that habitable ‘islands’ appear widely satgal mimicking the Pacific Ocean as depicted in Figure
3.2 (eft pane). See (Leslie, 1996, p.17-8) for discussion.
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confident that no ‘cliffs’ will be encountered unexpectediis is the basis of the study by Martel
et al. (1998) who evaluated the probabilityp;) of observing our value of\ by assuming a flat
prior forior ~ constantand estimating the fraction of baryons that would collapge DM halos
(using the Press-Schechter formalism) as a proxy for lifee &ssumption thétyior (A) ~ constant

is a general result if we assume that the distribution is péak the expected value 6f~ M‘F‘>|
and we live in the far end tail (Weinberg 2000). The key consege of this assumption is that
the expected value df will be biased towards the upper bound of the WW on a logaiittsnale
as shown in Figure 3.3. They concluded that the probabhiff tve measure our value Afap-
pears to be low compared to the median valué(qf) - somewhere in the 5% 12% range. Loeb
(2006) suggested that X were 3 orders of magnitude larger then halos correspondipgesent
day dwarf galaxies might form up o~ 10 making them rather abundant in a Multiverse with
flat prior onA, though he acknowledged that, plausibly, such systems aoh hess efficient at
retaining and converting baryons to ‘observérs.

Variations inA are anthropically tied to variations in ti@parameter - the standard deviation
of the amplitude of primordial density perturbations. l&ue would arise from the detailed shape
of the inflationary potential and so its prior, like could be predicted statistically in principle from
some eternal-inflation theory (see e.qg. Vilenkin 1995).rmatk & Rees (1998) studied variations
in Q and found thatf (p;) appears to be peaked near to its observed value > (an order of
magnitude smaller and the baryon density in halos falls bipfa- 10° making cooling inefficient,
higher and the increased stellar densities in galaxiesrbestazardousy.

Changes imQ can be compensated by changes\itby the approximate relationshipfe [
N/Q® (Tegmark & Rees 1998). On this basis Graesser et al. (2094 dhat if bott\ andQ are
allowed to vary then it is far more likely that they both begkar than their observed values by at
least an order of magnitude since this takes up much moreneoln thep;-phase space to which

forior IS proportional. Garriga & Vilenkin (2006) attempt to méitg this outcome by treating

15For example, the gas in the shallow potential wells of smelthéiis not tightly bound and once vacuum domination
sets in and the galaxy becomes isolated there will no longeamly gas in the IGM for further accretion.

18|t is worth reiterating that we are not saying that obsergarst come about under such circumstances, only they
are less likely, and this is the concern of the PoM.
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y O A/Q? as the independent parameter and considering inflationadels that distribut€ with
low dependence o itself. There is much room to manoeuvre with regards tp;) prior and
even staunch Multiverse proponents question the predigiower of anthropic-PoM reasoning
(see for example Mersini-Houghton & Adams 2008) and thighier motivates us to concentrate
on f(pi)selec

The use of the number of baryons that collapse into DM halespexy for life, used in all the
aforementioned studies, is what we might term a ‘first-drnlexy. In an ideal analysis, one would
wish to consider the many finer processes that go into theuptimoh of ‘conscious observers,’ but
we are limited by the capacity of analytic representatiansapture such complicated processes.
The aforementioned studies have done remarkably well iluatiag the functional dependencies
of the baryon mass in DM halos but this is probably as far ag\hikever go - numerical methods

are needed to move beyond.

3.3 The Semi-Analytic Approach

The inspiration for the semi-analytic approach goes badkd@roposal of Rees & White (1978)

that galaxy formation takes place in two chief stages. Iyjr&tM halos collapse and merge as
described by the Press-Schechter formalism (Press & Sthet®74) and then baryons collect in
their potential wells, radiatively cool and form stellamppdations. They also were alert to the need
for feedback to suppress the abundance of smaller galaxies.

It was not until the 1990s however that semi-analytic mod8lMs) first began to appear
(White & Frenk 1991; Cole 1991; Lacey & Silk 1991). One of theykmotivations for their
development was to test different cosmologies againstretisies such as the present day galaxy
luminosity function (GLF) which meant that they sufferedrfr significant degeneracies stemming
from a combination of poorly constrained baryonic processed cosmic parameters (see e.g.
Kang et al. 1994 and references therein). For this reasep were considered suspect by certain

parts of the astrophysical community for most of the decdéde.

17Carlton Baugh is reported to have said the following, “Arestiproblem with the perception of semi-analytical



82 3. Is Lambda Optimal for Life?

Things began to change with the narrowing down of cosmicrpaters and, by the time the
‘standard’ or ‘concordance’ modeNCDM) based upon the discoveries noted earlier (83.1) was
established, they came to be recognised as an importaoplgsical tool. Over the past decade,
several major ‘families’ have arisen, each building on trevjpus generation and, unsurprisingly,
have managed to reproduce synthetic galaxy cataloguesrihi@mh observations to impressive
precision. We shall describe some of the details of the kiiliem ‘families’ in Chapter 6.

Now that the role of SAMs in helping to pin down cosmic paraeanghas been made more or
less obsolete, it may seem like there is little left for thendd except undergo endless refinement
in the bid to emulate the details of the GLF and so forth toteably great detail. This is a worthy
goal, no doubt, as we wish to understand the processes obenras, but this role will likely get
taken over by cosmic-scale hydrodynamic simulations irtas computing power increases.

However, there is a new and interesting motivation to thaeefient of SAMs in order to help
explore the anthropic landscape. As discussed, the coginalparameters that feature in SAMs
can now be fixed to good accuracy in most cases leaving thetgagmrameters to be tuned to
reproduce observables within our Universe. Although tettleexhibit degeneracies to date (see
Neistein & Weinmann 2010 and references therein), over tiraee and more have become broken
by the development of increasingly sophisticated presorip and, no doubt, future developments
will improve the situation.

If we could have confidence that such prescriptions faithfohpture the ‘real’ physics of
galaxy formation and evolution then the situation couldhthe reversed: now we hold the galactic
parameters constant and vary the cosmological parametexplore what would happen in other
universes, namely, those in which gravitational physicallmved to vary and generate different
DM mass functions. This would allow us to go beyond the ‘fosier’ proxies for life discussed in
the previous section to which analytic studies are comstrhto more sophisticated proxies based
upon studies of galactic habitability, such as stellar nratgin metal-richdisks We shall give this

topic a brief overview before describing our preliminarypkxations with the SAM of Khochfar

models probably lies with the name ‘semi-analytical’, whiome in the community have clearly taken to imply some
half-baked witches’ brew of ingredients, from which anyulesan be coaxed with a suitable incantation, as and when
required to fit new observational dat@Baugh 2006, p. 3109)
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etal. 2011.

3.4 The Model

3.4.1 Galactic Habitability

The SAM approach we are exploring offers a variety of potntiays with which to model ‘life.’
Sensible choices require an appreciation of the finer detlailt go into the production of ‘life
as we know it’ (or just ‘life’ from hereon). Unfortunatelyhe origin of life remains an unsolved
mystery. Anthropic considerations provide several nergssonditions ranging all the way from
the cosmological constant to the molecular bonding-anfyeater (Barrow & Tipler 1996, 8§8.3),
but it is not known what the sufficient conditions are. As aulespinions vary widely as to
whether or not life is common in the Universe (e.g. Forgan &R2010) or exceptionally rare,
unlikely to be repeated in our Hubble volume (e.g. Taylor&;39art 1999).

It is worth mentioning in regard to the AP that the same ‘laegsemble plus selection-effect’
reasoning that has been applied to account for the necessadjtions of life (namely, that the
constants of nature lie within specific ranges) could beiagmqually to thesufficientconditions
for life. So even if life came about due to a series of remagkélokes, in an infinite ensemble,
to quote Guth “anything that can happen will happen; in faaetjll happen an infinite number of
times” (Steinhardt 2011, p.42). This was pointed out by tteppnents of the AP from early on
(Carter & McCrea 1983; Barrow & Tipler 1996, 88.7).

All the same, we are only able to proceed by considering thes®ary provisions for life which
takes us to galactic habitable zones - locations withinxigdathat are sufficiently metal rich and
hazard-free to allow the formation of stable planets ardong-lived stars and the evolution of
life over Gyr scales (Gonzalez et al. 2001; Lineweaver 2@04).

The first advance that the SAM approach offers over the dnadytproach of the previous
studies is to distinguish between ‘bulge’ and ‘disc. Thegant day global galaxy population
is bimodal with a stellar transition mass at3 x 10'° above which galaxies tend to be ‘bulge’
dominated and below which they are ‘disc’ dominated (Kaaffim et al. 2003a). Understanding

the origin of this bimodality is an important ongoing areaegearch that will be discussed in the
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following chapters. It is therefore standard for SAMs to mlgaroperties for both disk and bulge
components of a galaxy for a variety of different propertigth the aim to reproduce the observed
bimodality (e.g. Cattaneo et al. 2006b).

Conveniently, several studies of galactic habitabilitydhargued that life is unlikely to last
long enough in bulges to make it into the reference classdvaaced civilisations’ we are most
interested in. Bulges likely host planets (Gonzalez et@D12, but the hazards are considerable.
Firstly, bulges are crowded with others stars and blackdialzreasing the likelihood of orbital per-
turbations (the central super-massive black hole presemiost bulges is likely to be particularly
hazardous) and since the orbits of stars are pressure $seggioey will pass close-to the center
periodically (see Tegmark et al. 2006, 8llI.D for descops of ensuing hazards). Secondly, the
high density of stars results in a pervasive, intense fiadidield and frequent gamma-ray bursts
which inhibit long lived civilisations (Lineweaver et al0@4; Scalo & Wheeler 2002). Remember,
on the PoM we are not so interested in strict possibility bther probability; it seems much more
likely that a long-lived habitable planet will come aboutcincular orbits within the disk - as we
have - rather than in the bulge.

This fact would naturally encourage us to examine the ptaseof the Milky Way (MW) in
some detail to see how, if at all, it differs from other diskag@es. In a recent study by Mutch
et al. (2011), MW and M31 were matched to a large sample ofairaize disk galaxies visually
identified by the Galaxy Zoo project and both were found tarlithe ‘green’ valley between the
global galaxy bimodal populations. They conclude that lgailaxies are on their way to reddening
via in-situ gas depletion (since they have had quiet merig#oies) at which point they are liable
to transform into ellipticals in the event of a major mergehich they will in a few Gyrs; see Cox
& Loeb 2008). See also Masters et al. 2010 for a detailed stii@Balaxy Zoo ‘red spirals.’

Probably the most note-worthy feature of the MW is its thiskdsuggestive of an unusually
quiet merger history. Stewart et al. (2008) calculate frogirtN-Body ACDM simulations that
95% of MW-like galaxies have undergone a major merger inalse~ 10 Gyrs, whereas Mutch
et al. (2011) suggest it is unlikely that the MW has had a nrergth an object more massive

than ~ 109M® in that same period. This is suggestive that mergers ardfisamt for galactic



3.4. The Model 85

habitability, which seems intrinsically plausible for tw@asons.

Firstly, in the hierarchical scheme of galaxy formation,ieththe ACDM unavoidably is to a
large degree, mergers are responsible for the growth okbutythe Universe (see e.g. Hopkins
et al. 2010a and references therein) thus depleting h#bitames for otherwise potential future
civilisations. Secondly, the merger process itself cariboigood for life. Cox & Loeb 2008
simulate the merger between the MW and M31 and show that,|aigle probability, the sun will
be pulled close to the galactic center at some point on itstchfourney, with star-bursts and
perturbations to the Oort cloud triggering lethal comet ats constituting added dangers (c.f.
Tegmark et al. 2006, p.17).

Some mergers are needed of course to build up MW-like gadri¢he first place, but too
many will rapidly result in a universe filled with bulge-damated galaxies. Since mergers are
controlled primarily by the DM-mass function, and sincet thieass-function is closely controlled
by the cosmic parameters andQ, the study of mergers proves important with regards to PoM-
related questions of observer-sensitivity to cosmic patars.

SAMs typically keep track of galaxy metallicity (which sealwith luminosity), star-formation
rates (SFRs) and gas content - all of which could be used &ectihird’ or ‘fourth’ order proxies
for life or to be used as inputs into specialised models cdgad habitability (e.g. Forgan & Rice
2010; Gowanlock et al. 2011). However, since our work i$ gtgliminary we shall simply stick

to ‘disk-mass in stars’ as a second-order proxy for life.

3.4.2 The Semi-Analytic Model

The SAM used is described in detail in Khochfar et al. 2011gelherates DM-merger trees us-
ing a Monte Carlo routine based on the extended Press-Sehdoimalism (e.g. Lacey & Cole
1993) as presented by Somerville & Kolatt (1999). We use aostimg volume of side 100 Mpc
and start tracking halos at a redshift where they exceed amaimesolution mass of f@l\/l@.

This is the natural choice for generating merger trees fierdbrt of study since it is fast and we
wish to explore a range of values Af The baryonic physics uses standard prescriptions for gas

cooling, cooling shut off at critical DM halo mass ©f10*2 (which is likely related to the Kauff-
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mann transition mass at 3 x lOloM@ - see Kauffmann et al. 2003a; Dekel & Birnboim 2008),
star-formation, supernovae feedback, mergers and butggafmn. Such complicated feedback
mechanisms are obviously far beyond encapsulation by tmédymulae.

It has been ‘tuned’ to our Universe by comparisons to thexyataass function, bulge-to-total
mass ratios and gas fractions (see paper for details). Withet parameters fixed, we can now
vary the cosmological constant while keeping the initial Dhss function from our Universe
established az = 20 and evolve it forward ta = 0. One draw-back, as we shall see, is that we
are not able at present to evolve past 0 due to the way the merger trees are constructed which
means that for highf\ universes we can only track their evolution for a relativehort time. In
future implementations we hope to overcome this, but for m@xcan get a basic overview of the

effectiveness and difficulties of this approach.

3.4.3 The Cosmological Transformations

We assume slow-roll inflation arising from, say, the Strirgntdscape scenario and eternal in-
flation. All of our universes are therefore spatially-flagntogenous and isotropic. The only
parameter to be varied is the absolute value of the falseuva@orresponding to changes in the
cosmological constant. We further assume that these iarsatio the potential either do not affect
the characteristic amplitude of density perturbati@her are compensated by adjustments to the
shape of the potential (in other words, we are only varyiggWe relate these varying values/f
to that of our own Universe by a simple factor such thats A’ = fA and f labels each universe
uniquely. Note that thi§ has no connection to that of the previous sections, as intiequi.2),
etc.

We assume that thrghapeof the inflationary potential is such as to give rise to the samatter
content (via reheating) per comoving volume come the enadhftsdtion, i.e. pm = py,,. To see
how these transformations affect each universe’s expansgsapply them to the usual Friedmann

equation for a flat univers&), = 0)

1=0Qmn+Qn=Q,+ Q). (3.4)
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Sincepn = pf, is true for all redshifts we can evaluate all the remainimgi$formations at the
expansion factor of our present day whetg Q,, andQa are all known. The Hubble constant,
Ho, governing the expansion rate at 0, must be allowed to vary to compensate for varying

(and fixedpm(z= 0) = pp) in (3.4) leading to the constraint

_8mGpp . AN 8mGpy, , N

1= — 3.5
3H2 +3H§ 3HEZ +3H62 (3:5)
8nGpy [ HZ fA [ HZ
1 = = |t o5 ) - (3.6)
3HZ \ Hj 3HZ \ Hf
Lo = Qm+ QA (3.7)

wherea? = HZ/H2. We thus obtain the following transformations from our Unise Qp, = 0.27,

Qp = 0.73,Hp = 71 kms *Mpc 1) to one with arbitraryf

Ho— Hj = aHo
Qmy = Q= Qurp /02
Qp— Q) = fQp/a2
The values ofQa, Qn andHg are used as inputs into the SAM which then outputs galaxy

catalogues at chosen redshifts between20 andz = 0.

3.5 Results and Discussion

As shown in Figure 3.4, the largéris made, the faster the scale factor of a given universe esach
that of our present day. The arrows on the x-axis show the &itmghich Q, = Q. for each
universe where it is noted that we live in the special circiamse of being able to registéy
observationally before it takes over. Whénakes/A down two orders of magnitude it is so close
to zero that subsequent reductions make little difference.

These trends are reflected in the DM mass functian=a0 shown in Figure 3.5. An order of
magnitude higher and halos have not formeabky0 above 163M® and reductions irf lead to a

shifting of the mass function towards more massive halosaiB}, the merger rate has responded
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Figure 3.6: Distribution of the total stellar mass per barysolid line) and total-disk mass per
baryon (broken line) in the DM haloes in each universe. Theauses with higher merger rates
convert more gas into stars but most of this ends up as bulgey whereas the universes with
the highest disk mass at= 0 have/ an order of magnitude highef & 10) than our Universe.

significantly to changes in over the WW, as is expected.

To determine the effect these altered merger-historieg loavthe total disk mass in each
galaxy, we need to consider two contributions - the total bemnof baryons that end up in halos
(which should favour low\) and the disk-mass per baryon ratio for each universe (wgticuld

favour higherA). The latter is easy to extract for each universe and we péonhtin Figure 3.6.
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We find that the total-stellar mass per baryon increases higiner merger rate (due to lower
values of f) but, as expected, thdisk mass per baryon favours the lower merger rate (higher
f) peaking atf = 10 with ~ 15% more disk-mass per baryon than our Universe. So although
universes with the higher merger rate convert more gas tts, steey increasingly end up in bulges
with lower f atz= 0.

Since we only track the halos o= 0 we cannot be certain, of course, that by the time the
f = 10 universe reaches the same age as ours, the disk-to-batyotas not dropped, but this
does not look likely upon examining the trendshas already begun to dominate and so merging
has effectively ceased leaving the galaxies to undergaveasgolution. If the merger process is
the primary one by which disk mass is converted to bulge nihes, the galaxies will be frozen
into the morphologies they possess at the time when vacumnmdtion sets in.

Thus far we have considered theative disk-mass per baryon. Tlabsolutedisk mass, how-
ever, is more difficult to gauge. The growth of the halos thatteacked and updated in the DM
merger tree must absorb DM from the background in additiandoging with other halos. This is
calculated using standard growth factors (Hamilton 20@) r&sults in a greater average mass in
the halos that we are tracking (above the minimal halo masshvigi~ 5 x 101°M® atz=0) and
should be quite accurate.

However, the halo-occupation distributi@ine average amount of baryonic mass in a DM halo
of a given massjs not a simple relation but peaks lat (Hopkins et al. 2010a) and it would not
be surprising if this were different in other universéhe model is presently set up so that the
fraction of mass in baryons in each universe is exactly @hat of the mass in the DM haloes that
are trackedwhich is simplistic considering the feedback mechanisingday. Nonetheless, the
halo occupation distribution is a monotonic function andassuming baryon mass is proportional
to DM mass in these halos, we can get a first order approxim#iat gives rise to the distributions
shown in Figure 3.7.

At first glance, Figure 3.7 looks highly suggestive with thesaute disk masand absolute
stellar mass peaking dt= 0.5. Such a result could come about because the universesowigh |

A build up their merger trees rapidly and the increased Mieimperature that is communicated to
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Figure 3.7: Distribution of the total-stellar mass (solie) and total-disk mass (broken line) in
the DM haloes in each universe. The universes with the mast stoth bulge and disk - appear
to be peaked at ~ 1, though the distribution is very broad. The grey lines algea to guide the
eye with varyingf.

the cold gas causes it to heat and shut down star formationila8ly, the increased merger rate,
as we have seen, results in a relative increase in bulge melsshat, ag\ decreases tb = —0.1,
the total disk mass actually beginsdecreaseén the universe.

Superficially then, it looks as though~ 1 optimises the conditions for life but we urge ex-
treme caution here. The differences are very small at arafed dex between the plotted values
of f at most. This means we are talking about differences in faeto2 — 5 and not orders of
magnitude difference. If a more sophisticated proxy fa Vifere used then maybe the differences
could be accentuatéd, but then this increasingly leads to the same, uncontrobedtary that

analyses offyior suffer from.

18For example, extrasolar planets show a strong correlatiween the presence of large close-orbiting massive
planets and the metallicity of the host star (Santos et &320aws et al. 2003) and, since metallically scales with

galaxy luminosity, so perhaps one could choose the plideyD Mgisc x Mg, ;1o Wheren reflects the scaling relation.



Nevertheless, we are confident of the result for the relatisk-baryon ratio shown in Figure
3.6 and it highlights the fact that too many mergers inhitd preconditions for life. Exactly how
peaked the dependency of life drwill eventually turn out to be will thus depend crucially dret
efficiency of the process by which mergers convert disk intlgdy, promote new star formation
and trigger feedback. For this we need to study mergers ithdeql, as was noted in the preface,
this brings us full-circle: if our reference class is thatdfscientific society” then we need to be
highly adept at pattern recognition in order to identify ges to start with. As shall be discussed
in the chapters to follovall pattern recognition techniques in astrophysics trace tmtnd try to

replicate) human, visual classifications and this is thenmastivation for the Galaxy Zoo project.






Chapter 4

The Morphologies and Fraction of

SDSS Major Mergers forz< 0.1

Men trust their ears less than their eyesHerodutu$

4.1 Introduction

As we have discussed thus far, mergers and interaction®©anected to many pressing questions
concerning the origin, evolution and properties of galaxi#/e are especially interested in their
role in converting disks to bulges as this pertains to howfliémdly the Universe will turn out
to be. The complexities of the merger process are numeraugylth requiring detailed study
and, as we shall see, the varied structures of merging galamake locating and separating their
photometry a difficult pattern-recognition problem.

Ongoing, merger-related research programs include tmeafion of galaxies (Rees & White
1978; Lacey & Cole 1993; Conselice 2006; De Lucia et al. 2006bvironmental effects on
morphology (Capak et al. 2007; Park et al. 2007; Ball et ab&0san der Wel 2008) and our
understanding of the dark matter scaffolding that drives riferger process (Bond et al. 1991;

Cole et al. 2000; Fakhouri et al. 2010). On a slightly smadieale mergers have been invoked

1The Histories 1.8.

93
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to explain a variety of observations, notably localisedstaiof star formation (Kennicutt et al.
1987; Schweizer 2005; Di Matteo et al. 2005; Geller & Wood82®Barton et al. 2007; Li et al.
2008; Cox et al. 2008) and induced nuclear activity (Keellel@85; Schawinski et al. 2007a,;
Jogee 2006). The far-reaching effects that mergers arglhda produce makes their empirical
examination an important task.

To date though, such studies have concentrated mostly ogenrates(Carlberg et al. 2000;
Le Fevre et al. 2000; Patton et al. 2002; Conselice et al. ;2B08dy et al. 2005; Bell et al. 2006;
Conselice et al. 2008; Lin et al. 2008; Lotz et al. 2008a; Higieal. 2008, Patton & Atfield 2008),
with comparatively little carried out to examine their mogbogies and internal properties (though
see Li et al. 2008; Ellison et al. 2008) for reasons to be @sed (§84.1.1). This is unfortunate - to
understand the exact role played by mergers in galaxy éwaolut is inadequate to measure their
rates alone since the processes that determine the mogptedloutcomes of mergers are still not
fully understood.

It has been widely believed since the simulations of Toomf&mre (1972) that two spirals
can merge to form an elliptical but this does not mean that theyst On the contrary, recent
studies have argued convincingly that, in some cases dt ldias galaxies are able to survive
(multiple) major mergers (Hopkins et al., 2009). Where ttogs happen, the probability of disc
survival must be assumedpriori to depend on the properties of its progenitors such as emviro
ment, gas content and feedback mechanisms. These in tugtaterwith galactic morphology. It
has also been shown in the detailed studies of Lotz et al§t20Mtz et al., 2010a and Lotz et al.,
2010b using simulations of merger-detection techniquatthie time interval over which a merger
is detectable as such depends on the detection-technigupraperties of the galaxies. ldeally
then, calculations that convert merger fractions into rergtes as part of some hierarchical-
structure scheme (such as modeled by Burkert & Khochfar328Bould take the properties and
morphologies of their sample into account. Only then canetwodf hierarchical galaxy formation
be properly tested.

The Galaxy Zoo project contributes to this important taskphyviding a snapshot of mergers

as they appear in the local universe (in this study we focuhemange M05< z < 0.1) and the
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Figure 4.1. Schematic of the SDSS deblending routlredt: Example image of a cluster within
the isophote defining the SDSS parent imadéiddle: a 3D representation of the pixel-array
within the isophote to which photometric objects are cartdrd by the 2D fitting of the SDSS
pipeline. Right: a schematic of gaussian fits to the individual peaks thatldrsum to reproduce
the parent flux. Each fit determines the position about whiodehand Petrosian magnitudes for
each photometric object are calculated and their PSF stapessed to separate galaxies from
stars (Strauss et al. 2002).

follow up project ‘Hubble Zoo’ will allow us to study mergeiar z< 2. Here we present the simple
but powerful method for identifying mergers using the weslitie web and the robust sample of
3003 merging systems that was derived from it (84.2.1). Veethis catalogue - the largest of its
time - to discuss three important ratios: the merger fraaticthe local universe (84.3.1 and 4.3.3),
the fraction of spectral pairs in merging systems in SDSE\aat to discussions for the close-
pairs technique; 84.3.4) and the spiral-to-ellipticalaatf galaxies that are in merging systems
(84.3.5). In the following chapter we present the environtrend internal properties of these
merging galaxies.

First though it will be useful to review the background of gerlocation techniques and what

the Galaxy Zoo project does differently.

4.1.1 Locating Mergers: Past Methods

Humans are the final epistemic authority when it comes toditegimorphologies (who else is

there?). We only trust short-cut methods if we understand they were designed in the first
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place, and we can only design them based upon what we takeseniséble morphology-related
decisions. For this reason visual inspection is and alwalilsoe the most trustworthy way of
determining whether or not a galaxy is merginddowever, the advent of large galaxy surveys
such as SDSS (York et al. 2000) involvirg10® objects has rendered classification by individual
researchers impractical. Automated methods have theréfeen developed to approximate the
human decision making process but, being only approximatiencounter certain difficulties that

the Galaxy Zoo project can potentially overcome.

Close-Pair Statistics

Accurate measures of position and redshift in large scalegs have made straightforward the
task of finding close pairs in the (local) universe. Howetleg,peculiar velocities of the individual
galaxies can significantly offset their redshift-inferrgue-of-sight separation producing spectral
pairs of non-interacting systems which may or may not me@iy& can apply statistical arguments
as to what fraction of close-pairs within some ensemblesoitin merge, but no single system can
be safely assumed to be merging without cross-examinalibe. method is best used, therefore,
to estimate mergeatesparametrised by theonvention:merger rate~ (1+2)™.

Another limitation of close-pairs methods in surveys sSulBBSS is the requirement thadth
galaxies have spectra. This requires a delicate act of wiinig by the data-reduction pipeline.
SDSS will convert the photometry of an extended body likelaxgain the following way. It will
first fit isophotes around a body of light to distinguish it asoairce (and not background). The
array of pixels inside this isophote is referred to as the'pheent’ image. The routine will then
attempt to fit 2D profiles to this body of light and these peakse(can think of them as guassians)
are referred to as ‘children objects.” This process is knawfdeblending’ and the original parent
image is sometimes called the ‘blended’ image (Stoughtah 2002). This is illustrated in Figure
4.1. lterations are performed allotting different magdés to the child-objects until an optimal

distribution is attained so that all children sum to give tihial flux of the parent. The goal of this

20f course, this does not apply to less-directly observabiegsses such as inferring the distribution of DM in
the Universe; but the claim is that all posited astrophysadities must make eventual recourse to rather basic lvisua
assertions such as ‘this is a spiral galaxy.
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Figure 4.2: Example images of ‘strongly-perturbed’ systemtich are not deblended into two
photometric objects that plausibly represent the photgnadtthe progenitors. These are usually
late-stage mergers and cannot be detected by the closetpaimique. Blue circles mark the
centre of SDSS photometric objects. Red squares mark theaaSDSS spectral objects. The
scale bar is 5for each example image.

is to separate out peaks corresponding to $tara those corresponding to galaxies. This can be
achieved since the profile of light - the points spread fumc{iPSF) - is considerably sharper for
stars. Deblending also converts a long list of numbers foh géxelin an imagelo a manageable
few with which we can do science.

Any photometric-child object with apparent Petrosian nmiagie r < 17.77 is designated as a
spectral target by the SDSS pipeline. It follows that onlyewla contiguous body, such as two
interacting galaxies, is deblended into (at least) two pimeatric objects both having< 17.77
can it contain two spectral targets. Therefore mergers avith one deblended object ok 17.77
cannot be identified by the close-pairs technique (Strauess 2002; Patton & Atfield 2008). This
will occur for many minor mergers or for late stage mergergmtihe cores have drawn close to
each other and the pipeline reads them as a single peak.eHgishows examples of strongly-
perturbed systems with only one spectral target.

Even when two objects are deblended in a contiguous imageegigtered as spectral targets
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- relatively few systems will obtain spectra both objects due to fiber collisions within the spec-
trometer. Two SDSS spectroscopic targets cannot acquérsgsimultaneously if they are within
55" of each other and so only systems contained within ‘tile layeregions’ can have spectral ob-
jects with an angular separation less than this (Straugs2G2, Blanton et al. 2003). Only about
~ 30% of the SDSS sky rests within overlap regions thus lirgitiee sample size of such systems.

Conversely, a system where the image has been deblendeahuttiple targets, as in Figure
4.3, can acquire too many spectral objects so that a sintd&\ygmight appear as a close-pair or a
binary merger might appear as a multi-merger. Close-paidies typically limit the redshift and
magnitude ranges in order to avoid this effect. Geller & Wo@D07), for example, limit their
close-pairs sample to 0.027 < z< 0.17 and require- 20% of the galaxy’s total flux land within
the fiber aperture in order to exclude very extended nearlaxiga. They still find though that
~ 15% of their minor-pairs catalogue are false pairs aftanali;mspection.

To summarise, without visual cross-examination, closespaethods are prone to include
false pairs and non-gravitationally bound systems and eseused, therefore, to estimate merger
ratesvia application to large ensembles after estimations fotammination and incompleteness
are taken into account. To examine fivepertiesof merger systems, one should robustly identify

actualmergers as opposed to claims that some fraction of an enségnibkely’ to be merging.

Automated Quantification of Morphological Disturbance

Pattern recognition techniques applied to galaxy images @oformidable programming chal-
lenge. Background noise and contaminants first need to beveamthen an automated technique
needs to quantify how ‘disturbed’ a morphology is indepenas viewing angle. This might not
be so difficult if it were not the case that unperturbed galssthemselves vary so much from the
structurally simple (ellipticals) to the complex (spifalkn particular, filtering asymmetric systems
like mergers from spirals with extended star-formatioruiegs great finesse.

Nonetheless, promising automated techniques have beetoded that generate parameters
related to morphology. A common technique has been to coaveimage array into the single

numbers concentration (C), asymmetry (A) and, in some cat@spiness/smoothness (S). For
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Figure 4.3: Examples of possible distributions of SDSSaibjwith spectra (red squares) in merg-
ing systems. The close-pairs technique in particular wbeldnable to distinguish which of these

systems is a ‘multi-merger’ (for example, the top two parelge three spectral objects each but
the the left-hand system is a binary-merger while the rigdried system is a triple-merger; the

system on the lower panel is a binary-merger butfbasspectral objects).

example, a rough description of the asymmetry parametdraisittis calculated by cleaning an
image (removing foreground stars, etc.) - which has to beedoran automated fashion or it
defeats the whole purpose of side-stepping direct humarutatthen iteratively slicing the image
in half and rotating one half 180 degrees to overlie the othdtract the differences (for they are
just numbers to the computer) and add them all up (and keeydbis about different points in
the image until the resulting asymmetry parameter is misgaj. One then partitions CA(S) space
into morphological categories and identifies an object agggen if it lies within the designated
sub-volume (see Conselice 2003a and Conselice et al. 2003eouse of the ‘CAS’ system to
locate mergers).

Another pair of parameters used in this fashion are the Giafficient (G) (Abraham et al.
2003) and second-order moment of the brightest 20% of thexgallight (M»g), most notably by
Lotz et al. (2008a). (For a concise description of how towake C, A, S, G and Ivp see Conselice

et al. 2008.) It is argued in Lotz et al. (2004) that this tegha operates better at low signal-to-
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noise ratios and is more sensitive to late-stage morphedotifian the CAS system (though see
Lisker 2008 for a critique of its effectiveness). More retcatndies have combined and compared
the two techniques (e.g. Scarlata et al. 2007; Conselicé 20@8; Lotz et al. 2008b). Artifical
Neural Nets are another promising technique for identifyimorphologies (Lahav et al. 1996, Ball
et al. 2004) though they have not yet been applied to mergdiest specifically. This is likely a
long way off; the neural nets thus far have only been used stitictural inputs derived from the
deblending outputs of the SDSS pipeline - not on the origimalges themselves. Mergers are far
too complex and variegated for to be identified in this wayraspnt®

CAS and GMg remain effective at high redshifts so long as the image tyuedimains high
and, since they are automated, can process images quiatdytioa pipeline has been established.
However, these techniques also require visual examinédienoss-check results and to fine-tune
the partition boundaries that define a merger.

Systematic uncertainties usually remain. Jogee et al.82@e&ently report that the CAS cri-
terion failed to pick up 37 58% of their visually classified “strongly disturbed” mogdbgies
while including a “significant number of relatively normadlgxies” - an effect that was predicted
by simulations in Conselice (2006b). Conselice et al. (2088ently classified 993 images from
the Hubble-Ultra-Deep Field by visual inspection, the CASume and the G, area. They
found some notable disagreements, in particular, someragsidentified as mergers by their lo-
cation in GMy space are not identified as mergers using the CAS system eeeisa (see for
example Figures 8 and 9 plus captions). Within thé € z < 0.8 range only 44t 6% of the
galaxies mapped into the Glyimerger region were visually classified as ‘peculiar.’

Recently Lotz et al. (2008b) performed an extensive studihermerger-detection sensitivity
of the CA, GMyg and close-pairs techniques using simulations. They find@h#&, G and My
methods are only sensitive to mergers at specific stagesgirdtess, particularly the first pass
and final coalescence of the galaxies. The study also conflratshe merger time-scales and

parameters (such as gas-fractions, pericentric distamdeedative orientation), for which these

SWe've tried and the results are totally unbelievable wherviseally compare the supervised outputs to the images
themselves; again, humans are the final authority.
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three technigues remain sensitive, differ significantly.

Visual Inspection by Research Groups

In the pre-digital age, surveys of morphological classiitsaby visual inspection were mostly
limited to studies based on cluster images (Oemler 1974sdre 1980). With the modern de-
velopment of large surveys and high resolution imaging pibiential to extract large samples of
morphologically classified galaxies in differing enviroants has vastly improved. The largest vi-
sual classification project by a research group is Schaw@isk. (2007a) who visually examined
48,023 SDSS galaxies in compiling the MOSES catalogue (M@lggically Selected Ellipti-
cals in SDSS). (In close second is the study we performeddépted in Chapter §87) of 4475
SDSS images.) They found a significant blue-population hiagtbeen excluded by studies such
as Bernardi & al. et (2003) which identified ellipticals byeihpresumed properties. Selecting
morphologies bya priori assumptions is often pragmatic and necessary but ultimbtgls the
question as to what the properties of a given morphologyatlgtare. Unless we can be certain
that a set of properties maps one-to-one with morphology wst wontinue with visual examina-
tion.

Studies to seleamnergersby visual-selectiordid not reachsuch scales as MOSES until the
Galaxy Project (if one can call it a ‘research group’). Le fieest al. (2000) visually examined 285
Hubble images and found a merger fraction of1®% over 0< z < 1.2. Nakamura et al. (2003)
visually classified 2418 images of SDSS galaxy objects wittid3ianr < 16.0 (i.e. low redshift)
finding that 35/1875 of their morphological classificatiamsre Im (‘highly irregular’ following
Hubble’s notation). A similar study by the same group, Futeugt al. (2007), visually classified
2658 images from SDSS with Petrosiarc 15.9 and found that 5% — 1.7% of these nearby
magnitude limited galaxies were ‘interacting.’

Thus, until now, merger studies have been limited to cataegf~ 10° galaxies due to the
time-consuming and monotonous nature of the task. By cetnBalaxy Zoo allows us to acquire
effective visual classification for morphologies and mesgfer samples of- 10° galaxies with

relative ease.
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4.1.2 Locating Mergers with Galaxy Zoo

Galaxy Zoo (GZ) is a user interface on the world-wide fvelbawing upon images from SDSS.
Volunteers from the public are instructed and commisionéH the collective task of visual clas-
sification of~ 900 000 galaxies from SDSS DR6. A complete description of thggptoncluding
design details and initial data reduction is given by Lin&tal. (2008). It is also shown that public
users are, in large numbers, about as good as ‘experts’rdifidieg morphologies.

The project has proved to be a tremendous success. To datel149,000 volunteers have
participated and collectively offered classifications &lir ~ 900,000 images, on average, fifty
times over. Data from the project have already been empltyduhd the statistical properties
of spiral-galaxy-spin orientation (Land et al. 2008; Stosial. 2009), the relationships between
environment, morphology and colour (Bamford et al. 2009bB& et al. 2009), to study optically
blue early-type galaxies at very low redshift (Schawingkale 2009) and has also led to some
serendipitous discoveries (Lintott et al. 2009; Cardametred. 2009). This work concentrates on

the results of the merger-location functionality of Gal@go whose details we now describe.

4.2 The Galaxy Zoo Data

4.2.1 Constructing a Merging-Pairs Catalogue
Galaxy-Zoo users are asked to classify an SDSS target as
1. elliptical (e)
2. spiral (s}
3. star/bad image (b), or

4. merger (m).

“http://www.galaxyzoo.org/
5More specifically, users are asked to specify whether alspidaxy is rotating clockwise, anti-clockwise or is
edge-on/unclear.
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Figure 4.4. Example images of prospective merger systeins.nlimber given for each image is
its weighted-merger-vote fractiody,. The panels of nine images are grouped into the following
bins: top-left: 0< f < 0.05, top-right: 005 < f,, < 0.2; middle-left: 02 < f, < 0.4, middle-
right: 0.4 < f, < 0.6; bottom-left: 06 < fr, < 0.8, bottom-right: 8 < f; < 1.0. Our catalogue

is made up of mergers witfy, > 0.4. Each image tile is 40x 40".
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Figure 4.5: The distribution of weighted-merger-vote fiaus in the Galaxy Zoo database for
objects with spectra for.005< z < 0.1. From these we use objects wittdG< f, < 1.0 to
construct our merging-pairs catalogue (cross-hatchediererare 15876 objects withf,, =0
exactly. The numbers on the graph show the occupancy of eéade.ly. there are 10833 with
0< f, <£0.05). In total, 304,182 Galaxy Zoo spectral objects lie betw@005< z< 0.1.

The Galaxy Zoo project is the first of its kind and so, not kmayvihow well it would be taken
up by the public, the design of the interface prioritised ®ioity over detail. A single button
labeled ‘merger’ is all that was offered.

The raw data we use to build our catalogue is what we calbighted-merger-vote fraction
(fm).® GZ has obtained a value for this parameter for,282 SDSS galaxies from DR6The fr,
values are calculated by taking the numbemefrgerclassificationsr,) for a given GZ object and
dividing it by thetotal number of classifications\s, m) for that object multiplied by a weighting
factorW that measures the quality of the particular users that hesesaed the object. The quality

of an individual user is determined by measuring to whatrexteat person agrees with the majority

6Similar parameters are calculated for the other categstiel thatfe + fs+ fp, + fm = 1.
"This is the same parent population obtained after six-n®ofirunning Galaxy Zoo that is used in Lintott et al.
(2008), Land et al. (2008), Bamford et al. (2009) and Schakviat al. (2009).
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opinion for all objects the individual has viewed. The weigh factor,W, thereby represents all

the iterations carried out by equations (1) & (2) of Lintdtte 2008)2

_ W
Nesbm

(4.1)

fm

The parametef, ranges from 0 to 1 so that an object with = 0 should look nothing like a
merger andf,, = 1 should look unmistakably so. Figure 4.4 shows some exaimnyages taken
from GZ labeled by theiff, values. Itis interesting to see how Idy is when these images start to
look, at least superficially, like mergerg{~ 0.2—0.4). Evidently, users were rather conservative
in calling something a merger.

Figure 4.5 shows the distribution &, for the entire GZ catalogue. In building our first merger
catalogue we determined a cut-off point fix above which most systems will be proper galactic
mergers and involve a sample size manageable by a reseanchBg comparing the merger-vote
fraction with images like those in Figure 4.4, we decided wddbour first catalogue using only
systems withf,, > 0.4 and only using GZ objects with spectra whose spectroscagishift lies
in the range M05< z< 0.1. SDSS spectroscopic targets are selected for galaxibsapjtarent
magnitude < 17.77 which corresponds td, < —20.55 atz= 0.1. This absolute magnitude cor-
responds to a minimum stellar maswﬂOlOM@ (see Figure 4.9) so that our upper linat£ 0.1)
of our volume-limited sample will be inclusive of intermatk size galaxie¥.The resolution of
images beyond > 0.1 is rapidly diminishing which would lead to unreliable védwelassifications

of morphology.

8W here isnotthew of Lintott et al. 2008.w is the weighting of each individual user wher#ssepresents their
combined weighting for each individual GZ object.

9For clarity, the merger catalogue that we construaiasvolume-limited, i.e. the systems are red-shift limited
(0.005< z < 0.1) but the absolute magnitudl) is subject to no formal constraint in order for that objecbelong to
the catalogue, although its apparent magnitude must haedeh that the SDSS pipeline deblended the system into
a spectral target (with < 17.77). For certain investigations, however, it is importanimhpose an absolute-magnitude
cut of My < —20.55 on the catalogue in order to ensure completeness acessdbhift range we are using. We state
when we do this and refer to such a subset as a ‘volume-liivstedple.
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The lower limitz= 0.005 is to minimise the number of mergers that go undetectedaan
incomplete field of view? These cases are rare since the number of SDSS objects peaks ne
z=0.08 and only a few percent have< 0.02.

After applying the cut to only those objects with spectralstafts between 005< z < 0.1,
we have 304182 objects (see Figure 4.5). To find mergers within thiswetapply the cut @ <
fm < 1.0 leaving 4198 GZ objects with spectidle exclude those SDSS targets which are yet to
acquire spectra as we desire accurately measured redshifts

Although the purpose of the Galaxy Zoo project is to signiftgareduce the need for research
teams to visually inspect large catalogues, it is still seaey at this stage to double check the

results. Visual re-examination of the sample by our grolgwmedd us to

1. remove any non-merging systems,
2. visually select an appropriate SDSS object to representierging partner, and

3. assign morphologies to the galaxies in each mergingrsyste

We briefly describe our methods for each of these tasks.

4.2.2 Removing Non-Merging Systems

The examples of Figure 4.4 demonstrate that the weightedaneote fraction is strongly corre-
lated with how ‘merger-like’ an image appears to be. The @mes of GZ are therefore similar in
effect to automated methods like CAS and gMhich also map images to parameter spaces. In
our case thougltiy, is a single parameter (making it easier to divide up ‘mergad ‘non-merger’

zones) and, by utilising the pattern-recognition capacitynany human minds, overcomes the

10This arises because GZ images are scaled for viewing aogptdithe Petrosian radius of the object’s model
magnitude. The photometry of very large and close-by gaaid often deblended into multiple SDSS objects. The
more deblended objects there are, the less the Petrosias @fchny single deblended object represents the galaxy as
a whole and this brings about an inappropriately small irrsgge for viewing some close-by galaxies. Such systems
would be viewed by users as nothing but a galaxy core and ansegjuently, voted as a merger.

11Mergers are inherently ‘messy’ systems and so photomegdshifts calculated by comparison to standard tem-
plates are prone to error. In fact we found theanabsolute difference between all the photometric and spswbpic
redshifts in our merger sample to be0.051 - more than half of our redshift range!
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need to remove background noise, recognise anomaliediettind that forf,, > 0.6, all systems
are robust mergers. However, three causes for mis-cladgificbegin to emerge d%, decreases

and become common fdf, < 0.4:

1. projection ofgalaxiesalong the line of sight,
2. projection of nearbgtars onto distant galaxies and

3. cases which are ‘border-line’ mergers.

Galactic projections occur when two galaxies have simi@estial coordinates but are sep-
arated by a significant radial distance. We can easily sgmegiions wherboth galaxies have
spectral redshifts. However, many of our candidate systeswe only one redshift. Spotting a
projection in such cases can only be done through visual ievedion of the image for signs of
interaction. Our choice to use only systems wigh> 0.4 meant, however, that the need for such
difficult decisions was rare.

Stellar projections were the more common problem. We wele tabeliminate stars easily
from our sample though by their characteristic point sprieadtion (PSF) using the associated
parameter ‘type’ from the SDSSotoTag table. This is a discrete label given to every phetdm
object in the SDSS database that indicates whether an abjpcint-like’ or ‘extended’ and can,
on this basis, reliably determine-©08%) whether a luminous object is a star or not (Strauss,et al.
2002).

‘Border-line’ cases involve galaxies thate morphologically disturbed but do not necessarily
merit the term ‘merger.’ All galaxies are merging wgbmethingvhich can range from molecules
(accretion) to a small galaxy (minor merger) to a galaxy roydts own size (major merger).
Deciding where in this spectrum of possibilities the ternefger’ becomes appropriate is rather
subjective. At this stage, therefore, our strategy was lyingpdecide by visual inspection whether
a given GZ galaxy had a ‘strongly-perturbed’ morphology.‘&yongly-perturbed’ here we mean
that a galaxy was in a morphological state that was unlil@hatve occurred without some external
interaction. Starting with this inclusive criterion allewas obtain completeness for anything de-

serving the term ‘merger.” We found in fact that borderlireses were again rare for systems with
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Figure 4.6: Images exemplifying the construction of the gimey-pairs catalogue. All spectral

targets (red boxes) are Galaxy Zoo objects. In the uppel paaselect the two spectral objects (1
and 2) from Galaxy Zoo to represent the merging pair. The mggystem in the lower panel only

has one spectral target (3) which was found by Galaxy Zoo.héf@fore examine all neighbouring
SDSS obijects in order to select one (in this case 4) to repréise merging partner galaxy. Our
final catalogue has 3003 such pairs.

fm > 0.4. However, difficult decisions regarding projections andder-line cases are abundant for
systems where.05 < f,, < 0.4 (for example the image of Figure 4.4 witj = 0.175) and it will
therefore require a great deal of care if we wish to expandtatalogue into thd,, < 0.4 range in
the future.

We then examine each ‘strongly-perturbed’ system with thmecdi selecting an SDSS object to
represent the body responsible for the disruption caustrtbtgalaxy labeled wittiy, > 0.4 (if any
is identifiable). The details of this procedure are discdidstow. With photometric objects repre-
senting the ‘perturber’ we can distinguish major mergersenudjectively and their completeness

can be assumed since they are a subset of ‘strongly-pedfspstems.
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Figure 4.7: Example images of multi-merging systems. Weegdaly included these in the bi-
nary merger catalogue by selecting the closest and brigipéesxy to accompany the Galaxy-Zoo
object. We found 39 systems that could confidently be desdrds multi-mergers.

4.2.3 Visual Selection of Merging Partner

As mentioned, in order to create a catalogue of merging paiesneeded to manually select an
appropriate SDSS object as a partner for the object suppyie@Z with f, > 0.4. We did this
using an IDL routine that allows for the rapid examinationttedé image and photometry of all
objects within 30 of the GZ object given by thieighbors table in the SDSS database. We choose
whichever object appears to be the most ‘plausible’ reptatien of the body responsible for
the morphological disruption to the galaxy representecheyGZ object. Plausibility was judged
on the basis of object brightness (with brighter objectsartband being preferable) and visual
‘common-sense.” See Figure 4.6 for examples of this praged&or most systems, which are

binary mergers, this choice was straightforward as thegllyshave either

(a) spectra centred on both galaxies or

(b) a spectral object centred on one galaxy and only photgroetthe other.

However, not all ‘strongly-perturbed’ systems appear agpt binary mergers. Addition-

ally, there are cases where

(c) galaxies are in the final stages of a merger and its pragsnare no longer distinguished

by the SDSS pipeline (‘post-mergers’),
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(d) a galaxy has been perturbed by a close encounter wittgalir no longer in view (‘fly-by’)
and, occasionally,

(e) a merging system involves three or more galaxies.

The wide range of possibilities makes merger taxonomy adlfftask. In constructing a merging-
pairs catalogue we therefore proceed as follows for theseugcases.

For case (a) we usually choose these two spectral objeceptesent our merging pair (see
figure 4.6). If the merger companion does not have spectravigevisually select the best photo-
metric object available to represent the merging partresgd).

Cases (c) and (d) are sometimes difficult to distinguish aly occur when only one galaxy
core is apparent with the peripheries undergoing extenisigbdisruption. This usually means that
no photometric object is available to plausibly represkatgerturbing body and so, in such cases,
we simply decline to select a merging partner. They remathércategory of ‘strongly-perturbed’
systems (and are included in our calculation of the mergetifin; see 84.3.1 and 84.3.3) but are
not included in the merging-pairs catalogue. Figure 4.2wshexamples of these two categories.

In the case of (e), where several galaxies are merging at arecéecided to first note them and
then include them in the merging-pairs catalogue by selgdtie closest and brightest object to
the GZ-supplied galaxy. The catalogue is technically a retwdeen ‘binary-mergers’ and ‘multi-
mergers’ and so we call it the ‘merging-pairs’ cataloguesiit contains 3003 pairs of galaxy
objects which are all in merging systems. In Chapter 6 weystinglse multi-mergers and compare
them to the SAMs of the Millennium Simulation.

To summarise, through this refining and pairing process wearted 4198 objects to 681
pairs whereboth objects have spectra (case a) and 2322 pairs where only ¢eet bas spectra
(case b). These make the 3003 pairs of the catalogue. 37@ dfl®8 systems were considered
strongly-perturbed but unsuitable to be put into a pairdsasand d). Only 39 of the 3003 pairs
are confirmed to be multi-mergers (case e). The remainingobietts? were discarded because

they were deemed to be in non-strongly-perturbed systeramlyrstellar overlaps).

124198— 3003— 681— 370 = 144.
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4.2.4 Assigning Morphologies

Morphologies were assigned to each SDSS object in our neirs catalogue by a single clas-
sifier (DWD) working with consultation. We use four classifions for the merging galaxies: E,
S, EU and SU. The E and S classifications respectively labsktigalaxies which are clearly el-
liptical and spiral by morphology. No appeal to colour shiblié necessary. The EU and SU are
those ellipticals and spirals about which we are ‘unsuregther words, this is our best guéss.
The ‘unsure’ morphologies are usually more distant objedtese image resolution is too poor
to distinguish features like spiral arms. Choosing betwieehand SU can be very difficult and
is based mostly on apparent surface-brightness profileiangyy difficult cases, on colour. (See
Figure 4.8 for examples and further details of our decisiaking criteria.)

A simple means to select morphology in SDSS is via the SEXa8dev parameter measured
in ther-band that ranges from 0 to 1. This is a measure of the goodrfidgf a galaxy’s surface-
brightness to a de Vaucouleur profile. Ellipticals tend teehafracdev~ 1 whereas spirals have a
wide distribution. We find that our morphological categseri SU, EU and E have mearacdev
values of 0.48, 0.85, 0.93 and 0.94 respectively fitting itptadely with expectation. The high
value of 0.85 for the SU category suggests there is contdimmay bulge dominated discs or
ellipticals as discussed in 84.3.5. This is expected siigtard, poorly-resolved spirals can look
like ellipticals (Bamford et al., 2009). To avoid such contaation we can restrict ourselves at

anytime to using only the ‘sure’ morphologies.

4.3 The Merger Fraction of the Local Universe

Our large merging-pairs catalogue afygdvalues given by GZ for 89292 spectral objects enables
us to address two distinct and important questions whicthigidy relevant to the field of galaxy

evolution:

1. what is thdraction of merging galaxies in the local universe? and

13w refer to the set of merging galaxies with elliptical clfisations as ‘E+EU’ galaxies, etc.
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Figure 4.8: Example images of galaxies for morphologictgaries E, S, EU and SU. Any com-
bination of these is possible. Poorer image resolutiara®.1 affects certitude of morphological
components. The bottom panels show examples of ‘unsurepmotmies. If a morphologly is
unclear, it will normally be assigned EU type by surface iiiggss profile if there is a drop off in
brightness from the centre. SU types generally have a maferomsurface brightness profile in
our approachThe colour of the RBG images was also used as a visual guikry difficult cases
under the assumption that EU types should be more red. ImaljesvE-E~ 120’, S-S~ 240,
EU-EU ~ 40" & SU-SU ~ 30".

2. what is theatio of spirals to ellipticals {ls/Ne) in mergers in the local universe?

4.3.1 Estimating the Merger Fraction (I)

Our merger location technique is different to those befoend is suited therefore to a different
procedure for finding a meaningful ‘merger fraction’ whicke wake explicit here. First, we must
find the fraction of volume-limited galaxies in the local ugise currently in a ‘strongly-perturbed’
state. To accomplish this we use the subset of our 893,2926rsl objects that are members of
the Main-Galaxy-Spectral sample (MGS; Strauss et al. 2003PDSS and estimate what fraction
of them are ‘strongly-perturbed.” By using only objectsiwgipectra we are able to volume-limit
the sample (by the usudM, < —20.55 constraint) which is necessary for a meaningful merger

fraction.
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‘Strongly-perturbed’ volume-limited

MGS spectral objects in SDSS
All volume-limited

MGS spectral objects in SDS

The use of only those spectral objects which are in the MG@&sléa a good approximation
for the real merger fraction,feq, SO long as an appropriate factGris applied to correct for
spectroscopic incompleteness, ifea = C fngswhere we estimat€ ~ 1.5. Justification for this
claim with a brief discussion of the MGS and spectroscopigeting in SDSS is given in Appendix
A.

The merging-pairs catalogue produced in 84.2 is large lmanplete since it is constructed
only from systems withfy, > 0.4. Finding fyngstherefore requires extrapolation into the<0fy, <
0.4 region. To find the numerator of (4.2), we therefore tookunm-limited samples of 100 GZ-
spectral objects from the binsQf,, < 0.05, 005< f, <0.20 and 020< fr, < 0.40 which are also
in the MGS. By visually inspecting each set of 100 galaxigige (the first time round we made
our decisions very conservatively, the second time roumg heerally) we obtained estimates for
the percentages of ‘strongly-perturbed’ galaxies withiese bins. These were-2%, 18— 34%
and 50— 59% for the 00 < f,, < 0.05, Q05 < f, < 0.20 and 020 < f,, < 0.40 bins respectivel{
There are, of course, many more objects in these bins thdwoge twithf,, > 0.4 (see Figure 4.5)
and so end up contributing to at least two thirds of all ‘stygrperturbed’ systems. We assumed

that no GZ object withf,, = 0 would be ‘strongly-perturbed.’

14We also double checked our results with an additional iateron the world-wide web designed to re-examine all
objects within the range.R < f, < 0.4. After a few months, enough users had re-classified theagasof interest
in order that a new-weighted-merger-vote fractidf), could be calculated for each image based upon clicks of the
‘merger, ‘not-merger’ and ‘don’t know’ buttons. By thenlame-limiting all spectral objects from this sample as befo
with 0.005< z< 0.1 andM, < —20.55 we are able to filter out more actual ‘strongly-perturt®dtems. However, we
again needed to decide a cutoff for the vote fractifjpn, We examined twenty sets of ten images across the efftire
range and estimated how many of these were genuine ‘strqregturbed’ systems. We found that80% of images
were actual ‘strongly-perturbed’ systems fggy> 0.6 and, following Lintott et al. (2008), made this number theaff.
The fraction of objects wittf/, > 0.6 is ~ 53% which is in good agreement with our estimate that 5% of objects
in this range are ‘strongly perturbed.’
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Figure 4.9: Relation between stellar mass and absolute itndgnin ther-band. The solid hor-
izontal line atM, = —20.55 corresponds to the cut used to obtain our volume-limitedpdes.
This cut removes virtually all galaxies with mass<M101°M@ as well as galaxies up to a mass of
M~ 7x 10%M,.

Applying these estimated fractions to the total number of$/8bjects in each bin and adding
the ‘strongly-perturbed’ and volume-limited MGS objecterh the 4198 GZ objects witlfi,, >
0.4 gives us the numerator for equation (4.2). The denomiratequation (4.2) is found to be
157,801. Dividing these gives the fractidpgs = 4 — 6%. We sum up our result fokey in the

following way:

The Merger Fraction (Weak Statement)
~ 4 — 6 x C% of all galaxies in a volume-limited samplbl( < —20.55) in the local

universe (0005< z < 0.1) are ‘strongly-perturbed.’

We call this the weak statement because of the subjectiveenaf deciding whether or not
a system is ‘strongly-perturbed’ or not. The error in thisceatage arises from the upper and
lower bounds estimated for the three samples of 100 imagdsréothe correction factd ~ 1.5
is applied). In 84.3.3 we use the 3003 systems from the neqomirs catalogue (plus a few more
plausible assumptions) to offer a stronger statement gjithe fraction ofmajor mergers in the

local universe.
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4.3.2 The Stellar Masses of Merging Galaxies

Of the ‘strongly-perturbed’ systems, we need to find whasetibomprise major mergers. For this
study, we define a major merger to be two merging galaxiesetibstmasses Mand M; where
1/3 < M3/M3 < 3 and so, to estimate the subset of major mergers, we needctdata stellar
masses for the galaxies in the merging-pairs catalogue.

We do this by fitting the SDSS photometry for each object in catalogue to a library of
photometries produced by a variety of two-component stan&tion histories. The approach is
similar to that of Schawinski et al. (2007a) except that wendbuse the information contained
in the stellar absorption indices. The library SEDs are ged using the Maraston (1998, 2005)
stellar models. Both components have stellar populatiattswariable age with fixed solar metal-
licity and Salpeter IMF (Salpeter, 1955). The first (oldandt is a simple stellar population (SSP),
the second (more recent) burst is modeled by an exponeritialzariable e-folding time. The pur-
pose of the varying e-folding times is to account for galaxigth extended star formation histories.
This is especially important for mergers which are likelyhve undergone recent star-formation
episodes. Dust is implemented using a Calzetti et al. laizéftaet al., 2000) that is free to vary
for E(B-V) over 0 to 0.6. It should be noted that mergers, lBirthery nature, are prone to mix
and overlap and this could lead to additional reddening.

It is important that our cut for the merger fraction be basgohumagnitude and not mass since
it is the photometric brightness of the object that deteamiwhether or not it will end up in the
MGS (which is integral to our defintion of the merger frac)iorn Figure 4.9 we examine the
effect of imposing our volume-limiting cut on the mass digitions. Mass scales with brightness
though the scatter is substantislich that the magnitude limi, < —20.55 removes all galaxies
with < 10'°M, and some as massive as7 x 10'°M,. It is therefore undesirable to estimate
the merger fraction using a mass cut (instead of a magnitutjdar this redshift range since one
would need to cut at no less than7 x 101°M@ to ensure completeness and this would greatly
reduce the sample size. It would also make a calculatioreaftdrger fraction impractical since we
would then need masses calculated for the entire MGS samplet the denominator of equation

(4.2) and this would be an enormous computational task. énnéxt chapter we examine the
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Figure 4.10: This figure illustrates the occupancy of regiim mass-mass space for all the
merging-pairs where themore massivegalaxy hasM; < —20.55. Points between the 1: 1 and
1: 3 lines are major mergers. We only assume completenebiliiis strip in this study. The
boxes in the upper panel divide the sample by morphology.

distributions of these stellar masses in more detail andmparison to a control sample.

4.3.3 Estimating the Merger Fraction (ll)

We now apply the information obtained in 8§4.3.1 (the fractad ‘strongly-perturbed’ galaxies)
with that obtained in 84.3.2 (stellar-mass estimates fgeaib in the merging-pairs catalogue) in
order to estimate the fraction of major mergers in a volummitéd sample M, < —20.55) in the
local universe (M05< z< 0.1).

Figure 4.10 illustrates the occupation of the mass spadeeoferging pairs in our catalogue

with the magnitude limit imposed on timeore massivgalaxy in the pait® This criterion allows

15As a reminder, the catalogue of 3003 merging pairdivolume-limited, i.e. there is no formal constraint for eith
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us to view both major and minor mergers. We find thab0% of these points lie within the
major-merger strip. Estimation of the number of minor mesgeithin our volume-limited ranges
is difficult since their completeness rapidly diminishedvig M} increases®

However, we can plausibly assume completeness for majayarsesince, by the nature of the
images they produce, they are easy to spot. Knowledge oftéflaranasses thus allows us to
estimate what subset of the ‘strongly-perturbed’ MGS spéobjects in the local universe which
we found in §4.3.1 are major mergers by the technical degimitif 1/3 < M3 /M3 < 3.1/

To get a merger fraction, we again need to apply our anadydedy to volume-limited objects
within the MGS?!® Of the 3864 spectral objects in our 3003 binary-merger paB86 haveM, <
—20.55. Of these, 1243 are in major mergers, leaving 1063 in nmmengers. We therefore find
that 12432306~ 54% of the volume-limited objects with spectra taken fromaatalogue (which
all havefy, > 0.4 according to how they were selected) are in major mergers.

We can now estimate an upper-limit for the fraction of majargers in the local universe
by supposing that this fraction of major mergers §4%) from what was originally classified
as a set of ‘strongly-perturbed’ systems will be the sameafbstrongly-perturbed systems in
the rangef,, < 0.4.1° This is certain to be anverestimatesince there are bound to be a higher
proportion of major mergers in systems with high. The reason for this is that most ‘strongly-
perturbed’ systems obtain a loky, ~ 0.2 precisely because they are mostly ‘border-line’ cases (..
perturbations caused by interactions or very minor meygétigure 4.11 confirms this expected

relationship over the range df, for our catalogue, that is, the ratio of major-to-minor negsgin

object in the pair to have a minimum absolute brightnesss rteans that in order to get a sample that is complete over
the redshift range in use, we need to impose an absolute todgriut to all systems thereiM{ < —20.55 since, at
z=0.1, this will select all galaxies with< 17.77, the minimum brightness needed to be designated as aaparget).
However, for mergers where we have two objects, one can ehodasnpose this absolute-magnitude constraittter
on both objects in the paor only on the largest/brightest object. We choose the latiéon for this particular graph
since it is more inclusive of minor-mergers.

16Mergers between systems withi¥M3 > 1000 are of course abundant in the universe (every galaxyeiging
with somethingsmall) but will not, by their very nature, get spotted in a gerstudy. We would therefore not be able
to derive the abundance of minor-mergers in the local us&/éere with much confidence.

17As opposed to a purely subjective decision based upon viissgéction of the image.

183jince we use the MGS to establish the denominator of equéiah

19Recall that, when we estimated the fraction of ‘stronglyipded’ systems as expressed in the Weak Statement,
we needed to estimate how many MGS objects fth< 0.4 would be classified as ‘strongly-perturbed.” Some of these
will be major mergers, the rest minor. By assuming that thetfon of major mergers in our catalogue (wfth > 0.4)
is thesamefor all the rest n < 0.4), we obtain an upper limit for how many major mergers ardélocal universe.)



118 4. The Morphologies and Fraction of SDSS Major Mergers far@1

our sample is seen to increase with In other words, users tended to more readily spot mergers
involving galaxies of roughly equal mass. Applying thisclian of 54% to the upper limit of
our fmgsgives 054 x 6% = 3.24% which, being an overestimate, we can plausibly rounddow

~ 3%.

We can also obtain a lower-limit to the major-merger frattly supposing that the major
mergers in our catalogue compria# of the major mergers in the local universe. That is, we
can suppose that there are major mergers at all in the randg, < 0.4 for our volume-limited
sample. This is of course amderestimatasince there are bound to be at least some major mergers
in, for example, the range.®< f, < 0.4. Applying this assumption gives the lower limit of
1243/157,801 ~ 0.8%2° Again, since this is undoubtedly an underestimate, we cansiily

round this limit up to~ 1%. We summarise this working in the following way.

The Merger Fraction (Strong Statement)
~ 1—3x C% of all galaxies in a volume-limited sampl®l( < —20.55) in the local

universe (0005< z < 0.1) are observed in a major merdgeér.

The large error obtained here arises due to the simplicitthefGalaxy Zoo interface. The
recently released Galaxy Zoo Two project, which focuses orerspecific questions (e.g. is the
system ‘merging’ or ‘interacting’) and removes the dichojoof describingeitherthe morphology
or the merger-likeness of the system, should lead to a much maet figure for the merger

fraction in the near future.

4.3.4 Close-Pairs Comparison

Comparing the percentage in this strong statement witlegbadrs studies is difficult because few
of them present their results in terms of merffactions They also use different criteria for their
volume-limiting bounds and for accounting for errors whagl important in such studies (such as

fiber collisions, false-pairs and non-gravitationally bdypairs). For example, Patton et al. (2000)

20\Where 157801 is the denominator of (4.2).
2lhere we use the same corrective facor 1.5 (Appendix A).
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Figure 4.11: The relationship of major-to-minor-mergextsarfor the merging-pairs catalogue over
the 04 < f, < 1.0 range. The trend indicates that major mergers are morly likeget merger
votes than minor mergers. Minor mergers only outnumber nmagrgers in the @ < f,, < 0.5
bin. The effect is similar for both volume- and non-volumaited samples.

30 % of Sample

£1.000
0.750
0.500
0.250
20.000

20

Projected Core Separation (Kpc)

0.0 0.2 0.4 0.6 0.8 1.0
Weighted —Merger—Vote Fraction (f_)

Figure 4.12: The distribution of volume-limited close+gabbjects in the MGS comparinig, and
their projected separations. The vertical broken line m#nke boundary for our merger catalogue
at f,, = 0.4. The solid diagonal line is a best-fit to the distributionpofnts in thisf-separation
space. The shading indicates the density of points in vaniegions of this space. GZ users were
more likely to call a close-pairs object a merger as the ptegkcore-separation decreased.
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concluded that- 1.1% of nearby galaxies with-21 < Mg < —18 are undergoing a merger (but
not necessarily emajor merger by our definition). Our percentage is similar but tenitions are
so diverse as to render comparison obsolete.

A more recent study by Patton & Atfield (2008) on SDSS closespaeasures the number
of ‘close-companions’ per spectral object which satisfgéhconstraints: physical separatiop; (
5<rp< 20h~1 Kpe), rest-frame velocity Av < 500kms!) and absolute magnitude difference
(|AM; < 0.753). Again though, there are significant differences betwéeir samples and ours.
Their magnitude limits are-22 < M, < —18 and they define a major merger by luminosity (at
1:2), not by mass as we do (at 1:3). More significantly, onlyalf of the pairs satisfying their
criteria are “known to exhibit morphological signs of irdetions” whereas our sample is selected
on the basis of visually-established interactions. Scoaljh the number of close-companions
they calculate; ~ 0.02) is similar to our major-merger fraction-(1 — 3 x C%) the differences
between the two techniques make claims of corroboratiditdlif to substantiate.

We performed our own comparison of GZ with a close-pairslogtee of all SDSS spectral
objects within a projected separation of 30kpc of each aihdra line-of-sight velocity difference
of < 500kms™L. For a consistent comparison with our catalogued mergergxamine only those
objects which are within the volume-limited boundarie9(® < z < 0.1;M; < —20.55) and the
MGS. This gives 2308 individual close-pair objects. Manytlugse will be part of a false-pair
arising from the automated deblending of a single galaxy imto or more spectral targets (see
84.1.1). Some pairs will also appear well separated (veldat their size) and show no signs of
interaction. We therefore visually examined all 2308 otgan order to determine which ones
are in a ‘strongly-perturbed’ state brought about by thexgakepresented by the other spectral
object in the close pair. This led to the removal of 65428%) of the close-pairs objects in our
volume-limited MGS sample.

The 1654 remaining spectral objects are all GZ objects andesgan examine how users
voted for them. We found that a significant portion §4%) of these close-pair spectral objects
which are in ‘strongly-perturbed’ systems (by our reckoning) higd< 0.4 and were therefore

excluded from our catalogue. However, we also found thaetlsea strong correlation betwednq
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for close-pairs objects and thgirojected separatiosuch that the further apart close-pair objects
are, the less likely users were to label it a merfge Figure 4.12) This means that the GZ
technique selects systems which are generally more advamtiee merger process and therefore
undergoing more extensive interactions than a typicaksysh close-pairs studies. Only 600
of these objects are in our catalogue~08000 pairs which fits with the claim that ondy 20% of
(relatively advanced) merging systems are spectral paB®iSS, the rest being systems with only
a single spectral object within our magnitude-limited voku

We conclude that, like the CAS and Gptechniques, the GZ method for detecting mergers is

sensitive tadifferentstages of a merger compared to the close-pairs technique éLal. 2008b).

4.3.5 Estimating the Spiral to Elliptical Ratio in Merging Systems
Uncertainties and User Bias

Having established an estimate of what fraction of galaixigke local universe are merging, we
now turn to the more difficult task of estimating the spi@leliptical ratio of galaxies that are
merging (Ns/Ne).?? In addition to the uncertainties associated with idemifyiactual mergers,
there are now the uncertainties associated with varyingg@masolution leading to ‘sure’ and
‘unsure’ morphologies (see 84.2.4). Bamford et al. (200®)ehstudied extensively the depen-
dence of GZ morphological classifications on redshift anthébthat the proportion of elliptical
classifications increases with The same problem arose for our classifications: over thgeran
0.005 < z < 0.03 the fraction of ‘unsure’ morphologies (EU, SU) to ‘suredrphologies (E, S) is
~ 10% but this fraction rises te 25% as we vary over.03 — 0.1. In short, the more distant a
galaxy is the more ‘featureless’ it appears bringing abots@aal misclassification that inflates the
recorded number of ellipticals. For details of the quardifn and correction to this effect, see
Bamford et al. (2009).

A further unknown peculiar to GZ is mass-user psychology. atural concern of ours was

that users would be more likely to call a system a ‘mergett ifvolves two spirals (which gen-

22\WhereNs andNe are the number of galaxies in a given sample of mergers teatmral and elliptical respectively.
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Figure 4.13: An examination of the relation between morpgplandf,. We magnitude limit
our sample M, < —20.55) and measure the ratios of spiral to elliptical morphiEedgNs/Ne)

of mergers for bins shown along thig, axis. As f,, — 1.0 a strong bias is seen for users to
flag mergers involvingspirals Ns/Ne appears to converge to roughly a constantfas—+ 0.4.

The broken horizontal lines are the mesyy N, values for the two samples over the whole range
04 < fn<1.0.

erally look more dramatic) than if it involves two elliptisa We therefore examidehow the ratio
of spirals to ellipticals in our merging-pairs catalogueies with f,,, as shown in Figure 4.13.
Whether we use just the ‘sure’ morphologies (E+S setg)sminclude the ‘unsure’ morphologies
(E+S+EU+SU sets), thids/Ne ratios appear to follow curves that start high fgr~ 1.0 and decay
towards a constant &g, — 0.4. This confirmed the suspicion that the systems compellgggsu
to click the merger button the most tend to involve spiralewidver, the majority of mergers are
located in the bins where the ratios level off at roughly astant ¢ 0.4 < f,, < 0.6). Inclusion of
the EU and SU categories slightly decrealsgé\. as expected (some ‘unsures’ are really spirals
but get mistaken for ellipticals).

The horizontal lines of Figure 4.13 indicate the mdgyN, ratios for the E+S and E+S+EU+SU
samples over the whole ranget6< fy, < 1.0. TheseNs/Ne means are- 5 and~ 3 respectively.
The true mean over this range must surel\\Npé&\. > 3 therefore since the ‘unsure’ morphological

categories deflatids/Ne through false inclusion of ellipticals as discussed earlie
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Towards an Ns/Ne Estimate for Merging Galaxies

We proceed now by extrapolating this valle/Ne > 3 (found for the rangef,, > 0.4) to the
entire range of,, that is, we assumids/Ne > 3 for all galaxies in mergers for our volume-limited
ranges. We compare this ratio with the global spiral-tgeetial ratio for all galaxies in our redshift
range determined using the corrections of Bamford et aDgp® debias the high occurrence of
ellipticals with increasing redshift. This debiasing Ie&odlthe estimate that there are8 : 2 spirals

to ellipticals for all galaxies wittM, < —20.55 in our redshift range. Our extrapolated estimate of
Ns/Ne > 3 for fr, > 0.4 is significantly higher in comparison, i.e. our extrapolatwould suggest
that spirals feature in mergers roughly twice as often ag sheuld if selected randomly from the
global population.

To test the accuracy of this extrapolation we examined thephwdogies of the same 59 sys-
tems from the 100 images ofD< f,, < 0.4 (used in §4.3.1) that were deemed to be ‘strongly-
perturbed.” We found that 42/59 of these ‘strongly-pertarigalaxies were either S or SU and the
remaining E or EU. Takind\s/Ne ~ 1.5 for the global estimate to give null binomial probabilitie
p(spiral) = 0.6 andp(elliptical) = 0.4, the expected outcome of 59 galaxy morphologies would
be 354+ ¢ spirals with standard deviatiom ~ 3.8. The observed number, 42, is just within two
standard deviations of the expected value. This observ#tierefore supports the claim that, even
in the range @ < f, < 0.4, Ns/Ne in mergers is higher than the global mean. This also does not
take into account the fact that our observations are séiliduil by inclusion of ‘unsure’ morpholo-
gies (which inflates the number of ellipticals) whereas temeateNs/Ne ~ 1.5 for the global
population has been debiased.

To summarise, we find thaks/Ne > 3 over the range of our merging-pairs catalogiex 0.4).
This is at least twice the global ratibl{/Ne ~ 1.5). There is no evidence to suggest that mergers in
the rangef, < 0.4 will compensate this effect with an excess of elliptic&ktiveto their global
population. The highNs/Ne ratio is especially likely to stand up to scrutiny forajor-mergers
since they have been shown to favour higher valueg,@éee Figure 4.11) where the spiral excess

has been robustly confirmed.
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Implications of a High Ns/Ne Ratio in Mergers

We now discuss possible reasons for a iilgfNe ratio in mergers. Itis well established that spirals
tend to occupy less-dense environments than elliptiesdtblishedas early as Oemler 1974 and
as recently as, for example, Ball et al. 2008). The discrepamght therefore be the result of a
preference for mergers to occur in field environments whpirals are more populous relative to
the global population. Alternatively, the disproportitemaumber of spirals in our ‘snapshot’ of
the local universe could indicate that the time-scales etech spiral galaxies remain detectable
in mergers exceeds that of ellipticals.

Studies have been carried out to estimate the time-scale®igfers using dynamical-friction
arguments (e.g. Conselice, 2006) and simulations (e.d. eéBal., 2006; Conselice, 2006; Lotz
et al.,, 2008b). Lotz et al. (2008b), in particular, focus bis tquestion and find that the gas-
fraction of galaxies in mergers is one of several factorsmeining the time-scale of detectability.
One such simulation comparing two equal-mass mergers \ffdreht gas-fractions showed that
the system with the higher gas-fractiofyds ~ 50%) remained ‘morphologically disturbed’ (i.e.
flagged as a merger by the standard criteria of Gg, @, A combinations) for 2- 4 times longer
than the system with a lower gas-fractioig ~ 20%).

In practce, any variation ifNs/Ne for merging galaxies will depend on a combination of these
two explanations since, priori, it seems certain that the merger frequency will hsomedepen-
dence on environment and that the merger-time-scale oftaiity will have somedependence
on the internal characteristics that distinguish spinamfellipticals (such as gas-content and over-
all mass). We examine these two effects in more detail ingdhewiing chapter and conclude that,
in fact, the latter explanation seems to be the most likbigt ts, that mergers involving spirals

remain detectable for longer times than mergers with iraglellipticals.

4.4 Summary and Discussion

Galaxy Zoo is a new and powerful strategy for locating mexgérhe technique is similar in its
effect to the CAS and Gl methods in that it converts images to numbers that provideasore

of how ‘merger-like’ a galaxy is (in this case the weightedrger-vote fractiorfy, € [0,1]). The
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method is highly apt at locating mergers becatiges the averaged product of human minds
(which are highly adept at pattern recognition) and is tfoeecextremely sensitive to details while
doing away with the major programming challenges assatiatth automated methods. It is also
easier to partition merger-spaces in this method siiaces a single parameter unlike CAS and
GMyo, which demand more fine-tuning. The technique is also ndtdifrito objects with spectra
as the close-pairs method is (by definition), and we find in flaat only ~ 20% of our merging
systems have spectfar both galaxies. This is mostly due to the large fraction of SESS sky
that suffers from fiber-collisions~ 70%; Strauss et al. 2002, Blanton et al. 2003). It also means
that the method is effective at the broader task of findingprgily-perturbed’ systems including
minor mergers. The drawbacks to GZ are time and repeatabilihe results presented in this
chapter are derived from about six months of web activity.

It is worth emphasising that the results of this chapter atieedy derived from the pressing of
a single button labeled ‘merger.” The simplicity of thisdrface led to an unfortunate dichotomy
whereby users were often unsure whether to emphasise thyEmaspect or the morphological
aspect of a given system. Now that the competence and eageshéhe public to assist in ex-
tragalactic astronomy is known and tested, so we expectlgiggproved results with the Galaxy
Zoo Two project - a new development that will enable finersifasation of SDSS objects as well
as higher redshift surveys.

Galaxy Zoo has already vyielded rich results with the initi@drger catalogue presented here
containing 3003 merging-pairs in mergers in the ran@®< z < 0.1 created from GZ objects
with fy, > 0.4. Each has been been visually-inspected by fifty or so Gafaoyusers and by one
of the authors (DWD). We believe that it is the largest of itedk Completeness, however, remains
an issue as users and experts are only as accurate as thequadigeallows. As redshift increases,
the reduced image quality makes it difficult to identify gdiaprojections. Also, there will always
be the problem for any merger-detection method in decidihgtiaer or not a galaxy perturbation
(such as an extended tidal tail) is great enough to warrarietim ‘merger.’ For these two reasons,
there is a large number of ‘border-line’ cases in the rangef@, < 0.4 which are responsible for

the error in our estimate of the merger fraction in the locaverse.
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To obtain this merger fraction, we first estimated the nundbéstrongly-perturbed’ galaxies
with spectra in bins over the range<0f,, < 0.4 plus those in our catalogue. Dividing this number
by the total number of volume-limited spectral objects ledaiestimatehat fgs~ 4 — 6%. With
the correction facto€ ~ 1.5 convertingfngsto frea estimated in Appendix A, one can say that
~ 4— 6 x C% of all volume-limited galaxies (005 < z < 0.1 andM; < —20.55) are ‘strongly-
perturbed.” We expanded upon this statement by estimathmgf subset of ‘strongly-perturbed’
volume-limited spectral galaxy objects are major mergerthé local universe. This led to the

stronger statement that:

~ 1—3x C% of volume-limited galaxies in the local universd,(< —20.55,0.005<

fm < 0.1) are observed in major mergers.

We also estimated the ratio of spirals to ellipticals for gieg galaxies withM, < —20.55.
The Ns/Ng ratio for our catalogue was highly in favour of spirals 6y3 : 1. We examined 100
systems in the ranged< f, < 0.4 and found a similar result. This is large compared to thbajlo
Ns/Ne ratio (~ 3 : 2) for this magnitude-limited volume.

We therefore concluded that more spirals are seen to be myditan ellipticals, perhaps by as
much as factor- 2. We then discussed possible reasons for this observead epaess suggesting
that either (1) mergers tend to occupy environments thaiufaspirals, or (2) the time-scale for a
merger to reach a relaxed state (i.e. the time over whichdétsctable) is longer for spirals than
for ellipticals?

We disentangle these effects in the next chapter by expgldhia role of the environment and
the internal properties of this merger sample. We find in that mergers occupy the same (if
not slightlydensey environments as a randomly selected control sample okigalaWe conclude

there that the best explanation of an apparently high sqrelliptical ratio in mergers, as we find

23The probability, po, of observing a galaxy merging at any general time is pramuat to the probability of its
merging at that timepm, multiplied by the time-scaler, over which it is detectablep, O pmT. The probability
of merging should only depend on the system’s mass and ement m = pm(M, p)) whereas the time-scale of
detectability,r, must be assumealpriori to depend on the internal properties of the merging galagh as gas content
and mass distribution. Our higks/Ne ratio therefore suggests that eithmi(M, p) or T is large for spirals compared
to ellipticals.



here, must be due to varying time scales of detectabilitye fitoperties of spirals and ellipticals
that affect merger detactability are therefore an impaitssue that the Galaxy Zoo catalogue can

help us understand.






Chapter 5

The Properties of Merging Galaxies

z< 0.1

5.1 Introduction

The Galaxy Zoo projeét(Lintott et al., 2008) has helped meet the need for extensaueal clas-
sification of galaxy morphologies in a manner that does nesygspose their spectro-photometric
characteristics. Prior to this, large-scale studies ofpihology from surveys like SDSS required
the use of proxies in place of actual morphology (e.g. as m&weli & al. et 2003), but this then
biased what their spectro-photometric characteristataally are (Schawinski et al. 2007a).
Similarly, locating mergers via structural parametershsas concentration and asymmetry
(Conselice 2003b) is problematic due to the great variegoafigurations of mergers (progenitor
types, impact parameters and the stage at which the systgawisd) making it difficult to define
a parameter space uniquely occupied by mergers. For thesenvisual examination of images
of galaxies (assuming they are at redshifts low enough facaiot resolution) is the best way to
identify strongly-perturbed systems and produce mergaitagues with minimal contamination

In the previous chapter we demonstrated how the Galaxy Zdwimerface is able to accom-

Lwww.galaxyzoo.org. The original site which produced thesutes for this chapter is preserved at
http://zool.galaxyzoo.org.
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plish this by creating a measuréy(< [0,1]) of how ‘merger-like’ an SDSS image appears to be
(where an image attaininfy, = 1.0 is certain to be a merger and one with= 0 is certain not to
be). Thef,, values were used to estimate the fraction of major mergengr@the stellar masses
of the progenitors Nland M, satisfy /3 < M3j/M3 < 3) in the local universe to be-13 x C%

for M; < —20.55 whereC ~ 1.5 is a correction factor for spectroscopic incompleteness.

We found that most systems witl, > 0.4 can confidently be identified as mergers and used
this limit to isolate 3003 merging pairs in the rangé@b < z < 0.1.2 All 3003 pairs were then
visually examined in order to assign morphologies to thé/iddal galaxies in each merger. From
this, we found that the spiral-to-elliptical ratibld/Ne) in merging systems was higher in our sam-
ple (Ns/Ne 2 3 for fy, > 0.4) compared to the global galaxy populatid(Ne ~ 1.5) which was
determined using the statistical corrections of Bamforal e2009) for all Galaxy Zoo morpholo-
gies. We argued that the observed spiral excess is real fior meergers, i.e., unlikely to be
compensated by an excess of ellipticals in the rafjge 0.4.

It is not a surprise thatls/Ne should differ between mergers and the global populatiore Th
probability ofobservinga merger at any general time is proportional to the likelthobit merging
with another galaxy (which depends on its environment) aedime-scale over which the merger
is detectable (which depends on the internal propertidsegbtogenitors)Since spirals differ from
ellipticals in both environment (Dressler, 1980) and tliernal properties, it is not unreasonable
to expectNs/Ne in merger observations to deviate from that of the complatexy population.

Recent simulations by Lotz et al. (2008b) examined the wcaes of detectability for the
merger-detection techniques of ‘close-pairs’ and contliina of non-parametric quantities (namely
C, A, G & Myg; see Conselice et al., 2008 for discussion). These simuakafiound that the in-
ternal properties of the progenitors significantly affdw time-scales over which real systems
would have been flagged as merging. The study also foundhbaihysical factors that had the
greatest affect on the time-scales of detectability weeegdis-fractions of the progenitors, their
pericentric separation and their relative orientation.n@osely, the choice of system mass and

supernova-feedback prescription only slightly affectesitime-scales of detectability.

2This catalogue is GZM1: Galaxy Zoo Mergers 1.
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This would suggest that relative gas content is the musphology-specifitactor affecting the
time-scales of detectability since spirals are relatigalg-rich compared to ellipticals. (Orientation
and pericentric separation, on the other hand, are likebetmdependent of morphology).

The internal properties of merging galaxies are also ingmbrin so far as they determine the
morphological outcome of interacting galaxies. The abundadf minor mergers in the universe
(e.g. Woods et al. 2006) must mean that disc galaxies susulbstantial numbers of minor merg-
ers. Furthermore, given the estimate by Conselice et al8Pthat, on average, a galaxy in the
mass range K> lOloM@ will have undergone .@jg;g major mergers since~ 3, the number of
disc galaxies in the local universe should appear sizaldyaed from that observeghlessthey
too can survive major mergers (Hopkins et al. 2009; Hopkira.2009b). Disc survival in major
mergers is therefore likely to become an important prircipl galaxy evolution that we aim to
shed light upon in this work. The study of Hopkins et al., 2@fces great emphasis on the gas-
to-stellar-mass ratio in progenitor discs which implicatiee importance of feedback processes in
mergers (supernovae and AGN) in so far as they can help rgéaimt large radii whose angular
momentum generates disc reformation after dynamical aétax

Star-formation histories are therefore important to stadyergers with respect to gas-retention
in discs. More broadly, several matters remain unsolvedroigg galactic star-formation histories
(Ellis & Silk 2007; Kaviraj 2008) in which mergers play an imntant role as they are thought to
directly trigger star formation (Schweizer 2005; Li et @08), generate (Ultra-) Luminous-Infra-
Red-Galaxy activity (Sanders & Mirabel 1996; Kaviraj 20@enzel et al. 2001) and bring about
the formation of clusters (Zepf et al. 1999; Schweizer 20@&hpirical confirmation of the extent
to which mergers are able to affect the luminosity funct®thius an important task.

Mergers can also affect star formation and disc dynamics farsas they trigger AGN activity.
This is thought to be a natural consequence of the angularentum loss that can take place in
galactic interactions allowing the infall of gas (Kewleyadt 2006a) that fuels the central super-
massive black hole (Somerville et al. 2000; Jogee 2006). A&hdback then controls further
infall and cooling of gas leading to reduced star formatiSoh@winski et al. 2006; Schawinski

et al. 2007a; Khalatyan 2008; Schawinski et al. 2009a). i8sushowing star-burst activity within
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Figure 5.1: The redshift distributions of the merger andicrsamples appear roughly the same
within counting errors as expected. Any distance-dependgeerture or deblending biases should
affect both samples equally.

AGN galaxies have suggested mergers as the causal mech@gmStorchi-Bergmann et al.
2001, Kauffmann et al. 2003b). We test some of these clainisgdpecting the star-formation and
AGN signatures in our mergers using emission-line diagosst

In 85.2 we recap the catalogue conventions described eardescribe the construction of
our control sample. To disentangle the role of environmesrhfinternal properties on a galaxy’s
probability of being observed in a merger, we begin our itigadon with a study of the environ-
mental distributions of our samples in 85.3 which we modehlsingle degree of freedom. The
internal properties of galaxies require many more degrésedom to fully capture their dynam-
ics. We approach this task by first examining the photomdtoupsamples (85.4). In section §5.5
we examine the stellar-mass distributions of our sampldshaw these correlate with morpholo-
gies and colours in merging systems. In 85.6 we perform sgdtte diagnostics to determine the
main ionisation sources (or lack of) in our samples accoregloy star-formation-rate estimates.

We summarise and discuss our results in §5.7.
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5.2 The Merger and Control Samples

5.2.1 Sample Morphologies

For all 3003 merging pairs, we assigned one of the followingrphologies to the constituent
galaxies: ‘Elliptical’ (E), ‘Spiral’ (S), ‘Unclear but masprobably Elliptical’ (EU) and ‘Unclear
but most probably a Spiral’ (SU).

We then created a control sample of randomly selected spegetiaxies from the SDSS DR6
catalogue. It is from the same redshift rangedd(® < z < 0.1) so that the control and merger
galaxies should have similar redshift distributions (gatively confirmed by Figure 5.1). The
random nature of the selection of control objects makes thegasonable representation of the
global galaxy population whose properties can be compardatantrasted to those of our merger
samplée?

All calculations carried out here on the merger objects argied out in the same way for
the control sample. Thenly difference is that on the few occasions where we split thérobn
sample into spiral and elliptical categories we use theo¥gtg criteria: a control galaxy is a
spiral if the GZ weighted-spiral-vote fractidig is greater than its weighted-elliptical-vote fraction
fe (these are direct analoguesftpbut for spirals and ellipticals respectively) and with a mmam
absolute difference of 0.1. Similarly, a control galaxyakdn to be an elliptical ife > fs+ 0.1.
Control galaxies with fe — fs| < 0.1 are not used when comparing morphologies to the properties
of merging and non-merging galaxies since they are too lwadistinguish. It is important to note
that since the merger and control morphologies were detecindifferently (mergers by DWD)

they should only be taken as a rough gutde.



134 5. The Properties of Merging Galaxiesz0.1

Figure 5.2: Example images of the visually-assigned ‘stagi&gories: (left) ‘separated’, (cen-
tre) ‘interacting’ & (right) ‘approaching post-merger.’ f@ur 3003 merging pairs, 167~(6%),
2526 ( 84%) and 310+ 10%) were assigned to these categories respectiyghage widths:
Separated- 100’, Interacting~ 70" & approaching post-mergey 50”.)

5.2.2 Assigning Merger Stages

For each merger pair we also assigned a visually-chosenem'sigge. We use three categories:
‘separated’, ‘interacting’ and ‘approaching post-mefg€he ‘separated’ stage refers to systems
classified as a merger in which there is visible space betdteegalaxies. The ‘approaching post-
merger’ stage refers to systems where the progenitor coegyaically within~ 5" of each other
on the images. The ‘interacting’ stage refers to anythinigetween: the galaxies have coalesced
to some degree with no space visible in between but the canesrot settled te- 5” yet. Figure
5.2 shows examples of these stages. The stages of our 306B\gpairs comprise of 167~(6%)
‘separated,” 2526~ 84%) ‘interacting’ and 310~ 10%) ‘approaching post-merger’ stages. The
mean projected separation of the galaxy objects for these tages are 27.3kpc, ~ 12.8kpc

and~ 5.4kpc respectively. The mean projected separation for &B3fairs is~ 12.5kpc.

5.3 The Environment of Merging Galaxies

To parametrise environment, we employ the method of Sclekiviet al. (2007b) that takes ad-

vantage of all the spectroscopic-redshift recordings nSBSS DR6 to obtain the dimensionless

3The control sample is arbitrarily large; we select the sanmabrer of control galaxies as are being used for the
mergers depending on the specifics of the investigationekample, if we volume-limit our merger catalogue to get a
sample withx galaxies, we compare it to a volume-limited sample obntrol galaxies, etc.

“4In particular we find in §5.4 that the control ellipticals dnleier than the merger ellipticals and this will mean that
stellar mass estimates will be typically lower for the cohgsample. It is difficult to disentangle whether this extra
‘blueness’ in ellipticals is physical or just a selectiofieef. This problem will be overcome by the Galaxy Zoo Two
project.



5.3. The Environment of Merging Galaxies 135

numberpy (the adaptive Gaussian environment parameter) for eaetxyal our catalogue. This
is a sophisticated measure of number density mapped@oR ™. The method is highly ver-
satile and an adapted version has recently been used te lgakzixy clusters (Yoon et al., 2008).
The parametepy(ra,degz, o) starts by finding close neighbours in DR6 within an initiadlices
of o for each galaxy. We use = 2.0Mpc following Schawinski et al. (2007b). It then adaptsthi
radius depending on the initial number return in order togensate for the “finger-of-God” effect
and is weighted such that; increases the nearer its neighbours are. Wherever we hegafor
both galaxies in the merger, we remove one of them from the caloul#o avert a skewed result
(aspg is sensitive to nearby objects).

Some example values fag are useful at this point. A galaxy with the lowest valugogf=
0 has no neighbours within a radius. Values up t@g = 0.1 we call the ‘field environment.’
pg = 1 roughly corresponds to the centre of a sphere of radius 3wiicten galaxies randomly
distributed within. We call this the lower limit of the ‘demsgluster’ environment. We call galaxies
with 0.1 < pg < 1 members of ‘intermediate environments.’

We plot the distribution ofpy for our merger and control populations in Figure 5.3 with the
background shading representing our different envirorimiermrhe samples used are volume-
limited (each galaxy must havd, < —20.55) and we exclude ‘unsure’ type morphologies (the
distributions are near identical with them). We calculakoamogorov-Smirnov (K-S) statistic for
the two pairs of cumulative-frequency graphs (contrdpéttals vs. E galaxies and control-spirals
vs. S galaxies).

We find both merger and control samples are peaked in what we d¢wdled ‘intermediate-
environments.” On average, the E galaxies occupy slighghysdr environments than their control
counterparts (0g) g — (Pg)con.-ellip. ~ 0-12) with a K-S significance level of 97%. The S
galaxies appear almost unaffected and, if anything, ocsligiitly denser environments than their
control counterparts{fg) g — <Pg>con.—spiralN 0.02 with a K-S significance level af 82%). The
overall distributions are virtually unaffected if we cut byass & 7 x 101°M@) or if we use no
mass/magnitude limit. When we combine morphologies, thegers are, overall, in virtually

identical environments as the control sample (Appendi®.A.3
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Figure 5.3: Distributions opy for merger and control populations. The distributions ie tipper
panel are scaled to have unitary area. We set galaxiespyithO to pg = 102 to avoid Log(0)
errors (hence the spike near -3). The vertical lines markrtban valugpg) for the samples. The
shading in the background is an indicator of environmeng tyfhe darkest shade corresponds to
pg > 1.0 - the ‘cluster environment.” The unshaded-white areaesponds tgg < 0.1 which we
label the ‘field’ environment.” The middle shade correspotal‘intermediate environments.’
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As mergers therefore appear to occupy similar if not slighttnserenvironments (environ-
ments where ellipticals are more prevalent) we can rulelmutdle of environment as a means to
explain the high spiral-to-elliptical ratio in mergers, r@ported in the previous chapter. If any-
thing, the tendency of mergers to occupy denser (elliptichl) environments ought to decrease
the spiral-to-elliptical ratio in mergers. The discregasdn the spiral-to-elliptical ratios between
the merger and global populations must therefore arise fomger time-scales of detectability
for mergers involving spirals than for mergers involvingjpticals. Thus the internal properties
of galaxies that distinguish spirals from ellipticals mbstsuch that spirals remain detectable in
mergers for longer periods of time. We begin an investigatibthe internal properties of galaxies

by examining their colour-magnitude relations.

5.4 The Colours of Merging Galaxies

For all 3003 merging systems, at least one of the constitgalaixies has spectra. We use this
spectral redshift to obtain k-corrected rest-frame magieis for both galaxies in each merger pair
using the SDS8grizmodel mags as inputs into the IDL routiReorrect 4 1 4 (Blanton & al. et,
2003b).

We examine luminosity and colour in detail for our sampleigffe 5.4) in order to gain an
overview of their characteristics and to examine the qaial¢ effects of including the ‘unsure’
morphologies and imposing the volume-limited constraints

The upper and lower sets of diagrams display the volumedinnand non-volume-limited
samples respectively. The volume-limited sample has leathiift and absolute magnitude bounds
(M; < —20.55) whereas the non-volume-limited sample only has redsbifnds. For both of these
sets, the colour distributions are plotted for just the ésumorphologies (E & S - top rows) and
then all merger morphologies (E, S, EU & SU - bottom rows).

All samples exhibit some bi-modality though to differinggdees. The volume-limited sam-
ples show only marginal bi-modality which is not surprisisigce the brighter galaxies will be
dominated by galaxies in the red sequefsiace dimmer galaxies are, on average, bludie

magnitude cut oM, < —20.55 removes many of the bluer, low-luminosity galaxies. e thés
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Figure 5.4: Colour-magnitude diagrams for samples of tlbvidual galaxies involved in our
mergers (coloured) and our control sample (grey). The kected rest-frame magnitude limit is
M, < —20.55 (broken vertical line). The upper and lower sets of figemsespond to the volume-
limited and non-volume-limited samples respectively.
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in the non-volume-limited diagrams which include many medatively-dim) galaxies that are
mostly blue spirals. For both the volume-limited and nolukte-limited samples, we find that
inclusion of the ‘unsure’ morphologies makes the overadkritiutions more peaked in the red.
Apart from this, the qualitative shapes of the distribusi@me roughly the same with or without the
‘unsure’ morphologies.

In particular we find that in all cases the mergers appear e hahigher spread in colour at
both the red and blue ends compared to the control sampleifgeehand columns of both the
upper and lower sets of diagrams). This is in accord withyeakervations that ‘irregular’ mor-
phologies have a greater spread in colour than ‘regulars gbarson & Tinsley, 1978). The effect
is especially strong at the blue end and a natural interjppataf this is due to strong star forma-
tion induced by the merger process. We examine this po$gib#ing emission-line diagnostics
in 85.6.2.

The slight spread at the red end might be due to increasedctati brought about by the
journey of light from one galaxy core through the extra ddghe perturbing neighbour (if they
lie roughly on the same line of sight). We visually examinédpirals in mergers to ensure those
with u—r > 3.5 were not red due to an edge-on view. The blue tail is more jorem for the non-
volume-limited sample which, as stated, includes morellowinosity galaxies which are almost
all S or SU marphologies. This fits well with the notion thawlonass spirals have formed recently
and are rich in gas and will therefore produce high specificfermation rates if they undergo
mergers. We show in 85.6.2 that low-mass spirals do in fagt fize highest star-formation rates
relative to their stellar mass.

We also compared the colours of the control morphologiesi¢aomerger morphologies. We
find that, when we use volume-limited samples, the overaimadoru—r are very similar be-
tween the control and merger samples. Similarly, the mesgieal (S+SU) and control-spiral
subsets have similar—r means withA (u—r) ~ 0.05 magnitudes. However, the merger ellipti-
cals (E+EU) have a slightly redder mean compared to the @ogitipticals withA (u—r) ~ 0.15
magnitudes. It is difficult to disentangle whether this i€ do a selection effect based upon how

the morphologies were selected or whether ellipticals imgers are genuinely observed to be
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Figure 5.5: Mass distributions of the volume-limited gadmxfor differing environments corre-
sponding to (from top to bottom) ‘all’, ‘field’, ‘intermedia’ and ‘cluster’ environments. All
graphs are scaled to have unitary area. The vertical lirhsate the mean masses of the samples.
The right-hand panels use all morphologies, the left-hatk|s only the ‘sure’ morphologies.

redder. As noted, the overall merger distributions have gerpoominent red tail compared to the
control distributions, and so we should not be surprisetitbgellipticals in mergers are genuinely
redder, only, the degree to which they are redder might bggetated by the morphological se-
lection effects (see §5.2.1). This emphasises the facttraparisons betweanorphologiesor

the merger and control samples should be taken as a rougé guiyl
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5.5 The Stellar Masses of Merging Galaxies

5.5.1 Merger Mass Distributions

Figure 5.5 shows the volume-limited mass distributionsadégies in the merger and control sam-
ples. We find that across almost all environments, the sgakxy distributions appear to be vir-
tually the same for both the mergers and the control sampleoBtrast, the ellipticals in mergers
appear slightly more massive than their control countéspaith a difference in the means f0.2
dex. This closely parallels the previous conclusion thatgmeand control spirals occupy similar
environments whereas ellipticals in mergers are locatetightly denser environments (which in
turn host more massive galaxies on average) than theiradatunterparts (see 85.3{owever,

it is important to note that part of this affect could be carted with the different criteria used to
distinguish morphologies (the mergers were decided by DWh&reas the control morphologies
are determined directly from GZ; see §85.2.1). The effectfiatue even when we restrict the
merger sample to ‘sure’ morphologies (see the left handaolaf Figure 5.5) and implies that the
control-galaxy morphologies allow slightly bluer systetnde classified as ellipticals.

Again though, like with the environment, we find that when veelthe to split the merger
and control populations by morphology, we do get very simit@ass distributions for the merger
and control samples while showing slight favour of mergiradagies being more massive (see
Appendix A.3). This should be taken to imply that mergingagésare in fact more massive
on average than non-merging galaxies, especially sincelsgre over-observed in mergers and,
being less massive on average compared to ellipticals |¢inoake the average mass of merging
galaxiedessthan that of the global population (all else being equal)e Tdtt that mergers favour
spirals (which are generally less massiye} possess an overall distribution just as massive (if
not slightly more) than the control sample strongly suggdisat galaxies observed in mergers
really are more massive. The more tentative conclusiorthimis especially true of ellipticals (by

~ 0.2dex) would corroborate the findings of Bundy et al. (2009).

STentative because of the different methods for distingnigmorphologies employed here.
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5.5.2 The Mass-Colour-Morphology Relation

Figure 5.6 shows the entire merger-pairs catalogue in malsst-morphology space. Both colour
and morphology scale strongly and smoothly with mass: kgpiaal mergers dominate the lower-
mass end, elliptical-elliptical mergers the upper-massamd elliptical-spiral mergers roughly in
between. A sharp transition mass for galaxy propertiesiwBiDSS was noted by Kauffmann et al.
(2003a) at X lOloM@ above which galaxies have “high surface mass densitiels duigcentration
indices typical of bulges and predominantly old stellarydapons” and below which galaxies have
generally opposite characteristics. We find that below\thige, ellipticals are extremely rare and
above it, spirals are both reddening and diminishing in nemii mergers.

The near absence of ellipticals with masses beloWlBlOM@ raises the question as to what
becomes of the numerous low-mass spiral-spiral mergersbseree. Kauffmann et al. (2003a)
noted this special mass with respect to galaxy propertiesdid little about the mechanism that
drives the transition beyond suggesting relations betvg@nformation, feedback mechanisms
and halo mass. We hypothesise that this mass could repeesengertransition related to spiral-
spiral survival in major mergers: below this stellar mag#ats tend to survive mergers, above it
they are likely to form an elliptical remnant. Why might this so?

The relatively high gas content in low-mass spirals couldheekey. The simulations studied
in Hopkins et al. (2009) emphasise the role of the progemjas-to-stellar-mass ratio as well as
feedback mechanisms that serve to retain gas at large nawiigdthe merger process. These
outer gas supplies retain angular momentum and aid themaf@n of a disc in the post-merger
remnant. The transition mass akCiOlOM@ could therefore correspond to some critical gas-to-
stellar-mass ratio for disc galaxies.

On this hypothesis then, galaxies with stellar massx lOloM@ generally have sufficient gas
content to bring about disc reformation after a (major-) geerAs spirals increase in stellar mass
(at the general expense of gas supply) they become incgbagrone to catastrophic angular-
momentum loss with respect to disc maintenance in the eemtterger. Their remaining gas
supplies then plunge into the central core and transfer nigalar momentum required for disc

morphology into the stellar dispersion of the remnant bKmvley et al. 2006a). The exhaustion
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Figure 5.6: Mass-Colour-Morphology diagrafach of the 300®oints represents a merger pair
with the more massive galaxy mass plotted on the x-axis anghittner's mass along the y-axis.
The colour of each point is thmean(u—r) of the two galaxies. The width of the symbols is the
same as the mean-mass error for the entire sample. The syepbesents the morphologies of the
galaxies (for S-E we do not distinguish which type is the moeessive). We do not impose the
magnitude limit on the sample (which would exclude most fsofar < 10'°M)) in order to max-
imise the range of view of the mass-colour-morphology retat The upper panels individually
<how the moroholoaical cateaories over the total meraenlahon (coloured arev) The broken
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Figure 5.7: Spectral Type-Colour-Mass relations. The naasiscolour are plotted the same as in
figure 5.6for all 3003 systemsThe panels show the population split into its various spetipes:
Quiescent, Star-Forming or AGN. No magnitude limitationngosed for an enhanced view of
mass build-up in relation to these properties.

of gas not only limits the system’s capacity to retain angolamentum at high radii but also leaves
little for passive star formation in the remnant. The remtlbulge-dominated galaxy is thereby
destined towards an increasingly red and elliptical galgpe (barring further gas accumulation
through accretion and gas-rich mergers).

Since feedback mechanisms are important to gas retentitnisimodel we next examine the

AGN and star-formation signatures of our mergers.

5.6 AGN, Star-Forming and Quiescent Signatures in Galaxy Megers

5.6.1 lonisation Processes in Mergers

We perform emission-line diagnostics in order to deterntli@emajor sources of ionisation in both

the merging and control galaxies. To do this we made use gbubéicly available direct fitting
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tools PPXF andGANDALF (from Cappellari & Emsellem 2004 and Sarzi et al. 2006, retipely)
to separate the contribution of the stellar continuum anith®fionised-gas emission to the SDSS
spectra, as in Schawinski et al. (2007a).

We then used the measured fluxes for the nebular emissiadfroeir samples to determine the
most likely source of ionisation by juxtaposing a numbermission-line ratios as first suggested
by Baldwin et al. (1981). Specifically, we used the reddeninsgnsitive diagnostic diagrams
introduced by Veilleux & Osterbrock (1987), which uses tbarfoptical line ratios [OllI]/H3,
[NII/H a, [SHII[/Ha, and [Ol])/Ha to separate (i) Star-forming regions, (ii) Seyfert nud{i), Low-
lonisation Nuclear Emitting regions (LINERS) and (iv) the-called Mixed/Transition objects,
which display the spectral signatures of both HIl regiond AGNs. We assignhed these classes to
all galaxies with S/N- 3 in at least all the lg, HB, [Olll] and [NII] lines, and further deemed as
(v) Quiescent all those galaxies for which such a criteri@s wot metln other words a quiescent
object is defined as havirag leastone weak emission line and so an alternative label is theKwea
emission-line’ categoryTo separate the different kinds of central activity in owerger galaxies
we followed the demarcations between purely star-formiygjesns, transition objects and truly
active nuclei drawn by Kauffmann et al. (2003b) and Kewleple{2006b). We combine AGN
types into a single category for this presentation

Thus, to each spectral object we assign one of the followiagsdications:

1. Star-Forming
2. Mixed (both star-formation and AGN activity)
3. AGN (either Seyfert or LINER)

4. Quiescent

We refer to these possibilities as the galaxy’s (ionisajictype.” We obtain classifications
for 1371 individual galaxies in our volume-limited mergemngple. Figure 5.7 illustrates the lo-
cation of these ionisation types in the same mass-colowespsed in Figure 5.6 with no mag-

nitude limitation (a proper volume-limited sample woulda secreased numbers of points in the
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Table 5.1: Percentages of ionisation types for volumetéichmerger and control galaxies. Num-
bers given are rounded to nearest integer. The ‘All AGN’ revihie sum of the Mixed and AGN

percentages. The ‘All SF’ row is the sum of the Mixed and $amning percentages. We include
the sample sizes plus Poisson-Counting errors rounded the toearest percent.

Type S+E Galaxies| Control S E Con.-Spirals| Con.-Ellipticals
Star-Forming 45+2 14+1 51+2 | 0+1 2542 6+1
Mixed 7+1 4+1 8+1 | 0+1 6+1 2+1
AGN 16 +1 20+1 15+1 | 1843 23+2 2042
Quiescent 32+2 6242 26+1 | 81+7 46+3 73+3
All SF 52+2 18+1 50+2 | 0+1 31+2 8+1
All AGN 23+1 2441 23+1 | 18+3 2942 2042
Galaxies in Samplg 1371 1200 1219 | 152 600 600

M < 101°M@ regions). Comparing Figures 5.7 and 5.6, we see that thdostaing types oc-

cupy the smaller-mass regions which are dominated by spral the quiescent types occupy the

higher-mass regions, which are dominated by ellipticalee AGN categories seem to occupy the

intermediate-mass regions.

The lack of star formation and AGN activity in high-mass ga&a suggests that their fuel

supply has been exhausted whereas the lack of AGN activibyirmass gas-rich galaxies suggests

that either AGN do not form there (perhaps because they msudficiently massive black-holes

at their centres to generate substantial ionisatborthat their AGN signatures are obscured by the

high gas content and star-formation rates (SFRs) (obscorationisation signatures is a perennial

problem of BPT-style classifications; Baldwin et al. 198aniord et al. 2008).

The sample fractions with Poisson counting errors for tvas®us ionisation types are shown

in Table 5.1. We exclude ‘unsure’ morphologies (EU, SU). WE&J and SU morphologies are

included, the percentage of star-forming types decreages 0% with the quiescent and AGN

categories increasing by 5%. This effect is to be expected since the ‘unsure’ morgiek

include a higher proportion of ellipticals which, as theléakhows, have fewer star-forming types

but more AGN and quiescent. The control sample here cori&00 randomly selected volume-

limited objects. We also looked at the percentages of the6d@ control galaxies that are deemed

to be spirals according to the criteria given in 85.2.1 akellise for the first 600 control-ellipticals.

Examining Table 5.1, we find that the fraction of AGN in mesgappears no different from the
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control sample+{ 23+ 1% compared te- 24+ 1%) for the total populations. However, splitting
the merger and control samples into separate morphologiggests that the fraction of AGN
in mergingspirals is slightly less than in their control counterparts 23+ 1% compared to-
29+ 2%). As mentioned though, AGN signatures might be obscuyddidh star-formation rates
(SFRs) and disrupted gas content in merging galaxies. Tétasdormation rates are seen to be
extremely high for merging spirals (592%) compared to control spirals (312%). When we
further split the merger populations into the three viguallotted merger ‘stages’ (‘separated’,
‘interacting’ and ‘approaching post-merger’ see 85.2:8 find that the percentage of star-forming
spiral galaxies in mergers for these stages ar¢ 8%, 50+ 2% and 43t 7% respectively. The
descending percentages suggest that star-formation pd&es early-on in the merger process.
When we examine the fractions of AGN types in spirals for ¢hetages we obtain 21t 5%,
23+ 2% and 32 6% which shows slight signs of ascending AGN activity witmerging spirals
as they approach the post-merger stage. Alternativelycthild suggest that where SFRs are less
intense, AGN signatures become easier to detect or evenvthate seeing the effects of AGN
feedback quenching SF.

The sample of ellipticals in mergers, by contrast, resesthlat of the control ellipticals when
split into ionisation types except thabneof them are star-forming types. Both merging and con-
trol ellipticals are dominated by quiescent types{81% and 73t 3%) and have the same fraction
of AGN (18+ 3% and 2Gt: 2%). In short, the internal properties of ellipticals appeasically un-
affected by the merger process and thus live up to the ‘reddsad’ stereotype, dominating the
quiescent category.

Our results are in broad agreement with previous studiesicked star formation in interacting
galaxies was first quantified by Keel et al. (1985) and Kerthietial. (1987). They claimed,
however, that both star formation and nuclear activity isagited in close-pairs. Similar studies
since then have strongly confirmed that mergers induce staration (see 85.1; Hopkins et al.
2003), though the idea that AGN are significantly induced leygars remains tentative (Ellison
et al. 2008).

Our study so far strongly confirms that mergers significaatlizance SFRs bohly in spirals
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- there appears to be no effect at all upon our visually-iotgze‘sure’ ellipticals. Our work also
lends very little support to the notion that AGN activity ishenced by the merger process, the one

exception perhaps being in late-stage spirals.

5.6.2 Star-Forming Rates in Merging Galaxies

Having found the fraction of galaxies classified as ‘starrfimg,” we now wish to quantify the
ratesat which their star formation occurs. We use the integrapettsal flux of the extinction-
corrected Hr lines derived by our ionisation-types assessment to olataiabsolute rest-frame
flux. We scale the flux measured in the@ameter SDSS fibre aperture to give an estimate of the
total flux, using the ratio of Petrosian anl 8perture fluxes in the-band photometry. We then

apply the model ld-SFR relation derived by Kennicutt (1998), Eq. 3:

SFRy, M@yrs ] = 7.94x 107 #2Lyy , [ergs/$

to obtain estimates for the SFRs of our merging and contraixges. We find that our (volume-
limited) sample of star-forming merger galaxies has a mé#Rf, of ~ 5.2M@yr*1. The equiv-
alent control sample has 2.6M®yr—1, i.e. the merger process enhances our SFRs by a factor
~ 2. The highest SFR for any of our star-forming merging galaises 95M@yr*1.

However, our sample involves a range in masses ove#d ®rders of magnitude and so it is
not entirely appropriate to compare SFRs across such a (angevould expect larger galaxies to
have a greater absolute SFR) and so we quantifyelative size of the SFR for each galaxy by

defining thespecificSFR,k, as the log of the SHR,, per stellar mass unit:

am .
(Ht— )starformatlon yr‘l

K =log VE

(5.1)

The upper panel of Figure 5.8 plots the valu&@gainst the stellar mass for each galaxy of the
star-forming type. There is a negative correlation betwbese two quantities such that the more
massive a star-forming galaxy is, the smaller its §Rper stellar mass (similar to the findings

of Brinchmann et al. 2004 Figure 13). The star-forming codample has a mean of ~ 0.25
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Figure 5.8: The specific-star-formation rat® €ompared to stellar mass. The upper panel shows
the relationship between stellar mass and specific-starefion ) for the 1588 star-forming
galaxies in mergers in our catalogue and the same numbeamfosiing systems taken from
the control sample The broken lines are linear best-fits to the samples. Thd bokizontal
lines show< k > for the two populations. The lower panel showsnass space for the star-
forming merger systems (any system with at least one galagtyecstar-forming type) where the
colour scale representis of the galaxy which is star-forming. Neither sample is voshmited

for an enhanced general overview iofacross our stellar-mass range. The arrows indicate the
gas-depletion evolution advocated in this study.



150 5. The Properties of Merging Galaxiesz0.1

less than the star-forming mergers. The contrel's M* gradient is also shallower indicating that
as the size of the galaxy increases, the relative star fasmahhancement induced by the merger
diminishes. This is not surprising since gas supply in gaashould generally scale down with
stellar mass (Noeske et al. 2007). Takings a proxy for gas content (reminiscent to the Schmidt
law Schmidt (1959)), we can interpret this relation to mdwat the larger the star-forming galaxy
becomes (with respect to stellar mass) so their mergingrbesddrier.” By the time the gas is
completely exhausted, there simply is no fuel availableSireven in a merger.

These observations therefore lend well to the hypotheatsthritical gas-to-stellar-mass ratio
exists for spirals which could correspond to galaxies wlid 8x 101°M@ mass of Kauffmann
et al. (2003a). By taking as a proxy for relative gas abundance, one can envisage atdynoo
decreasing gas supply with increasing stellar mass in therlpanel of Figure 5.8. The number
of star-forming spirals then begins to diminish for thosearass beyond & 101°M@ which is
roughly where elliptical galaxies begin to take over (F&6). The suggestion is that spirals
with gas supply corresponding ko< 10-1° will most likely result in an elliptical remnant should

they undergo a major merger, the likelihood of this resuliag up with decreasing.

5.7 Summary and Discussion

In the previous chapter, we found that the spiral-to-etigdtratio in mergersNs/Ne) was high
by a factor of at least 2 in our sample compared to the globpllation. The first aim of this
chapter was to discern the likely cause for this discrepanggesting that it is either the result of
an environmental preference for mergers to take place vdparals are relatively abundaot that
the time-scales of detectability for spiral-mergers argyr than those for elliptical-mergers.

To test the role of environment we used the adaptive-Gaussigironment parameter; to
create distributions for our samples. By comparison to #melomly selected control sample of
SDSS galaxies with spectra, we found that mergers occupiasiiinot denserenvironments
than the control sample. This, if anything, would not favthe presence of spirals in mergers but
ellipticals since it is known that denser environments avedrable to elliptical galaxies (Dressler

1980).
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We concluded therefore that the high number of spirals ingeraris unlikely to be an envi-
ronmental effect. On the other hand, the suggested alteer(#tat the time scales for a merger to
reach a relaxed state vary depending on the internal prepatfthe galaxies) seems intrinsically
plausible and has been corroborated by other studies (B#ll2006; Lotz et al. 2008a; Lotz et al.
2008b). Spiral galaxies are typified by relatively large geservoirs, a more uniform distribution
of matter along their radius and lower total mass in comparie ellipticals. One would expect
therefore that, when two ellipticals merge, they tend talpoe comparatively faint tidal tails and
little star formation, making their detection a more difficobservational task. The role of mass
remains unclear though. The simulations of Lotz et al. (B)GRiggested that mass made little
difference to these time-scales but our results suggebsgdsery massive ellipticals in mergers
were more likely to merge (85.5.1).

This slight excess in mass is complimentary to a slight exgesnvironmental density. Sup-
pose that the probability of a galaxy merging at some gettienal p, is only a function of galaxy
mass and environmenpm = pm(M*,p).8 For any given environmenp, a more massive galaxy
exerts a stronger pull on its neighbours and so, all elsegleginial, a more massive galaxy should
be more likely to mergé.

More massive galaxies are also more likely to occupy demséramments (given the morphology-
environment relationship, e.g. Dressler (1980) and thesmasrphology relationship, e.g. Kauff-
mann et al. (2003a)) so that two galaxies of magsakid M; where M; > M3 which have the same
probability of merging,p1(M3,p1) = p2(M3, p2) must occupy different environments and, since
mass generally scales with environment, we must lpave p,. In other wordspoththe massand
environment distributions of galaxies in mergers shouldeap rightward-shifted compared to the
global population as we see in Figures 5.3 and 5.5.

Since environmental factors do not provide an explanat@nttie highNs/Ne observed in

6This takes into account the number density and peculiarcitie of surrounding galaxies since these are both
functions (or definitions) of environmental measure.

"Moreover, for any environment taken as a closed systemimghitcommon centre of mass where it can be assumed
that it's constituent bodies are in equilibrium (having saene kinetic energy), a more massive body will have a smaller
peculiar velocity with respect to the system’s centre of smasking it more conducive to gravitational binding with
some other orbiting body.
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mergers, we conclude that mergers involving spiral gataséenain detectable for longer periods.
Whereas the study by Lotz et al. (2008b) provided theoreticdence that this is in fact the case,
this study provides empirical evidence that these timéesaaf detectability do indeed vary. This
should be taken into consideration by those that aim to gbaveobserved merger fraction to an
absolute merger rate for implementation in hierarchicatiei&

Mergers with spirals must remain detectable for longer dutbeir internal properties and so
we turned to investigate them, beginning with the photoimetroperties of mergers. We showed
that the colours of merging galaxies scale strongly withsyaaml morphology and are more spread
compared to ordinary galaxies (85.5). In particular, meygshibit a strong blue tail which we
concluded is due to intense star formation induced by thgengarocess.

Below the stellar transition mass 3 x lOloM@ noted by Kauffmann et al. (2003a) we found
that ellipticals were rare in both the merger and the corgavhples though spirals were fairly
common in both. What then becomes of the numerous low-masa-spiral mergers? It was
posited in §85.1 that at least some spiral-spiral mergerdv@imajor mergers and this lead to the
hypothesise that the transition mass-o8 x 101°M@ corresponds to a transition between general-
disc survival and general-disc destruction in mergers.

Such a transition would be closely linked with gas dynamiasiergers. Simulations studying
disc survival have placed great emphasis on the interacbetween gas and stars in mergers sug-
gesting that galaxies with high gas-to-stellar-mass satitd reservoirs at high radii are highly ca-
pable of rapid disc-reformation after dynamical relaxaijblopkins et al. 2009). As spiral galaxies
evolve they expend gas in their disc via passive star foonand merger-induced drainage lead-
ing to an increasingly lower gas-to-stellar-mass ratioac8ithe gas content in spirals generally
scales down with stellar mass, there must be some average-gaslar-mass ratio for spirals at
3x 101°M@ and this, we hypothesise, marks a critical point beyond wkpirals are unlikely to
survive major mergers.

While the gas-to-stellar-mass ratio is important, it carim®the sole determinant of disc sur-
vival. For example the distribution of gas is also an impairfactor meaning that feedback mech-

anisms that retain gas at high radii are indirectly involiredisc survival/destruction in mergers.



5.7. Summary and Discussion 153

This prompted AGN-SFR analysis using the spectral-linghg@vailable to our catalogue.

We found that mergers induce intense star formatiorohlytin mergers involving spirals (see
Table 5.1) - ellipticals are hardly affected and dominaie qiescent category. This fits with
the ‘red-and-dead’ stereotype for giant ellipticals andgasts that mergers can account well for
the spread towards the high-mass end of galaxies in thealedrcsequence (i.e. giant elliptical-
elliptical mergers increase the luminosity of the progemibut negligibly affect its colour and
internal properties).

By contrast, we found little overall evidence for increaggaN activity in mergers in broad
agreement with several recent studies (Barton et al. 2000ns& et al. 2007; Li et al. 2008)
though contrary to early reports such as Kennicutt et alB71%nd, more recently, Geller &
Woods (2007), Schawinski et al. (2009b). The recent studflligon et al. (2008) also found
little evidence for increased AGN activity in their closaig sample and concluded that, if AGN
are induced by mergers, then they must occur at stages taterctose-pairs typically examine.
In Figure 4.12we did show in fact that our merger-location technique piggsmergers in later
stages compared to the close-pairs technique. Furtheymien we divided our mergers into
their visually assigned stages, there appeared to be d Bliifease in the proportion of merging
galaxies in the ‘approaching post-merger’ stage {32 with mean projected core-separation
~ 5kpc) in comparison to mergers at earlier stagest{2%b with mean projected core-separation
~ 13kpc). Caution is urged here though since the counting®mre large and there may be
obscuration affects associated with strong star formatignatures.

We found that the specific-SFRs (defined in Eq. (5.1), 85&&higher in star-forming merg-
ers, on average, than in the star-forming control galaxjes B. For the star-forming galaxies in
mergers we find that the specific-star-formation rate saias with stellar mass. We interpreted
this to mean that gas supply is being continually drainecatéexges accumulate stellar-mass. This
is consistent with the hypothesis that a critical gas-#i@tmass ratio emerges neax 301°M@
for disc survival/destruction.

The results of this study generally imply that, where mesgdws happen, their effects are

powerful on spirals (eroding their gas and angular momergupplies and strongly enhancing



their SFRs) but much weaker on ellipticals. This in turn etifethe time-scales of detectability
for mergers which should be taken into account by studiegaito convert merger fractions into
merger rates.

Many interesting clues about galaxy evolution can be glédmen our data and future projects

such as Galaxy Zoo Two applied to SDSS and higher redshifegampromise exciting results.



Chapter 6

Multi mergers and the Millennium

Simulation

6.1 Introduction

As we have seen, the exact extent to which mergers are abteaarat for the observed properties
and morphologies of galaxies in the Universe preoccupieshrofimodern research. If mergers are
not sufficient to explain all observations pertaining to saassembly, then other modes of galaxy
formation must be conjoined to the standard hierarchicaése. If, however, mergers alone
(implemented via a model of structure formation such\&DM) are enough to explain what
we observe in galaxies, then such additional processesacahtiierefore should) be discarded.
In either case, mergers are known to occur at significans r@enselice et al. 2008; Lotz et al.
2008a; Patton & Atfield 2008; Bertone & Conselice 2009; Stewhaal. 2009a; Robaina et al.
2010; Kaviraj et al. 2011) and are an indispensable explapaiesource with respect to galaxy
evolution.

Here we examine the interesting subset of the 3003 mergeas:. 38 systems with three or more
galaxies merging simultaneously, i.e. small interactihgters (shown in Figure 6.1), and use it
to estimate, for the first time, the (major) multi-mergercfran of galaxies in the local Universe.

This fraction and the examined properties of these multiging galaxies thus provide a useful

155
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independentest of SAMs from the typical observables that such modeiganed to reproduce.
As one of our stated interests was to eventually employ SAMs<plore the anthropic landscape
aboutp! (Chapter 3.1), it is important to test SAMs, where possitiisee if they are accurate with
respect to observations that were not explicitly built itlteir construction. We also compare the
fractions and properties of the binary mergers to thoseeMhlennium SAMs.

As already discussed, in tfHeCDM cosmology galactic mergers are primarily driven by the
coalescence of Dark Matter (DM) structui@ee e.g. White & Frenk 1991; Bond et al. 1991; Rees
& White 1978; Lacey & Cole 1993; Jenkins et al. 2001; Spriregedl. 2005; Stewart et al. 2009b).
Once DM haloes have become virialized, further growth cag oncur through accretion and
merging (Fakhouri & Ma 2008; Neistein & Dekel 2008; Fakhatral. 2010). The merger histories
of DM halos can be reproduced through N-body simulationsifgpl et al. 2005; De Lucia et al.
2004b; Harker et al. 2006pr through analytic approximations such as Press-Sche@htess &
Schechter 1974) and its extensions (Bond et al. 1991; Bo@&t;1Somerville et al. 2000).

To empirically test the accuracy of DM structure formatisemi-analytic recipes for the evolu-
tion of the visible matter within these haloes are requifdtese aim to capture the macro-physical
processes affecting observable guantities such as thrygaleminosity Function (Benson et al.
2003). Each physical process typically involves one or tvee fparameters and so semi-analytic
models (SAMS) require fine-tuning to reproduce empiricalesbations. The major considerations
are photoionisation (Benson et al. 2002), shock heatingaef(§attaneo et al. 2006a), gas cool-
ing (De Lucia et al. 2010), AGN feedback (Bower et al. 20060tGn et al. 2006), supernovae
feedback (also enriching the IGM with metal; De Lucia et 802a) and mergers (Springel et al.
2001). The resultant ‘galaxies’ that occupy the DM haloes tteen be converted to observable
luminosities through synthetic stellar-population maedgl.g. Bruzual & Charlot 2003; Maraston
1998; Maraston 2005).

Given enough adjustment of the free-parameter values aedophenological ingredients to

represent time-dependent feedback effects, any one guanth as the empirically determined

1while the N-body simulations are more or less ‘exact’ theeso for grouping DM-particles into halos and sub-
halos is arbitrary to a certain extent, in other words, thegerehistory depends on the detailed definition of a halo.
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Figure 6.1: Images of the 39 multi-merger systems obtaired GZM1. Each tile has been scaled
for optimal viewing, typically with sides of 50".

Luminosity Function (Cole et al. 2001; Norberg et al. 200RaHg et al. 2003; Panter et al. 2004;
Jones et al. 2006; Devereux et al. 2009) can be approximakedaaly well in principle A
major test of a model’s veracity therefore rests in its cépdo reproduce observables that were
not involved in its original calibration. One such test is toatatine how well a SAM agrees
with observed merger rates (or fractions). Several studé® compared the evolution of the
galaxy merger rate obtained by the close-pairs technigee §6.2.1 for description) to that of
SAMs implemented in the Millennium Run (Kitzbichler & Whi008; Patton & Atfield 2008;
Mateus 2008; Hopkins et al. 2010b). Bertone & Conselice 92000re recently compared the
SAM of Bertone et al. (2007) to the merger rate obtained byQA& (concentration, asymmetry
and clumpinessConselice 2003a; Conselice et al. 2003) method and fountiih&ere roughly
consistent foe < 2.

In this chapter, we introduce a new test for galaxy-evotutimodels that has, until now, been
too difficult to find observationally: the fraction and propes of galaxies in (near simultaneous)

multi-mergers (mergers of three or more galaxies of sinmiass). Several individual multi-merger



158 6. Multi mergers and the Millennium Simulation

systems have been studied (Cui et al. 2001; Amram et al. 2R0%&s et al. 2007) and a few
numerical simulations of multi-mergers carried out (WeiH&rnquist 1996; Bekki 2001Renaud
et al. 2010 but no practical method has been obtained till now that trgtate multi-mergers in
a near complete manner.

In 86.2 we describe how we constructed the catalogue in dodestimate the multi-merger
fraction. We then compare the binary and multi-merger foast obtained by the Galaxy Zoo
project with those of the SAMs of the Millennium Run. Theyl fatoadly into two families of
models: those developed by MPA Garching in Munich (Crotoal.€2006; De Lucia et al. 2006a;
Bertone et al. 2007) and those of Durham (Cole et al. 2000s&=mrt al. 2002; Benson et al.
2003; Baugh et al. 2005; Bower et al. 20@®int et al. 2008 Several implementations have been
developed by both groups and we use those which are publiailable? For the MPA, these are
the models of De Lucia et al. 2006a, De Lucia & Blaizot 20074 €aéer DelLucia06) and Bertone
et al. 2007 (hereafter Bertone07, an extension of DeLugiaf@é for Durham, the model of Bower
et al. 2006 (hereafter Bower08)e describe some of their characteristics in §6.3.

By comparing the SAM merger fractions to SDSS observatioaslarherein (86.4), we ef-
fectively test the accuracy of the build up of clumpinesshia Universe since the main factor
affecting merger rates is environment. Other propertiesetaie with environment such as stellar
mass, colour and morphology and so we examine these in betBAMs and Galaxy Zoo cat-
alogues for multi-mergers, binary-mergers and singlexyadystems (86.5). We summarise our

results in 86.6.

6.2 The Multi-Merger Catalogue

6.2.1 Finding Multi-Mergers

As discussed in §4, finding mergers amongst surveys wittt® galaxies is highly non-trivial.
Non-parametric technigues such as CAS and@(@ini coefficient and the second-order moment

of the brightest 20% of the galaxy’s light; Abraham et al. 20Qotz et al. 2004; Lotz et al.

2See hitp://www.mpa-garching.mpg.de/millennium/
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2008a) that aim to identify parameter spaces uniguely dedupy mergers have thus far proved
challenging and the prospect of finding even more specifiespalses limited solely tonulti-
mergers is unrealistic (Lisker 2008).

Likewise, modifying the close-pairs techniq(lecating galaxy pairs within a certain angular
separation and redshift differenc®) find multi-mergers within SDSS is impractical due to fibre
overlaps. The apparatus within SDSS will not acquire spegtthich are needed in such ‘blind’
methods to avoid projection effects) from objects withif 66each other on a single viewing. The
conventional close-pairs technique is therefore onlyulsegithin tile-overlap regions. In order to
find systems witlthreeor more galaxies in the merger stage which are withith &@5each other,
the system would have to rest in a part of the sky where thexeasibletile-overlap.

We investigated the practicality of using a modified cloaggptechnique to find multi-mergers
using a close-pairs catalogue restricted 08 < z < 0.1 that associates spectral galaxy objects
with a redshift tolerance of.0017 (corresponding to a velocity difference of 500 kmss used
in Patton et al. 2002and projected separation of 30 kpc. We found that of the 438@tsal
objects in this catalogue, only 48 systems (148 objects)timae or more spectral objects. Only
one of these 48 systems belonged to our catalagdieating how incomplete this technique is
for finding multi-mergers. Even when three spectral objdctgall within these limits, the close-
pairs technique would not distinguish multi-mergers froommal binary-mergers that have been
deblended with multiple spectral objects. Figure 4.3 shewamples of this problem - the upper
images both have three spectral objects, but the left imagtearly a binary-merger (with two
spectral objects on one galaxy) and the right image is eetriptrger. Likewise, without visual
inspection, it would be almost impossible to know if the loweage of Figure 4.3, which has four
spectral objects, contained two, three or four galaxiesrating with each other.

The only way to find multi-merging systems is therefore tigtowisual inspection since hu-
mans can readily distinguish between features like bulgektidal tails and can often, on this
basis, tell straight away if a system is a multi-merger. Tisadvantage with visual identification
by individuals is that, firstly, it is time consuming in geakand wholly impractical for surveys

with ~ 108 galaxies and, secondly, it is subjective. Since, howevewnwere forced to re-examine
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Figure 6.2: Millennium Simulation merger-tree scheme. &bdescendant galaxies at snapshot
number SN=63 withM; < —20.55, the progenitors at SN=60 are found and counted to give the

number of galaxies in single-, binary- and multi-mergentayss.

N

a very large merger catalogue in 84, we took the opportunitifalg potential multi-mergers for
just such a study. In the next chapter, we show how a greatlyawed technique will allow the

Galaxy Zoo approach to find all types of merger efficiently.

6.2.2 Construction of Catalogue

The creation of this catalogue required the visual re-eration of all 3003 systems to check
for misclassifications and to assign morphologies to the&iddal galaxies. During this process,
any system that appeared as thoughitiht be a multi-merger was noted for future study. 78
such systems were flagged and form the parent sample foratakbgue. Closer examination of
these 78 led to the conclusion that several systems weresalredtainlynot merging (but were
projection effects), some were too difficult to distinguishd 39 of the original 3003 systems,
which make up the catalogue, are confidently multi-mergéth signs of interaction - most of
which are discernible in Figure 6.1 (simple inspection &f flgure should convey just how variable
multi-mergers are in appearance and therefore how chafigragpattern-recognition problem it
would be to design an automated system that could relialbéy flhese out as such).

Having visually determined that these 39 systems of threaare galaxies (with at least one
being a Galaxy Zoo spectral object associated witl,avalue > 0.4) are multi-mergers, we man-
ually selected the two (or more) best neighbour objectdahai to represent the other galaxies.
The ‘best’ object was judged according to (i) brightnessiertband and (ii) visual common sense.
Having spectra for at least one galaxy in each multi-mergiygiem and photometric data for each

individual galaxy allows us to calculate rest-frame cotoand stellar-mass approximations.
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6.2.3 Mass and Rest-Frame Photometry Calculations

To find a volume-limited major multi-merger fraction we ndedalculate the rest-frame photom-
etry and stellar masses of the galaxies in our catalogue efivtbdvhat we mean by ‘major’ in this
context.

Stellar masses are calculated as before by fitting the SD$&®mletry of each individual
galaxy object to a library of stellar-synthesis populagighlaraston 1998; Maraston 2005) out to
the redshift given by the spectral object in the mergingesystThe photometric errors given by
SDSS are carried through to estimate errors for the stelfmses. K-corrected rest-frame colours
are calculated as before using the photometry and speetistifts inputted into the publicly avail-
able IDL routinekcorrect 4_1_4 (Blanton & al. et 2003b). The rest-frame r-band magnitude
(M;) is needed to volume-limit the galaxies for our analysis.

For each system we refer to the masses of each galaxy by désgender where Mis the
most massive galaxy, Mhe second most massive, etc. We categorise a multi-mesgemajor
multi-merger if each galaxy of decreasing mass is within thirel of the mass of the next most
massive galaxy (W/M, < 3, Mz/M3 < 3, etc.). Of the 39 systems, only 12 are major triple-
mergers by this definition. Aniddle multi-merger is where the two most massive galaxies are
major (M;/M» < 3) but the next two are minor (MM3 > 3) and aminor multi-merger is where
the first two most massive galaxies form a minor binary-me¢lye /M, > 3). Before estimating
the major multi-merger fraction of the local Universe, wevniatroduce the Millennium SAMs
so that we can compare the fractions derived from the sionktwith the empirically observed

fractions (86.4).

6.3 The Millennium Simulation SAMs

6.3.1 Dark Matter

The Millennium Run is an N-body Dark Matter simulation oAN&£DM Universe. The original
version uses- 100 particles in a cubic region of 5601 Mpc on a side ircomovingcoordinates

and periodic boundary conditions. The simulation is basethe (slightly outdated) cosmological
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parameterf),, = 0.25, Qp = 0.75, Q, = 0.045,h = 0.73 andog = 0.9 (see Springel et al. 2005
for details). 64 snapshots of the simulation were savedn(ze= 127 toz = 0) and, from these,
merger-trees can be constructed. However, the definitionatdes and halo substructure is a
matter of convention. The MPA model defines a Friend-Of+ktigroup (defined by particles
linked to each other by 0.2 times the mean-particle sepeaind determines substructure using
the algorithmSUBFIND which separates bound structures from unbound partickterfdined by
their velocity relative to their local potential).

The Durham models, following Harker et al. (2006), carry thiet same analysis with the addi-
tion of extra constraints on subhalo-definition designeavtmd tenuous ‘bridges’ that temporarily
link FOF groups (but will dissipate in the near future rerlgithe groups distinct). The subhaloes
of a FOF group are distinct haloes in their model if (i) thetoemf the subhalo is outside twice
the half-mass radius of the main halo or (ii) the subhalo k&&red more than 75 per cent of the
mass since the last output time at which it was an indeperiddat

The DM build-up is the most important determinant with refpe the merging of the baryonic
galaxies. When a DM (satellite) halo bound to a more masshain) halo becomes sufficiently
disrupted and falls below the 20-particle limit for a strretto be defined, the countdown begins
for its central galaxy to merge with that of the main halo. Eact timing depends on the SAM

details relating to dynamical friction that models the decgthe satellite orbit.

6.3.2 Baryons

It is important that the SAM accurately convert baryons &lat populations (and thus to observ-
able photometry) if a realistic merger fraction (or ratefoi$e obtained since any sensible merger
fraction must be volume-limited (in redshift and magnitutteensure completeness. SAM recipes
ultimately relate DM haloes to galaxy magnitudes in spedifiods and if the prescriptions for
galaxy evolution result in unrealistic stellar populagdhen the volume-limited fractions will be
wrong.

The Durham and MPA SAMs differ on a number of details govegrire formation and evolu-

tion of galaxies. Each new model attempts to capture sorma ekservational feature (see Parry



6.3. The Millennium Simulation SAMs 163

et al. 2009 for a summary of the differences and the origigleps for details). For example,
DelLucia06 concentrates on the formation of brightest elugalaxies whereas Bertone07 devel-
ops the MPA model focussing on the treatment of metallicitydpction and exchange with the
IGM. The model reports improvements in the suppressionasffermation in small haloes but at

the expense of galaxy colour-bimodality.

6.3.3 Merger Trees

The merger catalogue is limited to the local Univerge<(0.1) and, since we assume that the
merger rate changes negligibly over this interval, we atg imnierested in local merger fractions
in this chapter. The Millennium Database only outputs halus galaxies at 64 discrete time steps
(referred to as ‘snapshots’ labelled by ‘snapshot numi§éid) for 0 to 63). A schematic is shown
in Figure 6.2 for merger trees with the progenitors at SN=#ated to descendants at SN3.
We approximate that a galaxy system would ‘look like' a mergae average, if the progenitors
of a descendant galaxy are identified as individual galaates progenitor Shlog with redshift
corresponding to a look-back time comparable to the tinadesof merger detectability.

Of course, the vast majority of mergers will be minor-mesgetose rates are difficult to
constrain observationally. Since we are interested in @@ the SAM mergers to the SDSS
catalogue, we consider only progenitors with < —20.55 and, as far as merger fractions go,
we are only interested in major mergers (see 86l4)choosing an ‘average’ or ‘typical’ time-
scale of detectability we face the difficulty that they degp@m the properties of the galaxies in
the merger and the merger-detection technique (Lotz et0@BI2 Lotz et al. 2010a; Lotz et al.
2010b; 85). For example, Lotz et al. 2008b found a median-So@e Oftmerger~ 0.35+0.15
Gyr for the detectabilityof the close-pairs technique whereas gas-rich spiral-energan remain
detectable for much longer periods when using asymmethntqaes £ Gyr; Lotz et al. 2010b).

If a particular population has a high proportion of spirdlegées compared to another, the relative
merger fractions will therefore appear inflated. Bertone én€elice 2009 quote the merger time-
scale range 0.4 Gyr - 1 Gyr based upon N-body simulations sgndndical-friction calculations

(Conselice 2006). We choose b = 60 for the fiducial snapshot since it corresponds to the
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Table 6.1: Summary of merger fractions for the MillenniumnRand SDSS esti-
mated in this chapter. The Millennium merger fraction defsean the snapshot
number (SNog) of the progenitors which are recorded at redshidfg¢rrespond-
ing to look-back timesAt) as given. To contribute to the numerator of a fraction,
a galaxy must be volume-limited, < —20.55) and be part of a major merger
(M1/M3 < 3, Ma/M3 < 3, M3/My4 < 3, etc.).

SNprog z At Binary/Single| Triple/Binary | Quad/Triple
(Gyr) (%) (%) (%)

Delucia06

58 0.116| 1.0 4.0 7.1 145

59 0.089| 0.8 3.1 5.4 125

60 0.064| 0.6 2.2 4.1 7.8

61 0.041| 04 1.4 3.0 3.8

62 0.020| 0.2 0.7 15 0

Bertone07

58 0.116| 1.0 3.0 6.9 14.2

59 0.089| 0.8 2.3 55 11.4

60 0.064| 0.6 1.6 4.0 7.8

61 0.041| 04 1.0 3.0 3.4

62 0.020| 0.2 0.5 1.3 0

Bower06

58 0.116| 1.0 3.4 11.6 26.8

59 0.089| 0.8 2.6 8.8 25.9

60 0.064| 0.6 18 7.4 16.5

61 0.041| 04 1.1 4.9 10.4

62 0.020| 0.2 0.6 2.7 0

This Study

| - | - | - | 15-45 | <2 0—20* |
This estimate is based on too small a sample to reach any finolusions.

look-back time @z~ 0.064+> 0.6 Gyr) closest to the median of the range of these studi85{01
Gyr). We also study how the merger fraction varies with,gh(see Table 6.1) and bear this
uncertainty in mind in interpreting our results. As illgted in Figure 6.2, we allow any merger

history between Sphog and SNes= 63.
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6.4 Multi-merger fraction of the local Universe

6.4.1 SDSS Multi-Merger Fraction

Earlier we found a major merger fraction for the local Unggpf~ 1.5 — 4.5% for galaxies with
M, < —20.55.

We can estimate an upper limit for the multi-merger fractsimply by finding the ratio of
volume-limited galaxies in major multi-mergers to volutimaited galaxies in binary-mergers in
our catalogue. As this catalogue was constructed igth> 0.4, it is plausible to assume that
multi-mergers are amongst the types of meng@re likely to be classified as ‘merging’ (in the
Galaxy Zoo interface) than simple binaries because mudtigers generally appear quite dramatic,
prompting the user to go for the merger button. The fractibmolti-mergers in systems with
fm > 0.4 is therefore likely to be greater than the fraction of moigrgers in galaxies for all
fm. Therefore, by only consideringy, > 0.4, we can estimate the upper limit of the multi-merger
fraction in the nearby Universe.

When we volume limit the % 3003 galaxies in GZM1 by the constrailbt, < —20.55, we
are left with 1634 individual galaxies in major mergers @nor multi). Of the 39 multi-mergers
we have identified, only 16 are major triple-mergers and eb¢hsystems, 388 galaxies have
M; < —20.55. This gives a fraction of 38634 and so we can approximate the upper limit of the
major triple-merger fraction as 2%23 This number might be inflated by no more tharb0%
if one takes into account the few systems from the origina{sé& 86.2.2) thanight have been
multi-mergers, but could not be resolved sufficiently to tnees The multi-merger to binary-merger
ratio appears to be similar, therefore, to the binary-metgesingle-galaxy ratio we calculated
(1.5—4.5%). We stress that this is a rough estimate for the upperdaoynsince we have lost
information by only considering systems fG > 0.4; but the general result is that the probability
of finding a galaxy in a merger & galaxies (folN = 2,3) is ~ few percent of the probability of

finding a galaxy in a system &f — 1 galaxies (for these volume-limited conditioll < —20.55

SMore formally: the ratio oindividual volume-limited (M, < —20.55, z < 0.1) galaxies in major triple-mergers to
individual volume-limited galaxies in major binary-mergers3y%.
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andz< 0.1).

Extending this empirical query to systems with> 4 galaxies suffers from small humber
statistics. Of the 39 systems, we visually identify only Bteyns as having 4 or more galaxies
merging at once. But none of these anajor quadruple-mergers by the appropriate definition:
M1/M, < 3, Ma/M3 < 3 and Ms/M4 < 3. However, two of the systems only just miss out on this
definition by having values of i/ M, slightly above 3 (with errors making 3 possible). If both of
these systemwereto be considered as major quadruple-mergers, then theofatmume-limited
galaxies in major quadruple-mergers to galaxies in majptetmergers would bé7 + /7)/38
(with ++/7 being the Poisson-counting error). So while theasuredjuadruple-merger fraction
is technically zero, it could easily have been as high-&0%. Our sample is therefore too small

to give accurate merger-fraction estimates for systems 4vitr more galaxies of comparable size.

6.4.2 The Millennium Multi-Merger Fraction

The galaxy databases for the Millennium Run offer much lasgenples that allow us to calculate
merger fractions out to quadruple-major mergers. For examp the model of DeLucia06, at
SNyesc= 63 (2= 0), there are 1,113,741 galaxies with < —20.55 and the combined number of
progenitor galaxies at Sihg = 60 is 1,121,201. As explained above, we classify each ddacén
galaxy at SNesc= 63 as a ‘merger remnant’ if it has two or more progenitors atargSNyrog
whose redshift corresponds to a look-back time comparaldarierger time-scale (we in fact vary
SNprog between 58- 62).

Of all these ‘mergers,’ we further classify them as beingjoriaf all their progenitor masses
are constrained by our working definition: 1§Mj < 3, Mz/M3 < 3, etc. It is clear that our
Millennium merger-fractions will depend on the choice of zfy since, the lower Shly is, the
greater the number of systems there are in mergers (as tigentere branches out with increasing
redshift). We therefore calculate the merger fractionsfiange of SN Values and present them
in Table 6.1 referring to fractions derived from §h), = 60 (with look-back time of- 0.6 Gyr) as
the fiducial value for each model.

For the ratio of individual volume-limited galaxies in majbinary-mergers to individual
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volume-limited single galaxies (labelled ‘Binary/Singfeaction in Table 6.1), we find that all
three SAMs produce a fraction within our limits.ft 4.5%). This is in agreement with similar
comparisons to close-pairs (Kitzbichler & White 2008; Bat& Atfield 2008; Mateus 2008) and
CAS (Bertone & Conselice 2009) for the local Universe. Hoarethe SAMs give slightly higher
percentages for the ratio of galaxies in triple-mergeresyst compared to binary-mergers. We
estimated that this number should be no more thé2? but the SAMs have at least double that
fraction for SNyrog = 60. Only if we use the first Millennium time-step $iy = 62, reducing the
merger-detectability time-scale t00.2 Gyr do we get agreement between the MPA models and
our calculation. This might be reconciled by the fact thattmuergers are dominated by elliptical
galaxies which have shorter merger-time scales (see 86H8).Durham model predicts roughly
twice the number of multi-mergers than do the Munich modststhe latter appear closer to our
observations on multi-merger fractions.

For the quadruple-triple ratio the Galaxy Zoo sample is toalsto offer useful constraints.
Comparing the Durham to MPA models shows that the former lymeater multi-merger fraction

still (over 100% more).

6.5 Properties of Multi-Merging Galaxies

6.5.1 SDSS Multi-Merger Properties
SDSS Morphologies

One of four morphological categories was assigned to edebiygan the multi-merger systems: S
= spiral, E = elliptical, SU = ‘unsure’ spiral and EU = ‘unsusdliptical. Unsure morphologies

are common, especially in late-stage, distant systemsengtarctural indicators like spiral arms
cannot be distinguished. The same four categories weremsadier chaptersvhere it was found

that spirals (S and SU) outnumber ellipticals (E and EU) iluwve-limited galaxies in mergers by
atleast 3:1. This is about twice the ratio of the global papiah and it was argued in 85 that this is
most likely due to the fact that mergers involving spiralsain detectable for longer periods than

mergers involving ellipticals. In multi-mergers, by catt, we found that the spiral-to-elliptical
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Figure 6.3: Distributions of stellar mass and environmegfor galaxies in multi-mergers and
galaxies in binary-mergers. The arrows point at the meauegdior the distributions. The peak at
logpg = —3 is artificial (to avoid log0 errors we sp§ to 1072 if zero).

Figure 6.4: Colour-magnitude diagrams for galaxies in mmubrgers (black) and galaxies in
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binary-mergers (grey).

ratio for volume-limited galaxies was closer to 1:1. In atherds, multi-mergers appear to favour
ellipticals in our sample compared with their occurrenceimary-mergers and the global galaxy

population.
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SDSS Environment, Colours and Stellar Masses

It seems unlikely that this high occurrence of ellipticalsnulti-mergers is entirely due to a selec-
tion effect. It is possible that bulge dominated galaxies loa visually identified in multi-mergers
longer than spirals since the bulge is a key feature indigdtiow many galaxies were originally
involved in a multi-merger; but spirals remain detectableniergers for longer, as we concluded
earlier, so the duration of detectability for multi-mergénvolving spirals should be longer still
than for multi-mergers involving ellipticals. Despiteghthe fact that ellipticals feature so promi-
nently in multi-mergers suggests that environment has sofluence, i.e. dense environments are
more likely to host multi-mergers. We found earlier than@ry) mergers tend to occupy slightly
denser environments than galaxies in the global populaimhso it seems that the number of
galaxies involved in a merger scales with environment.

We measure the environment of the multi-mergers directiygutheadaptive Gaussian envi-
ronment parameterpy, as before (see §5.3).

Figure 6.3 shows the distribution pf; for the multi-merger and binary-merger systems (top-
left panel). The multi-mergers on average occupy envirarimith slightly higher values of
pg- The Kolmogorov-Smirnov statistic between the binary andtinmerger data sets provides a
measure of the difference between their cumulative didiohs and we find them to be different
with a significance level of 99%.

The observed multi-mergers are therefore found in moreedengironments though the pri-
mary reason is not clear: do multi-mergers favour elligsidzecause they are likely to take place
in dense environments or are multi-mergers with ellipadsier tovisually identifyand therefore
make multi-mergerappearto favour dense environments? Probably both factors arkaatgmd
it is difficult at this stage to disentangle the effects gitatitely.

Likewise, Figure 6.3 indicates that the stellar masses efgtidaxies in multi-mergers are on
average greater than their binary-merger counterpartscovgare the SDSS masses directly to
the Millennium SAMs in 8§6.5.2. Colour is yet another quanthat correlates with morphology
and, as Figure 6.4 shows, the-r colours of multi-merging galaxies are redder than theiakyn

merger counterparts. The empirical evidence is therefoqghatically clear that galaxiegsually
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Figure 6.5: Distributions of Bulge-Total stellar massaaif galaxies in single-, binary- and multi-
merger systems for all three SAMs at §h} = 60. The arrows indicate the mean values for each
sample. All three predict that binary and multi-mergersehawore ‘elliptical’ like morphologies
compared with isolated systems - a likely concomitant offiveurability of mergers to occur in
high-density environments.

observed to be in multi-mergers are more likely to be eampetthan single- and binary-merger

galaxies.

6.5.2 Millennium Multi-Merger Properties
Millennium Morphologies

The morphologies of the SDSS multi-mergers and the Millermmulti-mergers cannot be com-
pared directly since the SDSS morphologies are obtainadhNys However, we can determine
the gualitative relationship of the Millennium galaxy mbgbogies using the Bulge-Total stellar

mass ratio as a proxy (with a high ratio corresponding tptils and low ratio to spirals). Sev-
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eral studies have defined morphologies this way (KhochfarugkBrt 2003; Benson et al. 2007;
Bertone et al. 2007; Parry et al. 2009). Benson et al. (26#)d that the SDSS and Durham SAM
produced qualitatively similar disc-bulge Luminosity [etions (see their Figure 17). The distri-
butions of the Bulge-Total mass ratios for the galaxies efttitee SAMs at Spg = 60 are shown
in Figure 6.5. All three models produce the expected quaiaesult that the more galaxies there
are in a (merger) system, the more bulge-dominated theyb@il\We find that the Durham model
has systems generally more bulge-dominated than the Mumartels in agreement with Parry
et al. (2009).

As argued in 86.5.1, binary- and multi-mergers occur mo&ideably in higher-density envi-
ronments and this is where interactions (inducing greaemat torques, see Hopkins et al. 2009;
Hopkins et al. 2009b) causing disk instability are commohisTs no doubt largely responsible
for the well established morphology-environment relattdp (established since at least Dressler
1980) and so mergers, taking place more favourably in demséronments, are more likely to be

elliptical.

Millennium Environment, Colours and Stellar Masses

The Millennium SAM catalogues do not provide a direct measfrenvironment and so we de-
cline to test this property, though it seems almost certiat imulti-mergers will favour high-
density environments given the bulge-dominated morphetogxhibited by the SAMs as dis-
cussed in 86.5.2.

The colours of DelLucia06 and BertoneQ7 were examined inoBeret al. (2007) and it was
found that the Bertone07 model did not reproduce the coleorduality of the local Universe as
well as DelLucia06. The model of Bower06 does reproduce tbal lbi-modality well (see e.g.
Figure 4 of Bower et al. 2006). However, since the colourgddarezed secondarily from the stellar
populations comprising their putative galaxies (all usimg stellar synthesis models of Bruzual &
Charlot 2003), we analyse their stellar mass distributesia main form of comparison.

Figure 6.6 shows the mass distributions for the SDSS ané&Milum galaxies. Bertone et al.

(2007) reported that both their model and that of DeLucidigdty underestimate the Luminosity
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Figure 6.6: Stellar mass distributions for the single-abpyp and multi-merger systems in SDSS
and Millennium. The left, middle and right columns corresgao the DeLucia06, Bertone07 and
Bower06 models respectively. The top panels show the masshdtions for the SDSS systems.
The bottom panels show the same (SDSS) data except thedpbaiitets are allowed to vary along
the error bars (representing the Poisson-counting eriorsjder to minimise gx? significance
test with the Millennium model (in the middle panel). Theaavs show the mean values for each
distribution. All galaxies are volume-limited & 0.1, M, < —20.55) and the progenitors are taken
at SNyrog = 60. The Millennium SAM masses are determined here usiag).73.
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Function as a function of stellar mass in the rangeés X0logM* < 11.2. This helps explain the
very slight discrepancy between the single-galaxy masshaitions for the MPA models (note the
black vertical arrows show the mean masses of the SAMs-dralex less than that of the SDSS
single systems). The top and bottom panels show the SDS#udigins where the data points
on the bottom are allowed to vary along the Poisson-courdmgr bars in order to most closely
match the Millennium distributions. Also, importantlygtkistributions for the binary-mergers are
adjusted so as to include a spiral-elliptical ratio of 3 :r&siit was argued in the previous chapter
that spirals are over-observed by facto2 due to longer time-scales of detectability (Lotz et al.
2008Db).

By contrast, it was suggested in §86.5.1 that ellipticalshhimge over-observed in multi-mergers
but since we cannot quantify this, we cannot correct fortisuggests that the multi-merger mass
distributions might not increase at quite the rate suggdebtiethe SDSS distributions. All this
considered, the MPA models both do well in reproducing the¢ faith slight underestimation)
that galaxies in binary and multi-mergers increase in mgss- i dex per extra galaxy in the
system (on average). By contrast, the model of Bower06 appeaeproduce the single-galaxy
mass distribution to great accuracy but shows very litti@way of increasing mass with merging
(see middle box of right column). With respect to predictellar masses, both groups of model

show slight strengths and weaknesses compared to each other

6.6 Summary

Through the Galaxy Zoo project we have assembled a cataloigorilti-merger systems in the
local Universe £ < 0.1). Multi-mergers can only be found (at the present time)ES through
visual inspection since close-pairs suffer from fibre ayesl and automated methods like CAS
and GMyg are not sensitive enough to consign a given image to a ‘rmétiger’ parameter space
(distinct from binary-mergers). The original Galaxy Zoteiriace was not set up specifically for
the task of finding multi-mergers, but will likely be in thetfie based upon the improved technique
we present in the next chapter.

Nonetheless, we argued that our catalogue is sufficientdeige a rough estimate of the



(major) multi-merger fraction and gave an upper bound shel € 2% of all volume-limited
galaxies M, < —20.55) in a major merger (most of them being binary) are spedificaa multi-
merger. This is about the same percentage as that calctbatie (binary) major merger fraction
(1.5— 4.5%) for the same volume-limiting constraints. However, sample is not large enough
to find the quadruple-major merger fraction (or beyond).

The Millennium SAMs gave similar merger fractions for themher of volume-limited galax-
ies in major binary-mergers compared to single galaxie2%). However, the next level of
merger exhibited some disagreement between the SAMs andbsarvations (with the SAMs
over predicting galaxies in multi-mergers by at least faeta2). The Durham model offered a
multi-merger fraction roughly twice that of the MPA modelokever, since we have shown that
galaxies in multi-mergers tend to be elliptical (Figure)6yhich have shorter time-scales of de-
tectability, this could justify taking the Millennium mistnerger step at Shlog = 62 in which case
the fraction would be within our rough observational linmitthe Bertone07 model.

Comparing the properties of the galaxies in these multigersrto those in binary-mergers and
single-galaxy systems, we found that the (volume-limitgalaxies in multi-mergers have greater
stellar masses (Figure 6.6), redder colours (Figure 6 d)anupied slightly denser environments
(Figure 6.3). Such properties are characteristic of etlgpgalaxies and we found a high elliptical-
spiral ratio (at about 1 : 1) in multi-mergers compared toghmgle systems (at about 2 : 3) and
binary-mergers (at about 1 : 3). We argued that this is ulylike be entirely due to a selection
effect. To corroborate this, we compared our results wighSAMSs.

We found good qualitative agreement: all three models ptedithat the Bulge/Total mass
ratio increases with merger-number corroborating the mbsien that multi-mergers favour el-
lipticals and, implicitly, occupy denser environments eerage compared to galaxies in binary-
mergers and single galaxies. The MPA models also agreedajivaly with the fact that galaxy
mass increases, on average, with the number of galaxie® isygtem. The Durham model ap-

peared to slightly underestimate this effect.



Chapter 7

All the SDSS Mergers ¢ < 0.1)

7.1 Introduction

In this section we present a powerful synthesis for memgeation that has the potential to become
the standard method in future surveys. It is capable of fopdihtypes of merger - minor, major
and multi - in a near-complete manner. This is importantesimzrger-detection techniques to
date tend to struggle with minor mergers in particular amgé¢hcontribute significantly to galaxy
evolution being more frequent than major mergers (Hopkires. 2010a; Kaviraj et al. 2011; Lotz
et al. 2011).

As we have seen so far, to overcome the problem of finding me(gad galaxy morphologies
more generally), there are two broad types of decision-ntpgrocesses that one can use: ‘auto-
mated’ and ‘human-visual.” Both tools possess strengtsaknesses (computational decisions
are fast and reproducible but unadaptive; assessment barhindividuals is slow and subjective
but highly versatile - see §7.2 for elaboration) atidmerger-location techniques at present use a
mixture of these two to varying degrees.

The ‘Close-Pairs’ technique (CP) for locating mergers ithatmore ‘automated’ end of the
range, finding pairs of galaxies likely to merge within a dymeal-friction timescale by calculating
their separation inr@, dec, 2 space. But the technique gives no information as to whetier
systems are interacting or not (or how many galaxies aréviedopsee Figure 4.3 and surrounding

discussion). To find this out, a correction for contaminaigrequired which can only be obtained

175
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through direct visual examination or techniques that remenheavily on visual-tuning.

These include the ‘non-parametric’ techniques (CAS andy§¥that we discussed that con-
vert pixel-arrays to numbers designed to summarise thekiison of light in galaxy images.
These techniques require choices of thresholds and padithat define the galaxy’s morphologi-
cal classification and which ultimately trace back to (agddrreplicate) human-visual decisions.
Moreover, since no technigue can ever perfectly reprodiaeeopinions of experts, all such au-
tomated techniques will involve some contamination that ealy be quantified through visual
inspection of random subsets.

For this reason, many morphological studies have optedhébtute-force approach of human
visualisation often averaging decisions over several #xpe minimise subjectivity. Some recent
examples are those of Nair & Abraham (2010), who visuallyngrad 14,034 SDSS galaxies and
the EFIGF group who complemented and controlled their bulge-disougmsition analysis of
4458 SDSS galaxies with visual classifications (Baillaréle2011; de Lapparent et al. 2011).
The Galaxy Zoo project took this to a whole new level by tregtihe world-wide web as a giant
neural net of sorts, averaging over the decisions of dozemsliwiduals per morphology-related
guestion, and thereby ascertaining a quantitative levebofidence for each discrete decision. Of
course, all visual techniques are based on parent samplearéhcreated by automated processes,
namely the data reduction pipeline from instrument to dadab

In short, it is important to recognise that pattern recagnits, very generally, a synthesis
between ‘man and machine’ and the problem we face in findingyene and morphologies ot
whether to use human-visuat automated techniques, but rather to find the technique thkés
best use of both types of decision-making process. Thig/stirds to advance the efficiency of
that synthesis by combining the best aspects from the tgobgithat have gone before it.

We showed in previous chapters that the basic Galaxy Zomapprwas highly effective at

finding mergers in large quantities but it faced several efgroblems as the non-parametric and

1As discussed in Lotz et al. (2011), this correction factan be anywhere in the region4— 1.0. Owing to
this significant contamination, non-visual studies tenbeaestricted to the evolution of the mergate (assuming a
systematic contamination across redshift) rather thapigertiesof the galaxies in mergers.

2«Extraction de Formes Ideélisées de Galaxies en Imagerie.”
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Figure 7.1: The distribution of SDSS galaxies and the pdaggnof flux (in therpetro band) of
galaxy photometric objects within deblended parent imdagasdoesot belong to the brightest
galaxy object. The grey histogram shows all deblended SD¥s&pimages containing a galaxy
with spectra forz < 0.1. The minor and major mergers are taken from the originadlcgtie
constructed earlier and separated by stellar-mass ratic3ofThe multi-mergers are those from
the catalogue constructed in the previous chapter. Alkthmerger histograms are scaled to match
the area of the grey histogram 10% on the x-axis - the paremplgefor catalogue construction in
this study guarantees inclusion of all detectable mergéfsflux ratio of at least 1:9.

close-pair techniques. Firstly, the first generation ofa®gplZoo interface (Lintott et al. 2008)
asked users to decide whether the galaxy at the centre ofageifthe result of an automated pro-
cess) was involved in a merger or not. As expected, the wesigfinaction of affirmative responses
to this question,f, offers a useful measure of the likelihood that the centhatpmetric object
is involved in a merger, but it (like other techniques) sagthing aboutwhatthe central galaxy
is merging with (is it a minor merger? a multi-merger? ett¢g.determine this, further decisions
would have to be made as to which photometric object(s) semités) the merging partner(s).

Secondly, because mergers tend to produce clumpy and agyimimeges (prone to ‘shred-
ding’ by the SDSS deblending routine if close-by), there waglirect way of ensuring that the
central photometric object about which the image was cdmpresented the light of the merging
galaxy accurately.

Thirdly, there was no way of directly ensuring that the bodyight deemed to be merging

with the central galaxy is in fact another galaxy as opposed $tar (many users were insuffi-
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ciently familiar with the difference in appearance betwstars and galaxies to avoid this source
of contamination). These problems meant that, althoughGilaxy Zoo approach substantially
reduced the size of the parent sample, an extensive rediageakd refining process was required
by the research group where contaminants were removed anghtitometric objects best rep-
resenting the galaxies in the true binary and multi-mergerse manually selected so that their
properties could be studied.

Fourthly, fn, is a continuous variable such that systems with- 1 are virtually certain to be
involved in a merger and systems witfi ~ 0 are almost certainly not. Like the non-parametric
and close-pair techniques, a somewhat arbitrary ‘mergknidg’ threshold/partition had to be
picked based upon extensive visual examination. In this,@sgaluef, > 0.4 was chosen leaving
a substantial number of mergers in thg~ 0.2 — 0.4 interval. This number had to be estimated
in calculating a final merger fraction and brought about gdarror as a result (frae 1.5— 4.5%
for My < —20.55,z < 0.1). It alsomadethe sample biased against minor-mergers (which tended
to score smallelf, values than major mergers; see Figure 4.11) and, althoumlsaimple was
large and representative of mergers whose properties weestigated in 85, the catalogue was
substantially incomplete.

In conclusion, when it came to finding mergers, although tigiral Galaxy Zoo interface did
prove useful in creating a very large merger catalogue ditndit put the power of human-visual
pattern recognition to its best use by simply constructipguant sample ‘likely to contain merg-
ers’ that needed review and decontamination by individesg¢archers. This could have been done
using automated processes. Rather, human-visual labpurt i® better use when making more
nuanced decisions beyond what the programmer can do bggséttiesholds: ‘this photometric
object is part of a tidal tail,” ‘this object is part of an ig@lar galaxy, not a merger’, ‘something
has gone wrong here,’ etc.

With these lessons in mind, we re-arranged the combinaticautomated vs human-visual
tasks in the following way. We use an automated process ¢otsttle parent samptaost likely to
contain mergers in a complete manrard to remove stars. Since merger-images are always going

to produce peaks of light near to each other, they shouldyahlwa found within isophotes where
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some significant portion of the deblended flwnis found within a single peak (as illustrated in
Figure 4.1; compare with Figure 7.2). Figure 7.1 shows angtoorrelation between the percentage
of flux not located in the brightest galaxy object within the SDSS paissphote (demarcating
source from background) and the ‘size’ of the merger (repriesl by whether a merger is ‘minor,’
‘major’ or ‘multi’). In 87.2 we describe how the SDSS deblarglroutine was used to achieve this
task and virtuallyguaranteethat all minor, major and multi-mergers will be included iparent
sample significantly smaller than the global population.

Having created a parent sample of tractable size, we dinechiman-visual task to making
extremely detailed decisions on a (photometric) objectbject basis. Using a specially designed
interface (described in 8§7.2), we group together all phetmim objects belonging to the same
galaxy and then decide whether the galaxies representduebyg groups are interacting with each
other or not. This way we neatly separate the light belonginigteracting galaxies and create a
better representation of their total flux.

The result of this approach was to nearly double the size ofeneatalogue from 3003 binary
pairs (from DR6) to 5872 systems (from DR7) with more dethildormation on the photometry
constituting each galaxy in each image and with stars autoatlyg removed® We are thereby
able to select near-complete samples of minor, major antd-mekgers (i.e. small clusters) with
relative ease and calculate the merger-fraction of thd louaerse with much smaller errors than
before. Additionally, we are able to “re-blend” the photdrgef many galaxies with low, uniform
surface-brightness which are often of irregular morphplagd ‘shredded’ by the deblending rou-
tine (see Figure 7.5 for examples).

In 87.2 we describe in more detail how we construct the pasantple and convert it, via
a visual interface, into a detailed merger catalogue of atom major and multi-mergers in the
local Universe of SDS&(< 0.1). In §7.3, we calculate and compare the minor and major energ
fractions of the local Universe with those predicted by #edt publically-available Millennium

Simulation semi-analytic model (SAM) (Guo et al. 2011, laéter G10).

3Images of the merger catalogue with their separated phot@sean be viewed herenttp://www-astro.
physics.ox.ac.uk/~ddarg/reblending_project/.
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Figure 7.2: Example of unperturbed, ‘blended’ (parent)gm#o which a single model fit is suffi-
cient. Most SDSS objects are of this sort and are omitted fterparent sample for this study.

7.2 Method

To find mergers efficiently, we first use the automated delitgndcbutine of the SDSS image-
processing pipeline to find parent images likely to contaegrgars that are at least minor (with
flux ratios of~ 1 : 9). We first select from an initial database of 32Z® spectral-galaxpbjects

for z < 0.1 that are ‘deblended. The flux distribution of a typical galaxy witharentID=0 is
illustrated in Figure 7.2; the fact that they are ‘blendedans that the probability of hosting a
merger is effectively zero. This leaves 2895 spectral galaxy objects in DR7. For each of these,
we find all ‘children’ photometric objects with the saperentID that are deemed to be ‘galaxy’
according to theiphototype - an automated assessment of the photometric object’s R&F th
separates stars from galaxies withB8% reliability Strauss et al. (2002). This removes a major
source of contamination and leave®Q@6 962 child photometric galaxy objects in total.

We then process each set of galaxy photometric objectsngelg to the same parent image)
to find those parent images where at least 10% of the r-bamddrat flux of the brightest galaxy
object is to be found in the remaining galaxy objects. As ghawFigure 7.1 and illustrated in
Figure 4.1, this efficiently narrows down the parent sampléhie hunt for mergers since these
will have much of the flux of the parent image distributed beythe brightest object. This takes
the sample from 26B95 parent images down to 475 to be visually processed with an average
number of~ 6 child objects. For < 0.02 we analyse all child objects but, since many of the
objects contain negligible magnitudes, we make a cut fo2 & z < 0.1 such that only as many

objects as are needed to account for at least 99% of the gélaxyn each parent image are

4l.e. all objects withparentID!=0.
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Figure 7.3: The interface for reblending galaxy images. Uker has photometric and visual
information to make informed decisions as to (i) which plnegétric objects belong tthe same
galaxy, (ii) whether these groupings (‘galaxy-webs’) esmnt irregular, post-merger, strongly-
pertubed or ring/bullet galaxies or are to be discarded,(gifdvhether the galaxies represented
by each welareinteracting with any other galaxy-web.

analysed (this reduces the average number of child objexts+ 6 to ~ 4).

Each parent image was analysed as follows by the interfao@rsin Figure 7.3. Firstly,
every object is grouped into a ‘web’ representing a singlexga This is usually a very easy task
for human-visualisation owing to our adept pattern recogmicapacity to outline shapes based
on colour-contrast. The task becomes more involved withnglly interacting systems where
the galaxies are so intertwined that it can sometimes beuliffio tell which part of the image
belonged to which progenitor. Nonetheless, our built inacity to re-construct 3-dimensional
trajectories is able to make such decisions much more helithan an automated process. Each
merger image tells a different story and thus requires tlaptdbility of the human mind to figure
out, say, that two strongly perturbed galaxies within th@easophote (and nothing else around)

must be interacting, or that a particular image is the resfudtmulti-merger, and so on.

By contrast, the computer only ‘knows’ where certain peakdacated but, without running an
expensive suite of n-body simulations across a wide-rafgmpact parameters, viewing angles,

etc. and matching them to the image in question, it cannatldeghich objects belong to which
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Figure 7.4: Examples of the outputs of the interface: gakére ‘reblended’ and the resultant
webs are classified as interacting (or not) with each othée rEsult is a catalogue of 149,165
such ‘galaxy-webs.’

progenitor galaxy. Even then, computational matching isf$brt often faces the problem of ‘false

minima’ usually requiring human supervision.

Examples of the effectiveness of this visual ‘reblendingn ©e seen in Figure 7.4 and in the
online catalogue.

Once all (uncut) galaxy objects in each parent-isophote l@en grouped into a web, each
web can be flagged as representing a galaxy that is ‘strqregtywbed,’ ‘irregular’ (i.e. not in
the Hubble sequence), ‘post-merger,” ‘ring’ or to be dideak If a web contains a spectral ob-
ject then the spectral redshift is used to represent theenbiathat galaxy-web. The magnitudes
and corresponding errors of all photometric objects in eaeh can then be combined and, if the
galaxy-web has a spectral redshift, can be used to derivbioeah k-corrected rest-frame magni-
tudes. In theory, the combined magnitudes of the ‘reblendetls will give a more complete and
accurate set of magnitudes for the system. The brighteetblyj each web can also be used to
represent the galaxy (for most galaxies there is negligitfiterence between the web’s ‘combined’
magnitude and web’s ‘brightest-member’ magnitude).

As one might expect, the exception are those galaxies thdtttebe classed as ‘irregular’ or
‘strongly perturbed.” The typical galaxy-web in the catple with spectral redshift has a ratio of

combined flux to brightest-member flux 6f1.03 - a negligible difference. But those classed as
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Figure 7.5: Examples of irregular galaxies - uniform, lowface brightness galaxies that do not
fit into the standard Hubble classification.

irregular have mean ratio ef 1.13 and 97 have oveloublethe ratio. Examples of these galaxies -
where the light is extremely spread out - are shown in Figusead form an interesting catalogue

in and of themselves that we shall investigate in futureistud

Each galaxy-web is then labelled as ‘interacting’ with &eotweb if they show clear signs
of morphological disturbance and no background space ilsl@ibetween them. We were quite
conservative in our assessments of interactions in ordard mistaken projections. If a galaxy-
web with spectra is deemed to be interacting with a galaxlg-wighout spectra, then the galaxy-
web without spectra inherits the redshift (which is useddioulate rest-frame magnitudes). After
examining 47475 images, we produced a catalogue of, 149 galaxy-webs, 466 of which were
flagged to be discarded, leaving 1899 galaxies with reblended photometry. Of these,788
galaxy-webs have their own spectral redshifts.

The catalogue has 1305 galaxy-webs flagged as ‘interacting’ with at least oteogalaxy-
web and 601 with at least two (potentially forming part of altinmerger or cluster). Of the
interacting webs, ,/L83 have their own spectral redshift an®85 have spectral redshifts inherited
from the galaxy-web they are interacting with. (The systel®smed to be interacting but having
no spectral redshifts were either too faint for SDSS spktargeting or stood within B50f a
spectral object in a separate galaxy that prevents it fraqmieng spectra due to fibre clashes).

All galaxy-webs with spectral redshifts (own or inheritdddugh interactions) had k-corrected
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rest-frame magnitudes calculated using the IDL routiaerrect 4_1_4 (Blanton & al. et 2003b)
with the Petrosian magnitudes, errors and extinction sesapplied by SDSS. These magnitudes

are needed to perform the volume-limiting analysis in daling merger fractions.

7.3 Binary Merger Fractions

As preliminary analysis, since this project is still ongpinve shall show that we get very good
agreement with the Millennium Simulation. Throughout teection, we measure the size of
merger-ratio by r-band flux ratio, denoted by0f"" < 1 (f, = 1 being an “equal-mass” merger),
that serves as a proxy for stellar mass. In the absence ofessampt, it can be assumed thiat
represents a binary merger.

We define our merger fraction for three intervals of magratudl19.5 < M, < —17.5, —215<
M; < =195 andM; < —215. These intervals are chosen based upon comparison tostinkuh
tion of stellar-masses in the semi-analytic galaxies of @dlennium-II) that are tuned to the
observed mass and luminosity functions of the local Un&eBased upon the correlation shown
in Figure 7.6 {op), we can associate these magnitude intervals with galakeggproximate stellar-
mass D < logM* < 10.0, 100 < logM* < 11.0 and 110 < log M* respectively (within the errors
derived from the spread). The SAM galaxy population peakissabwest resolution mass of
logM* ~ 7.0, whereas the SDSS sample peakslat- —20.5 roughly corresponding to the limit
for spectroscopic detectiongto = 17.77) atz~ 0.1 (Figure 7.6middle).

When we select a subsample of the SAM galaxies to match ttrébdison of M, of the SDSS
sample, we find that the meaw, of galaxies in mergers (wherg > 1/9) in both samples is
roughly one magnitude greater than the mé&nof the global population (Figure 7 Iéotton).
This agrees with what we found in Figure 6.6, that galaxieseoled in mergers tend to be more
massive than single-system galaxies.

The denominatar of all our observational merger fractions are found by cmgnthe total
number of all galaxies with spectral redshifts within théuvoe-limiting definitions up t@= 0.1.
E.g. for the low-brightness bin, this means finding all geaxvith spectral redshifts an€l9.5 <

M, < —17.5 up toz=0.026 for completeness. This makes use of the galaxy-welbgaialto avoid



7.3. Binary Merger Fractions 185

12 T T T T T T T T T T T T T T T
= Guo et al. 2010 (z=0) |
= _

"r — u4
n-.

n
<
=

10 o -1
3
LJ

9 5 i
o ;

9 - T

8 : : : T T T T T T T T "I 'I 1 I’:':;:

-22.5 -21.5 -19.5 -17.5
S Guo et al. 2010 7]
L = This Study -
LJ
]
- O
L
xx
oW
LJ
=
|_
I <
1
LJ
L @
PR
-22.5 -21.5 -19.5 -17.5
5 Guo et al. 2010 ]
L = This Study ——— ||
L
] 7\
8 ’,_ AN -
@ 1 Mergers — — — - ]
L Al ——
LJ
S _
'_
< _
i
L
x \ .
. 1. 4

-22.5 -21.5 -19.5 -17.5

Figure 7.6: Comparison with G10 photometdpper: SAM galaxies from G10 relating SDS%

to stellar massMiddle: unmodified samples; SDSS peakdvht~ —20.5, G10 at resolution mass
M* ~ 1O7M@. Lower: the G10 galaxies are sampled so as to match the SDSS distnitfgolid
red-black line) and the broken curves show the distributibrband flux of the subset of galaxies
in mergers that are at least minor. Arrows show the nidafor these samples.



186 7. All the SDSS Mergers &0.1)

double-counting by sorting out close-by galaxies with mibi@n one spectral object. Obviously
this fraction is only based upon the subset of SDSS sky whpretm have been obtained.

The numerators for the major- and minor-merger fractiomsfaund by simply counting the
total number of galaxy-webs that are deemed to be mergirgaiétss luminous galaxyithin the
defining limits of f, > 1/3 and ¥3 < f,, > 1/9 respectively.

These results are presented in Table 7.1 along with conganigerger fractions derived from
G10. The Millennium database only releases ‘snapshotématintervals of roughly~ 200Myrs
ranging from SN= 0 atz= 127 to SN=63 atz= 0. As before, we can estimate the merger
fraction atz~ 0 by finding the progenitors of each descendant galaxy in grgen tree at SN 63
at some earlier snapshot, §by, with a look-back time corresponding to a sensible timdesoh
detectability (illustrated in Figure 6.2, p. 160).

In theory, the method employed here should yield completyenecatalogues and accurate
fractions. However, there are a few unavoidable sourceaadtainty. Firstly, poor image quality
sometimes makes it difficult to judge whether two galaxiesiateracting or not\iz. projection
effects). Secondly, the time-scale of merger detectghilits, depends on the galaxies’ properties
and viewing angle. These two problems are somewhat relategtacting galaxies are relatively
easy to identify when involving large, gas-rich spiralstfwtidal-tail disruptions, etc.) even when
the image quality is poor whereas small, spheroidal gadaxgially require high image quality to
be classed confidently as interacting.

The time-scale of detectability also depends on mergextime technique (Lotz et al. 2008b;
Lotz et al. 2010a; Lotz et al. 2010b). For example, Lotz e28l0a show that the asymmetry
parameter, A, depends sensitively on the merger-masswitict,ps ranging from 02 — 0.4Gyr
for major mergersNl>/M; < 1/3) of moderate gas conteifas ~ 0.2 but dropping off rapidly at
M2/Mj ~ 1/5 such that minor mergers d,/M; ~ 1/9 havetops < 0.06Gyr.

5Note: this is different to the definition of the merger fractiused earlier. There, the numerator was defined by
countingall galaxies in a major merger (defined by stellar-mass 1:3)adoed by the volume-limit¥l, < —20.55 and
0.005< z< 0.1. For many systems, this meant that a binary-merger comédb-2 to the numerator since, if the more
massive is within the brightness limit then the other, beiithin 1/3 of the stellar mass, will often also be. This gave
a major-merger fraction of 1.5 — 4.5% with the large error resulting from the need to estimageftaction within the
fm < 0.4 range. If we were to adopt the same definition in this studggpt usingf, instead of stellar-mass ratios), we
get a major-merger fraction of 2.6%.
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Table 7.1: Merger fractions for SDSS (this study) and thdeévihiium SAM galaxies of G10. Since the
SAM merger fractions depend sensitively on the progenit@pshot (SiNyog), We include a range of
values from SNyog = 60 (look-back time ofAt ~ 0.6Gyr) to SNyyog = 62 (At ~ 0.2Gyr) which should
roughly match the time-scale of detectability for mergiygtems. We underline the merger fractions
from G10 that most closely match the observational value @rnors are Poisson counting statistics.

Major Merger Fraction (K 1/f, < 3)
Mag Bin SDSS | GUO SNyog=62 | GUO SNyrog=61 | GUO SN,r0g=60
At ~ 0.2Gyr At ~ 0.4Gyr At ~ 0.6Gyr
—195<M; < —175| 0.28+0.05 0.04+0.01 0.09+0.02 0.20+0.02
—215<M; < —-195 | 0.65+0.03 0.23+0.04 0.54+0.06 0.90+0.07
M; < —215 | 2.58+0.07 0.96+0.23 1.984+0.33 2.94+0.39
Minor Merger Fraction (X 1/f; < 9)
Mag Bin SDSS GUO SNyog=62 | GUO SNyrog=61 | GUO SNyr0g=60
At ~ 0.2Gyr At ~ 0.4Gyr At ~ 0.6Gyr
—-195<M; < -175| 0.15+0.03 0.16+0.02 0.30+0.03 0.46+0.04
—215<M; < —195| 0.34+0.02 0.46+0.05 0.83+0.07 1.384+0.09
M, < —215| 211+ 0.06 1.40+0.28 3.32+0.42 5.21+0.52

How sensitive is visual-detectability to the various fastaffectingt,ps? Although it is gener-
ally easy to visually demarcate different galaxies, deteimg whether or not they are interacting is
probably similar in its dependencies to the asymmetry patamA. The Gini coefficient is highly
sensitive to double nuclei but this means it is prone to flagsojections as ‘interactions.” The
Asymmetry parameter, on the other hand, can yield a very lawevfor double nucléimaking
it more resistant to projection effects, but it also makesiisitive to mass ratio. Since we chose
to be conservative in evaluating potential projection affgrelying on the presence of genuine
morphological disturbance), visual classification is tallg more in tune with A than G.

This means that the time-scale of detectability for vistlaksification will depend significantly

on merger mass-ratio. To get a handle on hgwvaries for our sample, we compare the merger

6This is because A is calculated iteratively until fbevestvalue of mirror symmetry is obtained. Double-nuclei
images can have a very symmetric distribution of light eitide of the line joining the nuclei.
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Figure 7.7: Left panel: a comparison of the H10 merger fractions, scaled to consggnt
300Myrs across merger-mass ratio, to this study. The thrHe ddrves are for the stellar mass
ranges X logMj /M, < 10, 10< logM3 /M < 11 and 11< logM3 /M, corresponding roughly
to the three r-band magnitude intervals used in this studg (aerger ratio is in terms of Mfor
H10). Right panel: ¢ps for this study determined by matching H10 with our obseoragi

fraction with the semi-empirical model of Hopkins et al. {2@) (hereafter H10).

Figure 7.7 (right panel) shows the H10 merger-fraction amatfon of mass-ratio for stellar-
mass ranges corresponding to the three r-band magnituelwatg used in this study. The H10
fractions are scaled fdg,s = 300Myrs putting them into close agreement with the majorgmie
fractions for this study for all three magnitude bins. Samito the findings of this study, the
H10 model exhibits a downward slope with increasing mase-far all three magnitude bins.
However, the difference in merger fraction from this studgves with merger ratio, which is not
surprising since,p,s= 300Myrs is large for such marginally-perturbed systemsdfscald,ps for
the H10 models so that the fractions match our own (see leklpzf 7.7) then we can visualise
more explicitly howtops varies for our sample (assuming we are complete and H10 igate.

When we compare this to the models of G10, as shown in Fig8revé see that we get good
agreement with the fact that the brightest galaxies hagetanerger fractions by facter 10 than
the least bright ones. There is also good qualitative ageeemith the downward sloping trends in
the merger fraction with increased merger-ratio for thghtrand intermediate sampléave take
into account the varying time-scales of detectability. tTisafor major mergers, the snapshot(s)

that generally agree closest &8= 60— 61; but as the merger ratio increases our fractions fall-off
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Figure 7.8. Merger-fraction versus merger-ratio distiitms comparing observational merging
galaxies from this study with SAM merging galaxies from GIbe errors are Poisson counting
statistics.



190 7. All the SDSS Mergers &0.1)

Figure 7.9: Examples demonstrating difficulty of spottingeractions of potential minor merg-
ers with poor image quality. All the same, such difficult dgmns are best left for direct visual
assessment.

faster - owing to shorter time-scales of detectability - emate closely match the merger fractions
derived from the MillenniunSN= 62 snapshot. The low-brightness G10 galaxies however show
a rather flat distribution with merger-ratio - in disagreetnith this study and the H10 model.

As a preliminary assessment, these findings are consisiéntive possibility that we have
managed to locateveryminor mergerin the SDSS sky that is presently interactithgpugh, as
always, there is uncertainty stemming from the fact thatsyrethetic models may have errors
and the visual-examination technique is only as good asniages it uses. We illustrate this
fact with examples in Figure 7.9 that are borderline: somthese will be interacting, some will
be projections. This is unavoidable but, still, visual ekaation is the closest one will come to

effectively finding such systems and separating their phetoy in an accurate manner.

7.4 Summary and Discussion

This project required a very large amount of visualisatibnesar 50000 images. This wasighly

time consuming, but effective nonetheless and has commdats#df therefore to the larger scale
visualisation technique that can only be provided by thea§8aloo project. This has the added
advantage of averaging over errors and freeing up reseaneh The interface need not use the

‘click on the object’ strategy as was used here, but usertddoel shown one image at a time



and make decisions for two objects. For our sample, that dvoeduire 50000 x 4 individual
assessments, assuming the cut is performed so that each ima@n average number of 4 child
objects. This is comparable in scale to the first Galaxy Zajept.

This work is ongoing and the publication to be released willlgse the properties of minor
mergers in a volume that has not been accomplished befouestigations are also underway
to see if this same technique can be used with other deblgmdirtines such as sExtractor for
application to higher redshift objects. This offers mangygmects to investigating the properties of
mergers in the Universe that are important to the semi-#inapproach presented in Chapter 3.1

in exploring the anthropic landscape.






Chapter 8

Concluding Remarks

This thesis represents the culmination of many researdbitees in both philosophy and main-
stream astrophysics. In summarising, | wish to draw atbentd two chief difficulties to its com-
position. Firstly, as discussed in the preface, this DPh# the first of its kind, to my knowledge,
in its placement of a doctoral research student in an asteiggdepartment to work on both astro-
physics and philosophy. One of the most difficult challengfeke philosophical component of the
thesis had been to decide what question it is that we aregttgimnswer. Much has already been
written on the AP and FTL and the key hypothesis that has giovpopularity out of this litera-
ture amongst cosmologists in recent years is the putatigtesce of infinitely-many, variegated
universes that are, in effect, completely unobservablds fidises questions and difficulties that
lie at the very heart of the philosophy of scieng&(underdetermination, realism vs. empiricism,
etc.). For example, what is meant, if anything, by the cldnat & generic Multiverse combined
with the AP constitutes an ‘explanation’ of the existencéhed ‘finely-tuned’ Universe?

As pointed out in chapter 2, the concept of ‘explanation’ igdal and philosophically con-
tentious. To illustrate, some claim that ‘transcendentigiedss the best ‘explanation’ of the
Universe (e.g. Swinburne) while others say that ‘God’ is rplanation of anything at all (c.f.
Dawkins). | distinguished a form of explanation callgllysical explanatior{see p. 51) and ar-
gued that the key concept to this form of explanatiocalgorithmic compressibilitydoes a posited

entity or hypothesis serve to reduce the resources (infilwrme? computational?) required de-
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scribethe phenomena in question? If so, then it is a “good” physgplanation (or better relative
to rival hypotheses that are not as parsimonious in the giease).

Although not proved herein, for such a contention is propalbk amenable to formal analysis,
| have suggested that neither of the ‘popular explanatitorsFTL (God or the Multiverse) are
‘explanations’ in thisphysicalsense; i.e. positing the existence of an infinity of otheverses
does nothing to aid us in describing the physical statethisfUniverse, just as asserting ‘God
did it does not assist in the taxonomy of the phenomena @ torld.”> Furthermore, | claimed
that, plausibly, our existence places constraiatgdsterior) on the degree to which the trivial
representation of the Universe can be algorithmically casged; if the Universe were simpler
(e.g. requiring fewer free parameters to specify its stdben complex life forms may well not
be possible. If so, then we would eventually find that our eiogily-adequate descriptions of
all hitherto-observed physical phenomena (such as the-smpirical formulae used in particle
physics) can simply not be improved upon. We would be forifewith equations and parameters
that must be taken as ‘brute-fact’ and no amount of matheadathanipulation would be able to
reduce the number of free-parameters, etc. that featureitheithout simultaneously increasing
the number of mathematical terms, mappings, etc. needeshtrate all empirical measuremefits.
If this is correct then reality, whatever that ‘is’, can orilg described ultimately, not explained,
and no answer to Leibniz’'s question could ever be ascedaseroponents of a final TOE have
long hoped.

However, it was noted in the opening chapter that there ietchy of ‘fundamental ques-

INote that this choice of word is purposefully vague and peative, for what is meant by ‘world’ is strongly
dependant on one’s preconceived view of reality (the ‘warldans something different to to the idealist as does to the
realist). See, e.g. van Fraassen (2002, p. 5ff.).

2A good illustration of this is given by Barrow (2003, p. 73where he compiles various attempts to compute
the fine-structure constant from ‘primitive’ mathematiwalues and functions. For example, one calculation gives
1/a = 219/4310/3517/4 -2 — 137.03594.. Suppose that we saitltakes its specific value because it is ultimately given
by this relation and that the digits agree as far down as @xpetal determination currently indicates. This would
not constitute an explanation because we have not redueetlthber of free parameters needed to generate what was
found empirically - we needed to place many more integerpéeific formulaic relationships. If, on the other hand, we
found that this equation actually matchedall the way down” to arbitrary precision then weouldhave free-parameter
reduction (at some point) and thus conclude that there isiaige ‘physical’ connection. However, there is no avoiding
a qualitative decision as to how ‘ad hoc’ or contrived suctté-offs are between complexity in information content
(one’s brute-fact list of numbers that the algorithms ofgeca) and complexity in structure (how many terms/processe
are involved in one’s algorithms).
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tions’ linking Leibniz’s ontological question to the realaf axiology and mind (c.f. the onto-
logical, taxological and axiological questions posed on2p. Pursuing this connection, it was
surprising to find over the course of this research that thesedeep philosophical connections
between the field of cosmology, especially pertaining toAReand FTL, and the philosophy of
mind. In both fields,conceivability that is, counter-factual analysis, produces a deep sdnse o
dissatisfaction with the position that the particular pbgbkstructure of our Universe and the par-
ticular mental states that appear to supervene over spphifgical statesvfz. human minds) are
to be taken as brute facts. | explored this connection in sdepth and showed how the Mul-
tiverse hypothesis could easily be extended to ‘solve’ @plan’ the mind-body problem in a
manner analogous to how it purportedly ‘explains’ FTL. Ikdhis as an example of how flexible,
all-encompassing and, therefore, vacuous the genericvdide hypothesis is an ‘explanation.’
By explaining everything, it really explains nothing. Thi®rk is continued in more depth else-
where where it is argued that mental states are ‘fine-tumed’ manner quite analogous to FTL
(Darg 2012b; planned book to be co-authored with J. Silk)thatiselection effects parallel to the
AP (what we call the ‘Noological Principle’) must be in opioa whenever an observer makes
rational deliberations.

The second major difficulty in the production of this thesasveombining these philosophical
topics with the mainstream astrophysical research caoigd At first glance, there is little in
common between the AP and galaxy morphologies. Howevesnitecto my attention at an early
stage of the DPhil that the latter are important for undediteg the evolution and abundance
of disc-dominated galaxies in the Universe. It also ocauteeme that discs are probably more
favourable to life as we know it compared to bulge-dominataldxies. This allowed me to pursue
a ‘connecting project’ using the SAM of chapter 3 in which vegigd the cosmological constant.
The guestion we examined was whether changes to this fundahpmgarameter would result in
more or less stars in disc-dominated galaxies which weeddeas our proxy for life. Although
there are many caveats to this investigation, it was intiegeto find that\ does appear to be within
an order of magnitude of the optimal value - keeping all otpemrameters constant - that would

maximise the number of stars in disc galaxies. Redudimgsults in slower spatial expansion and
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more accentuated gravitational collapse leading to a gréaérsal merger rate and the conversion
of disc-galaxies into bulges. Increasing on the other hand, means that galaxies don't build up
quickly enough, by converting gas to stars and through fukreal assembly, such that by the
time such a universe enters into its de Sitter phase, theygalapulation is dominated by small
galaxies in shallow potential wells that lose their gas tlgio ejection and can no longer grow
through accretion or merging. The proportion of stars ircglis high, but the global amount of
star-formation is significantly suppressed.

This study highlighted the importance of the merging precgih regard to the production
of galactic habitable zones and thus ties in with the studasied out on mergers. The first
difficulty in studying mergers is the pattern-recognitiorollem of locating and isolating their
photometry in astronomical surveys in a way amenable tansfieanalysis. In chapter 4 we
explored how the Galaxy Zoo project might help overcome piniblem by using it to construct
the largest catalogue of merging galaxies to date. It iséstang to note that there is an unavoidable
problem as to who or what constitutes the final epistemicaitthon such matters. Automated
techniques for locating and isolating mergers rely on tigemuity of the human programmer. All
thresholds, algorithms and computational techniques beideemed sensible (or not) bymans
not machines. This requires us to have powerful patterogmition capabilities and thus requires
us to be in the sort of universe where the pre-requisite ¢ongdi for such pattern-recognition
capabilities can come about. This connects with discusséanto what ‘observational reference
class’ we fall under with regards to the PoM. Are we, accaydmthis principle, supposed to take
ourselves to be typical members of the class of ‘observeasything or of the more specific class
of ‘scientific societies?’ Questions of this nature aredgly glossed over in such discussions and
illustrate how vague and philosophically nuanced suchtpples’ turn out to be.

Furthermore, there is the sociological question as to wepatific humansversee the whole
pattern-recognition process. The Galaxy Zoo technigu&svioy enlisting volunteers on the inter-
net; but they have no choice regarding the format of the coatipmal interface, the weighting of

their decision$ and, of course, the many qualitative decisions that weressary to convert the

3The decision to weight a user’s vote according to how wel tagree with the majority opinion (the ‘democratic
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outputs of the interface to published papers full of graptd r@sults. All of these decisions are
carried out by individual researchers operating accorttindpe sociological distinction between
expert and non-expert and there is no way to make progrebsutithis distinction. Hence, there
is potential room for criticism of the term ‘citizen scierice

The construction of our mergers catalogue allowed us toy @art detailed investigations re-
garding the fraction, morphologies, stellar masses, ¢sjanvironment, star-formation rates and
AGN signatures of galaxies in the local universe. In chapfeand 5 we found that spiral galaxies
tended to be observed in mergers in greater proportionseio global abundance and attributed
this to their longer time-scales of detectability in megyeGalaxies in mergers tend to be bluer
in colour, due to increased star-formation, have margirgiéater stellar masses, inhabit slightly
denser environments and we found slight evidence that AGiNtsds enhanced towards the end
of the merger process.

In chapter 6, we used our merger catalogue to test the agoofite SAMs of the Millennium
Simulation regarding the production of small clusters, whacalled ‘multi-mergers.’ This sort of
test is important for such models because these SAMs weréuneid’ beforehand to reproduce
results specific to multi-mergers. Successful predictiohthis sort increase one’s confidence
in the use of SAMs when extrapolated to new circumstancels asove did in chapter 3 with
‘counter-factual’ universes. We found good quantitatigeeg@ment between the SAMs and our
observations with regard to merger fractions (both binawy taiple mergers) and good qualitative
agreement with regards to their properties.

In the last chapter, we took a step back and assessed thgtstemd weaknesses of the GZ
approach to merger studies. We found that the original G&fimte did not deliver fully on its
initial promise to remove the need for experts to sift thfougousands of images and decide
which were or were not part of a genuine merger. Rather, ittfaned in a manner rather similar
to non-parametric techniques, that is, the original GZrfatee acted as an initial filter that isolated

lots of systems that alikely to contain mergerbutthere was still significant contamination (many

weight’) was decided by the GZ team. An alternative weigitiould have been to scale the weight of a user depending
on how well he/she agrees with ‘expert opinion’ on commaangwered questions (the ‘aristocratic weighting’).
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systems were not mergers) and an arbitrary cut-off of thgererote fraction was required & =

0.4 resulting in significant incompleteness. Experience tiddse issues lead to the development of
a much better synthesis of ‘man-machine’ pattern recagmnitiat uses the algorithms of the SDSS
pipeline to first identify systems likely to contain a mergpased on whether or not an image had
been ‘deblended.” A graphical interface was then desigmedbailt that allowed individuals to
manually ‘re-blend’ the dissected photometries of indiidgalaxies thus efficiently separating
out the components of a merging system.

The result of this process was to double the size of the meaaiogue, greatly reduce the
error in our merger fraction estimate, and obtain near-detagatalogues not only of major merg-
ers, but minor as well. We found good quantitative agreemétiit the latest Millennium SAM
and we now aim to promote this technique for future surveysmbination with citizen science
projects like Galaxy Zoo. Many other philosophical and@stysical lines of research have pre-
sented themselves over the course of this thesis and thiswiththopefully mark the beginning

of many projects to come.
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A.1 The Fine-Tuning of the Universe for Physical Life

This thesis has focussed more on iterpretationof the Anthropic Principle (AP) and the ‘fine-
tuning’ of our Universe for the existence of physical lifevas know it (FTL) rather than trying
to establishthat the Universe is in fact ‘fine-tuned’ in this way. Idealbne might think that one
can separate out these two exercises: first establish FTrding to well understood physics and
simple counter-factual analysis (what would happen if veeaased the strength of gravity? etc.),
then interpret these facts philosophically. Unfortunat#his is too simplistic as there is not a
clear distinction between these two exercises and it ishwaigting some of the interpretive issues
before reviewing examples of FTL.

Problems of fine-tuning are quite unlike the ‘traditionalbblems physicists used to face. In
the past, the great problems of physics typically involvesgigreement between theory and obser-
vation. For example, the ‘ultra-violet’ catastrophe pigitay to black-body radiation helped bring
about the replacement of the former mathematical formatibolassical theory with that of quan-
tum mechanics. Theory then matched observation, the eatearpeters required by the quantum
formalism were measured (namdiy and the scientific community moved on to new problems.
Nowadays the formalism of quantum field theory exhibits fédvaiy) disagreements with obser-
vation. So why is the scientific community not content wita #tandard model as it is empirically

adequate? One of the key reasons is that there are many fesagdars (rendering these theories

199



200 AppendixA

more ‘descriptive’ than ‘explanatory’) and, as we have dssed, there is a deep-set belief amongst
physicists that some principle of paramount simplicity tramnectall physical phenomenguaa
putative TOE. Moreover, these parameters seem (as a fissf)dtobe too specifically ‘life-friendly’

to be attributable to chance alone.

How this latter judgment is reached is no trivial issue asm® lvas found a convincing formal
basis on which to speak of ‘chance’ in this context. In patég a key dispute in the philosophical
literature is the issue of “coarse-tuning”: how, if at athncone interpret examples of parameter-
sensitivity in a probabilistic manner? Suppose that somedsionless constant, such @sis
subject to anthropic bounds such that its value must lieiwvithe intervalajower < @ < Qupper in
order for life to be possiblé.What is meant by the claim that the real-line segniemyer, Qupper)
is small? Compared to what is it small? If compared to the itefireal line thenany finite
interval - even one billions of orders of magnitude largartithe parameter itself - would measure
infinitesimally in probability space. From this, McGrew &t @001) conclude that probabilistic
interpretations are meaningless while Koperski, on therotand, suggests we “bite the bullet,
stand by the mathematics, and say that a coarse-tuned ssweuld require an explanation”
(Koperski (2005, p. 312)) and attribute as infinitesimathprobableanyoccurrence of a parameter
with an anthropic bound.

We mention this in order to show that ‘giving examples of Fid.hot a straightforward ap-
plication of counter-factual physics. The physics may bengo(vary a by factorx and life is
inhibited), but whether the reader admits any such exanmpbethe category of ‘fine-tuning’ that
‘requires explanation’ is, as we have discussed in thisith@smatter of considerable personal
psychology. For what appears ‘natural’ to the reader andsayut for explanation’ will depend on
one’s view of the world, their acquaintance with physic®ittphilosophical perspectives on the
importance and nature of simplicity, ‘naturalness,” OaklgaRazor, their willingness to hold out
for some hitherto-unknown dynamical principle that wouddnove any appearance of anthropic
contrivance (as inflation has to the flatness problem), etc.

As an example of the subtle issues involved, consider Pelsroalculation that the entropy

1According to Barrow (2003, p. 166) the specific values af#8D< a ~ 1/137 < 1/85.
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of the very early Universe corresponds to a phase space OME times smaller than the phase
space of a black hole having the same number of particleP@amse 1999, p. 440-7). If one were
to take this ratio as a straight-forward probability, it ideasily constitute the most impressive
example of ‘fine-tuning’ in the literature. However, it rirés regarded in this way - why not? The
answer is probably connected to the fact that this constveas necessary for the early Universe
to be (near) perfectly smooth and uniform and somettiels ‘simple’ or ‘natural’ about the
Universe starting off in this way. (It also corresponds te eyl curvature tensor equalling zero,
and zero is usually considered to be a ‘natural’ number fduhéato work around.)

Having laid out these subtle caveats, it remains the casetheless, that all that is needed to
establish fine-tuning is to make plausible the claim thatvitiame in parameter-space of funda-
mental parameters (constants and universal boundarytamrg}ithat is amenable to life is signif-
icantly smallerthan the volume in which life is prohibited for one reason other. (See discus-
sion in 83 where this parameter space is represented by theBfent vectop;.) Here are a few

examples. (For an in depth review of all examples of finertgm the literature, see Barnes 2011.)

The Cosmological Constant
The fine-tuning problem that has received the most attert@rtern’s Einstein’s constant that
appears to be set to cancel out the vacuum energy arisingdastitle interactions - in the low
energy limit after the Universe has cooled and undergonsehlansitions through symmetry
breaking - to some- 60— 120 orders of magnitude (depending on what cut off one clsofuge
contributing modes of energy to each field; see Weinberg 1;9B6usso 2008 for reviews). If
inflation is correct, then disparities between EinsteitwastantA and that arising from the vac-
uum 81G < p > would have helped drive the expansion. Unlike the case ofd2eis entropy
calculation, zero does not feature in this problem. A nam-z@lue of the effective cosmological
constantA = A + 871G < p > has been effectively measured (see 83) and results in a tdaive
which is only now entering the vacuum-dominated phase. HasthatA happens to be set to
sucha precise value so thate happen to be able to exiahdto detect it (thus enabling us to learn

about the Multiverse?) appears to be a staggering pair atitiEnces that has fuelled much de-
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bate and given motivation to the development of mechanibatsitould generate eternal inflation
with a wide-range of cosmological constants sproutinghfdmtbubble universes (c.f. the String

landscape).

The Strong and Electromagnetic Force
Whatever one may glean from counterfactual analysis, ang tk undoubtedly clear - the stabil-
ity of atoms and molecules depends upon the balancing ofadeeces of different strengths and
ranges and these could easily have been disrupted by gltbenvalues of the coupling constants.
For example, the stability of nuclei depends on the couatarizing of electromagnetic and strong
forces such that, in order for biologically useful nuclebabZ = 5 to be stable, the strong force
could not be reduced by any more than 50% of its actual valaer¢®/ & Tipler 1996, p. 327). In
order to produce both Carbon and Oxygen - elements esstmtifd - the strong force could not
have been increased by more than%80 or stellar nucleosynthesis would have been significantly
altered (Oberhummer et al. 2000). Also, if the strong forezenincreased by a few percent, two
protons would bind (Barrow & Tipler 1996, p. 321) and all oéthiydrogen in the Universe would
have burnt to helium in the early stages of the Big Bang. Withoydrogen, stars would burn
too fast stable planetary life to evolve and no complex mdégccompounds involving hydrogen

would have existed.

Q - the standard deviation of the amplitude of primordial signperturbations
As discussed in 83.1, the amplitude of primordial fluctuadics tied in withA. However, keeping
A and all other parameters constant, Tegmark (1998) foundliévéations from the observed value
of Q ~ 107> by an order of magnitude results in either no galaxy forrmatiostructures that are

dangerously clumpy for stable planets to survive the lnfliof years that are required.

Baryon-Anti Baryon Asymmetry
At the earliest moments of the Universe, an asymmetry cametathereby baryons outnumbered

anti-baryons by one part in 10 All but this small fraction annihilated leaving 1@hotons for
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Figure A.1: An illustration of the SDSS spectroscopic tlischeme. The overlap region shaded
grey covers a fractioksyy of the area. Strongly-perturbed systems are coloured wWith dutlines
and single galaxies black. Those targets which receiverspae marked with a red cross. Here we
only consider systems where some strongly-perturbed repetijects are merging with spectral
targets.

every baryon left over. Had the symmetry been more predisa, fewer baryons would have been
left over and galaxies would not have been able to form. Hifiigantly more baryons had been left
over (and the abundance DM remained constant), then Silkgpegmvould have smoothed out the
inhomogeneities needed for galaxies to form (Tegmark &Cdl6 suggest an order of magnitude

difference would have been sufficient for this disaster).

A.2 Estimating the Merger Fraction Using Spectral Objects

Here we clarify some of the subtle issues that arise whematteg to estimate the merger fraction
of the universe. It was claimed in §84.3.1 that one could usetsgl objects alone to obtain an
accurate estimate of the merger fraction. This is true elengh a sizable number of galaxies
in the universe are strongly-perturbed but do not have specte to fiber collisions (two spectral
targets within 5% cannot both obtain spectra in regions with only a singl@dii In overlap
regions, there is near spectral completeness for speatgats (Strauss et al. 2002; Blanton et al.
2003; see Figure A.1).

In calculating the merger fraction, we only use spectra¢cotsj belonging to the Main-Galaxy-
Spectroscopic sample (MGS) in SDSS. This is the collecticargets identified photometrically
as galaxies (but not quasars or luminous red-galaxiesg8ton et al., 2002; Strauss et al., 2002)

with r < 17.77 and is intended for statistical sampling of galaxies fraraniform population
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(Strauss et al., 2002).

Figure A.1 depicts a simple tiling scheme analogous to tmgtie@yed by SDSS (Blanton et al.,
2003). The shaded area represents the overlap which we gens@fractiorksy of the tiled area
(for SDSSksky ~ 30%). Two objects within 85in non-overlap regions suffer from fiber-collision
so that only one can get measured. Within overlap regiotigaliy all targets get measured due
to multiple tiling opportunities. Altogether about 6% of MGS targets do not obtain spectral
measurements due to fiber collisions (Strauss et al., 200@se are, of course, the objects most
likely to be of interest in a mergers study though many mighpiojections, so one cannot assume
they are part of a perturbed system.

We argue now that our estimate for the fraction of ‘strongdyturbed’ volume-limited MGS
objects (mgd is, upto a correction factor close to unity, a good appration to the ‘real’ fraction
of volume-limited galaxies ftea). For simplicity, let us begin with a sky as depicted in Figur
A.1 involving only galaxies which are bright enough to bedpa targets and where some of
these might be in the process of a binary merger such thatateewithin 53 of another spectral
target. We assume that mergers are randomly distributddresipect to tile-overlap regions. Let
the number of single (i.e. non-perturbed) galaxiedband the number of binary-mergpairs be

Nm. The merger fraction that we calculatefgys would therefore be

stkme + (1 - ksky) Nm

f = Al
mos stkme + (1 - ksky) Nm + Ns ( )
= . A.2

The real merger fraction f&a) should take account of everything regardless of overlgipns

so that the fraction of strongly perturbed spectral targpets

2Nn,

—_—. A.3
2Nm+ Ns "3

1:real =

Now we let the ratio of binary-merger pail§, to single galaxies in the local universe equal

p. Taking the ratio of (A.2) and (A.3) and substitutifg, = pNs will give the corrective factoiC,
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relating our fraction to the real fraction:

o freal _ 2(1+ pksky+ p)

Whenksyy = 1 (i.e. when the whole sky is an overlap region) we gl = fngs For realistic
values likeksky ~ 30%, p ~ 5% we get a rati€(ksky = 0.3, p = 0.05) ~ 1.5 and we find that (A.4)
is not very sensitive to changes m Multi-mergers have the affect of increasi@gbut are rare
enough to be ignored (only comprising1% of the merging-pairs catalogue) and so we can take

our corrective factor to b€ = 1.5.

A.3 Environment and Masses of Combined Morphologies for Meger

and Control Sample

It was claimed in 85.3 with reference to Figure 5.3 that meggyalaxies appeared to occupy
very similar, if not, denser environments for both elliptie and spirals compared to their control
counterparts. A very similar set of results was claimed iB& with reference to Figure 5.5
suggesting that merging galaxies possessed very sinfitzof,imore massive stellar masses than
their control counterparts. In both cases, the excessesasgp slightly higher for ellipticals,
though still only with a~ 2dex difference in the means for bgtg and M.

However, the morphologies for the two samples were seldptatifferent means (the mergers
visually by DWD and the control sample by GZ data as describ&®.2.1). In particular the con-
trol sample, when divided into ellipticals and spirals, wassdered incomplete by the stipulation
that | fo— fs| < 0.1. We therefore reproduce Figures 5.3 and 5.5 in Figures Ad2Aa3 without
distinguishing morphologies.

These figures confirm the basic result that for both envirgriraed stellar masses, the merger
and control distributions are very similar with the mergexgibiting a very slight excess in both
cases with respect to their mean values. However this idfisigint since, as argued in D09a,
the merger sample has a high spiral-to-elliptical ratio pared to the global population which is

represented here by the control sample. This should dextbasnean-values of the mergers for
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Figure A.2: Combined-morphologies version of Figure 5.3.
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Figure A.3: Combined-morphologies version of Figure 5.5.

both environment and stellar mass since spirals are knolwa liess massive and occupy less dense
environments than ellipticals. To put this in other word® thergers manage to ‘keep up’ with

the control sample despite the handicap of a high spiral latipn which strengthens the claim

that mergers do in fact have a slight excess in mass and anvinatal density compared with the

global population.
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