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Preface

This book grew out of a conference entitled ‘Universe or Multiverse?’ which
was held at Stanford University in March 2003 and initiated by Charles
Harper of the John Templeton Foundation, which sponsored the event. Paul
Davies and Andrei Linde were in charge of the scientific programme, while
Mary Ann Meyers of the Templeton Foundation played the major admin-
istrative role. The meeting came at a critical point in the development
of the subject and included contributions from some of the key players in
the field, so I was very pleased to be invited to edit the resulting proceed-
ings. All of the talks given at the Stanford meeting are represented in this
volume and they comprise about half of the contents. These are the chap-
ters by James Bjorken, Nick Bostrum, Robin Collins, Paul Davies, Savas
Dimopoulos and Scott Thomas, Renata Kallosh, Andrei Linde, Viatschelav
Mukhanov, Martin Rees, Leonard Susskind, Max Tegmark, Alex Vilenkin,
and my own second contribution.

Several years earlier, in August 2001, a meeting on a related theme —
entitled ‘Anthropic Arguments in Fundamental Physics and Cosmology’ —
had been held in Cambridge (UK) at the home of Martin Rees. This was
also associated with the Templeton Foundation, since it was partly funded
out of a grant awarded to myself, Robert Crittenden, Martin Rees and Neil
Turok for a project entitled ‘Fundamental Physics and the Problem of Our
Existence’. This was one of a number of awards made by the Templeton
Foundation in 2000 as part of their ‘Cosmology & Fine-Tuning’ research
programme. In our case, we decided to use the funds to host a series of
workshops, and the 2001 meeting was the first of these.

The theme of the Cambridge meeting was somewhat broader than that
of the Stanford one — it focused on the anthropic principle rather than the
multiverse proposal (which might be regarded as a particular interpretation
of the anthropic principle). Nevertheless, about half the talks were on the

xi



xii Preface

multiverse theme, so I was keen to have these represented in the current
volume. Although T had published a review of the Cambridge meeting in
Physics World in October 2001, there had been no formal publication of
the talks. In 2003 I therefore invited some of the Cambridge participants to
write up their talks, albeit in updated form. I was delighted when almost
everybody accepted this invitation, and their contributions represent most
of the rest of the volume. These are the chapters by John Barrow, Brandon
Carter, John Donoghue, George Ellis, James Hartle, Craig Hogan, Don Page,
Lee Smolin, William Stoeger and Frank Wilczek.

We organized two further meetings with the aforementioned Templeton
support. The second one — entitled ‘Fine-Tuning in Living Systems’ — was
held at St George’s House, Windsor Castle, in August 2002. The emphasis
of this was more on biology than physics, and we were much helped by
having John Barrow on the Programme Committee. Although this meeting
was of great interest in its own right — representing the rapidly burgeoning
area of astrobiology — there was little overlap with the multiverse theme, so
it is not represented in this volume. Also, the proceedings of the Windsor
meeting have already been published as a special issue of the International
Journal of Astrobiology, which appeared in April 2003.

The third meeting was held at Cambridge in September 2005. It was
again hosted by Martin Rees, but this time at Trinity College, Martin hav-
ing recently been appointed Master of Trinity. The title of the meeting was
‘Expectations of a Final Theory’, and on this occasion David Tong joined
the Programme Committee. Most of the focus was on the exciting develop-
ments in particle physics — in particular M-theory and the string landscape
scenario, which perhaps provide a plausible theoretical basis for the mul-
tiverse paradigm. Many of the talks were highly specialized and — since
this volume was already about to go to press — it was anyway too late to
include them. Nevertheless, the introductory talk by Steven Weinberg and
the summary talk by Franck Wilczek were very general and nicely comple-
mented the articles already written. I was therefore delighted when they
both agreed — at very short notice — to produce write-ups for this volume.
The article by Stephen Hawking also derives from his presentation at the
Trinity meeting, although he had previously spoken at the 2001 meeting as
well. It is therefore gratifying that both Cambridge meetings — and thus all
three Templeton-supported meetings — are represented in this volume.

Although I have described the history behind this volume, I should
emphasize that the articles are organized by topic rather than chronology.
After the overview articles in Part I, I have divided them into three cate-
gories. Part II focuses on the cosmological and astrophysical aspects of the
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multiverse proposal; Part III is more relevant to particle physics and quan-
tum cosmology; and Part IV addresses more general philosophical aspects.
Of course, such a clean division is not strictly possible, since some of the
articles cover more than one of these areas. Indeed, it is precisely the amal-
gamation of the cosmological and particle physical approaches which has
most powered the growing interest in the topic. Nevertheless, by and large
it has been possible to divide articles according to their degree of emphasis.

Although this book evolved out of a collection of conference papers, the
articles are intended to be at semi-popular level (for example at the level
of Science or Scientific American) and most of the contributions have been
written by the authors with that in mind. However, there is still some vari-
ation in the length and level of the articles, and some more closely resemble
in technicality the original conference presentations. Where papers are more
technical, I have elaborated at greater length in my introductory remarks in
order to make them more accessible. In my view, the inclusion of some tech-
nical articles is desirable, because it emphasizes that the subject is a proper
branch of science and not just philosophy. Also it will hopefully broaden
the book’s appeal to include both experts and non-experts.

As mentioned in my Introduction, the reaction of scientists to the mul-
tiverse proposal varies considerably, and some dispute that it constitutes
proper science at all. It should therefore be stressed that this is not a
proselitizing work, and this is signified by the question mark in the title.
I did briefly consider the shorter title ‘Multiverse?’ or even ‘Multiverse’
(without the question mark), but I eventually discarded these as being too
unequivocal. In fact, the authors in this volume display a broad range of atti-
tudes to the multiverse proposal — from strong support through open-minded
agnosticism to strong opposition. The proponents probably predominate
numerically and they are certainly more represented in Parts II and III.
However, the balance is restored in Part IV, where many of the contributors
are sceptical. Therefore readers who persevere to the end of this book are
unlikely to be sufficiently enlightened to answer the question raised by its
title definitively. Nevertheless, it is hoped that they will be stimulated by
the diversity of views expressed. Finally, it should be stressed that perhaps
the most remarkable aspect of this book is that it testifies to the large num-
ber of eminent physicists who now find the subject interesting enough to
be worth writing about. It is unlikely that such a volume could have been
produced even a decade ago!

Bernard Carr
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Editorial note

Although the term ‘universe’ is usually taken to mean the totality of creation,
the theme of this book is the possibility that there could be other uni-
verses (either connected or disconnected from ours) in which the constants
of physics (and perhaps even the laws of nature) are different. The ensemble
of universes is then sometimes referred to as the ‘multiverse’, although not
everybody likes that term and several alternatives are used in this volume
(for example, megaverse, holocosm, and parallel worlds).

This lack of consensus on what term to use is hardly surprising, since the
concept of a multiverse has arisen in many different contexts. Therefore, in
my role as editor, I have not attempted to impose any particular terminology
and have left authors to use whatever terms they wish. However, in so much
as most authors use the word ‘universe’, albeit in different contexts, I have
tried to impose uniformity in whether the first letter is upper or lower case.
Although this might be regarded as a minor and rather pedantic issue, I feel
that a book entitled Universe or Multiverse? should at least address the
problem, and this distinction in notation can avoid ambiguities.

I have adopted the convention of using ‘Universe’ (with a big U) when the
author is (at least implicitly) assuming that ours is the only one. When the
author is (again implicity) referring to a general member of an ensemble (or
just an abstract mathematical model), the term ‘universe’ (with a small u)
is generally used. The particular one we inhabit is then described as ‘our
universe’, although the phrase ‘the Universe’ (with a big U) is also sometimes
used. This mirrors the way in which astronomers refer to ‘our galaxy’ as ‘the
Galaxy’, and allows a useful distinction to be drawn (for example) between
‘the visible Universe’ (i.e. the visible part of our universe) and ‘the visible
universe’ (i.e. the universe of which a part is visible to us). The word
‘multiverse’ is always spelt with a small m, since the idea arises in different
ways, so there could be more than one of them.

XV
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xvi FEditorial note

Some authors prefer to reserve the appellation ‘Universe’ for the ensem-
ble itself, perhaps preserving the term ‘multiverse’ for some higher level
ensemble. In this case a capital U is used. In the inflationary scenario,
for example, the term ‘Universe’ would then be used to describe the whole
collections of bubbles rather than any particular one. This issue also arises
in the context of quantum cosmology, which implicitly assumes the ‘many
worlds’ interpretation of quantum mechanics. The literature in this field
commonly refers to the ‘wave-function of the Universe’, although one might
argue that wave-function is really being taken over a multiverse. The title
of this book can therefore be understood to refer not only to the ontological
issue of whether other universes exist, but also to the etymological issue of
what to call the ensemble!

Cover picture

The picture on the cover is a tri-dimensional representation of the
quadri-dimensional Calabi-Yau manifold. This describes the geometry of
the extra ‘internal’ dimensions of M-theory and relates to one particular
(string-inspired) multiverse scenario. I am grateful to Dr Jean-Francois
‘Colonna of CMAP /Ecole Polytechnique, FT R&D (whose website can be
found at http://www.lactamme.polytechnique.fr) for allowing me to use this
picture. The orange background represents the ‘fire’ in the equations and
is a modification of a design originally conceived by Cindy King of King
Design. A similar image was first used in the poster for the second meeting
on which this book is based (at Stanford in 2003).
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1

Introduction and overview

Bernard Carr
Astronomy Unit, Queen Mary, University of London

1.1 Introducing the multiverse

Nearly thirty years ago I wrote an article in the journal nature with Martin
Rees [1], bringing together all of the known constraints on the physical
characteristics of the Universe — including the fine-tunings of the physical
constants — which seemed to be necessary for the emergence of life. Such
constraints had been dubbed ‘anthropic’ by Brandon Carter [2] — after the
Greek word for ‘man’ — although it is now appreciated that this is a mis-
nomer, since there is no reason to associate the fine-tunings with mankind
in particular. We considered both the ‘weak’ anthropic principle — which
accepts the laws of nature and physical constants as given and claims that
the existence of observers then imposes a selection effect on where and when
we observe the Universe — and the ‘strong’ anthropic principle — which (in
the sense we used the term) suggests that the existence of observers imposes
constraints on the physical constants themselves.

Anthropic claims — at least in their strong form — were regarded with a
certain amount of disdain by physicists at the time, and in some quarters
they still are. Although we took the view that any sort of explanation for the
observed fine-tunings was better than none, many regarded anthropic argu-
ments as going beyond legitimate science. The fact that some people of a
theological disposition interpreted the claims as evidence for a Creator — at-
tributing teleological significance to the strong anthropic principle — perhaps
enhanced that reaction. However, attitudes have changed considerably since
then. This is not so much because the status of the anthropic arguments
themselves have changed — as we will see in a later chapter, some of them
have become firmer and others weaker. Rather, it is because there has been
a fundamental shift in the epistemological status of the anthropic principle.
This arises because cosmologists have come to realize that there are many

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.



4 Bernard Carr

contexts in which our universe could be just one of a (possibly infinite)
ensemble of ‘parallel” universes in which the physical constants vary. This
ensemble is sometimes described as a ‘multiverse’, and this term is used per-
vasively in this volume (including the title). However, it must be stressed
that many other terms are used — sometimes even in the same context.

These multiverse proposals have not generally been motivated by an
attempt to explain the anthropic fine-tunings; most of them have arisen
independently out of developments in cosmology and particle physics. Nev-
ertheless, it now seems clear that the two concepts are inherently interlinked.
For if there are many universes, this begs the question of why we inhabit
this particular one, and — at the very least — one would have to concede that
our own existence is a relevant selection effect. Indeed, since we necessarily
reside in one of the life-conducive universes, the multiverse picture reduces
the strong anthropic principle to an aspect of the weak one. For this reason,
many physicists would regard the multiverse proposal as providing the most
natural explanation of the anthropic fine-tunings.

One reason that the multiverse proposal is now popular is that it seems to
be necessary in order to understand the origin of the Universe. Admittedly,
cosmologists have widely differing views on how the different worlds might
arise. Some invoke models in which our universe undergoes cycles of expan-
sion and recollapse, with the constants being changed at each bounce [3].
In this case, the different universes are strung out in time. Others invoke
the ‘inflationary’ scenario [4], in which our observable domain is part of a
single ‘bubble’ which underwent an extra-fast expansion phase at some early
time. There are many other bubbles, each with different laws of low-energy
physics, so in this case the different universes are spread out in space. As
a variant of this idea, Andrei Linde [5] and Alex Vilenkin [6] have invoked
‘eternal’ inflation, in which each universe is continually self-reproducing,
since this predicts that there may be an infinite number of domains — all
with different coupling constants. The different universes then extend in
both space and time.

On the other hand, Stephen Hawking prefers a quantum cosmological
explanation for the Universe and has objected to eternal inflation on the
grounds that it extends to the infinite past and is thus incompatible with
the Hartle-Hawking ‘no boundary’ proposal for the origin of the Universe [7].
This requires that the Universe started at a finite time but the initial sin-
gularity of the classical model is regularized by requiring time to become
imaginary there. If one uses the path integral approach to calculate the
probability of a particular history, this appears to favour very few expan-
sion e-folds, so the Universe would recollapse too quickly for life to arise.
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However, anthropic selection can salvage this, since one only considers
histories containing observers [8].

This sort of approach to quantum cosmology only makes sense within the
context of the ‘many worlds’ interpretation of quantum mechanics. This
interpretation was suggested by Hugh Everett [9] in the 1950s in order to
avoid having to invoke collapse of the quantum mechanical wave-function,
an essential feature of the standard Copenhagen interpretation. Instead,
our universe is supposed to split every time an observation is made, so
one rapidly generates a huge number of parallel worlds [10]. This could
be regarded as the earliest multiverse theory. Although one might want to
distinguish between classical and quantum multiverses, Max Tegmark [11]
has emphasized that there is no fundamental distinction between them.

Quantum theory, of course, originated out of attempts to explain the
behaviour of matter on small scales. Recent developments in particle physics
have led to the popularity of yet another type of multiverse. The holy
grail of particle physics is to find a ‘Theory of Everything’ (TOE) which
unifies all the known forces of physics. Models which unify the weak, strong
and electomagnetic interactions are commonly described as ‘Grand Unified
Theories’ (GUTs) and — although still unverified experimentally — have been
around for nearly 30 years. Incorporating gravity into this unification has
proved more difficult, but recently there have been exciting strides, with
superstring theory being the currently favoured model.! There are various
versions of superstring theory but they are amalgamated in what is termed
‘M-theory’.

Unlike the ‘Standard Model’, which excludes gravity and contains several
dozen free parameters, M-theory might conceivably predict all the funda-
mental constants uniquely [12]. That at least has been the hope. However,
recent developments suggest that this may not be the case and that the
number of theories (i.e. vacuum states) could be enormous (for example
10°% [13]). This is sometimes described as the ‘string landscape’ scenario [14].
In this case, the dream that all the constants are uniquely determined would
be dashed. There would be a huge number of possible universes (correspond-
ing to different minima of the vacuum energy) and the values of the physical
constants would be contingent (i.e. dependent on which universe we happen
to occupy). Trying to predict the values of the constants would then be

1 String theory posits that the fundamental constituents of matter are string-like rather than
point-like, with the various types of elementary particle corresponding to different excitation
states of these strings. This was originally proposed as a model of strong interactions but in the
1980s it was realized that it could be extended to a version called ‘superstring’ theory, which
also includes gravity.
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as forlorn as Kepler’s attempts to predict the spacing of the planets in our
solar system based on the properties of Platonic solids.

A crucial feature of the string landscape proposal is that the vacuum
energy would be manifested as what is termed a ‘cosmological constant’.
This is a term in the field equations of General Relativity (denoted by A)
originally introduced by Einstein to allow a static cosmological model but
then rejected after the Universe was found to be expanding. For many sub-
sequent decades cosmologists assumed A was zero, without understanding
why, but a remarkable recent development has been the discovery that the
expansion of the Universe is accelerating under the influence of (what at
least masquerades as) a cosmological constant. One possibility is that A
arises through quantum vacuum effects. We do not know how to calculate
these, but the most natural value would be the Planck density (which is 120
orders of magnitude larger than the observed value). Indeed in the string
landscape proposal, one might expect the value of A across the different
universes to have a uniform distribution, ranging from minus to plus the
Planck value. The observed value therefore seems implausibly small.

There is also another fine-tuning problem, in that the observed vacuum
density is currently very similar to the matter density, a coincidence which
would only apply at a particular cosmological epoch. However, as first
pointed out by Steven Weinberg [15, 16], the value of A is constrained anthr-
opically because galaxies could not form if it were much larger than observed.
This is not the only possible explanation for the smallness of A, but there is
a reluctant acceptance that it may be the most plausible one, which is why
both string landscape and anthropic ideas are rather popular at present.
The crucial issue of whether the number of vacuum states is sufficiently
large and their spacing sufficiently small to satisfy the anthropic constraints
is still unresolved.

It should be noted that M-theory requires there to be extra dimensions
beyond the four familiar ones of space and time. Some of these may be com-
pactified, but others may be extended, in which case, the Universe would
correspond to a 4-dimensional ‘brane’ in a higher-dimensional ‘bulk’ [17, 18].
In the first versions of this theory, the cosmological constant was negative,
which was incompatible with the observed acceleration of the Universe. A
few years ago, however, it was realized that M-theory solutions with a posi-
tive cosmological constant are also possible [19], and this has revitalized the
collaboration between cosmologists and string theorists. The notion that
our universe is a brane in a higher-dimensional bulk also suggests another
multiverse scenario, since there might be many other branes in the bulk.
Collisions between these branes might even generate big bangs of the kind
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which initiated the expansion of our own universe [20]. Indeed, some people
have envisaged successive collisions producing cyclic models, and it has been
claimed that this could provide another (non-anthropic) explanation for why
A naturally tends to a value comparable to the matter density [21].

1.2 Historical perspective

We have seen how a confluence of developments in cosmology and particle
physics has led to a dramatic improvement in the credibility of the multiverse
proposal. In this section, we will put these developments into a historical
perspective, by showing how the notion of the multiverse is just the cul-
mination of attempts to understand the physics of the largest and smallest
scales. For what we regard as the ‘Universe’ has constantly changed as sci-
entific progress has extended observations outwards to ever larger scales and
inwards to ever smaller ones. In the process, it has constantly revealed new
levels of structure in the world, as well as interesting connections between
the laws operating at these different levels. This section will also provide
an opportunity to review some of the basic ideas of modern cosmology and
particle physics, which may be useful for non-specialists.

1.2.1 The outward journey
Geocentric view

Early humans assumed that the Earth was the centre of the Universe.
Astronomical events were interpreted as being much closer than they actu-
ally are, because the heavens were assumed to be the domain of the divine
and therefore perfect and unchanging. The Greeks, for example, believed
the Earth was at the centre of a series of ‘crystal spheres’, these becoming
progressively more perfect as one moves outwards. The last one was asso-
ciated with the immovable stars, so transient phenomena (like meteors and
comets) were assumed to be of terrestrial origin. Even the laws of nature
(such as the regularity of the seasons) seemed to be human-centred, in the
sense that they could be exploited for our own purposes, so it was natural
to regard them as a direct testimony to our central role in the world.

Heliocentric view

In 1542 Nicolaus Copernicus argued in De Revolutionis Orbis that the
heliocentric picture provides a simpler explanation of planetary motions
than the geocentric one, thereby removing the Earth from the centre of the
Universe. The heliocentric picture had earlier been suggested by Artistarchus,
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although this was regarded as blasphemous by most of his fellow Greeks, and
Nicholas de Cusa, who in 1444 argued that the Universe had no centre and
looks the same everywhere. Today this notion is called the Copernican or
Cosmological Principle. Then in 1572 Tycho Brahe spotted a supernova in
the constellation of Cassiopeia; it brightened suddenly and then dimmed over
the course of a year, but the fact that its apparent position did not change
as the Earth moved around the Sun implied that it was well beyond the
Moon. Because this destroyed the Aristotelian view that the heavens never
change, the claim was at first received sceptically. Frustrated by those who
had eyes but would not see, Brahe wrote in the preface of De Nova Stella:
‘O crassa ingenia. O coecos coeli spectators.” (Oh thick wits. Oh blind
watchers of the sky.)

Galactocentric view

The next step occurred when Galileo Galilei used the newly invented tele-
scope to show that not even the Sun is special. His observations of sunspots
showed that it changes, and in 1610 he speculated in The Sidereal Message
that the Milky Way — then known as a band of light in the sky but now
known to be the Galaxy — consists of stars like the Sun but at such a great
distance that they cannot be resolved. This not only cast doubt on the
heliocentric view, but also vastly increased the size of the Universe. An
equally profound shift in our view of the Universe came a few decades later
with Isaac Newton’s discovery of universal gravity. By linking astronomi-
cal phenomena to those on Earth, Newton removed the special status of the
heavens, and the publication of his Principia in 1687 led to the ‘mechanistic’
view in which the Universe is regarded as a giant machine. In the follow-
ing century, the development of more powerful telescopes — coupled with
Newton’s laws — enabled astronomers to understand the structure of the
Milky Way. In 1750 Thomas Wright proposed that this is a disc of stars, and
in 1755 Immanuel Kant speculated that some nebulae are ‘island universes’
similar to the Milky Way, raising the possibility that even the Galaxy is not
so special. However, the galactocentric view persisted for several more cen-
turies, with most astronomers still assuming that the Milky Way comprised
the whole Universe. Indeed this was Einstein’s belief when he published his
theory of General Relativity in 1915 and started to study its cosmological
implications.

Cosmocentric view

Then in the 1920s the idea anticipated by Kant — that some of the nebulae
are outside the Milky Way — began to take hold. For a while this was a
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matter of intense controversy. In 1920 Heber Curtis vigorously defended
the island universe theory in a famous debate with Harlow Shapley. The
controversy was finally resolved in 1924 when Edwin Hubble announced that
he had measured the distance to M31 using Cepheid stars. An even more
dramatic revelation came in 1929, when Hubble obtained radial velocities
and distance estimates for several dozen nearby galaxies, thereby discovering
that all galaxies are moving away from us with a speed proportional to their
distance. This is now called ‘Hubble’s law’ and it has been shown to apply
out to a distance of 10 billion light-years, a region containing 100 billion
galaxies. The most natural interpretation of Hubble’s law is that space
itself is expanding, as indeed had been predicted by Alexander Friedmann in
1920 on the basis of general relativity. Friedmann’s model suggested that the
Universe began in a state of great compression at a time in the past of order
the inverse of the Hubble constant, now known to be about 14 billion years.
This is the ‘Big Bang’ picture, and it received decisive support in 1965 with
the discovery that the Universe is bathed in a sea of background radiation.
This radiation is found to have the same temperature in every direction and
to have a black-body spectrum, implying that the Universe must once have
been sufficiently compressed for the radiation to have interacted with the
matter. Subsequent studies by the COBE satellite confirmed that it has a
perfect black-body spectrum, which firmly established the Big Bang theory
as a branch of mainstream physics.

Multiverse view

Further studies of the background radiation — most notably by the WMAP
satellite — have revealed the tiny temperature fluctuations associated with
the density ripples which eventually led to the formation of galaxies and
clusters of galaxies. The angular dependence of these ripples is exactly as
predicted by the inflationary scenario, which suggests that our observable
domain is just a tiny patch of a much larger universe. This was the first
evidence for what Tegmark [11] describes as the ‘Level I multiverse. A
still more dramatic revelation has been the discovery — from observations
of distant supernovae — that the expansion of the Universe is accelerating.
We don’t know for sure what is causing this, but it is probably related
to the vacuum energy density. As described in Section 1.1, the low value
of this density may indicate that there exist many other universes with
different vacuum states, so this may be evidence for Tegmark’s ‘Level II’
multiverse.
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This brief historical review of developments on the outer front illustrates
that the longer we have studied the Universe, the larger it has become. In-
deed, the multiverse might be regarded as just one more step in the sequence
of expanding vistas opened up by cosmological progress (from geocentric to
heliocentric to galactocentric to cosmocentric). More conservative cosmolo-
gists might prefer to maintain the cosmocentric view that ours is the only
Universe, but perhaps the tide of history is against them.

1.2.2 The tnward journey

Equally dramatic changes of perspective have come from revelations on the
inward front, with the advent of atomic theory in the eighteenth century, the
discovery of subatomic particles at the start of the twentieth century and
the advent of quantum theory shortly thereafter. The crucial achievement of
the inward journey is that it has revealed that everything in the Universe is
made up of a few fundamental particles and that these interact through four
forces: gravity, electromagnetism, the weak force and the strong force. These
interactions have different strengths and characteristics, and it used to be
thought that they operated independently. However, it is now thought that
some (and possibly all) of them can be unified as part of a single interaction.

Figure 1.1 illustrates that the history of physics might be regarded as
the history of this unification. Electricity and magnetism were combined
by Maxwell’s theory of electromagnetism in the nineteenth century. The
electromagnetic force was then combined with the weak force in the (now
experimentally confirmed) electroweak theory in the 1970s. Theorists have
subsequently merged the electroweak force with the strong force as part of
the Grand Unified Theory (GUT), although this has still not been verified
experimentally. As discussed in Section 1.1, the final (and as yet incom-
plete) step is the unification with gravity, as attempted by string theory or
M-theory.

A remarkable feature of these theories is that the Universe may have more
than the three dimensions of space that we actually observe, with the extra
dimensions being compactified on the Planck scale (the distance of 10733 cm
at which quantum gravity effects become important), so that we do not
notice them. In M-theory itself, the total number of dimensions (including
time) is eleven, with 4-dimensional physics emerging from the way in which
the extra dimensions are compactified (described by what is called a Calabi-
Yau manifold). The discovery of dark dimensions through particle physics
shakes our view of the nature of reality just as profoundly as the discovery
of dark energy through cosmology. Indeed, we saw in Section 1.1 that there
may be an intimate link between these ideas.



1 Introduction and overview 11

electricity

electromagnetism

magnetism

weak
Grand Unification |—
strong
M-theory
gravity

Fig. 1.1. This shows the successive steps by which physics has attempted to unify
the four known forces of nature. Time runs to the right.

1.2.3 The cosmic uroborus

Taken together, scientific progress on both the outer and inner fronts can
certainly be regarded as a triumph. In particular, physics has revealed a
unity about the Universe which makes it clear that everything is connected in
a way which would have seemed inconceivable a few decades ago. This unity
is succinctly encapsulated in the image of the uroborus (i.e. the snake eating
its own tail). This is shown in Fig. 1.2 (adapted from a picture originally
presented by Sheldon Glashow) and demonstrates the intimate link between
the macroscopic domain (on the left) and the microscopic domain (on the
right).

The pictures drawn around the snake represent the different types of struc-
ture which exist in the Universe. Near the bottom are human beings. As
we move to the left, we encounter successively larger objects: a mountain,
a planet, a star, the solar system, a galaxy, a cluster of galaxies and finally
the entire observable Universe. As we move to the right, we encounter suc-
cessively smaller objects: a cell, a DNA molecule, an atom, a nucleus, a
quark, the GUT scale and finally the Planck length. The numbers at the
edge indicate the scale of these structures in centimetres. As one moves
clockwise from the tail to the head, the scale increases through 60 decades:
from the smallest meaningful scale allowed by quantum gravity (10733 cm)
to the scale of the visible Universe (1027 cm). If one expresses these scales
in units of the Planck length, they go from 0 to 60, so the uroborus pro-
vides a sort of ‘clock’ in which each ‘minute’ corresponds to a factor of 10
in scale.
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Fig. 1.2. The image of the uroborus summarizes the different levels of structure in
the physical world, the intimate link between the microphysical and macroscopic
domains and the evolution of our understanding of this structure.

A further aspect of the uroborus is indicated by the horizontal lines.
These correspond to the four interactions and illustrate the subtle connec-
tion between microphysics and macrophysics. For example, the ‘electric’ line
connects an atom to a planet because the structure of a solid object is
determined by atomic and intermolecular forces, both of which are electri-
cal in origin. The ‘strong’ and ‘weak’ lines connect a nucleus to a star
because the strong force, which holds nuclei together, also provides the
energy released in the nuclear reactions which power a star, and the weak
force, which causes nuclei to decay, also prevents stars from burning out
too soon. The ‘GUT’ line connects the grand unification scale with galax-
ies and clusters because the density fluctuations which led to these objects
originated when the temperature of the Universe was high enough for GUT
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interactions to be important. Indeed the Big Bang theory suggests that
these features arose when the current observable Universe had the size of a
grapefruit!

The significance of the head meeting the tail is that the entire Universe
was once compressed to a point of infinite density (or, more strictly, the
Planck density). Since light travels at a finite speed, we can never see further
than the distance light has travelled since the Big Bang, about 10'°light-
years; more powerful telescopes merely probe to earlier times. Cosmologists
now have a fairly complete picture of the history of the Universe: as one
goes back in time, galaxy formation occurred at a billion years after the
Big Bang, the background radiation last interacted with matter at a mil-
lion years, the Universe’s energy was dominated by its radiation content
before about 10000 years, light elements were generated through cosmolog-
ical nucleosynthesis at around 3 minutes, antimatter was abundant before
about a microsecond (before which there was just a tiny excess of matter
over antimatter), electroweak unification occurred at a billionth of a second
(the highest energy which can be probed experimentally), grand unification
and inflation occurred at 1073 s and the quantum gravity era (the smallest
meaningful time) was at 10743 s.

Perhaps the most striking aspect of the top of the uroborus is its link
with higher dimensions. On the microscopic side, this arises because the
various versions of superstring theory all suppose that the Universe has
more than the three dimensions of space which we actually observe but
with the extra dimensions being compactified. On the macroscopic side, the
higher-dimensional link arises because we have seen that some versions of
M-theory suggest that the Universe could be a 4-dimensional ‘brane’ in a
higher-dimensional ‘bulk’ [17, 18]. This suggests that there might be many
other branes in the bulk, although we have seen there are multiverse
proposals which do not involve extra dimensions.

Figure 1.2 also has an historical aspect, since it shows how humans have
systematically expanded the outermost and innermost limits of his aware-
ness. Thus primitive humans were aware of scales from about 1072 cm
(mites) to 107 cm (mountains); eighteenth century humans were aware of
scales from about 107° cm (bacteria) to 107 cm (the solar system); and
twentieth-century humans were aware of scales from about 10713 cm (atomic
nuclei) to 102" cm (the most distant galaxies). Indeed it is striking that
science has already expanded the macroscopic frontier as far as possible,
although experimentally we may never get much below the electroweak scale
in the microscopic direction. We might therefore regard the uroborus as
representing the blossoming of human consciousness.
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1.3 But is the multiverse science?

Despite the growing popularity of the multiverse proposal, it must be
admitted that many physicists remain deeply uncomfortable with it. The
reason is clear: the idea is highly speculative and, from both a cosmological
and a particle physics perspective, the reality of a multiverse is currently
untestable. Indeed, it may always remain so, in the sense that astronomers
may never be able to observe the other universes with telescopes a and par-
ticle physicists may never be able to observe the extra dimensions with their
accelerators. The only way out would be if the effects of extra dimensions
became ‘visible’ at the TeV scale, in which case they might be detected when
the Large Hadron Collider becomes operational in 2007. This would only
be possible if the extra dimensions were as large as a millimetre. However,
it would be very fortunate (almost anthropically so) if the scale of quan-
tum gravity just happened to coincide with the largest currently accessible
energy scale.

For these reasons, some physicists do not regard these ideas as coming
under the purvey of science at all. Since our confidence in them is based
on faith and aesthetic considerations (for example mathematical beauty)
rather than experimental data, they regard them as having more in com-
mon with religion than science. This view has been expressed forcefully
by commentators such as Sheldon Glashow [22], Martin Gardner [23] and
George Ellis [24], with widely differing metaphysical outlooks. Indeed, Paul
Davies [25] regards the concept of a multiverse as just as metaphysical as
that of a Creator who fine-tuned a single universe for our existence. At the
very least the notion of the multiverse requires us to extend our idea of what
constitutes legitimate science.

In some people’s eyes, of course, cosmology has always bordered on meta-
physics. It has constantly had to battle to prove its scientific respectabil-
ity, fighting not only the religious, but also the scientific orthodoxy. For
example, the prevalent view until well into the nineteenth century (long
after the demise of the heliocentric picture) was that speculations about
things beyond the Solar System was not proper science. This was reflected
by Auguste Comte’s comments on the study of stars in 1859 [26]:

Never, by any means, will we be able to study their chemical compositions. The
field of positive philosophy lies entirely within the Solar System, the study of the
Universe being inaccessible in any possible science.

However, Comte had not foreseen the advent of spectroscopy, triggered by
Gustav Kirchhoff’s realization in the same year that the dark lines in the
solar spectrum were absorption features associated with chemical elements.
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For the first time this allowed astronomers to probe the composition of
distant stars.

Cosmology attained the status of a proper science in 1915, when the
advent of general relativity gave the subject a secure mathematical basis.
The discovery of the cosmological expansion in the 1920s then gave it a firm
empirical foundation. Nevertheless, it was many decades before it gained full
scientific recognition. For example, when Ralph Alpher and Robert Herman
were working on cosmological nucleosynthesis in the 1940s, they recall [27]:
‘Cosmology was then a sceptically regarded discipline, not worked in by
sensible scientists.” Only with the detection of the microwave background
radiation in 1965 was the hot Big Bang theory established as a branch
of mainstream physics, and only with the recent results from the WMAP
satellite (postdating the Stanford meeting which led to this book) has it
become a quantitative science with real predictive power.

Nevertheless, cosmology is still different from most other branches of
science; one cannot experiment with the Universe, and speculations about
processes at very early and very late times depend upon theories of physics
which may never be directly testable. Because of this, more conservative
physicists still tend to regard cosmological speculations as going beyond
the domain of science. The introduction of anthropic reasoning doubtless
enhanced this view. On the other hand, other physicists have always held
a more positive opinion, so there has developed a polarization of attitudes
towards the anthropic principle. This is illustrated by the following quotes.
The first is from the protagonist Freeman Dyson [28]:

I do not feel like an alien in this Universe. The more I examine the Universe and
examine the details of its architecture, the more evidence I find that the Universe
in some sense must have known we were coming.

This might be contrasted with the view of the antagonist Heinz Pagels [29]:

The influence of the anthropic principle on contemporary cosmological models has
been sterile. It has explained nothing and it has even had a negative influence. I
would opt for rejecting the anthropic principle as needless clutter in the conceptual
repertoire of science.

An intermediate stance is taken by Brandon Carter [2], who might be
regarded as one of the fathers of the anthropic principle:

The anthropic principle is a middle ground between the primitive anthropocentrism
of the pre-Copernican age and the equally unjustifiable antithesis that no place or
time in the Universe can be privileged in any way.
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The growing popularity of the multiverse picture has encouraged a drift
towards Carter’s view, because it suggests that the anthropic fine-tunings
can at least have a ‘quasi-physical’ explanation. To the hard-line physicist,
the multiverse may not be entirely respectable, but it is at least preferable
to invoking a Creator. Indeed anthropically inclined physicists like Susskind
and Weinberg are attracted to the multiverse precisely because it seems to
dispense with God as the explanation of cosmic design.?

In fact, the dichotomy in attributing anthropic fine-tunings to God or the
multiverse is too simplistic. While the fine-tunings certainly do not provide
unequivocal evidence for God, nor would the existence of a multiverse pre-
clude God since — as emphasized by Robin Collins [30] — there is no reason
why a Creator should not act through the multiverse. Neverethless, the mul-
tiverse proposal certainly poses a serious challenge to the theological view,
S0 it is not surprising that it has commended itself to atheists. Indeed, Neil
Manson has described the multiverse as ‘the last resort for the desperate
atheist’ [31].

By emphasizing the scientific legitimacy of anthropic and multiverse
reasoning, I do not intend to deny the relevance of these issues to the science—
religion debate [32]. The existence of a multiverse would have obvious
religious implications [33], so contributions from theologians are important.
More generally, cosmology addresses fundamental questions about the ori-
gin of matter and mind, which are clearly relevant to religion, so theologians
need to be aware of the answers it provides. Of course, the remit of religion
goes well beyond the materialistic issues which are the focus of cosmol-
ogy. Nevertheless, in so much as religious and cosmological truths overlap,
they must be compatible. This has been stressed by Ellis [34], who distin-
guishes between Cosmology (with a big C) — which takes into account ‘the
magnificent gestures of humanity’ — and cosmology (with a small ¢), which
just focuses on physical aspects of the Universe. In his view, morality is
embedded in the cosmos in some fundamental way. Similar ideas have been
expounded by John Leslie [35].

On the other hand, science itself cannot deal with such issues, and it
seems unlikely that — even in the extended form required to accommodate
the multiverse — science will ever prove or disprove the existence of God.
Some people may see in the physical world some hint of the divine, but this
can only provide what John Polkinghorne describes as ‘nudge’ factors [36].

2 It should be cautioned that the concept of ‘cosmic design’ being described here has nothing to
do with the ‘Intelligent Design’ movement in the USA. Nevertheless, atheists might hope that
the multiverse theory will have the same impact in the context of cosmic design as the theory
of evolution did in the context of biological design.
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Convictions about God’s existence must surely come from ‘inside’ rather
than ‘outside’ and even those eminent physicists who are mystically inclined
do not usually base their faith on scientific revelations [37]. For this rea-
son, theology receives rather short shrift in this volume. The contributors
are nearly all physicists, and even those of a theological disposition have
generally restricted their remarks to scientific considerations.

1.4 Overview of book

Part I contains articles deriving from two talks at the symposium FEzxpecta-
tions of a Final Theory, which was held in Cambridge in September 2005.
These provide appropriate opening chapters for this volume because of their
historical perspective and because they illustrate the way in which the sub-
ject has been propelled by a combination of developments in cosmology
and particle physics. Starting with contributions from two Nobel laureates
also serves to emphasize the degree of respectability that the topic has now
attained!

In the first contribution, ‘Living in the multiverse’, based on his opening
talk at the Cambridge meeting, Steven Weinberg argues that the idea of
the multiverse represents an important change in the nature of science, a
radical shift in what we regard as legitimate physics. This shift is prompted
by a combination of developments on the theoretical and the observational
fronts. In particular, he highlights the anthropic constraint on the value of
the vacuum energy or cosmological constant, a constraint which he himself
first pointed out in 1987 and might be regarded as one of the few successful
anthropic predictions. He also highlights the string landscape scenario,
which is perhaps the most plausible theoretical basis for the multiverse
proposal and is the focus of several later chapters.

Frank Wilczek’s contribution, aptly entitled ‘Enlightenment, knowledge,
ignorance, temptation’, is based on his summary talk at the Cambridge
meeting. In this, he discusses the historical and conceptual roots of reason-
ing about the parameters of fundamental physics and cosmology based on
selection effects. He describes the developments which have improved the
status of such reasoning, emphasizing that these go back well before string
theory. He is well aware of the downside of this development, but accepts
it as part of the price that has to be paid. Such reasoning can and should
be combined with arguments based on symmetry and dynamics; it supple-
ments them, but does not replace them. This view is cogently encapsulated
in Wilzcek’s eponymous classification of physical parameters.
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1.4.1 Cosmology and astrophysics

Part II contains chapters whose emphasis is primarily on cosmology and
astrophysics. The opening chapter, ‘Cosmology and the multiverse’, is by
Martin Rees, one of the foremost champions of the multiverse concept and
the host of the two Cambridge meetings represented in this volume. He
points out that the parts of space and time that are directly observable (even
in principle) may be an infinitesimal part of physical reality. Rejecting the
unobservable part as a suitable subject for scientific discourse at the outset
is unjustified because there is a blurred transition — what he describes as a
‘slippery slope’ — between what is observable and unobservable. After briefly
addressing some conceptual issues, he discusses what the Universe would
be like if some of the key cosmological numbers were different, and how
one can in principle test specific hypotheses about the physics underlying
the multiverse.

Although the focus of this volume is the multiverse rather than the
anthropic principle, it is important to recall the fine-tunings which the mul-
tiverse proposal is purporting to explain. Indeed, in the absence of direct
evidence for other universes, these might be regarded as providing the only
indirect evidence. This motivates the inclusion of my own chapter, ‘The
anthropic principle revisited’, in which I reconsider the status of some of the
arguments presented in my 1979 nature paper with Rees [1]. Although I also
veer into more philosophical issues, I have included my chapter here because
most of the anthropic relationships are associated with cosmology and as-
trophysics. I emphasize that the key feature of the anthropic fine-tunings is
that they seem necessary for the emergence of complexity during the evolu-
tion of the Universe from the Big Bang. The existence of conscious observers
is just one particular manifestation of this and may not be fundamental.

In ‘Cosmology from the top down’, Stephen Hawking contrasts differ-
ent approaches to the central questions of cosmology: why is the Universe
spatially flat and expanding; why is it 4-dimensional; why did it start off
with small density fluctuations; why does the Standard Model of particle
physics apply? Some physicists would prefer to believe that string theory, or
M-theory, will answer these questions and uniquely predict the features of
the Universe. Others adopt the view that the initial state of the Universe is
prescribed by an outside agency, code-named God, or that there are many
universes, with ours being picked out by the anthropic principle. Hawking
argues that string theory is unlikely to predict the distinctive features of the
Universe. But neither is he is an advocate of God. He therefore opts for
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the last approach, favouring the type of multiverse which arises naturally
within the context of his own work in quantum cosmology.

Several other contributors regard quantum cosmology as providing the
most plausible conceptual framework for the multiverse, so the book returns
to this theme later. However, the multiverse hypothesis comes in many dif-
ferent guises, and these are comprehensively summarized in Max Tegmark’s
chapter, ‘The multiverse hierarchy’. Indeed, Tegmark argues that the key
question is not whether parallel universes exist but on how many levels they
exist. He shows that physical theories involving parallel universes form
a four-level hierarchy, allowing progressively greater diversity. Level I is
associated with inflation and contains Hubble volumes realizing all possible
initial conditions. This is relatively uncontroversial, since it is a natural
consequence of the cosmological ‘concordance’ model. Level IT assumes that
different regions of space can exhibit different effective laws of physics (i.e.
different physical constants, different dimensionality and different particle
content). For example, inflation models in the string landscape scenario
subdivide into four increasingly diverse sublevels: Ila involves the same
effective laws but different post-inflationary bubbles; IIb involves different
minima in the effective supergravity potential; Ilc involves different fluxes
(of particular fields) for a given compactification; and IId involves different
compactifications. Level III corresponds to the ‘many worlds’ of quantum
theory. Tegmark argues that the other branches of the wave-function add
nothing qualitatively new, even though historically this level has been the
most controversial. Finally, Level IV invokes other mathematical struc-
tures, associated with different fundamental equations of physics. He then
raises the question of how multiverse models can be falsified and argues that
there is a severe ‘measure problem’ that must be solved to make testable
predictions at levels II-IV. This point is addressed in more detail by later
contributors.

Tegmark’s classification emphasizes the central role of inflation, which
postulates an era in the very early Universe when the expansion was acc-
elerating. Inflation is invoked to explain two of the most striking features
of the Universe — its smoothness and flatness — and to many physicists the
theory still provides the most natural basis for the multiverse scenario. One
of the prime advocates of the anthropic aspects of inflation is Andrei Linde,
so it is most appropriate that he contributes the next chapter, ‘The infla-
tionary multiverse’. He first places the anthropic principle in an historical
context: although anthropic considerations can help us understand many
properties of our world, for a long time many scientists were ashamed to use
the principle in their research because it seemed too metaphysical. However,
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the ‘chaotic’ inflationary scenario — which Linde pioneered and describes
here — provides a simple justification for it. He especially favours ‘eternal’
inflation and links this to developments in string theory. He then discusses
the implications of this idea for dark energy, relic axions and electroweak
symmetry-breaking. These implications are explored in more detail in sev-
eral later chapters, but Linde’s article serves as an excellent introduction to
these ideas and brings them all together.

One of the issues raised by Linde is the prevalence of dark matter, and
this is the focus of the second contribution by Frank Wilczek, ‘A model of
anthropic reasoning: the dark to ordinary matter ratio’. He focuses on a
dark matter candidate called the axion, which is a particle associated with
the breaking of Peccei-Quinn (i.e. strong CP) symmetry in the early Uni-
verse. Large values of the symmetry-breaking energy scale (associated with
large values of the Peccei-Quinn ‘misalignment’ angle) are forbidden in con-
ventional axion cosmology. However, if inflation occurs after the breaking
of Peccei-Quinn symmetry, large values are permitted providing we inhabit
a region of the multiverse where the initial misalignment is small. Although
such regions may occupy only a small volume of the multiverse, they contain
a large fraction of potential observers. This scenario therefore yields a pos-
sible anthropic explanation of the approximate equality of the dark matter
and baryon densities.

We have seen that another striking feature of the Universe is that its
expansion appears to be accelerating under the influence of some form of
‘dark energy’. The source of this energy is uncertain, but it may be asso-
ciated with a cosmological constant. Indeed, we have seen that one of the
most impressive successes of anthropic reasoning is that it may be able to
explain the present value of the cosmological constant. Several contributions
touch on this, but the most comprehensive treatment is provided by Alex
Vilenkin, whose chapter, ‘Anthropic predictions: the case of the cosmologi-
cal constant’, reviews the history and nature of this prediction. He also dis-
cusses the inclusion of other variable parameters (such as the neutrino mass)
and the implications for particle physics. In anticipation of a theme which
emerges later in the book, he emphasizes that anthropic models give testable
predictions, which can be confirmed or falsified at a specified confidence
level. However, anthropic predictions always have an intrinsic variance,
which cannot be reduced indefinitely as theory and observations progress.

The cosmological constant also plays a central role in James Bjorken’s
chapter, ‘The definition and classification of universes’. If the concept of
a multiverse makes sense, one needs a specific, standardized definition for
member universes which are similar to our own. Crucial to this description
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is the definition of the ‘size’ of the universe and, for the de Sitter model,
Bjorken takes this to be the asymptotic value of the inverse Hubble constant.
This is directly related to the value of the cosmological constant, so this
parameter plays a natural role in his classification. He further proposes that
the vacuum parameters and coupling constants of the Standard Model in
any universe are dependent upon this size. Anthropic considerations then
limit the size of habitable universes (as we understand that concept) to be
within a factor of 2 of our own. Implications of this picture for understanding
the ‘hierarchy problem’ in the Standard Model are discussed, as are general
issues of falsifiability and verifiability.

Bjorken does not attempt to provide a physical basis for models with dif-
ferent cosmological constants, but a possible motivation comes from string
theory, or M-theory. This point is discussed by several contributors, but the
most thorough discussion of the cosmological applications of the idea is pro-
vided in Renata Kallosh’s chapter, ‘M /string theory and anthropic reason-
ing’. Here she outlines some recent cosmological studies of M/string theory
and gives a couple of examples where anthropic reasoning — combined with
our current incomplete understanding of string theory and supergravity —
helps to shed light on the mysterious properties of dark energy. This is a
rather technical article, but it is very important because it describes the
results of her famous paper with A. Linde, S. Kachru and S. Trivedi, which
shows that M/string theory allows models with a positive cosmological con-
stant. This was a crucial development because string theorists used to as-
sume that the constant would have to be negative, so this is an example of
how cosmology has led to important insights into particle physics.

Closely related to Kallosh’s theme is the final chapter in Part II by Savas
Dimopoulos and Scott Thomas, ‘The anthropic principle, dark energy and
the LHC’. Here they argue that — in a broad class of theories — anthropic
reasoning leads to a time-dependent vacuum energy with distinctive and
potentially observable characteristics. The most exciting aspect of this pro-
posal is that it leads to predictions that might be testable with the Large
Hadron Collider, due to start operating in 2007. This illustrates the inti-
mate link between cosmology and particle physics, so this naturally leads
into the next part of the volume, which focuses on particle physics aspects
of the multiverse hypothesis.

1.4.2 Particle physics and quantum theory

Part III starts with two articles on the values of the constants of particle
physics, then moves onto the link with string theory, and concludes with
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articles concerned with quantum theory. There is a two-fold connection
with quantum theory, since the ‘many worlds’ interpretation of quantum
mechanics provided one of the earliest multiverse scenarios (i.e. Tegmark’s
Level IIT) and quantum cosmology provides one of the latest.

That the multiverse wave-function can explore a multitude of vacua with
different symmetries and parameters is the starting point of Craig Hogan’s
chapter, ‘Quarks, electrons and atoms in closely related universes’. In the
context of such models, he points out that properties of universes closely
related to ours can be understood by examining the consequences of small
departures of physical parameters from their observed values. The masses
of the light fermions that make up the stable matter of which we comprise —
the up and down quarks and the electron — have values in a narrow window
that allows the existence of a variety of nuclei other than protons and also
atoms with stable shells of electrons that are not devoured by their nuclei.
Since a living world with molecules needs stable nuclei other than protons
and neutrons, these fundamental parameters of the Standard Model are
good candidates for quantities whose values are determined through selection
effects within a multiverse. Hogan also emphasizes another possible link
with observation. If the fermion masses are fixed by brane condensation or
compactification of extra dimensions, there may be an observable fossil of
this ‘branching event’ in the form of a gravitational-wave background.

In the second chapter, ‘The fine-tuning problems of particle physics and
anthropic mechanisms’, John Donoghue emphasizes that many of the classic
problems of particle physics appear in a very different light when viewed
from the perspective of the multiverse. Parameters in particle physics are
regarded as fine-tuned if the size of the quantum corrections to their values
in perturbation theory is large compared with their ‘bare’ values. Three
parameters in the Standard Model are particularly puzzling because they are
unnaturally small. Two of these — the Higgs vacuum expectation value and
the cosmological constant — constitute the two great fine-tuning problems
that motivate the field. The third is the strong CP violating factor, already
highlighted in Wilzcek’s second contribution. All of these fine-tunings are
alleviated when one accounts for the anthropic constraints which exist in a
multiverse. However, the challenge is to construct a realistic physical theory
of the multiverse and to test it. Donoghue describes some phenomenology of
the quark and lepton masses that may provide a window on the multiverse
theory.

The main reason that particle physicists have become interested in the
multiverse proposal is the development in string theory. In particular, the
possibility that M-theory may lead to a huge number of vacuum states — each
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associated with a different universe — is a crucial feature of Leonard Susskind’s
string landscape proposal. In ‘The anthropic landscape of string theory’, he
makes some educated guesses about the landscape of string theory vacua
and — based on the recent work of a number of authors — argues that the
landscape could be unimaginably large and diverse. Whether we like it
or not, this is the kind of behaviour that gives credence to the anthropic
principle. He discusses the theoretical and conceptual issues that arise in a
cosmology based on the diversity of environments implicit in string theory.
Some of the later stages of his exposition are fairly technical, but these ideas
are of fundamental importance to this volume. Indeed Susskind’s chapter
has already been on the archives for several years and is one of the most
cited papers in the field.

As already stressed, the ‘many worlds’ interpretation of quantum theory
provided one of the earliest versions of the multiverse scenario, and this
is particularly relevant to quantum cosmology, which is most naturally
interpreted in terms of this proposal. This view is advocated very cogently
in ‘Cosmology and the many worlds interpretation of quantum mechanics’
by Viatschelav Mukhanov. Indeed, he argues that the wave-function of the
Universe and the cosmological perturbations generated by inflation can only
be understood within Everett’s interpretation of quantum mechanics. The
main reason it has not been taken seriously by some physicists is that it
predicts we each have many copies, which may seem unpalatable. However,
Mukhanov argues that these copies are not ‘dangerous’ because we cannot
communicate with them.

The link with quantum cosmology is probed further by James Hartle in
‘Anthropic reasoning and quantum cosmology’. He stresses that anthropic
reasoning requires a theory of the dynamics and quantum initial condition of
the Universe. Any prediction in quantum cosmology requires both of these.
But conditioned on this information alone, we expect only a few general
features of the Universe to be predicted with probabilities near unity. Most
useful predictions are of conditional probabilities that assume additional
information beyond the dynamics and quantum state. Anthropic reason-
ing utilizes probabilities conditioned on our existence. Hartle discusses the
utility, limitations and theoretical uncertainty involved in using such prob-
abilities, as well as the predictions resulting from various levels of ignorance
of the quantum state.

The link between Everett’s picture and the multiverse proposal is explored
in depth by Brandon Carter. His chapter, ‘Micro-anthropic principle for
quantum theory’, is somewhat technical but very valuable since it provides
an excellent historical perspective and leads to an interpretation of the many
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worlds picture which goes beyond the original Everett version. Probabilistic
models, developed by workers such as Boltzmann on foundations due to
pioneers such as Bayes, were commonly regarded as approximations to a de-
terministic reality before the roles were reversed by the quantum revolution
under the leadership of Heisenberg and Dirac. Thereafter, it was the de-
terministic description that was reduced to the status of an approximation,
with the role of the observer becoming particularly prominent. In Carter’s
view, the lack of objectivity in the original Copenhagen interpretation has
not been satisfactorily resolved in newer approaches of the kind pioneered by
Everett. The deficiency of such interpretations is attributable to their fail-
ure to allow for the anthropic aspect of the problem, in the sense that there
is a priori uncertainty about the identity of the observer. Carter reconciles
subjectivity with objectivity by distinguishing the concept of an observer
from that of a perceptor, whose chances of identification with a particular
observer need to be prescribed by a suitable anthropic principle. It is pro-
posed that this should be done by an entropy ansatz, according to which
the relevant micro-anthropic weighting is taken to be proportional to the
logarithm of the relevant number of Everett-type branches.

1.4.3 More general or philosophical aspects

The final part of the book addresses more philosophical and epistemological
aspects of the multiverse proposal — especially the issue of its scientific legit-
imacy. The chapters in this part are also written from a different standpoint
from those in the earlier parts. Whereas the contributors in Parts I-III are
mainly positive about the idea of the multiverse (otherwise they would pre-
sumably not be exploring it), some of the contributors in Part IV are rather
critical — either preferring more theological interpretations of the anthropic
coincidences or regarding multiverse speculations as going beyond science
altogether.

The most sceptical of the critics is Lee Smolin. His chapter, ‘Scientific
alternatives to the anthropic principle’, is the longest contribution in the
volume and plays a crucial role in bringing all the criticisms of the multi-
verse proposal together. He first argues that the anthropic principle cannot
be considered a part of science because it does not yield any falsifiable pre-
dictions. Claimed successful predictions are either uncontroversial applica-
tions of selection principles in one universe or they depend only on observed
facts which are logically independent of any assumption about life or intel-
ligence. The Principle of Mediocrity (first formulated by Vilenkin) is also
examined and claimed to be unreliable, as arguments for true conclusions
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can easily be modified to lead to false conclusions by reasonable changes
in the specification of the ensemble in which we are assumed to be typical.
However, Smolin shows that it is still possible to make falsifiable predic-
tions from multiverse theories if the ensemble predicted has certain specified
properties and he emphasizes his own favoured multiverse proposal — Cos-
mological Natural Selection — which involves the generation of descendant
universes through black hole formation. This proposal remains unfalsified,
but it is very vulnerable to falsification, which shows that it is a proper
scientific theory. The consequences for recent applications of the anthropic
principle in the context of string theory (as described in Part III) are also
discussed.

Several other contributions in this part address the question of whether
the multiverse proposal is scientifically respectable, although they do not
all share Smolin’s negative conclusion. In ‘Making predictions in a multi-
verse: conundrums, dangers, coincidences’, Anthony Aguirre accepts that
the notion of many universes with different properties is one answer to the
question of why the Universe is so hospitable to life. He also acknowledges
that this notion naturally follows from current ideas in eternal inflation and
M /string theory. But how do we test a multiverse theory and which of the
many universes do we compare to our own? His chapter enumerates what
would seem to be essential ingredients for making testable predictions, out-
lines different strategies one might take within this framework, and then
discusses some of the difficulties and dangers inherent in these approaches.
Finally, he addresses the issue of whether the predictions of multiverse the-
ories share any general, qualitative features.

The issue of testing also features in the contribution of George Ellis, ‘Mul-
tiverses: description, uniqueness and testing’, who concludes that the multi-
verse proposal is not really proper science. He emphasizes that a multiverse
is determined by specifying first a possibility space of potentially existing
universes and then a distribution function on this space for actually existing
universes. Ellis is sceptical because there is a lack of uniqueness at both these
stages and we are unable either to determine observationally the specific
nature of any multiverse that is claimed to exist or to validate experimen-
tally any claimed causal mechanism that will create one. Multiverses may
be useful in explanatory terms, but arguments for their existence are ulti-
mately of a philosophical nature. Ellis is not against metaphysics — indeed
he has written extensively on philosophical and theological issues — but he
feels it should not be confused with science.

The importance of testing is also explored by Don Page in ‘Predictions
and tests of multiverse theories’. Page is also of a religious persuasion, but
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he comes to a somewhat different conclusion from Ellis. A multiverse usually
includes parts unobservable to us, but if the theory for it includes suitable
measures for observations, what is observable can be explained by the theory
even if it contains unobservable elements. Thus good multiverse theories
can be tested. For Bayesian comparisons of different theories that predict
more than one observation, Page introduces the concept of ‘typicality’ as the
likelihood given by a theory that a random result of an observation would
be at least as extreme as the result of one’s actual observation. He also links
this to the interpretations of the quantum theory. Some multiverse theories
can be regarded as pertaining to a single quantum state. This obeys certain
equations, which raises the question of why those equations apply. Other
theories can be regarded as pertaining to more than one quantum state,
and these raise another question: why is the measure for the set of different
universes such as to make our observations not too atypical?

The importance of a good probabilistic basis for assessing multiverse sce-
narios is also highlighted by Nick Bostrom’s chapter, ‘Observation selection
theory and cosmological fine-tuning’. His title refers to a methodological
tool for dealing with observation selection effects. Such a tool is necessary if
observational consequences are to be derived from cosmological theory. It
also has applications in other domains, such as evolution theory, game theory
and the foundations of quantum mechanics. Bostrum shows that observa-
tion selection theory needs a probabilistic anthropic principle, which can be
formalized in what he terms the ‘Observation Equation’. Some implications
of this for the problem of cosmological fine-tuning are discussed.

The next two contributions tackle the religious issue explicitly. ‘Are
anthropic arguments, involving multiverses and beyond, legitimate?’ is par-
ticularly welcome because it comes from William Stoeger, who is both a
working scientist and a Jesuit priest. After reviewing the history of the an-
thropic principle, he discusses the two main versions of the strong form — a
divine creator or a multiverse. The latter strives to confine anthropic argu-
ments within the realms of science and invokes an actually existing ensemble
of universes or universe domains. He critically examines the scientific status
of this proposal, briefly indicating what is needed for the definition and testa-
bility of a multiverse, and then describes some purely scientific applications
of anthropic arguments. After discussing the key philosophical presumption
on which the strong anthropic principle rests — that the Universe could have
been different — and its relationship to a possible final theory, he summarizes
his main conclusions concerning the two ‘transcendent’ explanations of the
strong anthropic principle. Even if a multiverse is proved to exist, Stoeger
would not regard this as providing an wultimate explanation and it would
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certainly not exclude the existence of God. However, he cautions that such
considerations go beyond science itself.

As suggested by its title, the chapter by Robin Collins, ‘The multiverse
hypothesis: a theistic perspective’, also takes an explicitly theological stance.
Many people have promoted the multiverse hypothesis as the atheistic
alternative to a theistic explanation of the fine-tuning of the cosmos for
the existence of life. However, Collins argues that the multiverse hypothesis
is also compatible with theism — indeed he claims that the generation of
many universes by some physical process fits in well with the traditional
belief that God is infinitely creative. Since such a process would have to
be structured in just the right way to produce even one life-sustaining uni-
verse, this version of the multiverse hypothesis does not completely avoid
the suggestion of design. Finally, he consider other pointers to a theistic
explanation of the Universe, such as the beauty and elegance of the laws
of nature, and argues that Tegmark’s multiverse hypothesis — that all pos-
sible laws of nature are actualized in some universe or another — does not
adequately account for this aspect of the laws of nature.

There are, of course, alternative interpetations of the multiverse hypothe-
sis which are neither anthropic nor theistic. One example of this is Smolin’s
Cosmological Natural Selection proposal. Another (more exotic) version —
which has been explored by Bostrom (though not in this volume) — is that
the Universe is a computer simulation. This is the theme of John Barrow’s
chapter, ‘Living in a simulated universe’. He explains why, if we live in a
simulated reality, we might expect to see occasional glitches and small drifts
in the supposed constants and laws of nature over time. There may even be
evidence for this from astronomical observations, although the interpretation
of these remains controversial.

Another possible interpetation of the anthropic tunings is provided in the
final chapter, ‘Universes galore: where will it all end?’, by Paul Davies,
who is also somewhat sceptical of the multiverse proposal. He argues that,
although ‘a little bit of multiverse is good for you’, invoking multiverse
explanations willy-nilly is a seductive slippery slope. Followed to its logical
extreme, it leads to conclusions that are at best bizarre, at worst absurd.
After reviewing several shortcomings of indiscriminate multiverse explana-
tions, including the simulated multiverse discussed by Barrow, he challenges
the false dichotomy that fine-tuning requires the existence of either a mul-
tiverse or some sort of traditional cosmic architect. Instead, he explores
the possibility of a ‘third way’, involving a radical reappraisal of the notion
of physical law, and presents a toy illustration from the theory of cellular
automata.
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Living in the multiverse

Steven Weinberg

Physics Department, University of Texas at Austin

Opening talk at the symposium Ezpectations of a Final Theory at
Trinity College, Cambridge, 2 September 2005

2.1 Introduction

We usually mark advances in the history of science by what we learn about
nature, but at certain critical moments the most important thing is what
we discover about science itself. These discoveries lead to changes in how
we score our work, in what we consider to be an acceptable theory.

For an example, look back to a discovery made just one hundred years
ago. Before 1905 there had been numerous unsuccessful efforts to detect
changes in the speed of light, due to the motion of the Earth through the
ether. Attempts were made by Fitzgerald, Lorentz and others to construct
a mathematical model of the electron (which was then conceived to be the
chief constituent of all matter) that would explain how rulers contract when
moving through the ether in just the right way to keep the apparent speed of
light unchanged. Einstein instead offered a symmetry principle, which stated
that not just the speed of light, but all the laws of nature are unaffected by a
transformation to a frame of reference in uniform motion. Lorentz grumbled
that Einstein was simply assuming what he and others had been trying to
prove. But history was on Einstein’s side. The 1905 Special Theory of
Relativity was the beginning of a general acceptance of symmetry principles
as a valid basis for physical theories.

This was how Special Relativity made a change in science itself. From one
point of view, Special Relativity was no big thing — it just amounted to the
replacement of one 10-parameter spacetime symmetry group, the Galileo
group, with another 10-parameter group, the Lorentz group. But never
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before had a symmetry principle been taken as a legitimate hypothesis on
which to base a physical theory.

As usually happens with this sort of revolution, Einstein’s advance came
with a retreat in another direction: the effort to construct a classical model
of the electron was permanently abandoned. Instead, symmetry principles
increasingly became the dominant foundation for physical theories. This ten-
dency was accelerated after the advent of quantum mechanics in the 1920s,
because the survival of symmetry principles in quantum theories imposes
highly restrictive consistency conditions (existence of antiparticles, connec-
tion between spin and statistics, cancellation of infinities and anomalies) on
physically acceptable theories. Our present Standard Model of elementary
particle interactions can be regarded as simply the consequence of certain
gauge symmetries and the associated quantum mechanical consistency con-
ditions.

The development of the Standard Model did not involve any changes in our
conception of what was acceptable as a basis for physical theories. Indeed,
the Standard Model can be regarded as just quantum electrodynamics writ
large. Similarly, when the effort to extend the Standard Model to include
gravity led to widespread interest in string theory, we expected to score
the success or failure of this theory in the same way as for the Standard
Model: string theory would be a success if its symmetry principles and
consistency conditions led to a successful prediction of the free parameters
of the Standard Model.

Now we may be at a new turning point, a radical change in what we accept
as a legitimate foundation for a physical theory. The current excitement is,
of course, a consequence of the discovery of a vast number of solutions of
string theory, beginning in 2000 with the work of Bousso and Polchinski
[1].! The compactified six dimensions in Type II string theories typically
have a large number (tens or hundreds) of topological fixtures (3-cycles),
each of which can be threaded by a variety of fluxes. The logarithm of
the number of allowed sets of values of these fluxes is proportional to the
number of topological fixtures. Further, for each set of fluxes one obtains a
different effective field theory for the modular parameters that describe the
compactified 6-manifold, and for each effective field theory the number of
local minima of the potential for these parameters is again proportional to

1 Smolin [2] had noted earlier that string theory has a large number of vacuum solutions, and
explored an imaginative possible consequence of this multiplicity. Even earlier, in the 1980s,
Duff, Nilsson and Pope had noted that D =11 supergravity has an infinite number of possible
compactifications, but of course it was not then known that this theory is a version of string
theory. For a summary, see ref. [3].
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the number of topological fixtures. Each local minimum corresponds to the
vacuum of a possible stable or metastable universe.

Subsequent work by Giddings, Kachru, Kallosh, Linde, Maloney,
Polchinski, Silverstein, Strominger and Trivedi (in various combinations)
[4-6] established the existence of a large number of vacua with positive ene-
rgy densities. Ashok and Douglas [7] estimated the number of these vacua
to be of order 10'%° to 10°%°. String theorists have picked up the term ‘string
landscape’ for this multiplicity of solutions from Susskind [8], who took the
term from biochemistry, where the possible choices of orientation of each
chemical bond in large molecules lead to a vast number of possible config-
urations. Unless one can find a reason to reject all but a few of the string
theory vacua, we may have to accept that much of what we had hoped to
calculate are environmental parameters, like the distance of the Earth from
the Sun, whose values we will never be able to deduce from first principles.

We lose some and win some. The larger the number of possible values
of physical parameters provided by the string landscape, the more string
theory legitimates anthropic reasoning as a new basis for physical theories.
Any scientists who study nature must live in a part of the landscape where
physical parameters take values suitable for the appearance of life and its
evolution into scientists.

An apparently successful example of anthropic reasoning was already at
hand by the time the string landscape was discovered. For decades there
seemed to be something peculiar about the value of the vacuum energy den-
sity pv. Quantum fluctuations in known fields at well understood energies
(say, less than 100 GeV) give a value of py larger than observationally al-
lowed by a factor 10°6. This contribution to the vacuum energy might be
cancelled by quantum fluctuations of higher energy, or by simply includ-
ing a suitable cosmological constant term in the Einstein field equations,
but the cancellation would have to be exact to fifty-six decimal places. No
symmetry argument or adjustment mechanism could be found that would
explain such a cancellation. Even if such an explanation could be found,
there would be no reason to suppose that the remaining net vacuum energy
would be comparable to the present value of the matter density, and since
it is certainly not very much larger, it was natural to suppose that it is very
much less, too small to be detected.

On the other hand, if py takes a broad range of values in the multiverse,
then it is natural for scientists to find themselves in a subuniverse in which
pv takes a value suitable for the appearance of scientists. I pointed out in
1987 that this value for py cannot be too large and positive, because then
galaxies and stars would not form [9]. Roughly, this limit is that py should
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be less than the mass density of the universe at the time when galaxies first
condense. Since this was in the past, when the mass density was larger than
at present, the anthropic upper limit on the vacuum energy density is larger
than the present mass density, but not many orders of magnitude greater.

But anthropic arguments provide not just a bound on py, they give us
some idea of the value to be expected: py should be not very different from
the mean of the values suitable for life. This is what Vilenkin [10] calls
the ‘Principle of Mediocrity’. This mean is positive, because if py were
negative it would have to be less in absolute value than the mass density of
the universe during the whole time that life evolves (otherwise the universe
would collapse before any astronomers come on the scene [11]), while if
pv were positive, it would only have to be less than the mass density of the
universe at the time when most galaxies form, giving a much broader range of
possible positive than negative values. In 1997-98 Martel, Shapiro and I [12]
carried out a detailed calculation of the probability distribution of values of
pv seen by astronomers throughout the multiverse, under the assumption
that the a priori probability distribution is flat in the relatively very narrow
range that is anthropically allowed (for earlier calculations, see refs. [13]
and [14]). At that time, the value of the primordial root-mean-square (rms)
fractional density fluctuation ¢ was not well known, since the value inferred
from observations of the cosmic microwave background depended on what
one assumed for py. It was therefore not possible to calculate a mean
expected value of py, but for any assumed value of py we could estimate o
and use the result to calculate the fraction of astronomers that would observe
a value of py as small as the assumed value. In this way, we concluded that if
Qa (the dimensionless density parameter associated with py) turned out to
be much less than 0.6, anthropic reasoning could not explain why it was so
small. The editor of the Astrophysical Journal objected to publishing papers
about anthropic calculations, and we had to sell our article by pointing
out that we had provided a strong argument for abandoning an anthropic
explanation of a small value of py if it turned out to be too small.

Of course, it turned out that py is not too small. Soon after this work,
observations of type la supernovae revealed that the cosmic expansion is
accelerating [15,16] and gave the result that Q4 ~ 0.7. In other words, the
ratio of the vacuum energy density to the present mass density pno in our
subuniverse (which I use just as a convenient measure of density) is about
2.3, a conclusion subsequently confirmed by observations of the microwave
background [17].

This is still a bit low. Martel, Shapiro and I had found that the probability
of a vacuum energy density this small was 12%. I have now recalculated the
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probability distribution, using WMAP data and a better transfer function,
with the result that the probability of a random astronomer seeing a value
as small as 2.3pyo is increased to 15.6%.2 Now that we know o, we can also
calculate that the median vacuum energy density is 13.3pnpo.

I should mention a complication in these calculations. The average of
the product of density fluctuations at different points becomes infinite as
these points approach each other, so the rms fractional density fluctuation
o is actually infinite. Fortunately, it is not o itself that is really needed
in these calculations, but the rms fractional density fluctuation averaged
over a sphere of comoving radius R taken large enough so that the density
fluctuation is able to hold on efficiently to the heavy elements produced
in the first generation of stars. The results mentioned above were calcu-
lated for R (projected to the present) equal to 2Mpc. These results are
rather sensitive to the value of R; for R = 1 Mpc, the probability of find-
ing a vacuum energy as small as 2.3pnpg is only 7.2%. The estimate of the
required value of R involves complicated astrophysics, and needs to be better
understood.

2.2 Problems

Now I want to take up four problems we have to face in working out the
anthropic implications of the string landscape.

What is the shape of the string landscape?

Douglas [18] and Dine and co-workers [19, 20] have taken the first steps
in finding the statistical rules governing different string vacua. I cannot
comment usefully on this, except to say that it would not hurt in this work
if we knew what string theory is.

What constants scan?

Anthropic reasoning makes sense for a given constant if the range over which
the constant varies in the landscape is large compared with the anthropi-
cally allowed range of values of the constant; for then it is reasonable to
assume that the a priori probability distribution is flat in the anthropically
allowed range. We need to know what constants actually ‘scan’ in this sense.
Physicists would like to be able to calculate as much as possible, so we hope
that not too many constants scan.

2 This situation has improved since the release of the second and third year WMAP results.

Assuming flat space, the ratio of the vacuum energy density to the matter density is now found
to be about 3.2 rather than 2.3.
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The most optimistic hypothesis is that the only constants that scan are
the few whose dimensionality is a positive power of mass: the vacuum energy
and whatever scalar mass or masses set the scale of electroweak symmetry-
breaking. With all other parameters of the Standard Model fixed, the scale
of electroweak symmetry-breaking is bounded above by about 1.4 to 2.7
times its value in our subuniverse, by the condition that the pion mass
should be small enough to make the nuclear force strong enough to keep the
deuteron stable against fission [21]. (The condition that the deuteron be
stable against beta decay, which yields a tighter bound, does not seem to
me to be necessary. Even a beta-unstable deuteron would live long enough
to allow cosmological helium synthesis; helium would be burned to heavy
elements in the first generation of very massive stars; and then subsequent
generations could have long lifetimes burning hydrogen through the carbon
cycle.) But the mere fact that the electroweak symmetry-breaking scale is
only a few orders of magnitude larger than the QCD scale should not in itself
lead us to conclude that it must be anthropically fixed. There is always the
possibility that the electroweak symmetry-breaking scale is determined by
the energy at which some gauge coupling constant becomes strong, and if
that coupling happens to grow with decreasing energy a little faster than
the QCD coupling, then the electroweak breaking scale will naturally be a
few orders of magnitude larger than the QCD scale.

If the electroweak symmetry-breaking scale is anthropically fixed, then we
can give up the decades long search for a natural solution of the hierarchy
problem. This is a very attractive prospect, because none of the ‘natural’
solutions that have been proposed, such as technicolor or low-energy super-
symmetry, were ever free of difficulties. In particular, giving up low-energy
supersymmetry can restore some of the most attractive features of the non-
supersymmetric Standard Model: automatic conservation of baryon and
lepton number in interactions up to dimension 5 and 4, respectively; natu-
ral conservation of flavors in neutral currents; and a small neutron electric
dipole moment. Arkani-Hamed and Dimopoulos [22] and others [23-25] have
even shown how it is possible to keep the good features of supersymmetry,
such as a more accurate convergence of the SU(3) x SU(2) x U(1) couplings
to a single value, and the presence of candidates for dark matter, WIMPs.
The idea of this ‘split supersymmetry’ is that, although supersymmetry is
broken at some very high energy, the gauginos and higgsinos are kept light
by a chiral symmetry. (An additional discrete symmetry is needed to pre-
vent lepton-number violation in higgsino—lepton mixing, and to keep the
lightest supersymmetric particle stable.) One of the nice things about split
supersymmetry is that, unlike many of the things we talk about these days,
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it makes predictions that can be checked when the LHC starts operation.
One expects a single neutral Higgs with a mass in the range 120 to 165 GeV,
possible winos and binos, but no squarks or sleptons, and a long-lived gluino.
(Incidentally, a Stanford group [26] has recently used considerations of Big
Bang nucleosynthesis to argue that a 1TeV gluino must have a lifetime
less than 100 seconds, indicating a supersymmetry breaking scale less than
10'° GeV. But I wonder whether, even if the gluino has a longer lifetime and
decays after nucleosynthesis, the universe might not thereby be reheated
above the temperature of helium dissociation, giving Big Bang nucleosyn-
thesis a second chance to produce the observed helium abundance.)

What about the dimensionless Yukawa couplings of the Standard Model?
If these couplings are very tightly constrained anthropically, then we might
reasonably suspect that they take a wide range of values in the multiverse,
so that anthropic considerations can have a chance to affect the values we
observe. Hogan [27, 28] has analyzed the anthropic constraints on these
couplings, with the electroweak symmetry-breaking scale and the sum of
the v and d Yukawa couplings held fixed, to avoid complications due to the
dependence of nuclear forces on the pion mass. He imposes the following
conditions: (1) mg — my, —me > 1.2MeV, so that the early universe does
not become all neutrons; (2) mg — m, + m. < 3.4 MeV, so that the pp
reaction is exothermic; and (3) me > 0. With three conditions on the
two parameters m, — mg and m., he naturally finds these parameters are
limited to a finite region, which turns out to be quite small. At first sight,
this gives the impression that the quark and lepton Yukawa couplings are
subject to stringent anthropic constraints, in which case we might infer that
the Yukawa couplings probably scan.

I have two reservations about this conclusion. The first is that the pp re-
action is not necessary for life. For one thing, the pep reaction p+p+e~ —
d+ v can keep stars burning hydrogen for a long time. For this, we do not
need mg —my +me <3.4MeV, but only the weaker condition mg— m, —
me < 3.4MeV. The three conditions then do not constrain mg — m, and
m. separately to any finite region, but only constrain the single parameter
mg — my —Me to lie between 1.2MeV and 3.4 MeV, not a very tight an-
thropic constraint. (In fact, He?* will be stable as long as mg — m, — me is
less than about 13MeV, so stellar nucleosynthesis can begin with helium
burning in the heavy stars of Population III, followed by hydrogen burning
in later generations of stars.) My second reservation is that the anthropic
constraints on the Yukawa couplings are alleviated if we suppose (as dis-
cussed above) that the electroweak symmetry-breaking scale is not fixed,
but free to take whatever value is anthropically necessary. For instance,
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according to the results of ref. [21], the deuteron binding energy could be
made as large as about 3.5 MeV by taking the electroweak breaking scale
much less than it is in our universe, in which case even the condition that
the pp reaction be exothermic becomes much looser.

Incidentally, I do not set much store by the famous ‘coincidence’, empha-
sized by Hoyle, that there is an excited state of C'? with just the right
energy to allow carbon production via a—Be® reactions in stars. We know
that even—even nuclei have states that are well described as composites of
a-particles. One such state is the ground state of Be®, which is unstable
against fission into two a-particles. The same a—«a potential that produces
that sort of unstable state in Be® could naturally be expected to produce
an unstable state in C'2 that is essentially a composite of three a-particles,
and that therefore appears as a low-energy resonance in a-Be® reactions.
So the existence of this state does not seem to me to provide any evidence
of fine tuning.

What else scans? Tegmark and Rees [29] have raised the question of whether
the rms density fluctuation o may itself scan. If it does, then the anthropic
constraint on the vacuum energy becomes weaker, resuscitating to some ex-
tent the problem of why py is so small. But Garriga and Vilenkin [30] have
pointed out that it is really py /o3 that is constrained anthropically, so that,
even if o does scan, the anthropic prediction of this ratio remains robust.

Arkani-Hamed, Dimopoulos and Kachru [31], referred to below as ADK,
have offered a possible reason for supposing that most constants do not
scan. If there are a large number N of decoupled modular fields, each tak-
ing a few possible values, then the probability distribution of quantities that
depend on all these fields will be sharply peaked, with a width proportional
to 1/v/N. According to Distler and Varadarajan [32], it is not really neces-
sary here to make arbitrary assumptions about the decoupling of the various
scalar fields; it is enough to adopt the most general polynomial superpoten-
tial that is stable, in the sense that radiative corrections do not change the
effective couplings for large N by amounts larger than the couplings them-
selves. Distler and Varadarajan emphasize cubic superpotentials, because
polynomial superpotentials of order higher than cubic presumably make no
physical sense. But it is not clear that even cubic superpotentials can be
plausible approximations, or that peaks will occur at reasonable values in
the distribution of dimensionless couplings rather than of some combinations
of these couplings.® It also is not clear that the multiplicity of vacua in this
kind of effective scalar field theory can properly represent the multiplicity
of flux values in string theories [33], but even if it cannot, it presumably can
represent the variety of minima of the potential for a given set of flux vacua.

3 M. Douglas, private communication.
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If most constants do not effectively scan, then why should anthropic
arguments work for the vacuum energy and the electroweak breaking scale?
ADK point out that, even if some constant has a relatively narrow distribu-
tion, anthropic arguments will still apply if the anthropically allowed range is
even narrower and near a point around which the distribution is symmetric.
(ADK suppose that this point would be at zero, but this is not necessary.)
This is the case, for instance, for the vacuum energy if the superpotential W
is the sum of the superpotentials W,, for a large number of decoupled scalar
fields, for each of which there is a separate broken R symmetry, so that the
possible values of each W,, are equal and opposite. The probability distri-
bution of the total superpotential W = 25:1 W,, will then be a Gaussian
peaked at W =0 with a width proportional to 1/v/N, and the probability
distribution of the supersymmetric vacuum energy —87G|W|? will extend
over a correspondingly narrow range of negative values, with a maximum
at zero. When supersymmetry breaking is taken into account, the proba-
bility distribution widens to include positive values of the vacuum energy,
extending out to a positive value depending on the scale of supersymmetry
breaking. For any reasonable supersymmetry breaking scale, this probability
distribution, though narrow compared with the Planck scale, will be very
wide compared with the very narrow anthropically allowed range around
pv =0, so within this range the probability distribution can be expected to
be flat, and anthropic arguments should work. Similar remarks apply to
the p-term of the supersymmetric Standard Model, which sets the scale of
electroweak symmetry-breaking.

How should we calculate anthropically conditioned probabilities?

We would expect the anthropically conditioned probability distribution for
a given value of any constant that scans to be proportional to the number of
scientific civilizations that observe that value. In the calculations described
above, Martel, Shapiro and I took this number to be proportional to the
fraction of baryons that find themselves in galaxies, but what if the total
number of baryons itself scans? What if it is infinite?

How is the landscape populated?

There are at least four ways in which we might imagine the different ‘uni-
verses’ described by the string landscape actually to exist.

(i) The various subuniverses may be simply different regions of space.
This is most simply realized in the chaotic inflation theory [34-38].
The scalar fields in different inflating patches may take different
values, giving rise to different values for various effective coupling
constants. Indeed, Linde speculated about the application of the
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(iii)
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anthropic principle to cosmology soon after the proposal of chaotic
inflation [39,40].

The subuniverses may be different eras of time in a single Big Bang.
For instance, what appear to be constants of nature might actu-
ally depend on scalar fields that change very slowly as the universe
expands [41].

The subuniverses may be different regions of spacetime. This can
happen if, instead of changing smoothly with time, various scalar
fields on which the ‘constants’ of nature depend change in a sequ-
ence of first-order phase transitions [42-44]. In these transitions,
metastable bubbles form within a region of higher vacuum energy;
then within each bubble there form further bubbles of even lower
vacuum energy; and so on. In recent years this idea has been revived
in the context of the string landscape [45,46]. In particular, it has
been suggested [47] that in this scenario the curvature of our universe
is small for anthropic reasons, and hence possibly large enough to be
detected.

The subuniverses could be different parts of quantum mechanical
Hilbert space. In a reinterpretation of Hawking’s earlier work on
the wave-function of the universe [48,49],% Coleman [51] showed that
certain topological fixtures known as wormholes in the path inte-
gral for the Fuclidean wave-function of the Universe would lead to a
superposition of wave-functions in which any coupling constant not
constrained by symmetry principles would take any possible value.?
Ooguri, Vafa and Verlinde [57] have argued for a particular wave-
function of the universe, but it escapes me how anyone can tell
whether this or any other proposed wave-function is the wave-function
of the universe.

These alternatives are by no means mutually exclusive. In particular, it

seems to me that, whatever one concludes about the first three alternatives,

we will still have the possibility that the wave-function of the universe is

a superposition of different terms representing different ways of populating

the landscape in space and/or time.

4 Some of this work is based on an initial condition for the origin of the universe proposed by
Hartle and Hawking [50].

5 It has been argued by Hawking and others that the wave-function of the universe is sharply
peaked at values of the constants that yield a zero vacuum energy at late times [52-55]. This
view has been challenged in ref. [56]. I am assuming here that there are no such peaks.
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2.3 Conclusion

In closing, T would like to comment on the impact of anthropic reasoning
within and beyond the physics community. Some physicists have expressed
a strong distaste for anthropic arguments. (I have heard David Gross say ‘I
hate it’.) This is understandable. Theories based on anthropic calculations
certainly represent a retreat from what we had hoped for: the calculation of
all fundamental parameters from first principles. It is too soon to give up
on this hope, but without loving it we may just have to resign ourselves to
a retreat, just as Newton had to give up Kepler’s hope of a calculation of
the relative sizes of planetary orbits from first principles.

There is also a less creditable reason for hostility to the idea of a multi-
verse, based on the fact that we will never be able to observe any subuni-
verses except our own. Livio and Rees [58] and Tegmark [59] have given
thorough discussions of various other ingredients of accepted theories that
we will never be able to observe, without our being led to reject these the-
ories. The test of a physical theory is not that everything in it should be
observable and every prediction it makes should be testable, but rather that
enough is observable and enough predictions are testable to give us confi-
dence that the theory is right.

Finally, I have heard the objection that, in trying to explain why the
laws of nature are so well suited for the appearance and evolution of life,
anthropic arguments take on some of the flavour of religion. I think that
just the opposite is the case. Just as Darwin and Wallace explained how the
wonderful adaptations of living forms could arise without supernatural in-
tervention, so the string landscape may explain how the constants of nature
that we observe can take values suitable for life without being fine-tuned
by a benevolent creator. I found this parallel well understood in a sur-
prising place, a New York Times article by Christoph Schénborn, Cardinal
Archbishop of Vienna [60]. His article concludes as follows.

Now, at the beginning of the 21st century, faced with scientific claims like neo-
Darwinism and the multiverse hypothesis in cosmology invented to avoid the over-
whelming evidence for purpose and design found in modern science, the Catholic
Church will again defend human nature by proclaiming that the immanent design
evident in nature is real. Scientific theories that try to explain away the appearance
of design as the result of ‘chance and necessity’ are not scientific at all, but, as John
Paul put it, an abdication of human intelligence.

It is nice to see work in cosmology get some of the attention given these
days to evolution, but of course it is not religious preconceptions like these
that can decide any issues in science.
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It must be acknowledged that there is a big difference in the degree of con-
fidence we can have in neo-Darwinism and in the multiverse. It is settled,
as well as anything in science is ever settled, that the adaptations of liv-
ing things on Earth have come into being through natural selection acting
on random undirected inheritable variations. About the multiverse, it is
appropriate to keep an open mind, and opinions among scientists differ
widely. In the Austin airport on the way to this meeting I noticed for sale
the October issue of a magazine called Astronomy, having on the cover the
headline ‘Why You Live in Multiple Universes’. Inside I found a report of
a discussion at a conference at Stanford, at which Martin Rees said that
he was sufficiently confident about the multiverse to bet his dog’s life on
it, while Andrei Linde said he would bet his own life. As for me, I have
just enough confidence about the multiverse to bet the lives of both Andrei
Linde and Martin Rees’s dog.
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Enlightenment, knowledge, ignorance, temptation

Frank Wilczek
Center for Theoretical Physics, Massachusetts Institute of Technology

Modified version of summary talk at the symposium FEzpectations of a
Final Theory at Trinity College, Cambridge, 4 September 2005

3.1 A new zeitgeist

Our previous ‘Rees-fest’ Anthropic Arguments in Fundamental Physics and
Cosmology at Cambridge in 2001 had much in common with this one, in
terms of the problems discussed and the approach to them. Then, as now,
the central concerns were apparent conspiracies among fundamental parame-
ters of physics and cosmology that appear necessary to ensure the emergence
of life. Then, as now, the main approach was to consider the possibility that
significant observational selection effects are at work, even for the determi-
nation of superficially fundamental, universal parameters.

That approach is loosely referred to as anthropic reasoning, which in turn
is often loosely phrased as the anthropic principle: the parameters of physics
and cosmology have the values they do in order that intelligent life capable of
observing those values can emerge. That formulation upsets many scientists,
and rightly so, since it smacks of irrational mysticism.

On the other hand, it is simply a fact that intelligent observers are located
only in a miniscule fraction of space, and in places with special proper-
ties. As a trivial consequence, probabilities conditioned on the presence of
observers will differ grossly from probabilities per unit volume. Much finer
distinctions are possible and useful; but I trust that this word to the wise
is enough to it make clear that we should not turn away from straightfor-
ward logic just because it can be made to sound, when stated sloppily, like
irrational mysticism.

For all their commonality of content, the spirit pervading the two gath-
erings seemed quite different, at least to me. One sign of the change is the

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.
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different name attached to the present gathering. This time it is Ezpectations
of a Final Theory. The previous gathering had a defensive air. It promi-
nently featured a number of physicists who subsisted on the fringes, voices in
the wilderness who had for many years promoted strange arguments about
conspiracies among fundamental constants and alternative universes. Their
concerns and approaches seemed totally alien to the consensus vanguard of
theoretical physics, which was busy successfully constructing a unique and
mathematically perfect universe.

Now the vanguard has marched off to join the prophets in the wilderness.
According to the new zeitgeist, the real world of phenomena must be con-
sulted after all, if only to position ourselves within a perfect, but inaccessible,
multiverse. Estimating selection effects, in practice, requires considerations
of quite a different character than what we have become accustomed to in
the recent practice of theoretical (i.e. hep-th) physics: looser and more
phenomenological, less precise but more accurate.

3.2 Sources

What caused the change? In his opening talk, Steve Weinberg [1] ascribed
the change in attitude to recent developments in string theory, but I think
its deep roots mostly lie elsewhere and go much further back in time. Those
of us who attended Anthropic Arguments lived through an empirical proof
of that point. I would like to elaborate on this issue a little, not only as a
matter of accurate intellectual history, but also to emphasize that the main
arguments do not rely on narrow, delicate (I might venture to say fragile)
technical developments; rather, they are broadly based and robust.

(1) The standardization of models

With the extraordinary success of the standard model of fundamental
physics, brought to a new level of precision at LEP through the 1990s,
and with the emergence of a Standard Model of cosmology, confirmed by
precision measurements of microwave background anisotropies, it became
clear that an excellent working description of the world as we find it is in
place. This remarkable success is graphically illustrated in Figs. 3.1-3.3. In
particular, the foundational laws of physics that are relevant to chemistry
and biology seem pretty clearly to be in place.

The Standard Models are founded upon broad principles of symmetry
and dynamics, assuming the values of a handful of numerical parameters
as inputs. Given this framework, we can consider in quite an orderly way
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Fig. 3.1. The calculation of particle masses in QCD. N denotes the nucleon, K and
K* denote pseudoscalar and vector K mesons, and the Greek letters are standard
particle designations. The spectroscopic labels 1P, 2S, etc. refer to heavy quark—
antiquark states; their energy relative to the ground state is displayed. These
calculations, which employ the full power of modern computers, account for the
bulk of the mass of ordinary matter on the basis of a conceptually based yet fully
algorithmic theory. Figure courtesy of D. Toussaint, compiling results from the
MILC collaboration and others.

the effect of a broad class of plausible changes in the structure of the world:
namely, change the numerical values of those parameters! When we try this
we find, in several different cases, that the emergence of complex structures
capable of supporting intelligent observation appears quite fragile.

On the other hand, valiant attempts to derive the values of the rele-
vant parameters, using symmetry principles and dynamics, have not enjoyed
much success. Thus, life appears to depend upon delicate coincidences that
we have not been able to explain. The broad outlines of that situation have
been apparent for many decades. When less was known, it seemed reason-
able to hope that better understanding of symmetry and dynamics would
clear things up. Now that hope seems much less reasonable. The happy
coincidences between life’s requirements and nature’s choices of parameter
values might be just a series of flukes, but one could be forgiven for begin-
ning to suspect that something deeper is at work. That suspicion is the first
deep root of anthropic reasoning.
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Fig. 3.2. Overdetermined, precision comparison of theory and experiment in elec-
troweak theory, including radiative corrections. The calculations make ample
use of the intricate rules for dealing with virtual particles in quantum field
theory. Successful confrontations between theory with experiment, of the sort
shown here and in Fig. 3.1, established our Standard Model of fundamental
interactions. T and S are dimensionless parameters describing the deviations from
this model. Figure courtesy of M. Swartz; for up-to-date information, consult
http://lepewwg.lep.cern.ch /LEPEWWG.

(2) The exaltation of inflation

The most profound result of observational cosmology has been to estab-
lish the Cosmological Principle: that the same laws apply to all parts of
the observed Universe, and moreover matter is — on average — uniformly
distributed throughout. It seems only reasonable, then, to think that the
observed laws are indeed universal, allowing no meaningful alternative, and
to seek a unique explanation for each and every aspect of them. Within that
framework, explanations invoking selection effects are moot. If there is no
variation, then there cannot be selection.

Inflationary cosmology challenges that interpretation. It proposes a dif-
ferent explanation of the Cosmological Principle: that the observed uni-
verse originated from a small patch and had its inhomogeneities ironed out
dynamically. In most theoretical embodiments of inflationary cosmology,
the currently observed universe appears as a small part of a much larger
multiverse. In this framework observed universal laws need not be mul-
tiversal, and it is valid — indeed necessary — to consider selection effects.
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Fig. 3.3. Comparison of standard cosmological model, including dark matter,
dark energy, and scale-invariant, adiabatic, Gaussian fluctuation spectrum, with
observed microwave anisotropies. Cj gives the anistropy on the angular scale 180°/I.
The successful confrontation of theory and experiment in this case established our
new Standard Model of cosmology. It traces the origin of all macroscopic structure
to the growth of simply characterized, tiny seed fluctuations through gravitational
instability. Figure courtesy of WMAP collaboration.

The success of inflationary cosmology is the second deep root of anthropic
reasoning.

(8) The unbearable lightness of spacetime

Among the coincidences between life’s requirements and nature’s choices
of parameter values, the smallness of the cosmological term, relative to its
natural value, is especially clear and striking. Modern theories of fundamen-
tal physics posit an enormous amount of structure within what we perceive
as empty space: quantum fluctuations, quark—antiquark condensates, Higgs
fields, and more. At least within the framework of General Relativity, grav-
ity responds to every sort of energy-momentum, and simple dimensional
estimates of the contributions from these different sources suggest values of
the vacuum energy, or cosmological term, many orders of magnitude larger
than what is observed. Depending on your assumptions, the discrepancy
might involve a factor of 100,102 or co. Again, attempts to derive an
unexpectedly small value for this parameter, the vacuum energy, have not
met with success. Indeed, most of those attempts aimed to derive the value
zero, which now appears to be the wrong answer.
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In 1987, Weinberg proposed to cut this Gordian knot by applying anthropic
reasoning to the cosmological term. On this basis, he predicted that the
cosmological term, rather than being zero, would be as large as it could be,
while remaining consistent with the emergence of observers. The numerical
accuracy of this prediction is not overwhelmingly impressive (the computed
probability to observe a cosmological term as small as we do is roughly 10%),
though this might be laid to the vagaries of sampling a statistical distribu-
tion just once. Also the original calculation was based on the hypothesis
that one should consider variations in the vacuum energy alone, keeping all
other parameters fixed, which might be too drastic a simplification. In any
case, the apparent observation of vacuum energy that is ridiculously small
from a microphysical perspective, but importantly large from a cosmological
perspective, certainly encourages explanation based on selection.

(4) The superabundance of string theory

After a brief, heady period around 1984 /5, during which it seemed that sim-
ple general requirements (for example N =1 supersymmetry and three light
fermion generations) might pick out a unique Calabi-Yau compactification
as the description of observed reality, serious phenomenological application
of string theory was forestalled by the appearance of a plethora of candi-
date solutions. The solutions all exhibited unrealistic features (for example,
unbroken supersymmetry, extraneous massless moduli fields), and it was
anticipated that — when those problems were fixed — some degree of unique-
ness might be restored. It was also hoped that string theory would provide
a dynamical understanding for why the cosmological term is zero.

Recent constructions have provided a plethora of approximate solutions
with broken supersymmetry and few or no moduli fields. They are not sta-
ble, but it is plausible that some of them are metastable, with very long
lifetimes indeed. As yet none (among >10Mndreds) appears to be entirely
realistic, but there is still plenty of scope for investigation in that direction,
and even for additional constructions. In these new constructions, the cos-
mological term can take a wide range of values, positive or negative. So
if cosmology provides a multiverse in which a significant sample of these
metastable solutions are realized, then the stage might be set for selection
effects to explain (roughly) the value we actually observe, as I just sketched.

3.3 Losses

Einstein expressed the traditional, maximally ambitious vision of mathe-
matical physics with characteristic lucidity as follows [2].
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I would like to state a theorem which at present can not be based upon anything
more than upon a faith in the simplicity, i.e. intelligibility, of nature: there are
no arbitrary constants... that is to say, nature is so constituted that it is possible
logically to lay down such strongly determined laws that within these laws only
rationally completely determined constants occur (not constants, therefore, whose
numerical value could be changed without destroying the theory).

Over the course of the twentieth century, that programme has worked
remarkably well. Rather than waste words to belabour the point, I will
just present you with three icons.

What is most characteristic of these icons is their richness of detail and
their quantitative precision. They confront profound theoretical ideas and
complex calculations with concrete, precise observations. The fact that we
physicists can worry over possible discrepancies at the level of parts per
billion, in the case of the muon’s magnetic moment, is our unique glory.
Such examples epitomize what, traditionally, has distinguished fundamental
physics from softer, ‘environmental’ disciplines such as history and biology.

With those words and images in mind, let me lament our prospective
losses, if we adopt anthropic or statistical selection arguments too freely.

(1) Loss of precision

I do not see any realistic prospect that anthropic or statistical selection
arguments — applied to a single sampling! — will ever lead to anything
comparable in intellectual depth and numerical precision to what these icons
represent. In that sense, intrusion of selection arguments into foundational
physics and cosmology really does, to me, represent a genuine lowering of
expectations.

(2) Loss of targets

Because the Standard Models of fundamental physics and cosmology describe
the world so well, a major part of what ideas going beyond those Stan-
dard Models could aspire to achieve, for improving our understanding of the
world, would be to fix the values of their remaining free parameters. If we
compromise on that aspiration, there will be much less about the physical
world for fundamental theory to target.

3.4 A classification

Of course, physicists have had to adjust their expectations before. In the
development of Copernican—Newtonian celestial mechanics, attractive a pri-
ori ideas about the perfect shape of planetary orbits (Ptolemy) and their
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origin in pure geometry (Kepler) had to be sacrificed. In the development of
quantum mechanics, ideas of strict determinism (Einstein) had to be sacri-
ficed. In those cases, sacrifice of appealing philosophical ideas was compen-
sated for by the emergence of powerful theories that described many specific
features of the natural world and made surprising, impressive predictions.
In the USA we have the saying ‘No pain, no gain’.

There is a big difference, however, between those episodes and the present
one. Resort to anthropic reasoning involves plenty of pain, as I have lamented,
but so far the gain has been relatively meagre, to say the least. Even if we
cannot be precise in our predictions of fundamental parameters, we can still
aspire to clear thinking. Specifically, we can try to be clear concerning what
it is we can or cannot be precise about. In this way we can limit our losses,
or at least sharpen our discussion. In that spirit, I would like to suggest a
chart, shown in Figs. 3.4 and 3.5, that draws some helpful boundaries.

The chart provides four boxes wherein to house parameters, or salient
combinations of parameters, as in Fig. 3.4. On the horizontal axis, we
have a binary distinction: is the parameter selected for, in the sense of
anthropic reasoning, or not? In other words, is it relevant to the emergence
of intelligent life or not? On the vertical axis, we have a different binary
distinction: is the parameter one about whose values we have promising ideas
based on symmetry and dynamics, or not? In that way we divide up the
parameters into four classes. I have named the different classes in Fig. 3.5.

(1) Enlightenment

This class contains salient combinations of parameters that are both cru-
cial to life and at least significantly understood. Its box is rather sparsely
populated. I have entered the tiny ratio of the proton mass m, to the
Planck mass Mp;. That small ratio is what allows the pull and tug of
nuclear physics and chemistry, with attendant complexity, to dominate the
relentless crunch of gravity. It can be understood as a consequence of the
logarithmic running of the strong coupling, and the SU(2) x U(1) veto of
quark and electron masses, modulo the weak-scale hierarchy problem (which
opens a can of worms).

(2) Knowledge

This class contains parameters or regularities that do not appear to be cru-
cial for life, but have been interpreted to have profound theoretical signif-
icance. Among these are the tiny 6 parameter of QCD, the relationship
among low-energy SU(3), SU(2) and U (1) couplings that enables their uni-
fication at high energy, and the extremely long lifetime of the proton (7}).
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Selected?
Yes No
Bacp << 1
Yes Mp<<Mp unified couplings
Good Tp>> H1
Design
Ideas? |p,/(£4Q3)~102 most M, CKM
parameters
No Me,Mu,My,Aaco—
nuclear physics most BSM
parameters
Me<<Myw

Fig. 3.4. Classification of various parameters by criteria of selective pressure and
theoretical insight. For definitions and discussion, see the text.

?
Vi Selected? No
Yes| Enlightenment Knowledge
Good
Design
Ideas?
No Temptation Ignorance

Fig. 3.5. Appropriate names for the different classes of parameters. ‘Temptation’
labels the natural habitat for anthropic reasoning.

The 6 parameter encodes the possibility that QCD might support violation
of parity (P) and time reversal (T) in the strong interaction. It is a pure
number, defined modulo 27. Experimental constraints on this parameter
require |#] < 1079, but it is difficult to imagine that life requires better
than |6] < 1071, if that, since the practical consequences of nuclear P and T
violation seem insignificant. On the other hand, there is a nice theoretical
idea, Peccei—-Quinn symmetry, that could explain the smallness of 6. Peccei—
Quinn symmetry requires expansion of the Standard Model, and implies the
existence of a remarkable new particle, the axion, of which more below.
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The unification relationship among gauge couplings encourages us to think
that the corresponding gauge symmetries are aspects of a single encompass-
ing symmetry which is spontaneously broken, but would become manifest
at asymptotically large energies or short distances. Accurate quantitative
realization of this idea requires expanding the Standard Model even at low
energies. Low-energy supersymmetry in any of its forms (including focus
point or split supersymmetry) is very helpful in this regard. Low-energy
supersymmetry, of course, requires a host of new particles, some of which
should materialize at the LHC.

It is difficult to see how having the proton lifetime very much greater than
the age of the Universe (H ! ~10%¥®s) could be important to life. Yet the
observed lifetime is at least 7, 2 1040s. Conventional anthropic reasoning is
inadequate to explain that observation. (Perhaps including potential future
observers in the weighting will help.) On the other hand, the unification of
couplings calculation implies a very high energy scale for unification, which
supplies a natural suppression mechanism. Detailed model implementations,
however, suggest that if gauge unification ideas are on the right track, proton
decay should occur at rates not far below existing limits.

(3) Ignorance

This class contains parameters that are neither important to life, nor close
to being understood theoretically. It includes the masses M and weak
mixing angles of the heavier quarks and leptons (encoded in the Cabibbo—
Kobayashi-Maskawa, or CKM, matrix) and the masses and mixing angles
of neutrinos. It also includes most of the prospective parameters of mod-
els beyond the Standard Model (BSM), such as low-energy supersymmetry,
because only a few specific properties of those models (for example the rate
of baryogenesis) are relevant to life. Of course, if the multiverse supports
enough variation to allow selection to operate among a significant fraction
of the parameters that are relevant to life, there is every reason to expect
variation also among some parameters that are not relevant to life. In an
abundant multiverse, wherein any particular location requires specification
of many independent coordinates, we might expect this box to be densely
populated, as evidently it is.

(4) Temptation

This class contains parameters whose values are important to life, and are
therefore subject to selection effects, but which look finely tuned or otherwise
odd from the point of view of symmetry and dynamics. It is in understanding
these parameters that we are tempted to invoke anthropic reasoning. This
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class includes the smallness of the dark energy (py), mentioned previously,
and several other items indicated in Fig. 3.5.

Life in anything close to the form we know it requires both that there should
be a complex spectrum of stable nuclei, and that the nuclei can be synthe-
sized in stars. As emphasized by Hogan [3] and many others, those require-
ments imply constraints, some quite stringent, relating the QCD parameters
Aqcp, my, mg and m. and a. On the other hand, these parameters appear
on very different footings within the Standard Model and in existing concrete
ideas about extending the Standard Model. The required conspiracies among
the masses m,, mg and m, are all the more perplexing because each of the
masses is far smaller than the ‘natural’” value, 250 GeV, set by the Higgs con-
densate. An objective measure of the degree of unnaturalness is that pure-
number Yukawa couplings of order 10~ underlie these masses.

More recent is the realization that the emergence of user-friendly macro-
structures, that is stable planetary systems, requires rather special rela-
tionships among the parameters of the cosmological Standard Model. Here
again, no conventional symmetry or dynamical mechanism has been pro-
posed to explain those relationships; indeed, they connect parameters whose
status within existing microscropic models is wildly different. Considera-
tions of this sort have a rich literature, beginning with ref. [4]. Detailed
discussion of these matters, which brings in some very interesting astro-
physics, can be found in ref. [5]. (In this regard, this paper greatly improves
on refs. [6] and [7] and on my summary talk as actually delivered.) A major
result of the paper is a possible anthropic explanation of the observed abun-
dance £ of dark matter (normalized to photon number and thereby rendered
time-independent), conditioned on the density of dark energy p) and the
amplitude ) of primeval density fluctuations.

Dynamical versus anthropic reasoning is not an either/or proposition. It
may be that some parameters are best understood dynamically and others
anthropically (and others not at all). In my chart, no box is empty. Indeed,
there is much potential for fertile interaction between these different modes
of reasoning. For example, both axion physics and low-energy supersym-
metry provide candidates for dark matter, and dark matter has extremely
important anthropic implications [5]. Nor is the situation necessarily static.
We can look forward to a flow of parameters along the paths from ‘ignorance’
to ‘enlightenment’ as physics progresses.

3.5 A new zeitgeist?

Actually, it is quite old. Earlier I discussed ‘losses’. There could be a
compensating moral gain, however, in well-earned humility. What we are
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‘losing’, we never really had. Pure thought did not supersede creative
engagement with phenomena as a way of understanding the world twenty
years ago, it has not in the meantime, and will not anytime soon. I think
it has been poetic to witness here at Trinity a re-emergence of some of the
spirit of Newton. Perhaps not yet ‘Hypothesis non fingo’, but I hope the
following applies [8]:

I know not how I seem to others, but to myself I am but a small child wandering
upon the vast shores of knowledge, every now and then finding a small bright pebble
to content myself with while the vast ocean of undiscovered truth lay before me.
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Cosmology and the multiverse

Martin J. Rees
Institute of Astronomy, University of Cambridge

4.1 Do the ‘special’ values of the constants of physics and
cosmology need an explanation?

In his book Galazies, Nuclei and Quasars [1], Fred Hoyle wrote that ‘one
must at least have a modicum of curiosity about the strange dimensionless
numbers that appear in physics’. Hoyle was among the first to conjecture
that the so-called ‘constants of nature’ might not be truly universal. He
outlined two possible attitudes to them. One is that ‘the dimensionless
numbers are all entirely necessary to the logical consistency of physics’; the
second possibility is that the numbers are not in the broadest sense universal,
but that ‘in other places their values would be different’. Hoyle favoured
this latter option because then

the curious placing of the levels in C'? and O'% need no longer have the appearance
of astonishing accidents. It could simply be that, since creatures like ourselves
depend on a balance between carbon and oxygen, we can exist only in the portions
of the universe where these levels happen to be correctly placed.

Whatever one thinks of its motivation, Hoyle’s conjecture is now even
more attractive. The ‘portions of the universe’ between which the varia-
tion occurs must now, we realise, be interpreted as themselves vastly larger
than the spacetime domain our telescopes can actually observe — perhaps
even entire ‘universes’ within a multiverse.

If we ever established contact with intelligent aliens, how could we bridge
the ‘culture gap’? One common culture (in addition to mathematics) would
be physics and astronomy. We and the aliens would all be made of atoms,
and we would all trace our origins back to the big bang 13.7 billion years
ago. We would all share the potentialities of a (perhaps infinite) future.
But our existence (and that of the aliens, if there are any) depends on our
universe being rather special. Any universe hospitable to life — what we

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.

o7



58 Martin J. Rees

might call a ‘biophilic’ universe — has to be ‘adjusted’ in a particular way.
The prerequisites for any life of the kind we know about — long-lived stable
stars, stable atoms such as carbon, oxygen and silicon, able to combine into
complex molecules etc. — are sensitive to the physical laws and to the size,
expansion rate and contents of the universe in which they exist. Indeed,
even for the most open-minded science fiction writer, ‘life’ or ‘intelligence’
requires the emergence of some generic complex structures: it cannot exist in
a homogeneous universe or in a micro-universe containing only a few dozen
particles. Many recipes would lead to stillborn universes with no atoms, no
chemistry and no planets; or to universes too short-lived or too empty to
allow anything to evolve beyond sterile uniformity.

Consider, for example, the role of gravity. Stars and planets depend cru-
cially on this force; but nothing remotely like us could exist if gravity were
much stronger than it actually is. In an imaginary ‘strong-gravity’ universe,
stars (gravitationally bound fusion reactors) would be small; gravity would
crush anything larger than an insect. But what would preclude a complex
ecosystem even more would be the limited time. The mini-Sun would burn
faster and would have exhausted its energy before even the first steps in
organic evolution had got under way. A large, long-lived and stable universe
depends quite essentially on the gravitational force being exceedingly weak.
Gravity also amplifies linear density contrasts in an expanding universe; it
then provides a negative specific heat so that dissipative bound systems heat
up further as they radiate. There’s no thermodynamic paradox in evolving
from an almost structureless fireball to the present cosmos, with huge tem-
perature differences between the 3 K of the night sky and the blazing surfaces
of stars. So gravity is crucial, but the weaker it is, the grander and more pro-
longed are its consequences. Newton’s constant G need not be fine-tuned —
one just needs gravity to be exceedingly weak on the atomic scale compared
with electrical force, so that the famous large number e?/ Gmf3 is indeed
very large.

However, the natural world is much more sensitive to the balance between
other basic forces. If nuclear forces were slightly stronger than they actually
are relative to electric forces, two protons could stick together so readily that
ordinary hydrogen would not exist, and stars would evolve quite differently.
Some of the details — such as the carbon and oxygen abundances first noted
by Hoyle — are still more sensitive, requiring some seeming ‘tuning’ in the
nuclear forces.

Even a universe as large as ours could be very boring: it could contain no
atoms at all — just black holes or inert dark matter. Even if it had the same
ingredients as ours, it could be expanding so fast that no stars or galaxies
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had time to form; or it could be so turbulent that all the material formed
vast black holes rather than stars or galaxies — an inclement environment for
life. And our universe is also special in having three spatial dimensions. A
four-dimensional world would be unstable, there are constraints on complex
networks in two dimensions, and so forth.

The distinctive and special-seeming recipe characterizing our universe
seems to me a fundamental mystery that should not be brushed aside merely
as a brute fact. Rather than re-addressing the classic examples of fine-tuning
in the fundamental forces, I shall in this chapter focus on the parameters
of the big bang — the expansion rate, the curvature, the fluctuations and
the material content. Some of these parameters (perhaps even all) may
be explicable in terms of a unified theory, or somehow derivable from the
microphysical constants. On the other hand, they may — in some still grander
perspective — be mere ‘environmental accidents’. But, irrespective of how
that may turn out, it is interesting to explore the extent to which the prop-
erties of a universe — envisaged here as the aftermath of a single big bang —
are sensitive to the cosmological parameters.

4.2 Is it scientific to enquire about other universes?

A semantic digression is necessary in order to pre-empt irrelevant criticism.
The word ‘universe’ traditionally denotes ‘everything there is’. Therefore if
we envisage that physical reality could embrace far more than traditionally
believed — for instance, other domains of spacetime originating in other big
bangs, or domains embedded in extra spatial dimensions — we should really
define the whole ensemble as ‘the universe’, and introduce a new word — ‘meta-
galaxy’ for instance — to denote what observational cosmologists traditionally
study. However, so long as this whole idea remains speculative, it is probably
best to continue to denote what cosmologists observe as ‘the universe’ and to
introduce a new term, ‘multiverse’, for the whole hypothetical ensemble.

If our existence — or, indeed, the existence of any ‘interesting’ universe —
depends on a seemingly special cosmic recipe, how should we react? There
seem three lines to take: we can dismiss it as happenstance, we can invoke
‘providence’, or we can conjecture that our universe is a specially favoured
domain in a still vaster multiverse.

4.2.1 Happenstance or coincidence

Maybe a fundamental set of equations, which some day will be written on
T-shirts, fixes all key properties of our universe uniquely. It would then be



60 Martin J. Rees

an unassailable fact that these equations permitted the immensely complex
evolution that led to our emergence.

But I think there would still be something to wonder about. It is not
guaranteed that simple equations permit complex consequences. To take
an analogy from mathematics, consider the Mandelbrot set. This pattern
is encoded by a short algorithm, but has infinitely deep structure; tiny
parts of it reveal novel intricacies however much they are magnified. In
contrast, you can readily write down other algorithms, superficially similar,
that yield very dull patterns. Why should the fundamental equations encode
something with such potential complexity, rather than the boring or sterile
universe that many recipes would lead to?

One hard-headed response is that we could not exist if the laws had boring
consequences. We manifestly are here, so there is nothing to be surprised
about. I think we would need to know why the unique recipe for the physical
world should permit consequences as interesting as those we see around us
(and which, as a by-product, allowed us to exist).

4.2.2 Providence or design

Two centuries ago, William Paley introduced the famous metaphor of the
watch and the watchmaker — adducing the eye, the opposable thumb and
so forth as evidence of a benign Creator. These ideas fell from favour,
even among most theologians, in the post-Darwinian era. However, the
apparent fine-tuning in physics cannot be so readily dismissed as Paley’s
biological ‘evidences’: we now view any biological contrivance as the outcome
of prolonged evolutionary selection and symbiosis with its surroundings; but
so far as the biosphere is concerned, the physical laws are given and nothing
can react back on them.

Paley’s view of astronomy was that it was not the most fruitful science for
yielding evidence of design, but ‘that being proved, it shows, above all others,
the scale of [the Creator’s] operations’. Paley might have reacted differently
if he had known about the providential-seeming physics that led to galaxies,
stars, planets and the ninety-two natural elements of the periodic table. Our
universe evolved from a simple beginning — a big bang — specified by quite
a short recipe, but this recipe seems rather special. Different ‘choices’ for
some basic numbers would have a drastic effect, precluding the hospitable
cosmic habitat in which we emerged. A modern counterpart of Paley, the
clergyman and ex-mathematical physicist John Polkinghorne, interprets our
fine-tuned habitat as ‘the creation of a Creator who wills that it should
be so’.
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4.2.3 A special universe drawn from an ensemble

But there is another perspective that, as the present book testifies, is gaining
more attention: the possibility that there are many ‘universes’, of which
ours is just one. In the others, some laws and physical constants would be
different. But our universe would not be just a random one. It would belong
to the unusual subset that offered a habitat conducive to the emergence of
complexity and consciousness. If our universe is selected from a multiverse,
its seemingly designed or fine-tuned features would not be surprising.

Some might regard other universes — regions of space and time that we
cannot observe (perhaps even in principle and not just in practice) — as
being in the province of metaphysics rather than physics. Science is an
experimental or observational enterprise, and it is natural to be troubled by
invocations of something unobservable. But I think other universes (in this
sense) already lie within the proper purview of science. It is not absurd or
meaningless to ask ‘Do unobservable universes exist?’, even though no quick
answer is likely to be forthcoming. The question plainly cannot be settled
by direct observation, but relevant evidence can be sought, which could lead
to an answer.

There is actually a blurred transition between the readily observable and
the absolutely unobservable, with a very broad grey area in between. To
illustrate this, one can envisage a succession of horizons, each taking us
further than the last from our direct experience, as illustrated in Fig. 4.1.

Limit of present-day telescopes

There is a limit to how far out into space our present-day instruments can
probe. Obviously there is nothing fundamental about this limit; it is con-
strained by current technology. Many more galaxies will undoubtedly be
revealed in the coming decades by bigger telescopes now being planned. We
would obviously not demote such galaxies from the realm of proper scientific
discourse simply because they have not been seen yet.

Limit in principle at present era

Even if there were absolutely no technical limits to the power of telescopes,
our observations are still bounded by a horizon, set by the distance that any
signal, moving at the speed of light, could have travelled since the big bang.
This horizon demarcates the spherical shell around us at which the redshift
would be infinite. There is nothing special about the galaxies on this shell,
any more than there is anything special about the circle that defines your
horizon when you are in the middle of an ocean. On the ocean, you can see
farther by climbing up your ship’s mast. But our cosmic horizon cannot be
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Galaxies

unobservable

now in principle
Speed-of-light \
Horizon

Technical \
Horizon \

if expansion decelerates,
visible in remote future
BUT
if expansion accelerates,
never visible

Fig. 4.1. Extending horizons beyond the directly observable, as discussed in
the text.

extended unless our universe changes, so as to allow light to reach us from
galaxies that are now beyond it. If our universe were decelerating, then
the horizon of our remote descendants would encompass extra galaxies that
are beyond our horizon today. It is, to be sure, a practical impediment if we
have to await a cosmic change taking billions of years, rather than just a few
decades (maybe) of technical advance before a prediction about a particular
distant galaxy can be put to the test. But does that introduce a difference
of principle? Surely the longer waiting time is merely a quantitative dif-
ference, not one that changes the epistemological status of these faraway
galaxies?

Never-observable galazies from ‘our’ big bang

But what about galaxies that we can never see, however long we wait? It is
now believed that we inhabit an accelerating universe. As in a decelerating
universe, there would be galaxies so far away that no signals from them
have yet reached us; but if the cosmic expansion is accelerating, we are
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now receding from these remote galaxies at an ever-increasing rate, so if
their light has not yet reached us, it never will. Such galaxies are not
merely unobservable now — they will be beyond our horizon forever. But if
a galaxy is now unobservable, it hardly seems to matter whether it remains
unobservable for ever, or whether it would come into view if we waited
a trillion years. (And as I have argued above, the latter category should
certainly count as ‘real’.)

Galazies in disjoint universes

The never-observable galaxies discussed above would have emerged from
the same big bang as we did. But suppose that, instead of causally dis-
joint regions emerging from a single big bang (via an episode of inflation),
we imagine separate big bangs. Are spacetimes completely disjoint from
ours any less real than regions that never come within our horizon in what
we would traditionally call our own universe? Surely not — so these other
universes should count as real parts of our cosmos too.

Whether other universes exist or not is a scientific question. Those who
are prejudiced against the concept should regard the above step-by-step ar-
gument as an exercise in ‘aversion therapy’. In this technique, someone
terrified of spiders is first reconciled to a small one a long way away and
then, stage by stage, to a tarantula crawling all over him. Likewise, from a
reluctance to deny that galaxies with redshift 10 are proper objects of scien-
tific enquiry, you are led towards taking seriously quite separate spacetimes,
perhaps governed by quite different ‘laws’.

Some theorists envisage an ‘eternal’ inflationary phase, where many uni-
verses sprout from separate big bangs into disjoint regions of spacetimes —
each such region itself vastly larger than our observational horizon. Others
have, from different viewpoints, suggested that a new universe could sprout
inside a black hole, expanding into a new domain of space and time inacces-
sible to us. As a further alternative, other universes could exist, separated
from us in an extra spatial dimension; these disjoint universes may interact
gravitationally or they may have no effect whatsoever on each other. (Bugs
crawling on a large sheet of paper — their two-dimensional universe — would
be unaware of other bugs on a separate sheet of paper. Likewise, we would
be unaware of our counterparts on another ‘brane’ separated in an extra
dimension, even if that separation were only by a microscopic distance.)
Other universes could be separate domains of space and time. We could
not even meaningfully say whether they existed before, after or alongside
our own, because such concepts make sense only insofar as we can impose a
single measure of time, ticking away in all the universes.
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None of these scenarios has been simply dreamed up out of the air; each
has a serious, albeit speculative, theoretical motivation. However, one of
them, at most, can be correct. Quite possibly none is; there are alternative
theories that would lead just to one finite universe. Firming up any of these
ideas will require a theory that consistently describes the extreme physics of
ultra-high densities, how structures on extra dimensions are configured, etc.
But consistency is not enough; there must be grounds for confidence that
such a theory is not a mere mathematical construct, but applies to external
reality. We would develop such confidence only if the theory accounted for
things we can observe that are otherwise unexplained.

At the moment, the formulae of the ‘Standard Model’ involve numbers
which cannot be derived from the theory but have to be inserted from
experiment. Perhaps, in the twenty-first century, physicists will develop
a theory that yields insight into (for instance) why there are three kinds
of neutrinos and the nature of the nuclear and electric forces. Such a
theory would thereby acquire credibility. If the same theory, applied to
the very beginning of our universe, were to predict many big bangs, then
we would have as much reason to believe in separate universes as we now
have for believing inferences from particle physics about quarks inside atoms,
or from relativity theory about the unobservable interior of black
holes.

4.3 Universal laws or mere by-laws?

Are the laws of physics unique? This is a less poetic version of the famous
question that Einstein once posed to his assistant, Ernst Strauss: ‘Did God
have any choice when he created the universe?” Offering an answer is a
key scientific challenge for the new century. The answer determines how
much variety the other universes — if they exist — might display. If there
were something uniquely self-consistent about the actual recipe for our uni-
verse, then the aftermath of any big bang would be a re-run of our own
universe. But a far more interesting possibility (which is certainly ten-
able in our present state of ignorance of the underlying laws) is that the
underlying laws governing the entire multiverse may allow variety among the
universes. Some of what we call ‘laws of nature’ may in this grander perspec-
tive be local by-laws, consistent with some overarching theory governing the
ensemble, but not uniquely fixed by that theory. Many things in our cosmic
environment — for instance, the exact layout of the planets and asteroids
in our Solar System — are accidents of history. Likewise, the recipe for an
entire universe may be arbitrary.
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More specifically, some aspects may be arbitrary and others not. There
could be a complementarity between chance and necessity, just as arises in
biology, where our basic development — from embryo to adult — is encoded
in our genes, but many aspects of our development are moulded by our
environment and experiences. And there are far simpler examples of the
same dichotomy. As an analogy (which I owe to Paul Davies), consider
the form of snowflakes. Their ubiquitous six-fold symmetry is a direct con-
sequence of the properties and shape of water molecules. But snowflakes
display an immense variety of patterns because each is moulded by its micro-
environments; how each flake grows is sensitive to the fortuitous temperature
and humidity changes during its growth.

If physicists achieved a fundamental theory, it would tell us which aspects
of nature were direct consequences of the bedrock theory (just as the sym-
metrical template of snowflakes is due to the basic structure of a water
molecule) and which are (like the distinctive pattern of a particular snowflake)
the outcome of accidents. Some of the accidental features could be imprinted
during the cooling that follows the big bang, rather as a piece of red-hot
iron becomes magnetised when it cools down, but with an alignment that
may depend on chance factors. They could have other contingent causes,
such as the influence of another nearby universe separated from ours in a
fourth spatial dimension. Or they could simply depend on which particu-
lar oasis in the ‘cosmic landscape’ (to use Susskind’s phrase) we happen to
inhabit.

At the moment, as is evident from other chapters in this book, there is
no consensus on the answer to Einstein’s question: there could be a unique
physics; there could, alternatively, be googles of alternative laws. Some
theorists have strong preferences and prejudices favouring the former; they
want as many features as possible of our universe to be ‘explained’ by neat
formulae — indeed they yearn to discover these formulae themselves. But
there is no reason why our universe has to accord with our aesthetic taste;
the rational stance now is surely to be open-minded on this basic issue. The
outcome determines which side of the ‘fork’ is taken in the decision tree of
Fig. 4.2: in the one case, anthropic reasoning is irrelevant; in the other, it
is unavoidable.

The cosmological numbers in our universe, and perhaps some of the
so-called constants of laboratory physics as well, could be environmental
accidents, rather than uniquely fixed throughout the multiverse by some
final theory. Some seemingly fine-tuned features of our universe could then
only be explained by anthropic arguments, as indicated by the right fork
of Fig. 4.2. Although this style of explanation raises hackles among some
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Fig. 4.2. Decision tree. Progress in twenty-first-century physics should allow us
to decide whether anthropic explanations are irrelevant or the best we can ever
hope for.

physicists, it is analogous to what any observer or experimenter does when
they allow for selection effects in their measurements; if there are many uni-
verses, most of which are not habitable, we should not be surprised to find
ourselves in one of the habitable ones!

The entire history of our universe could be just an episode of the infi-
nite multiverse; what we call the laws of nature (or some of them) may be
just parochial by-laws in our cosmic patch. Such speculations dramatically
enlarge our concept of reality. Putting them on a firm footing must await a
successful fundamental theory that tells us whether there could have been
many big bangs rather than just one, and (if so) how much variety they
might display. We will not know whether anthropic arguments are irrele-
vant or unavoidable until this fundamental issue is settled one way or the
other.

4.4 Testing multiverse theories here and now: the value of A

While we are waiting for that theory — and it could be a long wait — we
can check whether anthropic selection offers a tenable explanation for the
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apparent fine-tuning. Some hypotheses can even be refuted; this would
happen if our universe turned out to be even more specially tuned than our
presence requires. Let me give two quite separate examples of this style of
reasoning.

(i) Boltzmann argued that our entire universe was an immensely rare
‘fluctuation’” within an infinite and eternal time-symmetric domain. Even
when it was proposed, one could already have argued powerfully against it
by noting that fluctuations in large volumes are far more improbable than
in smaller volumes. If Boltzmann were right, we would be in the small-
est fluctuation compatible with our awareness — indeed, the overwhelmingly
most likely configuration would be a universe containing nothing but a sin-
gle brain with external sensations fed into it. Whatever our assessment
of the prior probability of Boltzmann’s theory, its probability would plum-
met as we came to believe non-solipsistically in the extravagant scale of the
COSMOS.

(ii) Even if we knew nothing about how stars and planets formed, we
would not be surprised to find that the Earth’s orbit was moderately close
to circular; had it been highly eccentric, water would boil when the Earth
was at perihelion and freeze at aphelion — a harsh environment unconducive
to our emergence. However, a modest orbital eccentricity, up to 0.1 or so,
is plainly not incompatible with life. Had it turned out that the Earth
moved in a near-perfect circle with eccentricity 0.000 001, then this would
need some explanation: anthropic selection from orbits whose eccentricities
had a Bayesian prior that was uniform in the range 0-1 could plausibly
account for an eccentricity of 0.1, but not for one as tiny as this.

In Section 4.5, I will mention several applications of this line of reasoning.
But first let us recall the one that has already been extensively discussed in
the literature: the cosmological constant A. Interest in A has, of course, been
hugely boosted recently through the convergence of several lines of evidence
on a model where the universe is flat, but with about 4% in baryons, 25%
in dark matter and the remaining (dominant) component in dark energy or

quintessence. !

Most physicists would consider the ‘natural’ value of A to be large, because
it is a consequence of a very complicated Planck-scale microstructure of

1 The resurrection of A would be a great ‘coup’ from de Sitter. His model, dating from the
1920s, not only describes inflation, but would then also describe future aeons of our cosmos
with increasing accuracy. Only for the fifty or so decades of logarithmic time between the end
of inflation and the present would it need modification!
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space. There might then be only a rare subset of universes where A was
below the threshold that allows galaxies and stars to form before the cosmic
repulsion takes over. In our universe, A obviously had to be below that
threshold.

On the specific hypothesis that our universe is drawn from an ensemble in
which A was equally likely to take any value, we would not expect it to be
too far below the anthropic upper limit. Current evidence suggests that, if
A constitutes the dark energy, its actual value is five to ten times below that
threshold. That would put our universe between the 10th or 20th percentile
of universes in which galaxies could form. In other words, our universe would
not be significantly more special, with respect to A, than our emergence
demanded. But suppose that (contrary to current indications) observations
showed that A made no discernible contribution to the expansion rate, and
was thousands of times below the threshold. This ‘overkill precision’ would
raise doubts about the hypothesis that A was equally likely to have any value.
It would suggest instead that it was zero for some fundamental reason or
that the physics favoured values very close to zero or that A had a dis-
crete set of possible values and all the others were well above the ‘anthropic
limit’.

In this example, one is essentially asking if our actual universe is ‘typical’
of the subset in which we could have emerged. The methodology requires
us to decide what domain (in some multi-parameter space) is compatible
with our emergence. But it requires something else as well: a specific theory
that gives the relative Bayesian priors for any particular point within that
domain (for example in the case of A, whether there is a uniform proba-
bility density, whether low values are favoured, whether there is a set of
discrete values). When applied to the important numbers of physics and
cosmology, this style of reasoning can test whether our universe is (under
specific theoretical assumptions about the ensemble) typical of the subset
that could harbour complex life. If our universe turns out to be a grossly
atypical member, even of the anthropically allowed subset (not merely of
the entire multiverse), then we would not necessarily need to abandon the
hypothesis of anthropic selection, but we would certainly be forced to modify
our model of the underlying physics and to seek an alternative theory that
had a different distribution of priors. This involves subtle and still contro-
versial issues that I will skate over here. In particular, what relative ‘weight’
does one give different volumes and how are infinities handled? (See ref. [2]
for a brave attempt to confront these issues in the context of inflationary
cosmology.)
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4.5 Anthropic constraints on other cosmological numbers

Traditionally, cosmology was the quest for a few numbers. The first were
the Hubble parameter H and the deceleration parameter ¢. Since the
discovery of the microwave background in 1965, we have had another: the
baryon/photon ratio of about 10~°. This is believed to result from a small
favouritism for matter over antimatter in the early universe — something that
was addressed in the context of ‘grand unified theories’ in the 1970s. (Indeed,
baryon non-conservation seems a prerequisite for any plausible inflationary
model. Our entire observable universe, containing at least 10™ baryons,
could not have inflated from something microscopic if the baryon number
were strictly conserved.)

In the 1980s, non-baryonic dark matter became almost a natural expecta-
tion and pgm/prar i another fundamental number. We now seemingly have
the revival of the cosmological constant (or some kind of dark energy, with
negative pressure, which is generically equivalent to this). Another specially
important dimensionless number tells us how smooth our universe is. It is
measured by: (a) the amplitude of the gravitationally induced fluctuations
in the microwave background; (b) the gravitational binding energy of clus-
ters as a fraction of their rest mass; or (c) the square of the typical scale of
mass-clustering as a fraction of the Hubble scale. It is, of course, somewhat
oversimplified to represent this by a single number,? but insofar as one can,
its value (let us call it Q) is pinned down to be around 10~°.

We can make a list of what would be required for a big bang to yield an
anthropically allowed universe — a universe where some kind of generic com-
plexity could unfold, whether it were humanoid or more like Fred Hoyle’s
fictional ‘Black Cloud’. The list would include the following.

Some inhomogeneities (i.e. a non-zero @): clearly there is no potential for
complexity if everything remains dispersed in a uniform ultra-dilute medium.

Some baryons: complexity would be precluded in a universe solely made of
dark matter, with only gravitational interactions.

At least one star: nucleosynthesis is a precondition for complex chemistry,
though perhaps superfluous for Black-Cloud-style complexity.

2 Detailed modelling of the fluctuations introduces further numbers: the ratio of scalar and
tensor amplitudes and quantities such as the ‘tilt’, which measure the deviation from a pure
scale-independent Harrison—Zeldovich spectrum.
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Some second-generation stars: only later-generation stars would be able to
have orbiting planets, unless heavy elements were primordial.

It is interesting to engage in ‘counterfactual history’ and ask what constraints
these various requirements would impose not only on A (as discussed in the
previous section) but on other key cosmological parameters, such as the fluc-
tuation amplitude Q (about 1072 in our universe); the baryon/photon ratio
(about 107 in our universe); the baryon/dark matter density ratio (about
0.2 in our universe).

4.5.1 The fluctuation amplitude

What structures might emerge in a universe that was initially smoother
(Q smaller) or rougher (@ larger) than ours? Were @ of order 1076, there
would be no clusters of galaxies; moreover, the only galaxies would be small
and anaemic. They would form much later than galaxies did in our ac-
tual universe. Because they would be loosely bound, processed material
would be expelled from shallow potential wells; there may therefore be no
second-generation stars and no planetary systems. If ) were even smaller
than 1075, there would be no star formation at all; very small structures
of dark matter would turn around late and their constituent gas would be
too dilute to undergo the radiative cooling that is a prerequisite for star
formation.3

Hypothetical astronomers in a universe with @ =10~% might find their
cosmic environment more varied and interesting than ours. Galaxies and
clusters would span a wider range of masses. The biggest clusters would be
1000 times more massive than any in our actual universe. There could be
individual galaxies — perhaps even disc galaxies — with masses up to that of
the Coma cluster and internal velocity dispersions up to 2000 kms~!. These
would have condensed when the age of our universe was only 3 x 108y and
when Compton cooling on the microwave background was still effective.

However, a universe where ) were larger still — more than (say) 1073 —
would be a violent and inhospitable place. Huge gravitationally bound sys-
tems would collapse, trapping their radiation and being unable to fragment,
soon after the epoch of recombination. (Collapse at, say, 107 y would lead to
sufficient partial ionization via strong shocks to recouple the baryons and the
primordial radiation.) Such structures, containing the bulk of the material,

3 In a A-dominated universe, isolated clumps could survive for an infinite time without merging
into a larger scale in the hierarchy. So eventually, for any @ > 1078, a ‘star’ could form — but
by that time it might be the only bound object within the horizon.
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would turn into vast black holes. It is unlikely that galaxies of any kind
would exist; nor is it obvious that much baryonic material would ever go
into stars. Even if it did so, they would be in very compact highly bound
systems.4

According to most theories of the ultra-early universe, () is imprinted by
quantum effects: microscopic fluctuations, after exponential expansion, give
rise to the large-scale irregularities observed in the microwave background
sky, which are the seeds for galaxies and clusters. In a wide class of the-
ories, ) depends on the detailed physics during an inflationary era. But,
as yet, no independent evidence constrains such theories, so we cannot pin
down Q.

4.5.2 The baryon/photon and baryon/dark matter
density ratios

Baryons are anthropically essential. They need not be the dominant con-
stituent (indeed they are far from dominant in our actual universe), but
there must be enough of them to allow a gas cloud of at least a few solar
masses to accumulate in some of the gravitationally bound halos of dark
matter. However, a more restrictive lower limit may come from the require-
ment that this gas should be dense enough to cool. (The cooling timescale
of a gas at a given temperature depends inversely on its density.) Lower
ratios of baryons to dark matter would reduce the ‘efficient cooling” domain
shown in Fig. 4.3 [3].

If the photons outnumbered the baryons and the dark matter particles by a
still larger factor than in our actual universe, then the universe would remain
radiation-dominated for so long that the gravitational growth of fluctuations
would be inhibited [4].> Suppose, on the other hand, that the baryon /photon
ratio has its actual value, but the dark matter density is higher. Wilczek [5]
has offered an interesting motivation for exploring this option; he suggests
that, if axions constitute the dark matter, their density is lower than one
would expect in a ‘typical’ universe. A higher value of pgqm/ppar reduces the

4 Note that, irrespective of these anthropic constraints on its value, @ has to be substantially
less than unity in order to make cosmology a tractable subject, separate from astrophysics.
This is because the ratio of the length scales of the largest structures to the Hubble radius is
of order Q1/2. As an analogy, contrast a view from mid-ocean with a mountain landscape.
On the ocean, we can define averages because even the biggest wave is small compared with
the horizon distance; but we cannot do this in the mountain landscape. Quantities like p, pqm
and H are only well defined insofar as our universe possesses ‘broad brush’ homogeneity — so
that our observational horizon encompasses many independent patches, each big enough to be
a fair sample. This would not be so, and the simple Friedmann models would not be useful
approximations, if Q@ were not much less than unity.

5 Note also that the mechanism that gives rise to baryon favouritism may be linked to the strong
interactions, and therefore correlate with key numbers in nuclear physics.
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Fig. 4.3. The mass and time domains in which bound structures can form for dif-
ferent values of @ [3].

baryon fraction in dark halos. On the other hand, the enhanced density
of dark matter compared to radiation reduces the time t.q before which
radiation mass—energy is dominant, thereby allowing gravitational clustering
to start earlier. This reduces the minimum @ required for emergence of non-
linear structures (see ref. [6]). Even if Q were 1078, dwarf galaxies could
form in a universe where the dark matter density was 100 times higher
(relative to the baryon density) than it is in our universe.

4.5.3 Delineating the anthropically allowed domain

In the above, I have envisaged changing just one parameter at a time, leaving
the others with their actual values. But, of course, there may be correlations
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Fig. 4.4. This shows the two-dimensional parameter space associated with A and
Q. The upper and lower limits to @ are discussed in ref. [3]. The upper limit
to A stems from the requirement that galactic-mass bound systems should form.
Our universe (obviously) lies in the anthropically allowed domain. But we cannot
say whether it is at a typical location without a specific model for the probability
distributions of @) and A in the ensemble.

between them. As a two-dimensional example, consider the joint constraints
on A and @), as illustrated in Fig. 4.4. There is an anthropically allowed area
in the A—@ plane. There are (rather vaguely defined) upper and lower limits
to @ (as discussed in Section 4.5.1), but within that range we do not know
the probability distribution of different values.

Suppose that there were big bangs with a whole range of Q-values. Struc-
tures form earlier (when the matter density is higher) in universes with
larger @), so obviously a higher () is anthropically compatible with a higher
A (indeed the limit to A scales as Q3). We cannot decide whether our
observable universe is typical without a theory that tells us what ‘measure’
to put on each part of the two-dimensional parameter space. If high-Q) uni-
verses were more probable, and the probability density of A were uniform,
then we should be surprised not to find ourselves in a universe with higher
A and higher (). We would be led to seek an alternative theory that led to
a distribution of priors that made our universe less surprising and one in
which the probabilities were steeply weighted in favour of low Q.
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We can carry out the exercise in as many dimensions as we wish —
including, for instance, the ratios of the photon, baryon and dark matter
densities, as discussed above. Other parameters could be analyzed simi-
larly — testing in a multi-parameter space whether our universe is a typical
member within the anthropically allowed domain.

4.6 Conclusions

The examples in Section 4.5 show that some claims about other universes
may, in principle, be refutable, as any good hypothesis in science should be.
To delineate the anthropically allowed domains is procedurally uncontrover-
sial, but what about the motivation? It obviously depends on believing that
the laws of nature could have been otherwise and that there is some scientific
validity in imagining ‘counterfactual universes’. It obviously is predicated
on the hope that theoretical ideas may sometime become sufficiently well
developed to allow us to put some probability measure on the ensemble.

We cannot confidently assert that there were many big bangs — we just do
not know enough about the ultra-early phases of our own universe. Nor do
we know whether the underlying laws are ‘permissive’. Settling this issue is
a challenge to twenty-first-century physicists. But if they are, then so-called
anthropic explanations would become legitimate — indeed they would be the
only type of explanation we will ever have for some important features of
our universe.

Moreover, the outcome of this issue (which path in the decision tree in
Fig. 4.2 is the correct one) affects our attitude to our actual observable
universe. Models with low €2, non-zero A, two kinds of dark matter etc.
may seem ugly. Some theorists are upset by these developments, because it
frustrates their craving for maximal simplicity. There is perhaps an analogy
with cosmological debates in the seventeenth century. Galileo and Kepler
were upset that planets moved in elliptical orbits, not in perfect circles.
Newton later showed, however, that all elliptical orbits could be understood
by a single unified theory of gravity — something which would surely have
elated Galileo. We have learnt that our Solar System is just one of a vast
number (many millions even within our Galaxy). Likewise, what we have
traditionally called our universe may be an infinitesimal part of physical
reality — no more than one twig on one tree in a geometrical structure as
complex as a biosphere. Our capacity to explain the cosmic parameters may
then be limited, but to regard this outcome as ugly may be as myopic as
Kepler’s infatuation with circles.
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5
The Anthropic Principle revisited

Bernard Carr
Astronomy Unit, Queen Mary, University of London

5.1 Introduction

My brief historical overview in Chapter 1 alluded to the crucial influence
of the Newtonian mechanistic picture on the development of our view of
the Universe. According to this, the cosmos operates likes a giant machine,
oblivious to whether life or any form of consciousness is present, i.e. the
laws of physics and the characteristics of the Universe are independent of
whether anybody actually observes them. In the last fifty years, however,
the Anthropic Principle has developed [1], and this might be regarded as a
reaction to the mechanistic view. This claims that, in some respects, the
Universe has to be the way that it is because otherwise it could not produce
life and we would not be here speculating about it. Although the term
‘anthropic’ derives from the Greek word for ‘man’, it should be stressed
that most of the arguments pertain to life in general.

As a simple example of an anthropic argument, consider the following
question: why is the Universe as big as it is? The mechanistic answer
is that, at any particular time, the size of the observable Universe is the
distance travelled by light since the Big Bang, which is about 10 light-
years. There is no compelling reason the Universe has the size it does; it
just happens to be 10y old. There is, however, another answer to this
question, which Robert Dicke [2] first gave in 1961. In order for life to
exist, there must be carbon, and this is produced by cooking inside stars.
The process takes about 100y, so only after this time can stars explode as
supernovae, scattering the newly baked elements throughout space, where
they may eventually become part of life-evolving planets. On the other
hand, the Universe cannot be much older than 100y, else all the material
would have been processed into stellar remnants. Since all the forms of life
we can envisage require stars, this suggests that it can only exist when the

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.
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Universe is aged about 10'°y. So the very hugeness of the Universe, which
seems at first to point to our insignificance, is actually a prerequisite of our
existence. This is not to say that the Universe itself could not exist with a
different size, only that we could not be aware of it then.

Dicke’s argument is an example of what is called the ‘Weak Anthropic
Principle’ and is no more than a logical necessity [3]. This accepts the
constants of nature as given and then shows that our existence imposes a
selection effect on when (and where) we observe the Universe. Finding that
we live at a particular time is no more surprising than finding that we live
at a particular place (e.g. on a planet near a star). Much more controversial
is the ‘Strong Anthropic Principle’;, which — in the sense that I will use
the term — says that there are relationships between the coupling constants
(i.e. the dimensionless numbers which characterize the strengths of the
four forces) and other physical quantities which are necessary in order for
observers to arise. Some of these relationships are remarkably ‘fine-tuned’
and do not seem to be predicted by standard physics.

Chapter 1 also referred to the paper on the subject I wrote for nature in
1979 with Martin Rees [4]. This turned out to be quite an influential article
because it brought together all the anthropic arguments that were known at
the time. In this chapter I will revisit some of these arguments to see how
their status has changed. However, I will not give the full details since they
can they found in our original paper and also in ref. [1]. T will then consider
how one might interpret the anthropic relationships and discuss whether the
multiverse proposal provides the best conceptual basis for understanding
them. Naturally, other contributors will consider this point — since it is
one of the main themes of the book — but without coming to any general
consensus.

5.2 Status of the anthropic coincidences

My focus here will be entirely on the strong anthropic arguments, since
I have always regarded the weak ones as relatively uncontroversial. The
first set of fine-tunings involved the four dimensionless coupling constants.
These were taken to be oo~ 1072 for electromagnetism, ag ~ 10~ for grav-
ity, aw ~ 10710 for the weak force and ag~ 10 for the strong force. The
second set of fine-tunings was associated with the formation of galaxies and
their subsequent fragmentation into stars. These involved various cosmolog-
ical parameters, such as the matter density in units of the critical density
Q, the amplitude of the density fluctutations ) on entering the cosmolog-
ical particle horizon and the photon-to-baryon ratio S. At the time, it
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was not clear which of these parameters were determined by processes in
the early Universe rather than being prescribed freely as part of the initial
conditions.

e One of the most striking anthropic tunings was associated with the exis-
tence of stars with convective and radiative envelopes. Both types of star
can exist only if ag is roughly the 20th power of « [5]. This is because

the critical mass which divides these types of stars is roughly aéQalomp,

whereas the expected masses of stars span a few decades around oz(_;g/ 2'mp

(myp being the proton mass). The relationship ag ~ a?Y is clearly satisfied
numerically, but physics does not explain why this relationship should
pertain. Its anthropic significance is that only radiative stars can end
their lives as supernovae, which is required to disseminate heavy elements,
whereas only convective stars may generate winds in their early phase, and
this may be associated with the formation of rocky planets. To my mind,
this is still the most striking coincidence because of the high power of «
involved. Recently, Page has discussed the argument in more detail [6]
and has shown that it constrains the electron charge (e x /&) to 3%.

e We also found that ag must be roughly the 4th power of aw in order
for neutrinos to eject the envelope of a star in a supernova explosion. If
the weak force were weaker, the neutrinos would stream through the stel-
lar surface unimpeded; if it were much stronger, they would be trapped
inside the core and never reach the surface. At the time, it was not
certain that neutrinos were responsible for supernovae, but this is now
the standard view, although the full details are still not understood. We
pointed out that the same coincidence explains why an interesting amount
of helium (roughly 23% by mass) is produced by cosmological nucleosyn-
thesis. This scenario is now undisputed and provides one of the main pil-
lars of support for the Big Bang theory. However, the amount of helium
produced is very sensitive to the temperature at which the weak interac-
tions ‘freeze out’. If ag < a%v, this would occur later and the amount of
helium would be drastically reduced. If ag > a‘\l;v, it would occur earlier
and almost all the nucleons would burn into helium, preventing the for-
mation of hydrogen-burning stars. At least the latter condition might be
anthropically excluded, since helium-burning stars may be too short-lived
for life to evolve on surrounding planets.

e Perhaps the most famous anthropic tuning concerned the generation of
carbon (a prerequisite for our form of life) in the helium-burning phase of
red giant stars via the triple-alpha reaction: two alpha particles first com-
bine to form beryllium and this then combines with a third alpha particle
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to form carbon. However, as Hoyle first pointed out [7], the beryllium
would decay before interacting with another alpha particle were it not for
the existence of a remarkably finely tuned resonance in this interaction.
This is sometimes regarded as an anthropic ‘prediction’ because Hoyle’s
paper prompted nuclear physicists to look for the resonance and they did
indeed find it. At the time, we were unable to quantify this coincidence,
but recent work by Oberhummer and colleagues — calculating the varia-
tions in oxygen and carbon production in red giant stars as one varies the
strength and range of the nucleon interactions — indicates that the nuclear
interaction strength must be tuned to at least 0.5% if one is to account
for this [8].

We discussed several constraints involving ag which are associated with
chemistry, although these were subsequently examined in more detail by
Barrow and Tipler [1]. For example, if ag were increased by 2%, all the
protons in the Universe would combine at Big Bang nucleosynthesis into
diprotons. In this case, there could be no hydrogen-burning stars, so — as
mentioned above — there might not be time for life to arise. If ag were
increased by 10%, the situation would be even worse because everything
would go into nuclei of unlimited size and there would be no interesting
chemistry. This would also apply if ag were decreased by 5% because all
deuterons would then be unbound and one could only have hydrogen. In
addition, there are chemistry-related fine-tunings involving the electron
and proton masses (me/mp~ 10a?) and the neutron—proton mass differ-
ence (my—mp ~ 2me). Of course, from the modern perspective, asg,
my, and me are no longer such fundamental quantities; the QCD interac-
tion strength and quark masses would be regarded as more important [9].
Nevertheless, fine-tuning is still required at some level.

We stressed the (already well known) anthropic reasons for why the total
density parameter 2 must lie within an order of magnitude of unity. If it
were much larger than unity, the Universe would recollapse on a timescale
much less than the main-sequence time of a star. On the other hand, if
it were much smaller than unity, density fluctuations would stop growing
before galaxies could bind. This argument required that ) be in the range
0.1 to 10. However, one year later early Universe studies were revolution-
ized by the introduction of the inflation scenario [10]. This required that
be very close to unity (so that the geometry of the Universe must be very
nearly ‘flat’), and observations of the microwave background radiation
have subsequently confirmed this [11]. Therefore anthropic considerations
may no longer seem relevant. On the other hand, it must be stressed that
the inflationary explanation for flatness only works if the form of the
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vacuum potential V' (¢) allows a sufficient number of expansion e-folds,
and this form may itself itself be constrained anthropically [12]. Sim-
ilar considerations apply in quantum cosmology, where the Universe is
expected to collapse very quickly unless one imposes anthropic selection
effects [13].

We also obtained various anthropic constraints on the photon-to-baryon
ratio S ~ 10°. In the standard Big Bang model, the formation of galaxies
cannot occur until the background radiation density falls below the mat-
ter density, but this occurs after the time invoked in the Dicke argument
(i.e. the main-sequence lifetime of a star) for S > aél/4 ~ 101%. On the
other hand, if one requires that the Universe be radiation-dominated at
cosmological nucleosynthesis, to avoid all the hydrogen going into helium,
one requires S > (mp,/me)*/3(ad; /o) ~ 10*. Nowadays we believe the
value of S results from of baryon-violating processes in the early Uni-
verse — possibly at the GUT epoch around 1073*s after the Big Bang.

" where

However, in most GUT models, S is predicted to be of order o™
n is an integer, so the anthropic constraint S < aél/ 4 merely translates
into the constraint ag < ™. If n =75, this just gives the convective star
condition [14]. An interesting twist on these arguments has been provided
by Aguirre [15], who describes anthropic constraints on ‘cold’ cosmological
models (i.e. models with an initial photon-to-baryon ratio much smaller
than currently observed). He points out that such models could provide
life-supporting conditions with very different values of the cosmological
parameters.

We gave no anthropic constraints on the cosmological constant A since
this was assumed to be zero, perhaps for fundamental physical reasons.
Nowadays, observations indicate that the cosmic expansion is accelerating,
and this may be attributed to a positive cosmological constant. Indeed,
there is a remarkable coincidence in that the vacuum and matter densities
are comparable at the present epoch, even though their ratio is strongly
time-dependent. As first emphasized by Weinberg [16] and later stud-
ied by Efstathiou [17] and Vilenkin [18], this may provide the strongest
anthropic fine-tuning of all, since a priori A could be 120 orders of magni-
tude larger than observed. This is because the growth of density perturba-
tions is quenched once A dominates the cosmological density, so if bound
systems have not formed by then, they never will. The precise form of the
anthropic upper limit on A depends on the the amplitude of the density
fluctuations, @, and has been discussed by Tegmark and Rees [19]. These
arguments have recently been refined [20, 21]. It should be stressed that a
cosmological constant is not the only possible explanation for the cosmic
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acceleration. An alternative explanation is to invoke ‘dark energy’ in the
form of a scalar field — termed ‘quintessence’ [22] — and this may better
explain the near-equality of the vacuum and matter densities. However,
some anthropic fine-tuning may be required even in this case [23].
Various other anthropic constraints have been investigated since my 1979
paper with Rees, and some of these are discussed in this volume. For
example, the existence of dark matter has been much more firmly estab-
lished and this is now known to have about 25% of the total cosmological
density. There are still many possible dark matter candidates, but most of
them have been associated with such constraints. For example, if WIMPs
provide the dark matter, then their density will be comparable to the
baryon density provided the aforementioned relationship ag ~ a%v is sat-
isfied [24]. If axions provide the dark matter, then anthropic arguments
again explain why their density is comparable with the baryon density,
providing the strong CP-violating factor 6 (associated with Peccei-Quinn
symmetry-breaking at a time of order 1073 s) varies across the different
inflationary domains [25].

The crucial role of these fine-tunings in the evolution of the Universe is

summarized in Table 5.1. This summarizes the times of various key steps in
the history of the Big Bang and indicates the various anthropic fine-tunings
associated with each of them. The times are expressed logarithmically in
seconds and the quantities appearing under the heading ‘Condition’ are
defined in the text.

Table 5.1. Cosmological anthropic constraints

log(t/s) Event Condition Anthropic significance
+17.5 present epoch Q<10 else premature recollapse
+17.0 planet formation ag >a? need convective stars
+16.5 star formation ag~ a{l,v need supernovae

ag < o0 need radiative stars

|Aas| < 0.005a¢ need triple-alpha resonance

+16 galaxy formation  ©2>0.1,Q25 <1 overdense regions must bind

—1/4

+11 end of radiation era S <o must precede galaxy formation
+2 Big Bang ag < ady else all hydrogen goes to helium
nucleosynthesis Aag <0.02ag  else all hydrogen goes to diprotons
Aag >0.02ag  else deuterons unbound
-30 axion production <1 need enough baryons
—34 baryosynthesis ag > aln? need enough photons

-35 inflation V<V need enough inflation
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5.3 Universe or multiverse?

Although the status of the anthropic constraints involving cosmological
parameters was not completely clear in 1979, the anthropic relationships
involving the parameters of fundamental physics were certainly not pre-
dicted by any theories at the time and this remains the case today. Even
if such relationships do transpire to be predicted by some ‘final theory’, it
would be remarkable that the theory should yield exactly the coincidences
required for life. One must therefore turn to more radical interpretations of
these coincidences.

The first possibility is that the coincidences reflect the existence of a
‘beneficent being’ who tailor-made the Universe for our benefit. Such an
interpretation is logically possible and appeals to theologians [26]. Indeed,
some people now use the term ‘Strong Anthropic Principle’ to imply that
the Universe was created with the purpose of creating life. However, Rees
and I certainly did not have this teleological interpretation in mind at the
time of our paper. In any case, most physicists are uncomfortable with this
interpretation.

Another possibility, proposed by Wheeler [27], is that the Universe does
not properly exist until consciousness has arisen. This is based on the notion
that the Universe is described by a quantum mechanical wave-function and
that consciousness is required to collapse this wave-function. Once the Uni-
verse has evolved consciousness, one might think of it as reflecting back on
its Big Bang origin, thereby forming a closed circuit which brings the world
into existence. Even if consciousness really does collapse the wave-function
(which is far from certain), this explanation is also somewhat metaphysical.

The third possibility (and the one that is the focus of this book) is that
there is not just one universe but a large ensemble of them, all with differ-
ent (possibly random) coupling constants. As mentioned in Chapter 1 and
reviewed in more detail by Tegmark [28], there are many versions of the mul-
tiverse proposal. Not all of these necessarily entail a variation in the physi-
cal constants across the ensemble. Therefore, as stressed by Rees [29, 30], a
key issue in assessing the multiverse proposal is whether some of the phys-
ical constants are contingent on accidental features of symmetry-breaking
and the initial conditions of our universe, or whether the future ‘Theory of
Everything’ will determine all of them uniquely.

In the first case, there would be room for the Anthropic Principle and one
could envisage the Universe as occupying a point in some multi-dimensional
space of coupling constants. In the second case, there would be no room
for the Anthropic Principle and any fine-tunings would have to be regarded
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as coincidental. (The only way out, as emphasized by Tegmark [28], would
be to consider worlds with different physical laws or different mathematical
foundations and argue that only some of these can permit anthropic rela-
tionships.) There might in principle be other universes in the second case,
but they would all have the same values for the constants, so there would be
little point in invoking them. Therefore the two cases correspond essentially
to the multiverse and single universe options, respectively.

If one grants the existence of a multiverse, the question then arises of
whether our universe is typical or atypical within the ensemble. Anthropic
advocates usually assume that life-forms similar to our own will be possible
in only a tiny subset of universes. More general life-forms may be possible in
a somewhat larger subset (e.g. if one envisages cold cosmological models of
the kind discussed by Aguirre [15]), but life will not be possible everywhere.
One may not have the same anthropic relation in every universe, but one
will have some relation.

On the other hand, by invoking a Copernican perspective, Smolin has
argued that most of the universes should have properties like our own, so
that ours is typical. His own approach invokes a form of cosmological natural
selection; the formation of black holes is supposed to generate new baby
universes in which the constants are slightly mutated [31, 32]. In this way,
after many generations, the parameter distribution will be peaked around
those values for which black hole formation is maximized. This proposal
involves very speculative physics, since we have no understanding of how
the baby universes are born, but it has the virtue of being testable since
one can calculate how many black holes would form if the parameters were
different. Note that Smolin’s proposal makes no reference to observers, so
it would not be regarded as anthropic in the usual sense of the term.

A new twist arises if the (so-called) constants vary in time, even in our
universe. This is expected in some higher-dimensional theories since the
constants should be related to the size of the compact dimensions and this
would be expected to change during at least part of the universe’s history.
Recently, some astronomers claim to have found positive evidence for a
variation in a — of about seven parts in a million — by studying absorption
lines in several hundred quasars [33]. If so, one might also expect the rela-
tionship me/mp ~ 1002 to imply that the electron—proton mass ratio varies,
and there may indeed be evidence for this as well. Sandvik and colleagues
attempt to model this effect and suggest that « should remain constant
during both the early radiation-dominated phase of the universe and late
curvature-dominated or A-dominated phases [34]. However, it could still
vary over the intermediate matter-dominated phase, and this would make it
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difficult to satisfy the anthropic constraints on a for an extended period if
the curvature or cosmological constant were very small.

At first sight, this suggests that a variation in the coupling constants
would make the anthropic constraints harder to understand. However, it is
interesting that the brane cosmology paradigm (discussed in Chapter 1) may
provide a natural explanation for the sort of power-law relations between the
coupling constants which arise in the anthropic arguments. This is because
the variation in the gravitational coupling constant would be associated with
the change in the bulk volume, whereas the variation in the other coupling
constants would be associated with the change in the volume of the brane or
some manifold of intermediate dimensionality. In this case, relationships like
ag ~ oe%v ~ a?Y could just reflect the relative number of internal and external
dimensions, so these could themselves be constrained anthropically.

Many contributors to this volume consider whether the multiverse pro-
posal can be tested and ask how legitimate it is to invoke the existence
of other universes for which there may never be any direct evidence? Lee
Smolin stresses [35] that the multiverse proposal is legitimate only if one
has a theory which independently predicts it and that such a theory, to be
scientific, must be falsifiable. He argues very forcefully that the notion of a
multiverse is neither falsifiable nor testable. However, not everybody con-
cedes this point. For example, Rees points out [36] that one way of testing
the multiverse proposal is to calculate the probability distribution for various
parameters across the different universes. In particular, if the distribution
for the amplitude of the density fluctuations fell off too slowly, we would be
surprised to be in a universe with a value as small as that observed.

5.4 How do we interpret the anthropic coincidences?

Even if one accepts that a multiverse exists and — contrary to Smolin’s
picture — gives rise to anthropic selection effects, there is still considerable
ambiguity in how one interprets this. What determines the selection, or,
more precisely, what qualifies as an observer? Is it just human beings, or
life in general? Is some minimum threshold of intelligence required, or does
the mere existence of consciousness suffice? In addressing these questions, I
will necessarily veer into more philosophical domains.

As mentioned earlier, although ‘anthropos’ is the Greek word for ‘man’,
the arguments have nothing to do with humans in particular. Indeed,
Brandon Carter (who coined the term) admits that its introduction was
unfortunate. Therefore anthropic arguments do not necessarily enhance the
status of human beings or support the religious view that we have a special
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role in the Universe. This interpretation may still be possible if humans turn
out to be the only form of life in the Universe. In this context, it is interest-
ing that Carter has argued that we may be the only site of life within our
cosmological horizon [37]. He infers this from the remarkable coincidence
that the time for life to arise on Earth seems to have been comparable to
the cosmological time.

Even if this were true, most cosmologists would still be reluctant to
attribute great significance to humans in particular. Therefore it is more
traditional to associate the anthropic constraints with life in general. In fact,
Davies explicitly associates them with a ‘life principle’ [38]. Until recently,
science would have regarded the existence of life as an incidental rather than
fundamental feature of the Universe. Indeed, in the nineteenth century, the
second law of thermodynamics was taken to imply that the Universe must
eventually undergo a ‘heat death’, with life and all other forms of order
inevitably deteriorating. However, recent developments in cosmology have
led to a reversal of this view. According to the Big Bang theory, the history
of the Universe reveals an increasing rather than decreasing degree of orga-
nization, and modern physics — without any recourse to divine intervention
and without any violation of the second law of thermodynamics — is able to
explain this. Heat death is avoided because local pockets of order can be
purchased at the expense of a global increase in entropy, and, if the Universe
continues to expand forever, intelligent beings may be able to delay their
disintegration indefinitely [39].

Some of the types of organization which exist in the Universe are summa-
rized in the so-called ‘Pyramid of Complexity’, introduced by Reeves [40]
and reproduced in Fig. 5.1. This shows the different levels of structure as one
goes from quarks to nucleons to atoms to simple molecules to biomolecules
to cells and finally to living organisms. This hierarchy of structure reflects
the existence of the strong force at the lower levels and the electric force at
the higher ones. As one ascends the pyramid, the structures become more
complex — so that the number of different patterns becomes larger — but
they also become more fragile. The pyramid becomes narrower as one rises,
and this reflects the fact that the fraction of matter incorporated into the
objects decreases as the degree of organization increases.

The Big Bang theory explains when these structures arise because the
Pyramid of Complexity only emerges as the Universe expands and cools.
At early times, the Universe is mainly in the form of quarks. Neutrons
and protons appear at a few microseconds, light nuclei at several minutes,
atoms at a million years, and — following the formation of stars and planets —
molecules and cells at ten billion years. The Big Bang theory also explains
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Fig. 5.1. Summary of the different levels of structure which exist in the Universe
and how this has arisen during the Big Bang.

why the pyramid came about. The key point is that structures arise because
processes cannot occur fast enough in an expanding universe to maintain
equilibrium. If it had its way, each type of force would always form the
objects which are most stable from its own perspective (e.g. the strong force
would turn all nuclei into iron; the electric force would turn all atoms into
noble gases; and gravity would turn all matter into black holes). However,
all variety would be lost if this were the case, and it is only the disequilibrium
entailed by the rapid expansion of the Universe which prevents this.

For example, the reason all nucleons do not go into iron as a result of
cosmological nucleosynthesis is that the Universe is expanding too fast for
most nuclei to interact with each other at this time. The reason gravity
does not turn all stars into black holes is because the pressure associated
with nuclear energy release and eventually quantum effects support them
against gravity. The forces may eventually attain their goal, but only after
an enormous length of time and, even then, only for a limited period. (For
example, if the Universe exists long enough, everything may eventually end
up in black holes, but on a still longer timescale these black holes will evap-
orate into radiation.) As emphasized in Table 5.1, it is only the anthropic
fine-tuning of the coupling constants that allows the ascension of the lower
levels of the pyramid. Therefore, the Pyramid of Complexity can only arise
in a small subset of the ensemble of universes.

Note that there is an important difference between the structures which
exist at the top and the bottom of the pyramid. Those at the bottom are
stable and need large amounts of energy to destroy them, while those at the
top must be constantly maintained by exchanging energy with the outside
world. More precisely, they must extract information from the world, and



88 Bernard Carr

the second law of thermodynamics requires that this process is inevitably
accompanied by the release of entropy. A store of information arises when-
ever there exists a source of entropy which has not been released by previ-
ous processes. For example, nuclear information is contained in nuclei other
than iron, and this can be extacted by nuclear burning inside the Sun, the
ultimate source and sustainer of all life-forms on Earth. Similarly, living
organisms can feed on plants, and humans can exploit fossil fuels, because
these things contain complex molecules with consumable electromagnetic
information. Thus there is an inevitable link between complexity and life,
and the key to this link is information.

Another crucial ingredient at the top level of the pyramid is competitive-
ness. This is a vital factor in evolution because, as a population grows, the
competition for food leads to predation and increasingly sophisticated sur-
vival strategies. The proliferation of life-forms due to mutation plays a cru-
cial role in this process. Different modes of perception and motor activity are
also required, and this leads to the development of organisms with a central
nervous system. From this perspective, brains — certainly the most complex
structures on Earth — are merely data integration systems, and the main
purpose of intelligence is to increase survival efficiency. Minds, of course,
might be regarded as the ultimate storers and extractors of information.

Figure 5.1 suggests that the anthropic fine-tunings are more related to
the emergence of complexity than life or minds; they could equally well be
regarded as prerequisites for inanimate objects such as motor cars or TV
sets. However, here on Earth at least, the development of minds seems to
have occurred relatively quickly once the first signs of life arose, so it is
conceivable that this applies more generally. Provided there are no extra
‘biological’ fine-tunings required for the higher levels of the pyramid to arise,
the evolution of complexity may inevitably (and fairly rapidly) lead to life
and consciousness. In this case, the distinction between life and complexity
is not so clear-cut. The former is just a particular realization of the latter and
may naturally emerge from it. Therefore the question of what constitutes an
observer may be rather incidental. Complexity appears to be the key, and
that encompasses everything. From this perspective, the term ‘Complexity
Principle’ would be preferable to ‘Anthropic Principle’.
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Cosmology from the top down
S. W. Hawking

Centre for Mathematical Sciences, University of Cambridge

6.1 Problems with bottom-up approach

The usual approach in physics could be described as building from the bot-
tom up. That is, one assumes some initial state for a system and then evolves
it forward in time with the Hamiltonian and the Schrédinger equation. This
approach is appropriate for laboratory experiments like particle scattering,
where one can prepare the initial state and measure the final state. The
bottom-up approach is more problematic in cosmology, however, because
we do not know what the initial state of the Universe was, and we certainly
cannot try out different initial states and see what kinds of universe they
produce.

Different physicists react to this difficulty in different ways. Some — gen-
erally those brought up in the particle physics tradition — just ignore the
problem. They feel the task of physics is to predict what happens in the lab-
oratory, and they are convinced that string theory or M-theory can do this.
All they think remains to be done is to identify a solution of M-theory,
a Calabi-Yau or G2 manifold that will give the Standard Model as an
effective theory in four dimensions. But they have no idea why the Universe
should be 4-dimensional and have the Standard Model, with the values of
the forty or so parameters that we observe. How can anyone believe that
something so messy is the unique prediction of string theory? It amazes
me that people can have such blinkered vision — that they can concen-
trate just on the final state of the Universe and not ask how and why it
got there.

Those physicists that try to explain the Universe from the bottom up
mostly belong to one of two schools, these being associated with either the
inflationary or pre-big-bang scenarios. I now discuss these approaches in
turn and show that neither of them is satisfactory.

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.
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6.1.1 Inflationary scenarios

In the case of inflation, the idea is that the exponential expansion obliterates
the dependence on the initial conditions [1], so we would not need to know
exactly how the Universe began — just that it was inflating. To lose all
memory of the initial state would require an infinite amount of exponential
expansion, which leads to the notion of ever-lasting or eternal inflation [2, 3].
The original argument for eternal inflation went as follows. Consider a
massive scalar field in a spatially infinite expanding universe. Suppose the
field is nearly constant over several horizon regions on a spacelike surface. In
an infinite universe, there will always be such regions. The scalar field will
have quantum fluctuations. In half the regions, the fluctuations will increase
the field; in the other half, they will decrease it. In the half where the field
jumps up, the extra energy density will cause the universe to expand faster
than in the half where the field jumps down. After a certain proper time,
more than half the regions will have the higher value of the field, because
the high-field regions will expand faster than the low-field regions.

Thus the volume-averaged value of the field will rise. There will always be
regions of the universe in which the scalar field is high, so inflation is eternal.
The regions in which the scalar field fluctuates downwards will branch off
from the eternally inflating region and exit inflation. Because there will
be an infinite number of exiting regions, advocates of eternal inflation get
themselves tied in knots on what a typical observer would see. So even
if eternal inflation worked, it would not explain why the Universe is the
way it is.

In fact, the argument for eternal inflation that I have outlined has serious
flaws. First, it is not gauge-invariant. If one takes the time surfaces to be
surfaces of constant volume increase rather than surfaces of constant proper
time, the volume-averaged scalar field does not increase. Second, it is not
consistent. The equation relating the expansion rate to the energy density
is an integral of motion. Neither side of the equation can fluctuate because
energy is conserved. Third, it is not covariant. It is based on a 3+ 1 split.
From a 4-dimensional view, eternal inflation can only be de Sitter space
with bubbles. The energy-momentum tensor of the fluctuations in a single
scalar field is not large enough to support a de Sitter space, except possibly
at the Planck scale, where everything breaks down. For these reasons —
lack of gauge-invariance and covariance and inconsistency — I do not believe
the usual argument for eternal inflation. However, as I shall explain later,
I think the Universe may have had an initial de Sitter stage considerably
longer than the Planck timescale.
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6.1.2 Pre-big-bang scenarios

I now turn to pre-big-bang scenarios, which are the main alternative to
inflation. I shall take them to include the ekpyrotic [4] and cyclic mod-
els [5], as well as the older pre-big-bang model [6]. The observations of
the microwave background fluctuations show that there are correlations on
scales larger than the horizon size at decoupling. These correlations could
be explained if there had been inflation, because the exponential expansion
would have meant that regions that are now widely separated were once in
causal contact with each other. On the other hand, if there were no inflation,
the correlations must have been present at the beginning of the expansion
of the Universe. Presumably, they arose in a previous contracting phase and
somehow survived the singularity or brane collision.

It is not clear if effects can be transmitted through a singularity, or if they
will produce the right signature in the microwave background fluctuations.
But even if the answer to both of these questions is yes, the pre-big-bang sce-
narios do not answer the central question of cosmology: why is the Universe
the way it is? All the pre-big-bang scenarios can do is shift the problem
of the initial state from 13.7 Gy ago to the infinite past. But a boundary
condition is a boundary condition, even if the boundary is at infinity. The
present state of the Universe would depend on the boundary condition in the
infinite past. The trouble is, there is no natural boundary condition, such as
the Universe being in its ground state. The Universe does not have a ground
state. It is unstable and is either expanding or contracting. The lack of a
preferred initial state in the infinite past means that pre-big-bang scenar-
ios are no better at explaining the Universe than supposing that someone
wound up the clock and set the Universe going at the big bang.

6.2 Sum over histories

The bottom-up approach to cosmology — supposing some initial state and
evolving it forward in time — is basically classical, because it assumes that
the Universe began in a way that was well defined and unique. But one of
the first acts of my research career was to show with Roger Penrose that any
reasonable classical cosmological solution has a singularity in the past [7].
This implies that the origin of the Universe was a quantum event. This
means that it should be described by the Feynman ‘sum over histories’.
The Universe does not have just a single history, but every possible history,
whether or not they satisfy the field equations. Some people make a great
mystery of the ‘many worlds’ interpretation of quantum theory, but to me
these are just different expressions of the Feynman path integral.
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One can use the path integral to calculate the quantum amplitudes for
observables at the present time. The wave-function of the Universe, or
amplitude for the metric h;; on a surface S of co-dimension one, is given by
a path integral over all metrics, g, that have S as a boundary. Normally,
one thinks of path integrals as having two boundaries: an initial surface and
a final one. This would be appropriate in a proper quantum treatment of
a pre-big-bang scenario, like the ekpyrotic model. In this case, the initial
surface would be in the infinite past.

But there are two big objections to the path integral for the Universe
having an initial surface. The first is the G question (i.e. the issue of
whether one needs God). What was the initial state of the Universe and
why was it like that? As I said earlier, there does not seem to be a natural
choice for the initial state. It cannot be flat space since that would remain
flat space.

The second objection is equally fundamental. In most models, the quan-
tum state on the final surface will be independent of the state on the initial
one. This is because there will be metrics in which the initial surface is in
one component and the final surface is in a separate, disconnected compo-
nent of the 4-dimensional manifold. Such metrics will exist in the Euclidean
regime. They correspond to the quantum annihilation of one universe and
the quantum creation of another. This would not be possible if there were
something that was conserved that propagated from the initial surface to
the final surface. But the trend in cosmology in recent years has been to
claim that the Universe has no conserved quantities. Things like baryon
number are supposed to have been created by grand unified or electro-weak
theories, together with CP violation. So there is no way one can rule out the
final surface from belonging to a different universe than the initial surface.
In fact, because there are so many different possible universes, they will
dominate and the final state will be independent of the initial state. It will
be given by a path integral over all metrics whose only boundary is the final
surface. In other words, it is the so-called ‘no boundary’ quantum state [8].

6.3 Top-down approach

If one accepts that the no boundary proposal is the natural prescription for
the quantum state of the Universe, one is led to a profoundly different view
of cosmology and the relationship between cause and effect. One should
not follow the history of the Universe from the bottom up, because that
assumes there is a single history, with a well defined starting point and evo-
lution. Instead, one should trace the histories from the top down — in other
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words, backwards from the measurement surface, S, at the present time.
The histories that contribute to the path integral do not have an indepen-
dent existence, but depend on the amplitude that is being measured. As
an example of this, consider the apparent dimension of the Universe. The
usual idea is that spacetime is a 4-dimensional nearly flat metric cross a
small 6- or 7-dimensional internal manifold. But why are there not more
large dimensions? Why are any dimensions compactified? There are good
reasons to think that life is possible only in four dimensions, but most physi-
cists are very reluctant to appeal to the anthropic principle. They would
rather believe that there is some mechanism that causes all but four of the
dimensions to compactify spontaneously. Alternatively, maybe all dimen-
sions started small, but for some reason four dimensions expanded and the
rest did not.

I am sorry to disappoint these hopes, but I do not think there is a
dynamical reason for the Universe to appear 4-dimensional. Instead, the
no boundary proposal predicts a quantum amplitude for every number of
large spatial dimensions from 0 to 10. There will be an amplitude for the
Universe to be eleven-dimensional Minkowski space, i.e. with ten large spa-
tial dimensions. However, the value of this amplitude is of no significance,
because we do not live in eleven dimensions. We are not asking for the
probabilities of various dimensions for the Universe. As long as the am-
plitude for three large spatial dimensions is not exactly zero, it does not
matter how small it is compared with that for other numbers of dimen-
sions. The Universe appears to be 4-dimensional, so we are interested only
in amplitudes for surfaces with three large dimensions. This may sound like
the anthropic principle argument that the reason we observe the Universe
to be 4-dimensional is that life is possible only in four dimensions. But
the argument here is different, because it does not depend on whether four
dimensions is the only arena for life. Rather, it is that the probability dis-
tribution over dimensions is irrelevant, because we have already measured
that we are in four dimensions.

The situation with the low energy effective theory of particle interac-
tions is similar. Many physicists believe that string theory will uniquely
predict the Standard Model and the values of its forty or so parameters.
The bottom-up picture would be that the Universe begins with some grand
unified symmetry, like E8 x E8. As the Universe expanded and cooled, the
symmetry would break to the Standard Model, maybe through intermediate
stages. The hope would be that string theory would predict the pattern of
symmetry-breaking, the masses of particles, couplings and mixing angles.
However, personally I find it difficult to believe that the Standard Model is
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the unique prediction of fundamental theory. It is so ugly and the mixing
angles etc. seem accidental rather than part of a grand design.

In string/M-theory, low energy particle physics is determined by the inter-
nal space. It is well known that M-theory has solutions with many different
internal spaces. If one builds the history of the Universe from the bottom
up, there is no reason it should end up with the internal space for the Stan-
dard Model. However, if one asks for the amplitude for a spacelike surface
with a given internal space, one is interested only in those histories which
end with that internal space. One therefore has to trace the histories from
the top down, backwards from the final surface.

One can calculate the amplitude for the internal space of the Standard
Model on the basis of the ‘no boundary’ proposal. As with the dimen-
sionality, it does not matter how small this amplitude is relative to other
possibilities. It would be like asking for the amplitude that I am Chinese. 1
know I am British, even though there are more Chinese. Similarly, we know
the low energy theory is the Standard Model, even though other theories
may have a larger amplitude.

Although the relative amplitudes for radically different geometries do not
matter, those for neighbouring geometries are important. For example, the
fluctuations in the microwave background correspond to differences in the
amplitudes for spacelike surfaces that are small perturbations of flat 3-space
cross the internal space. It is a robust prediction of inflation that the fluctu-
ations are Gaussian and nearly scale-independent. This has been confirmed
by the recent observations by the WMAP satellite [9]. However, the pre-
dicted amplitude is model-dependent.

The parameters of the Standard Model will be determined by the moduli
of the internal space. Because they are moduli at the classical level, their
amplitudes will have a fairly flat distribution. This means that M-theory
cannot predict the parameters of the Standard Model. Obviously, the values
of the parameters we measure must be compatible with the development of
life. I hesitate to say ‘intelligent’ life, but — within the anthropically allowed
range — the parameters can have any values. So much for string theory
predicting the fine-structure constant. However, although the theory cannot
predict the value of the fine-structure constant, it will predict that it should
have spatial variations, like the microwave background. This would be an
observational test of our ideas of M-theory compactification.

How can one get a non-zero amplitude for the present state of the Universe
if, as I claim, the metrics in the path integral have no boundary apart from
the surface at the present time? I cannot claim to have the definitive answer,
but one possibility would be if the 4-dimensional part of the metric went



6 Cosmology from the top down 97

back to a de Sitter phase. Such a scenario is realized in trace-anomaly driven
inflation, for example [10]. In the Lorentzian regime, the de Sitter phase
would extend back into the infinite past. It would represent a universe that
contracted to a minimum radius and then expanded again. But we know that
Lorentzian de Sitter can be closed off in the past by half the 4-sphere. One
can interpret this in the bottom-up picture as the spontaneous creation of an
inflating universe from nothing. Some pre-big-bang or ekpyrotic scenarios,
involving collapsing and expanding universes, can probably be formulated
in no boundary terms with an orbifold point. However, this would remove
the scale-free perturbations which, it is claimed, develop during the collapse
and carry on into the expansion. So again it is a ‘no no’ for pre-big-bang
and ekpyrotic universes.

6.4 Conclusions

In conclusion, the bottom-up approach to cosmology would be appropriate
if one knew that the Universe was set going in a particular way, in either the
finite or infinite past. However, in the absence of such knowledge, it is better
to work from the top down, by tracing backwards from the final surface the
histories that contribute to the path integral. This means that the histories
of the Universe depend on what is being measured, contrary to the usual
idea that the Universe has an objective, observer-independent, history. The
Feynman path integral allows every possible history for the Universe, and
the observations select out the sub-class of histories that have the property
that is being observed. There are histories in which the Universe eternally
inflates or is 11-dimensional, but they do not contribute to the amplitudes we
measure. [ would call this the ‘selection principle’ rather than the ‘anthropic
principle’ because it does not depend on intelligent life. Life may, after all,
be possible in eleven dimensions, but we know we live in four.

The results are disappointing for those who hoped that the ultimate theory
would predict everyday physics. We cannot predict discrete features such
as the number of large dimensions or the gauge symmetry of the low energy
theory. Rather, we use them to select which histories contribute to the
path integral. The situation is better with continuous quantities, such as
the temperature of the cosmic microwave background or the parameters of
the Standard Model. We cannot measure their probability distributions,
because we have only one value for each quantity. We cannot tell whether
the Universe was likely to have the values we observe, or whether it was just
a lucky chance. However, it is noteworthy that the parameters we measure
seem to lie in the interior of the anthropically allowed range rather than
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at the edge. This suggests that the probability distribution is fairly flat —
not like the exponential dependence on the density parameter, €2, in the
open inflation model that Neil Turok and I proposed [11]. In that model, 2
would have had the minimum value required to form a single galaxy, which
is all that is anthropically necessary. All the other galaxies which we see are
superfluous.

Although the theory advocated here cannot predict the average values of
these quantities, it will predict that there will be spatial variations — such
as the fluctuations in the microwave background. However, the size of these
variations will probably depend on moduli or parameters that we cannot
predict. So even when we understand the ultimate theory, it will not tell
us much about how the Universe began. It cannot predict the dimension of
spacetime, the gauge group or other parameters of the low energy effective
theory. On the other hand, the theory will predict that the total energy
density will be exactly the critical one, though it will not determine how this
energy is divided between conventional matter and a cosmological constant
or quintessence. The theory will also predict a nearly scale-free spectrum of
fluctuations, but it will not determine the amplitude.

So, to come back to the question with which I began this chapter: does
string theory predict the state of the Universe? The answer is that it does
not. It allows a vast landscape of possible universes in which we occupy an
anthropically permitted location [12]. But I feel we could have selected a
better neighbourhood.
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The multiverse hierarchy
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7.1 Introduction

Parallel universes are now all the rage, cropping up in books, movies and
even jokes: ‘You passed your exam in many parallel universes — but not
this one.” However, they are as controversial as they are popular, so it is
important to ask whether they are within the purview of science or merely
silly speculation. They are also a source of confusion, since many people fail
to distinguish between the different types of parallel universes proposed.

In the big bang model, the farthest one can observe is the distance that
light has travelled during the 14 billion years since the expansion began.
The most distant visible objects are now about 4 x 10?6 m away.! A sphere
of this radius defines our observable universe or our horizon volume. We
will sometimes loosely refer to this as ‘our universe’, although this may be
part of a region which extends much further. In this article, I will survey
theories of physics involving what are termed ‘parallel universes’ or ‘mul-
tiverses’. These form a four-level hierarchy, allowing progressively greater
diversity.

e Level I A generic prediction of cosmological inflation is an infinite
‘ergodic’ space, which contains Hubble volumes realizing all initial condi-
tions — including one with an identical copy of you about 1010% away.

e Level II Given the fundamental laws of physics that physicists one day
hope to capture with equations on a T-shirt, different regions of space can
exhibit different effective laws of physics (physical constants, dimension-
ality, particle content, etc.), corresponding to different local minima in a
landscape of possibilities.

1 After emitting the light that is now reaching us, the most distant things we can see have receded
because of the cosmic expansion, and are now about about 40 billion light-years away.

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.
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e Level IIT In unitary quantum mechanics, other branches of the wave-
function add nothing qualitatively new, which is ironic given that this
level has historically been the most controversial.

e Level IV Other mathematical structures give different fundamental
equations of physics for that T-shirt.

The key question is therefore not whether there is a multiverse (since Level I
is the rather uncontroversial cosmological concordance model), but rather
how many levels it has. The different levels of the multiverse are illustrated
in Fig. 7.1.

This chapter will discuss at length whether there can be evidence for
other universes and whether such speculations are science or philosophy.
For now, the key point to remember is that parallel universes are not a
theory, but a prediction of certain theories. For a theory to be falsifiable, we
do not need to be able to observe and test all its predictions, merely at least
one of them. By analogy, consider Einstein’s theory of General Relativity.
Because this has successfully predicted many things that we can observe, we
also take seriously its predictions for things we cannot observe, for example
that space continues inside a black hole event horizon and that (contrary to
early misconceptions) nothing funny happens at the horizon itself. Likewise,
successful predictions of the theories of cosmological inflation and unitary?
quantum mechanics have made some scientists take more seriously other
predictions of these theories, including various types of parallel universes.
This is summarized in Table 7.1.

Let us make two cautionary remarks before delving into the details.
Hubris and lack of imagination have repeatedly caused humans to under-
estimate the vastness of the physical world, and dismissing things merely
because we cannot observe them from our vantage point is reminiscent of
the ostrich with its head in the sand. Moreover, recent theoretical insights
have indicated that nature may be tricking us. Einstein taught us that space
is not merely a boring static void, but a dynamic entity that can stretch
(the expanding universe), vibrate (gravitational waves) and curve (gravity).
Searches for a unified theory also suggest that space can ‘freeze’, transition-
ing between different phases in a landscape of possibilities, just like water
can be solid, liquid or gas. In different phases, the effective laws of physics
(particles, symmetries, etc.) could vary. A fish never leaving the ocean might
mistakenly conclude that the properties of water are universal, not realizing
that there is also ice and steam. We may be smarter than a fish, but we

2 As described below, the mathematically simplest version of quantum mechanics is ‘unitary’,
lacking the controversial process known as wave-function collapse.
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Level I: regions beyond our cosmic horizon Level IV: other mathematical structures
Features: same laws of physics; different initial conditions Features: different fundamental equations of physics
A i t ical exi = physical existence

Assumptions: infinite space; ergodic matter distribution
Evidence:  microwave background measurements point to Evidence:
flat, infinite space, large-scale smoothness
simplest model

unreasonable effectiveness of math in physics
answers Wheeler/Hawking question:
why these equations, not others?

Level 1I: other post-inflation bubbles Level I1I: the many worlds of quantum physics

Features: same fundamental equations of physics, but perhaps Features:  same as Level I

different particles and di ionali Assumption: physics unitary
experimental support for unitary physics
AdS/CFT correspondence suggests that
even quantum gravity is unitary
decoherence experimentally verified
mathematically simplest model

Assumptions: inflation occurred; multiple ‘vacua’ exist Evidence:
Evidence: inflation theory explains flat space, scale-invariant

fluctuations, solves horizon problem and monopole

problems and can naturally explain such bubbles

explains fine-tuned parameters

Fig. 7.1. Four different levels of multiverse.

could be similarly fooled; cosmological inflation has the deceptive property
of stretching a small patch of space in a particular phase so that it fills our
entire observable universe, potentially tricking us into misinterpreting our
local conditions for the universal laws that should go on that T-shirt.
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Table 7.1. Theories with unobservable predictions

Theory Prediction
General relativity black hole interiors
Inflation Level I parallel universes

Unitary quantum mechanics Level III parallel universes

7.2 Level I: regions beyond our cosmic horizon

If space is infinite and the distribution of matter is sufficiently uniform on
large scales, then even the most unlikely events must take place somewhere.
In particular, there are infinitely many other inhabited planets, including
not just one but infinitely many copies of you — with the same appearance,
name and memories. Indeed, there are infinitely many other regions the size
of our observable universe, where every possible cosmic history is played out.
This is the Level I multiverse.

7.2.1 FEwvidence for Level I parallel universes

Although the implications may seem counter-intuitive, this spatially infinite
cosmological model is currently the simplest and most popular. Yet the Level I
multiverse idea has been always controversial. Indeed, its proposal was one of
the heresies for which the Vatican had Giordano Bruno burned at the stake in
1600. In recent times his ideas have been elaborated by various people [1-3].
Let us first review the status of the assumption of infinite space.
Observationally, the lower bound on the size of space has grown dramat-
ically, as indicated in Fig. 7.2, with no indication of an upper bound. We
all accept the existence of things that we cannot see but could see if we
moved or waited, such as ships beyond the horizon. Objects beyond the
cosmic horizon have similar status, since the observable universe grows by
a light-year every year. If anything, the Level I multiverse sounds obvi-
ous. How could space not be infinite? If space comes to an end, what lies
beyond it? In fact, Einstein’s theory of gravity calls this intuition into ques-
tion, since space could be finite if it has a convex curvature or an unusual
topology. For example, a spherical, doughnut-shaped or pretzel-shaped uni-
verse would have a limited volume and no edges. The cosmic microwave
background radiation allows sensitive tests of such scenarios, but so far the
evidence is against them. Infinite models fit the data better and strong lim-
its have been placed on the alternatives [4,5]. In addition, a spatially infinite
universe is a generic prediction of the cosmological theory of inflation [2],



7 The multiverse hierarchy 103

CMB limit on —"
curvture of space

==

— Hubble —>
measures
Ist galaxy
distances

Eratosthenes measures

size of Eart’

Stellar
parallax
limits

Distance to Saturn Size of solar
+— estimated system corrected —>

n
~
0
-
:
§=
o)
n
|
)
2
=
D
St
o
o
X
n
=
)
=
~
0
]
0
—

Fig. 7.2. Although an infinite universe has always been a possibility, the lower limit
on the size of our universe has kept growing.

so the striking success of inflation lends further support to the idea that
space is infinite.

Let us next review the status of the assumption that matter has a uniform
distribution. It is possible that space is infinite, but with matter confined
to a finite region around us, as in the historically popular ‘island universe’
model. In a variant on this model, matter thins out on large scales in a fractal
pattern. In both cases, almost all universes in the Level I multiverse would
be empty. However, recent observations of the 3-dimensional galaxy distri-
bution and the microwave background have shown that the arrangement of
matter gives way to dull uniformity on large scales, with no coherent struc-
tures larger than about 1024 m. Assuming that this pattern continues, space
beyond our observable universe teems with galaxies, stars and planets.

7.2.2 What are Level I parallel universes like?

The physics description of the world is traditionally split into two parts:
initial conditions and laws of physics specifying how these initial conditions
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evolve. Observers living in parallel universes at Level I observe the same
laws of physics as we do, but with different initial conditions. The cur-
rently favoured theory is that the initial conditions were created by quan-
tum fluctuations during inflation. This generates initial conditions that are
essentially random, producing density fluctuations described by an ergodic
random field. This means that if you imagine generating an ensemble of
universes, each with its own random initial conditions, then the probability
distribution of outcomes in a given volume is identical to the distribution
that you get by sampling different volumes in a single universe. In other
words, everything that could in principle have happened here did happen
somewhere else.

Inflation, in fact, generates all possible initial conditions with non-zero
probability, the most likely ones being almost uniform with fluctuations
at the 1075 level. These were then amplified by gravitational clustering
to form galaxies, stars, planets and other structures. This means that
all imaginable matter configurations should occur in some Hubble volume
and that we should expect our own Hubble volume to be fairly typical —
at least typical among those that contain observers. A crude estimate
suggests that the closest identical copy of you is about 1010 away.
About 1010 m away, there should be a sphere of radius 100 light-years
identical to the one centred here, so all perceptions that we have during
the next century will be identical to those of our counterparts over there.
About 101" m away, there should be an entire Hubble volume identical
to ours.?

This raises an interesting philosophical point that we will reconsider later:
if there are indeed many copies of ‘you’ with identical past lives and mem-
ories, you would not be able to compute your own future even if you had
complete knowledge of the entire cosmos! The reason is that there is no
way for you to determine which of these copies is ‘you’. Yet their lives will
necessarily differ eventually, so the best you can do is predict probabilities
for what you will experience from now on. This kills the traditional notion
of determinism.

3 This is an extremely conservative estimate, 1011° being roughly the number of protons that

the Pauli exclusion principle would allow you to pack into a Hubble volume at a temperature
of 108 K. Each of these slots can be either occupied or unoccupied, giving glott? NlO10115

possibilities, so the expected distance to the nearest identical Hubble volume is 1010115
Hubble radii or 101°""" m. Your nearest copy is likely to be much closer than 1010% m,
since the planet formation and evolutionary processes that have tipped the odds in your
favour are at work everywhere. There may be 1020 habitable planets in our own Hubble

volume alone.
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7.2.3 How a multiverse theory can be tested and falsified

Is a multiverse theory one of metaphysics rather than physics? As emphasized
by Karl Popper, this depends on whether the theory is empirically testable
and falsifiable. Containing unobservable entities does not itself render a the-
ory non-testable. For instance, a theory stating that there are 666 parallel
universes, all of which are devoid of oxygen, makes the testable predic-
tion that we should observe no oxygen here, and is therefore ruled out by
observation.

In fact, the Level I multiverse is routinely used to rule out theories in mod-
ern cosmology, although this is rarely spelled out explicitly. For instance,
cosmic microwave background (CMB) observations have recently shown that
space has almost no curvature. Hot and cold spots in CMB maps have a
characteristic size that depends on the curvature of space, and the observed
spots appear too large to be consistent with the previously popular ‘open’
model. However, the average spot size varies randomly from one Hubble
volume to another, so it is important to be statistically rigorous. When
cosmologists say that the open universe model is ruled out at 99.9% confi-
dence, they really mean that — if the open universe model were true — then
fewer than one out of every 1000 Hubble volumes would show CMB spots
as large as those we observe. It is inferred that the entire model (with its
infinitely many Hubble volumes) is ruled out, even though we have only
mapped the CMB in our own particular Hubble volume.

Thus multiverse theories can be tested and falsified only if they predict
what the ensemble of parallel universes is and specify a probability distri-
bution and measure over it. As we will see later, the measure problem can
be quite serious and is still unsolved for some multiverse theories.

7.3 Level II: other post-inflation bubbles

Imagine an infinite set of distinct Level I multiverses, each represented by
a bubble in Fig. 7.1, some perhaps with different dimensionality and dif-
ferent physical constants. We will refer to this as the Level II multiverse,
and it is predicted by most currently popular models of inflation. These
other domains are so far away that you would never get to them even if you
travelled at the speed of light forever. The reason is that the space bet-
ween our Level I multiverse and its neighbours is still undergoing inflation,
which creates space faster than you can travel through it. In contrast, you
could travel to an arbitrarily distant Level I universe, providing the cosmic
expansion decelerates. In fact, astronomical evidence suggests that the cos-
mic expansion is currently accelerating and, if this acceleration continues
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indefinitely, then even some Level I universes will remain forever separate.
However, at least some models predict that our universe will eventually stop
accelerating and perhaps even recollapse.

7.3.1 FEwvidence for Level II parallel universes

Inflation is an extension of the big bang theory, in which a rapid stretching
of space at an early time explains why our universe is so big, so uniform
and so flat [6,7]. Such stretching is predicted by a wide class of theories
of particle physics, and all available evidence bears it out. Much of space
will continue to stretch forever, but some regions stop stretching and form
distinct bubbles. Infinitely many bubbles may emerge, as shown in the lower
left of Fig. 7.1, each being an infinite embryonic Level I multiverse filled

4 Recent

with matter deposited by the energy field that drove inflation.
cosmological measurements have confirmed two key predictions of inflation:
that space has negligible curvature and that the clumpiness in the cosmic

matter distribution was approximately scale-invariant.

7.3.2 What are Level II parallel universes like?

The prevailing view is that the physics we observe today is merely a low-
energy limit of a much more general theory that manifests itself at extremely
high temperatures. For example, this underlying fundamental theory may be
10-dimensional, supersymmetric and involve a grand unification of the four
fundamental forces of nature. A common feature in such theories is that the
potential energy of the field relevant to inflation has many different minima
(‘metastable vacuum states’), these corresponding to different effective laws
of physics for our low-energy world. For instance, all but three spatial
dimensions could be curled up (‘compactified’) on a tiny scale, resulting in
a space like ours, or fewer could curl up, leaving a 5-dimensional space.
Quantum fluctuations during inflation can therefore cause different post-
inflation bubbles in the Level II multiverse to end up with different effective
laws of physics, different dimensionality and different numbers of generations
of quarks.

In addition to these discrete properties, our universe is characterized by a
set of dimensionless physical constants, for example the electron/proton mass
ratio, mp/me~ 1836, and the cosmological constant, which appears to be
4 Surprisingly, it has been shown that inflation can produce an infinite Level I multiverse even

in a bubble of finite volume. This is because the spatial directions of spacetime curve towards
the (infinite) time direction [8].
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about 107123 in Planck units. There are also models where such non-integer
parameters can vary from one post-inflationary bubble to another.® So the
Level II multiverse is likely to be more diverse than the Level I multiverse,
containing domains where not only the initial conditions differ, but also the
physical constants.

This is currently a very active research area. In string theory ‘land-
scape’ [9,10], the potential has perhaps 10°%° different minima, so this may
offer a specific realization of the Level II multiverse. This would have four
sub-levels of increasing diversity.

e IId Different ways in which space can be compactified, allowing both dif-
ferent dimensionality and different symmetries and elementary particles.

e IIc Different ‘fluxes’ (generalized magnetic fields) that stabilize the extra
dimensions, this being where the largest number of choices enter.

e ITb Once these two choices have been made, there may still be a handful
of different minima in the effective supergravity potential.

e ITa The same minimum and effective laws of physics can be realized
in many different post-inflationary bubbles, each constituting a Level 1
multiverse.

Let us briefly comment on a few closely related multiverse notions. An idea
proposed by Tolman [11] and Wheeler [12], and recently elaborated by Stein-
hardt and Turok [13], is that the Level I multiverse is cyclic, going through
an infinite series of big bangs. If it exists, the ensemble of such incarna-
tions would also form a multiverse, arguably with a diversity similar to that
of Level II. An idea proposed by Smolin [14] involves an ensemble similar
in diversity to that of Level II, but mutating and sprouting new universes
through black holes rather than inflation. This predicts a form of natural
selection favouring universes with maximal black hole production. In brane-
world scenarios, another 3-dimensional world could be literally parallel to
ours but offset in a higher dimension. However, it is unclear whether such
a world should be regarded as separate from our own, since we may be able
to interact with it gravitationally.

5 Although the fundamental equations of physics are the same throughout the Level II mul-
tiverse, the approximate effective equations governing the low-energy world that we observe
will differ. For instance, moving from a 3-dimensional to a 4-dimensional (non-compactified)
space changes the observed gravitational force equation from an inverse square law to an
inverse cube law. Likewise, breaking the underlying symmetries of particle physics differ-
ently will change the line-up of elementary particles and the effective equations that describe
them. However, we will reserve the terms ‘different equations’ and ‘different laws of physics’
for the Level IV multiverse, where it is the fundamental rather than effective equations that
change.
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Note that, if one Level II multiverse can exist, eternally self-reproducing in
a fractal pattern, then there may well be infinitely many other ones that are
completely disconnected. However, this variant appears to be untestable,
since it would neither add any qualitatively different worlds nor alter the
probability distribution for their properties. All possible initial conditions
and symmetry-breakings are already realized within each one.

7.3.3 Fine-tuning and selection effects

Physicists like to explain as much as possible, and some features of our
universe seem to be explained by the presence of life. For example, consider
the mass of the Sun. The mass of a star determines its luminosity, and using
basic physics, one can compute that life as we know it on Earth is possible
only if the Sun’s mass falls into the narrow range between 1.6 x 1030 kg
and 2.4 x 10> kg. Otherwise Earth’s climate would be colder than that of
present-day Mars or hotter than that of present-day Venus. The actual mass
of the Sun is 2.0 x 103 kg, which at first glance appears to be a wild stroke
of luck. Stellar masses run from 10%° kg to 103?kg, so if the Sun’s mass
were chosen at random, it would have only a small chance of falling into
the habitable range. But one can explain this coincidence by postulating
an ensemble of planetary systems, together with the selection effect that
we must find ourselves living on a habitable planet. Such observer-related
selection effects are referred to as ‘anthropic’ [15]. Although the ‘A-word’ is
notoriously controversial, physicists broadly agree that these selection effects
cannot be neglected when testing fundamental theories. In this weak sense,
it is obligatory.

What applies to planetary systems also applies to parallel universes. For
example, as illustrated in Fig. 7.3, one can consider other universes in which
the number of time and space dimensions is different from observed and
show that this is inconsistent with life. Most, if not all, of the attributes set
by symmetry-breaking appear to be fine-tuned. Changing their values by
modest amounts would have resulted in a qualitatively different universe,
in which we probably would not exist. If protons were 0.2% heavier, they
would decay into neutrons, destabilizing atoms. If the electromagnetic force
were 4% weaker, there would be no hydrogen and no normal stars. This
is illustrated by Fig. 7.4, which shows constraints on the strong and elec-
tromagnetic coupling constants. If the weak interaction were much weaker,
hydrogen would not exist; if it were much stronger, supernovae would fail
to seed interstellar space with heavy elements. If the cosmological con-
stant were much larger, our universe would have blown itself apart before
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Fig. 7.3. Why we should not be surprised to find ourselves living in 34 1-
dimensional spacetime. When the partial differential equations of nature are
elliptic or ultrahyperbolic, physics has no predictive power for an observer. In
the remaining (hyperbolic) cases, n >3 admits no stable atoms and n <3 may
lack sufficient complexity for observers (no gravitational attraction, topological
problems). From ref. [16].

galaxies could form. Indeed, most, if not all, of the parameters affecting
low-energy physics appear fine-tuned, in the sense that changing them by
modest amounts results in a qualitatively different universe.

Although the degree of fine-tuning is still debated [17-19], these examples
suggest the existence of parallel universes with other values of some physical
constants. If this is the case, physicists will never be able to determine
the values of all physical constants from first principles. All they can do
is compute probability distributions for what they should expect to find,
taking selection effects into account. The result should be as generic as is
consistent with our existence.

7.4 Level 1II: the ‘many worlds’ of quantum physics

If the fundamental equations of physics are unitary, as they so far appear
to be, then the universe keeps dividing into parallel branches. Whenever
a quantum event appears to have a random outcome, all outcomes should
occur, one in each branch. This is illustrated by the bottom cartoon
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Fig. 7.4. Hints of fine-tuning for the parameters a and as, which determine the
strengths of the electromagnetic force and the strong nuclear force, respectively.
The observed values (o, as) ~(1/137,0.1) are indicated by a filled square. Grand
unified theories rule out everything except the narrow strip between the two verti-
cal lines, and deuterium becomes unstable below the horizontal line. In the narrow
shaded region to the very left, electromagnetism is weaker than gravity and there-
fore irrelevant. From ref. [16].

in Fig. 7.5 and corresponds to the Level III multiverse. Although more
controversial than Level I and Level 11, we will see that (surprisingly) this
level adds no new types of universes.

7.4.1 The quantum conundrum

Despite the obvious successes of quantum theory, a heated debate rages
about what it really means. The theory specifies the state of the universe not
in classical terms, such as the positions and velocities of its particles, but in
terms of a ‘wave-function’. According to the Schrédinger equation, the state
evolves over time in a fashion termed ‘unitary’, meaning that it rotates in an
abstract, infinite-dimensional Hilbert space. Although quantum mechanics
is often described as inherently random and uncertain, the wave-function
evolves deterministically.

The difficulty is how to connect this wave-function with what we observe.
Many legitimate wave-functions correspond to counter-intuitive situations,
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Fig. 7.5. Difference between Level I and Level III. Level I parallel universes are
far away in space, whereas those of Level III are right here, with quantum events
causing classical reality to split into parallel storylines. Yet Level III adds no new
storylines beyond Levels I or II.

such as a cat being dead and alive at the same time in a so-called ‘super-
position’. In the 1920s physicists explained away this weirdness by postu-
lating that the wave-function ‘collapses’ into some definite classical state
whenever someone makes an observation. This had the virtue of explain-
ing observations, but it turned an elegant (unitary) theory into a messy
(non-unitary) one, since there was no equation specifying when or how the
collapse occurred. The intrinsic randomness commonly ascribed to quantum
mechanics is the result of this postulate, triggering Einstein’s objection that
‘God does not play dice’.

Over the years, many physicists have abandoned this view in favour of one
developed in 1957 by Hugh Everett [20]. He showed that the collapse pos-
tulate is unnecessary, so that unadulterated quantum theory need not pose
any contradictions. Although it predicts that one classical reality gradu-
ally splits into superpositions of many such realities, observers subjectively
experience this splitting merely as a slight randomness, with probabilities in
exact agreement with those predicted by the old collapse postulate [21,22].
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This superposition of classical worlds, which is illustrated in Fig. 7.5, is the
Level IIT multiverse.

7.4.2 What are Level III parallel universes like?

Everett’s ‘many worlds’ interpretation has been puzzling physicists and
philosophers for more than four decades. But the theory becomes easier
to grasp when one distinguishes between two ways of viewing a physical
theory: the outside view of a physicist studying its mathematical equations
and the inside view of an observer living in the world described by the
equations.b

From the outside perspective, the Level III multiverse is simple. There is
only one wave-function, which evolves smoothly and deterministically with-
out any splitting. The abstract quantum world described by this evolv-
ing wave-function contains a vast number of parallel classical storylines, as
well as some quantum phenomena that lack a classical description. From
the inside perspective, observers perceive only a tiny fraction of this full
reality. They can view their own Level I universe, but a process called
decoherence [23,24] — which mimics wave-function collapse while preserving
unitarity — prevents them from seeing Level 111 copies of themselves.

Whenever observers make a decision, quantum effects in their brains lead
to a superposition of outcomes, such as ‘Continue reading this article’ and
‘Put down this article’. From the outside perspective, the act of making a
decision causes an observer to split into one person who keeps on reading
and another one who does not. From their inside perspective, however, each
of these alter egos is unaware of the other and notices the branching merely
as a slight uncertainty in whether or not they continue to read.

Strangely, the same situation occurs in the Level I multiverse. You have
evidently decided to keep on reading this article, but one of your alter egos
in a distant galaxy put it down after the first paragraph. The only dif-
ference between Level I and Level III is where your doppelgangers reside.
6 The standard picture of the physical world corresponds to an intermediate viewpoint, that

could be termed the consensus view. From your subjectively perceived internal perspective,

the world turns upside down when you stand on your head and disappears when you close
your eyes. Yet you subconsciously interpret your sensory inputs as though there is an external
reality that is independent of your orientation, your location and your state of mind. Although
this third view involves censorship (rejecting dreams), interpolation (between eye-blinks) and
extrapolation (attributing existence to unseen cities), independent observers nonetheless appear
to share this consensus view. Although the inside view looks black and white to a cat, iridescent
to a bird seeing four primary colors, and even more different to a bee seeing polarized light or

a bat using sonar, all agree on whether the door is open. The key challenge in physics is to

derive this semiclassical consensus view from the fundamental equations specifying the internal

perspective. Understanding the nature of human consciousness is an important challenge in its
own right, but it may not be necessary for a fundamental theory of physics.
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As illustrated in Fig. 7.5, they live elsewhere in 3-dimensional space in
Level I, but on another quantum branch in infinite-dimensional Hilbert space
in Level III.

7.4.3 Level III parallel universes: evidence and implications

The existence of the Level III multiverse depends on the crucial assumption
that the time evolution of the wave-function is unitary. So far, experimenters
have encountered no departures from unitarity. Indeed, in the past few
decades they have confirmed it for ever larger systems, including carbon-60
‘buckyball” molecules and kilometre-long optical fibres. On the theoretical
side, the case for unitarity has been bolstered by the discovery of decoher-
ence [25]. Some theorists who work on quantum gravity have questioned
unitarity; one concern is that evaporating black holes might destroy infor-
mation, which would be a non-unitary process. But a recent breakthrough
in string theory — known as AdS/CFT correspondence — suggests that even
quantum gravity is unitary. If so, black holes do not destroy information
but merely transmit it elsewhere.

If physics is unitary, then the standard picture of how quantum fluctu-
ations operated early in the big bang must change. Instead of generating
initial conditions at random, these fluctuations generated a quantum super-
position of all possible initial conditions, which coexisted simultaneously.
Decoherence then caused these initial conditions to behave classically in
separate quantum branches. The crucial point is that the distribution of out-
comes on different quantum branches in a given Hubble volume (Level I1I) is
identical to the distribution of outcomes in different Hubble volumes within a
single quantum branch (Level I). This property of the quantum fluctuations
is known in statistical mechanics as ergodicity.

The same reasoning applies to Level II. The process of symmetry-breaking
did not produce a unique outcome but rather a superposition of all out-
comes, which rapidly went their separate ways. So, if physical constants
and spacetime dimensionality can vary among parallel quantum branches at
Level II1, then they will also vary among parallel universes at Level II. Thus
the Level ITI multiverse adds nothing new beyond Levels I and II, just more
indistinguishable copies of the same universes. The debate about Everett’s
theory therefore seems to be ending in a grand anticlimax, with the discovery
of less controversial multiverses (Levels I and II) that are equally large.

Physicists are only beginning to explore the implications of this. For
instance, consider the long-standing question of whether the number of uni-
verses exponentially increases over time. The surprising answer is no. From
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the outside perspective, there is of course only one quantum universe. From
the inside perspective, what matters is the number of universes that are
distinguishable at a given instant — that is, the number of noticeably dif-
ferent Hubble volumes. At the quantum level, there are 1010 universes
with temperatures below 102 K, which is vast but finite. The evolution of
the wave-function therefore corresponds to a never-ending sliding from one
of the 101" states to another. First you are in the universe in which you
are reading this sentence. Next you are in the universe in which you are
reading another sentence. The observer in the second universe is identical
to the one in the first except for an extra instant of memories. All possible
states exist at every instant, so the passage of time may be in the eye of
the beholder — an idea explored by various authors [26-28]. The multiverse
framework may thus prove essential to understanding the nature of time.

7.4.4 Two world views

Figure 7.6 illustrates that the debate over how classical mechanics emerges
from quantum mechanics is just a small piece of a larger puzzle. Indeed, the
debate over the interpretation of quantum mechanics — and the broader issue
of parallel universes — is in a sense the tip of an iceberg. For there is a still
deeper question that arguably goes as far back as Plato and Aristotle. This
concerns the status of mathematics and how it relates to physical reality.

Aristotelian paradigm The internal perspective is physically real, while
the external perspective and all its mathematical language is merely a useful
approximation.

Platonic paradigm The external perspective (the mathematical struc-
ture) is physically real, while the internal perspective and all the human
language we use to describe it is merely a useful approximation for describ-
ing our subjective perceptions.

What is more basic — the internal or external perspective, human language
or mathematical language? Your answer will determine how you feel about
parallel universes. Our feeling that the Level III multiverse is ‘weird’ merely
reflects the extreme difference between the internal and external perspec-
tives. We may break the symmetry by calling the latter weird, because
we were all indoctrinated with the Aristotelian paradigm as children, long
before we even heard of mathematics. If this is true, there can never be a
‘Theory of Everything’ (TOE), since one is ultimately just explaining cer-
tain verbal statements by other verbal statements. This is known as the
infinite regress problem [29].
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Fig. 7.6. Theories can be crudely organized into a family tree where each might, at
least in principle, be derivable from more fundamental ones above it. For example,
classical mechanics can be obtained from special relativity in the approximation
that the speed of light ¢ is infinite. Most of the arrows are less well understood.
All these theories have two components: mathematical equations and words
that explain how they are connected to what we observe. At each level in the
hierarchy of theories, new words (e.g., protons, atoms, cells, organisms, cultures)
are introduced because they are convenient, capturing the essence of what is going
on without recourse to the more fundamental theory above it. It is important to
remember, however, that it is humans who introduce these concepts and the words
for them; in principle, everything could have been derived from the fundamental
theory at the top of the tree, although such an extreme reductionist approach would
be useless in practice. Crudely speaking, the ratio of equations to words decreases
as we move down the tree, dropping to near zero for highly applied fields, such as
medicine and sociology. In contrast, theories near the top are highly mathematical,
and physicists are still struggling to understand the concepts, if any, in terms which
we can understand. The Holy Grail of physics is to find a ‘Theory of Everything’
from which all else can be derived. If such a theory exists at all, it should replace
the big question mark at the top of the theory tree. However, something is missing
here, since we lack a consistent theory unifying gravity with quantum mechanics.
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On the other hand, if you prefer the Platonic paradigm, you should find
multiverses natural. In this case, all of physics is ultimately a mathematics
problem, since an infinitely intelligent mathematician — given the funda-
mental equations of the cosmos — could in principle compute the internal
perspective, i.e. what self-aware observers the universe would contain, what
they would perceive, and what language they would invent to describe their
perceptions to one another. In other words, there is a TOE at the top of
the tree in Fig. 7.6, whose axioms are purely mathematical.

7.5 Level IV: other mathematical structures

If one accepts the Platonist paradigm and believes that there really is a TOE
at the top of Fig. 7.6, even though we have not found the correct equations
yet, then this question arises: why these particular equations and not others?
The Level IV multiverse involves the idea of mathematical democracy, in
which universes governed by other equations are equally real. This implies
the notion that a mathematical structure and the physical world are in some
sense identical. It also means that mathematical structures are ‘out there’,
in the sense that mathematicians discover them rather than create them.

7.5.1 What is a mathematical structure?

Many of us think of mathematics as a bag of tricks that we learned in
school for manipulating numbers. Yet most mathematicians have a very
different view of their field. They study more abstract objects, such as
functions, sets, spaces and operators and try to prove theorems about the
relations between them. Indeed, some modern mathematics papers are so
abstract that the only numbers you will find in them are the page numbers!
Despite the plethora of mathematical structures with intimidating names
like orbifolds and Killing fields, a striking underlying unity has emerged in
the twentieth century: all mathematical structures are just special cases of
one and the same thing, so-called formal systems. A formal system consists
of abstract symbols and rules for manipulating them, specifying how new
strings of symbols referred to as theorems can be derived from given ones
referred to as axioms. This historical development represented a form of
deconstructionism, since it stripped away all meaning and interpretation
that had traditionally been given to mathematical structures and distilled
out only the abstract relations capturing their very essence. As a result,
computers can now prove theorems about geometry without having any
physical intuition whatsoever about what space is like.
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7.5.2 Is the physical world a mathematical structure?

Although traditionally taken for granted by many theoretical physicists, the
notion that the physical world (specifically, the Level III multiverse) is a
mathematical structure is deep and far-reaching. It means that mathemati-
cal equations describe not merely some limited aspects of the physical world,
but all aspects of it, leaving no freedom for, say, miracles or free will in the
traditional sense. Thus there is some mathematical structure that is ¢<somor-
phic (and hence equivalent) to our physical world, with each physical entity
having a unique counterpart in the mathematical structure and vice versa.

Let us consider some examples. A century ago, when classical physics still
reigned supreme, many scientists believed that physical space was isomor-
phic to the three-dimensional Euclidean space R3. Moreover, some thought
that all forms of matter in our universe corresponded to various classical
fields: the electric field, the magnetic field and perhaps a few undiscov-
ered ones, mathematically corresponding to functions on R®. In this view
(later proven incorrect), dense clumps of matter such as atoms were sim-
ply regions in space where some fields were strong. These fields evolved
deterministically according to some partial differential equations, and ob-
servers perceived this as things moving around and events taking place.
However, fields in 3-dimensional space cannot be the mathematical struc-
ture corresponding to our universe, because a mathematical structure is an
abstract, immutable entity existing outside of space and time. Our familiar
perspective of a 3-dimensional space, where events unfold, is equivalent to
a 4-dimensional spacetime, so the mathematical structure must be fields in
4-dimensional space. In other words, if history were a movie, the mathe-
matical structure would not correspond to a single frame of it, but to the
entire videotape.

Given a mathematical structure, we will say that it has physical existence
if any self-aware substructure (SAS) within it subjectively perceives itself
as living in a physically real world. In the above classical physics example,
an SAS would be a tube through spacetime, a thick version of its world-
line. Within the tube, the fields would exhibit certain complex behaviour,
corresponding to storing and processing information about the field-values
in the surroundings, and at each position along the tube these processes
would give rise to the familiar but mysterious sensation of self-awareness.
The SAS would perceive this 1-dimensional string of perceptions along the
tube as passage of time.

Although this example illustrates how our physical world can be a mathe-
matical structure, this particular structure (fields in four-dimensional space)
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is now known to be the wrong one. After realizing that spacetime could be
curved, Einstein searched for a unified field theory where the universe was
a four-dimensional pseudo-Riemannian manifold with tensor fields. How-
ever, this failed to account for the observed behaviour of atoms. According
to quantum field theory, the modern synthesis of special relativity theory
and quantum theory, our universe (in this case the Level III multiverse) is
a mathematical structure with an algebra of operator-valued fields. Here
the question of what constitutes an SAS is more subtle [30]. However, this
fails to describe black hole evaporation, the first instance of the big bang
and other quantum gravity phenomena. So the true mathematical structure
isomorphic to our universe, if it exists, has not yet been found.

7.5.3 Mathematical democracy

Suppose that our physical world really is a mathematical structure and
that you are an SAS within it. This means that this particular structure
enjoys physical as well as mathematical existence. What about all the other
possible mathematical structures? Do they too enjoy physical existence?
If not, there would be a fundamental, unexplained ontological asymmetry
built into the very heart of reality, splitting mathematical structures into
two classes: those with and without physical existence. As a way out of this
philosophical conundrum, I have suggested [18] that complete mathematical
democracy holds — that mathematical existence and physical existence are
equivalent, so that all mathematical structures exist physically as well. This
is the Level IV multiverse. It can be viewed as a form of radical Platonism,
asserting that the mathematical structures in Plato’s realm of ideas and
Rucker’s mindscape [31] exist ‘out there’ in a physical sense [32]. This casts
the so-called modal realism theory of David Lewis [33] in mathematical
terms, akin to what Barrow [34, 35] refers to as ‘pi in the sky’. If this
theory is correct, then — since it has no free parameters — all properties
of all parallel universes (including the subjective perceptions of every SAS)
could in principle be derived by an infinitely intelligent mathematician.

7.5.4 FEwvidence for a Level IV multiverse

Why should we believe in Level IV? Logically, it rests on the two following
separate assumptions.

Assumption 1 The physical world (specifically our Level III multiverse)
is a mathematical structure.

Assumption 2 All mathematical structures exist ‘out there’ in the same
sense (mathematical democracy).
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In a famous essay, Wigner [36] argued that ‘the enormous usefulness of
mathematics in the natural sciences is something bordering on the mys-
terious’ and that ‘there is no rational explanation for it’. This argument
can be taken as support for Assumption 1; here the utility of mathematics
for describing the physical world is a natural consequence of the fact that
the latter is a mathematical structure, which we are uncovering bit by bit.
The various approximations that constitute our current physics theories are
successful because mathematical structures can provide good approxima-
tions to how an SAS will perceive more complex mathematical structures.
In other words, our successful theories are not mathematics approximating
physics but mathematics approximating mathematics. Wigner’s observation
is unlikely to be based on fluke coincidences, since far more mathematical
regularity has been discovered in nature in the decades since he made it.

A second argument supporting Assumption 1 is that abstract mathemat-
ics is so general that any TOE that is definable in purely formal terms is
also a mathematical structure. For instance, a TOE involving a set of dif-
ferent types of entities (words, say) and relations between them (additional
words) is a set-theoretical model, and one can generally find a formal sys-
tem of which it is a model. This argument also makes Assumption 2 more
appealing, since it implies that any conceivable parallel universe theory can
be described at Level IV. The Level IV multiverse, termed the ‘ultimate
ensemble theory’ in ref. [16] since it subsumes all other ensembles, therefore
brings closure to the hierarchy of multiverses, and there cannot be a Level V.
Considering an ensemble of mathematical structures does not add anything
new, since this is still just another mathematical structure.

What about the notion that our universe is a computer simulation? This
idea occurs frequently in science fiction and has been substantially elabo-
rated [37,38]. The information content (memory state) of a digital computer
is a long string of bits, equivalent to some large but finite integer n written
in binary form (e.g. 1001011100111001 ...). The information-processing of a
computer is a deterministic rule for repeatedly changing each memory state
into another one. Mathematically, it is a function f mapping the integers
onto themselves that is iterated: n — f(n) — f(f(n)) — ---. In other
words, even the most sophisticated computer simulation is just another spe-
cial case of a mathematical structure, and this is already included in the
Level IV multiverse.

A second argument for Assumption 2 is that if two entities are isomorphic,
then there is no meaningful sense in which they are not the same [39]. This
applies when the entities in question are a physical universe and the mathe-
matical structure describing it. To avoid the conclusion that mathematical
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and physical existence are equivalent, one would need to argue that our
universe is somehow made of stuff perfectly described by a mathematical
structure, but which also has other properties that are not described by it.
However, this violates Assumption 1 and implies that either it is isomorphic
to a more complicated mathematical structure or it is not mathematical
at all.

Having universes dance to the tune of all possible equations also resolves
the fine-tuning problem, even at the fundamental equation level. Although
many (if not most) mathematical structures are likely to be devoid of an
SAS, failing to provide the complexity, stability and predictability that it
requires, we know we must inhabit a mathematical structure capable of
supporting life. Because of this selection effect, the answer to the question
‘what is it that breathes fire into the equations and makes a universe for
them to describe?’ [40] would then be ‘you, the SAS’.

7.5.5 What are Level IV parallel universes like?

We can test and potentially rule out any theory by computing probability
distributions for our future perceptions — given our past perceptions — and
comparing the predictions with the observed outcome. In a multiverse the-
ory, there is typically more than one SAS that has experienced a past life
identical to yours, so there is no way to determine which one is you. To
make predictions, you therefore have to compute what fractions of them
will perceive what in the future. This leads to the following possibilities.

Prediction 1 The mathematical structure describing our world is the
most generic one that is consistent with our observations.

Prediction 2 Our future observations are the most generic ones that are
consistent with our past observations.

Prediction 3 Our past observations are the most generic ones that are
consistent with our existence.

We will return to the problem of what ‘generic’ means (i.e. the measure
problem) later. However, one striking feature of mathematical structures,
discussed in detail in ref. [16], is that the sort of symmetry and invariance
properties that are responsible for the simplicity and orderliness of our uni-
verse tend to be more the rule than the exception — mathematical structures
have them by default and complicated additional axioms must be added to
make them go away. Because of this, as well as selection effects, we should
not necessarily expect life in the Level IV multiverse to be disordered.
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7.6 Discussion

We have seen that scientific theories of parallel universes form a four-level
hierarchy, in which universes become progressively more different from our
own. They might have different initial conditions (Level I), different effective
physical laws, constants and particles (Level II), or different fundamental
physical laws (Level IV). It is ironic that Level III is the one that has drawn
most criticism, because it is the only one that adds no qualitatively new
types of universe. Whereas the Level I universes join seemlessly, there are
clear demarcations between those within Level II (caused by inflation) and
Level III (caused by decoherence). The Level IV universes are completely
disconnected and need to be considered together only for predicting your
future, since ‘you’ may exist in more than one of them.

7.6.1 Future prospects

There are ample future prospects for testing and perhaps ruling out these
multiverse theories. In the coming decade, dramatically improved cosmologi-
cal measurements of the microwave background radiation and the large-scale
matter distribution will test both Level I (by further constraining the cur-
vature and topology of space) and Level II (by providing stringent tests of
inflation). Progress in both astrophysics and high-energy physics should also
clarify the extent to which various physical constants are fine-tuned, thereby
weakening or strengthening the case for Level II. If the current effort to build
quantum computers succeeds, it will provide further evidence for Level III,
since they would essentially exploit the parallelism of the Level III multi-
verse for parallel computation [27]. Conversely, experimental evidence of
unitarity violation would rule out Level I1I. Finally, success or failure in the
grand challenge of modern physics, unifying general relativity and quantum
field theory, will shed more light on Level IV. Either we will eventually find
a mathematical structure which matches our universe, or the unreasonable
effectiveness of mathematics will be found to be limited and we will have to
abandon Level IV.

7.6.2 The measure problem

There are also interesting theoretical issues to resolve within the multi-
verse theories, in particular the measure problem. As multiverse theories
gain credence, the sticky issue of how to compute probabilities in physics
is growing from a minor nuisance into a major embarrassment. If there are
indeed many identical copies of you, the traditional notion of determinism
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evaporates. You could not compute your own future even if you had com-
plete knowledge of the entire state of the multiverse, because there is no way
for you to determine which of these copies is you. All you can predict are
probabilities for what you would observe. If an outcome has a probability
of 50%, this means that half the observers observe that outcome.

Unfortunately, it is not an easy task to compute what fraction of the
infinitely many observers perceive what. The answer depends on the order
in which you count them. By analogy, the fraction of the integers that are
even is 50% if you order them numerically (1, 2, 3, 4,...), but approaches
100% if you sort them digit by digit, the way your word processor would (1,
10, 100, 1000,...). When observers reside in disconnected universes, there is
no obviously natural way in which to order them. Instead one must sample
from the different universes with some statistical weights referred to as a
‘measure’.

This problem crops up in a mild manner at Level I, becomes severe at
Level II [41], has caused much debate at Level III [21,22,42] and is hor-
rendous at Level IV. At Level II, for instance, several people have pub-
lished predictions for the probability distributions of various cosmological
parameters. They have argued that the different universes that have infl-
ated by different amounts should be given statistical weights proportional
to their volume [2]. On the other hand, 2 X 0o =00, so there is no objective
sense in which an infinite universe that has expanded by a factor of two has
become larger. Moreover, a finite universe with the topology of a torus
is equivalent to a periodic universe with infinite volume, both mathemati-
cally and from the perspective of an observer within it. So why should its
infinitely smaller volume give it zero statistical weight? After all, even in the
Level I multiverse, Hubble volumes start repeating (albeit randomly rather
than periodically) after about 1010 m. The problem of assigning statistical
weights to different mathematical structures at Level IV is even more diffi-
cult. The fact that our universe seems relatively simple has led many people
to suggest that the correct measure must somehow involve complexity.

7.6.3 The pros and cons of parallel universes

So should you believe in parallel universes? The principal arguments against
them are that they are wasteful and that they are weird. The wastefulness
argument is that multiverse theories are vulnerable to Occam’s razor because
they postulate the existence of other worlds that we can never observe. Yet
this argument can be turned around. For what precisely would nature be
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wasting? Certainly not space, mass or atoms — the uncontroversial Level I
multiverse already contains an infinite amount of all three.

The real issue here is the apparent reduction in simplicity. One might
worry about all the information necessary to specify all those unseen worlds.
But an entire ensemble is often much simpler than one of its members.
This principle can be stated more formally using the notion of algorithmic
information content. The algorithmic information content in a number is,
roughly speaking, the length of the shortest computer program that will pro-
duce that number as output. For example, consider the set of all integers.
Naively, you might think that a single number is simpler than the whole set
of numbers, but the set can be generated by a trivial computer program,
whereas a single number can be hugely long. Therefore, the whole set is
actually simpler. Similarly, the set of all solutions to Einstein’s field equa-
tions is simpler than a specific solution. The former is described by a few
equations, whereas the latter requires the specification of vast amounts of
initial data on some hypersurface.

The lesson is that complexity increases when we restrict our attention
to one particular element in an ensemble, thereby losing the symmetry
and simplicity that were inherent in the totality of all the elements taken
together. In this sense, the higher-level multiverses are simpler. Going from
our universe to the Level I multiverse eliminates the need to specify initial
conditions, upgrading to Level II eliminates the need to specify physical
constants, and the Level IV multiverse eliminates the need to specify any-
thing at all. The opulence of complexity is all in the subjective perceptions of
observers [43].

The weirdness objection is aesthetic rather than scientific and only makes
sense in the Aristotelian worldview. Yet when we ask a profound ques-
tion about the nature of reality, we surely expect an answer that sounds
strange. Evolution provided us with intuition for the everyday physics that
had survival value for our distant ancestors, so whenever we venture beyond
the everyday world, we should expect it to seem bizarre. Thanks to clever
inventions, we have glimpsed slightly beyond our normal subjective view
and thereby encountered bizarre phenomena (e.g. at high speeds, small and
large scales, low and high temperatures).

A common feature of all four multiverse levels is that the simplest and
arguably most elegant theory involves parallel universes by default. To deny
the existence of those universes, one needs to complicate the theory by adding
experimentally unsupported processes and ad hoc postulates: finite space,
wave-function collapse, ontological asymmetry, etc. Our judgement there-
fore comes down to which we find more wasteful and inelegant: many worlds
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or many words. Perhaps we will gradually become more used to the weird
ways of our cosmos, and even find its strangeness to be part of its charm.
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8.1 Introduction

At the beginning of the 1980s, when the inflationary theory was first
proposed, one of our main goals was to explain the amazing uniformity of the
Universe. We were trying to find out why the Universe looks approximately
the same in all directions. Of course, locally the Universe does not look uni-
form — there are such large deviations from uniformity as planets, stars and
galaxies. But if one considers the density of matter on scales comparable to
the size of the observable Universe, lops ~ 10%% cm, one finds that this is uni-
form to an accuracy better than one part in 10 000. The most surprising thing
about this is that, according to the standard big bang theory, the distant parts
of the Universe which we can see with a powerful telescope were not in causal
contact at the time of the big bang and could not have been in such contact
until very late stages of cosmic evolution. So one could only wonder what
made these distant parts of the Universe so similar to each other.

In the absence of any reasonable explanation, cosmologists invented the
so-called ‘cosmological principle’, which claims that the Universe must be
uniform. But the Universe is not perfectly uniform, since it contains inho-
mogeneities — such as stars and galaxies — which are crucial for life. Because
of these small but important violations, the cosmological principle cannot
be a true principle of nature, just like a person who takes only small bribes
cannot be called a man of principle.

Even though the cosmological principle could not explain the observed
properties of the Universe, it was taken for granted by almost all scientists.
We believed that the Universe looks the same everywhere and that the
physical laws in all of its parts are identical to those in the vicinity of the
solar system. We were looking for a unique and beautiful theory that would
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unambiguously predict the observed values for all parameters of all elemen-
tary particles, not leaving any room for pure chance.

However, most of the parameters describing elementary particles look
more like a collection of random numbers than a unique manifestation of
some hidden harmony of nature. Also it was pointed out long ago that
a minor change (by a factor of two or three) in the mass of the electron,
the fine-structure constant, the strong-interaction constant or the gravita-
tional constant would lead to a world in which life as we know it could
never have arisen. Adding or subtracting even a single spatial dimension of
the same type as the usual three dimensions would make planetary systems
impossible. Indeed, in spacetimes with dimensionality d >4, the gravita-
tional force between bodies falls off faster than r—2, while in spacetimes
with d <4, general relativity tell us that such forces are absent altogether.
This rules out the existence of stable planetary systems for d # 4. Further-
more, in order for life as we know it to exist, it is necessary that the Universe
be sufficiently large, flat, homogeneous and isotropic. These facts, as well
as a number of other observations, lie at the foundation of the so-called an-
thropic principle [1-3]. According to this principle, we observe the Universe
to be as it is because only in one like ours could observers exist.

Many scientists are still ashamed of using the anthropic principle. Just as
the friends of Harry Potter were afraid of saying the name ‘Voldemort’, the
opponents of the anthropic principle often say that they do not want to use
the ‘A’ word in their research. This critical attitude is quite understandable.
Historically, the anthropic principle was often associated with the idea that
the Universe was created many times until the final success. It was not clear
who did it and why it was necessary to make the Universe suitable for our
existence. Moreover, it would be much simpler to create proper conditions
for our existence in a small vicinity of the solar system rather than in the
whole Universe. Why would one need to work so hard?

Fortunately, most of the problems associated with the anthropic principle
were resolved [4-7] soon after the invention of inflationary cosmology [8-12].
Inflationary theory was able to explain the homogeneity of our part of the
Universe, while simultaneously predicting that on a very large scale, much
greater than [ps ~ 10?8 cm, the Universe can be completely inhomogeneous,
looking not like a sphere but like a huge growing fractal. The different parts
of this fractal are enormous and may have dramatically different properties.
They are connected to each other, but the distance between them is so large
that for all practical purposes they look like separate universes.

Thus, although inflationary theory was able to explain the local homo-
geneity of the Universe, many of its versions predicted that on super-large
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scales one has a ‘multiverse’, consisting of many universes with different
properties. In the context of this scenario, we were able for the first time to
make sense of the basic premise of the anthropic principle: there is not just
one copy of the Universe — we actually have a choice!

8.2 Chaotic inflation

In order to explain this picture in more detail, I will first describe the basic
features of inflation. I will concentrate on the simplest version — the chaotic
inflation scenario [11]. To explain the main idea of chaotic inflation, let us
consider the simplest model of a scalar field ¢, with a mass m and potential
energy density V(¢)= %m2¢2, as shown in Fig. 8.1. Since this function has
a minimum at ¢ =0, one may expect the scalar field to oscillate near this
minimum. This is indeed the case if the Universe does not expand. However,
one can show that — in a rapidly expanding universe — the scalar field moves

¢

Fig. 8.1. Motion of the scalar field in the theory with V(¢)= %m2¢2. If the
potential energy density of the field is greater than the Planck density, pp~
Mg ~10% g cm ™3, quantum fluctuations of spacetime are so strong that one cannot
describe it in the usual terms. Such a state is called spacetime foam. At a some-
what smaller energy density (region A: mMg’ <V(e)< Mé) quantum fluctuations
of spacetime are small but quantum fluctuations of the scalar field ¢ may be
large. Jumps of the scalar field due to quantum fluctuations lead to eternal self-
reproduction of the inflationary universe. At even smaller values of V(¢) (region B:
m?M?2 < V(¢) <mM}3) fluctuations of the field ¢ are small; it moves down slowly
like a ball in a viscous liquid. Inflation occurs in both regions A and B. Finally, near
the minimum of V(¢) (region C) the scalar field rapidly oscillates, creates pairs of
elementary particles, and the Universe becomes hot.
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down very slowly, like a ball in a viscous liquid, with the viscosity being
proportional to the speed of expansion.

There are two equations which describe evolution of a homogeneous scalar
field in our model: the field equation,

¢+ 3Hp = —m?¢, (8.1)
and the Einstein equation,
k 8 1.
H?> 4 — = ~¢? : 2
+ 3= o (397 +V0) (82)

Here a dot denotes d/dt, M, =G~'/2 is the Planck mass (using units with
h=c=1), a(t) is the cosmic scale factor, H =a/a is the Hubble parameter
and k=—1,0,1 for an open, flat or closed universe, respectively. The first
equation is similar to the equation of motion for a harmonic oscillator, where
instead of z(t) we have ¢(t), so the term 3H¢ is like a friction effect.

If the scalar field ¢ is initially large, the Hubble parameter H is also large
from Eq. (8.1). This means that the friction term is large, so the scalar field
is moving very slowly. At this stage, the energy density of the scalar field
remains almost constant and the expansion of the Universe continues much
faster than in the old cosmological theory. Due to the rapid growth of the
scale of the Universe and slow motion of the field, soon after the beginning
of this regime one has $<< 3H<ﬁ, H?>>k/a® and q52 < m?¢?, so the system
of equations can be simplified to

a . a meo |m
32 dh = —m?2 H=-== —. 8.3
a(b me, a M, \/; (8:3)
The second equation shows that the scale factor in this regime grows

approximately as
2meo |mw
Ht

~ , H= —. 8.4
a~e M, \/; (84)

This stage of exponentially rapid expansion of the universe is called inflation.

When the field ¢ becomes sufficiently small, H and the viscosity become
small, inflation ends and the scalar field begins to oscillate near the minimum
of V(¢). As any rapidly oscillating classical field, it loses its energy by
creating pairs of elementary particles. These particles interact with each
other and come to a state of thermal equilibrium with some temperature 7.
From this time on, the Universe can be described by the standard hot big
bang theory.
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The main difference between inflationary theory and the old cosmology
becomes clear when one calculates the size of a typical domain at the end of
inflation. Even if the initial size of the inflationary Universe was as small as
the Planck scale, I, ~ 10733 cm, one can show that after 10739 s of inflation
this acquires a huge size of | ~ 100" ¢m. This makes the Universe almost
exactly flat and homogeneous on the large scale, because all inhomogeneities
were stretched by a factor of 1019, This number is model-dependent, but
in all realistic models the size of the Universe after inflation appears to be
many orders of magnitude greater than the size of the part of the Universe
which we can see now, lops ~ 10?8 cm. This solves most of the problems of
the old cosmological theory [13].

If the Universe initially consisted of many domains, with a chaotically dis-
tributed scalar field ¢, then the domains where the scalar field was too small
never inflated, so they remain small. The main contribution to the total vol-
ume of the Universe will be given by the domains which originally contained a
large scalar field. Inflation of such domains creates huge homogeneous islands
out of the initial chaos, each one being much greater than the size of the observ-
able part of the Universe. That is why I call this scenario ‘chaotic inflation’.

In addition to the scalar field driving inflation, realistic models of ele-
mentary particles involve many other scalar fields ¢;. The final values ac-
quired by these fields after the cosmological evolution are determined by
the position of the minima of their potential energy density V(y;). In the
simplest models, the potential V' (p;) has only one minimum. However,
in general, V(y;) may have many different minima. For example, in the
simplest supersymmetric theory unifying weak, strong and electromagnetic
interactions, the effective potential has dozens of different minima of equal
depth with respect to the two scalar fields, ® and ¢. If the scalar fields
fall to different minima in different parts of the Universe (a process called
spontaneous symmetry-breaking), the masses of elementary particles and
the laws describing their interactions will be different in these parts. Each
of the parts becomes exponentially large because of inflation. In some of
them, there will be no difference between weak, strong and electromagnetic
interactions, and life of our type will be impossible. Other parts will be
similar to the one where we live [14].

This means that, even if we are able to find the final theory of everything,
we will be unable to determine uniquely properties of elementary particles;
the Universe may consist of different exponentially large domains where the
properties of elementary particles are different. This is an important step to-
wards the justification of the anthropic principle. A further step can be made
if one takes into account quantum fluctuations produced during inflation.
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8.3 Inflationary quantum fluctuations

According to quantum field theory, empty space is not entirely empty. It is
filled with quantum fluctuations of all types of physical fields. The wave-
lengths of all quantum fluctuations of the scalar field ¢ grow exponentially
during inflation. When the wavelength of any particular fluctuation becomes
greater than H !, the fluctuation stops oscillating and its amplitude freezes
at some non-zero value d¢(z) because of the large friction term 3H é in
the equation of motion of the field. The amplitude of this fluctuation then
remains almost unchanged for a very long time, whereas its wavelength
grows exponentially. Therefore, the appearance of such a frozen fluctua-
tion is equivalent to the appearance of a classical field d¢(x) produced from
quantum fluctuations.

Because the vacuum contains fluctuations of all wavelengths, inflation
leads to the continuous creation of new perturbations of the classical field
with wavelengths greater than H~!. The average amplitude of perturbations
generated during a time interval H~! (in which the Universe expands by a
factor e) is given by |0¢(x)|~ H/(2m) [15,16]. These quantum fluctuations
are responsible for galaxy formation [17-21]. But if the Hubble constant
during inflation is sufficiently large, quantum fluctuations of the scalar fields
may lead not only to the formation of galaxies, but also to the division of
the Universe into exponentially large domains with different properties.

As an example, consider again the simplest supersymmetric theory unify-
ing weak, strong and electromagnetic interactions. Different minima of the
effective potential in this model are separated from each other by a distance
~10_3Mp. The amplitude of quantum fluctuations in the fields ¢, ® and
¢ at the beginning of chaotic inflation can be as large as 107'M,. This
means that, at the early stages of inflation, the fields ® and ¢ could eas-
ily jump from one minimum of the potential to another. Therefore, even
if these fields initially occupied the same minimum everywhere, after the
stage of chaotic inflation the Universe becomes divided into many exponen-
tially large domains, corresponding to all possible minima of the effective
potential [6,14].

8.4 Eternal chaotic inflation and string theory landscape

The process of the division of the Universe into different parts becomes even
easier if one takes into account the process of self-reproduction of inflationary
domains. The basic mechanism can be understood as follows. If quantum
fluctuations are sufficiently large, they may locally increase the value of
the potential energy of the scalar field in some parts of the Universe. The
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probability of quantum jumps leading to a local increase of the energy den-
sity can be very small, but the regions where it happens start expanding
much faster than their parent domains, and quantum fluctuations inside
them lead to the production of new inflationary domains which expand even
faster.

Self-reproduction of inflationary domains was first established in the con-
text of the new inflation scenario, which is based on inflation near a local
maximum of the potential [4,22,23]. The existence of this regime was used
for justification of the anthropic principle in ref. [4]. However, nobody paid
any attention to this possibility until the discovery of self-reproduction of
the Universe in the chaotic inflation scenario [7].

In order to understand this effect, let us consider an inflationary domain
of initial radius H ! containing a sufficiently homogeneous field with initial
value ¢ > M,. Equations (8.3) tell us that, during a typical time interval
At =H™", the field inside this domain will be reduced by A¢ = M2/ (4m¢).
Comparing this expression with the amplitude of quantum fluctuations,

H — mg¢
21 \3rM,’
one can easily see that for ¢ > ¢* ~ M,/ M,/m, one has [6¢|>|Ag|, ie.

the motion of the field ¢ due to its quantum fluctuations is much more rapid
than its classical motion.

8¢ ~ (8.5)

During the typical time H~', the size of the domain of initial size H !
containing the field ¢ > ¢* grows e times, its volume increases e3 ~ 20 times,
and in almost half of this new volume the field ¢ jumps up instead of down.
Thus the total volume of inflationary domains with ¢ > ¢* grows approxi-
mately ten times. During the next time interval H !, this process continues,
so the Universe enters an eternal process of self-reproduction. I call this pro-
cess ‘eternal inflation’.

In this scenario, the scalar field may wander for an indefinitely long time
as the density approaches the Planck density. This induces quantum fluctu-
ations of all other scalar fields, which may jump from one minimum of the
potential to another for an unlimited time. The amplitude of these quan-
tum fluctuations can be extremely large, o ~5® ~1071M,. As a result,
quantum fluctuations generated during eternal chaotic inflation can pen-
etrate through any barriers, even if they have Planckian height, and the
Universe after inflation becomes divided into an indefinitely large number of
exponentially large domains. These contain matter in all possible states, cor-
responding to all possible mechanisms of spontaneous symmetry-breaking,
i.e. to all possible laws of low-energy physics [7,24].
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A rich spectrum of possibilities may appear during inflation in Kaluza—
Klein and superstring theories, where an exponentially large variety of vac-
uum states and ways of compactification is available for the original 10- or
11-dimensional space. The type of compactification determines the coupling
constants, the vacuum energy, the symmetry-breaking scale and, finally, the
effective dimensionality of the space in which we live. As shown in ref. [25],
chaotic inflation near the Planck density may lead to a local change in the
number of compactified dimensions. This means that the Universe becomes
divided into exponentially large parts with different dimensionality.

In some theories one may have a continuous spectrum of possibilities. For
example, in the context of the Brans—Dicke theory, the effective gravita-
tional constant is a function of the Brans—Dicke field, which also experi-
enced fluctuations during inflation. As a result, the Universe after inflation
becomes divided into exponentially large parts with all possible values of
the gravitational constant G and the amplitude of density perturbations
dp/p [26,27]. Inflation may divide the Universe into exponentially large
domains with continuously varying baryon-to-photon ratio ng/n, [28] and
with galaxies having vastly different properties [29]. Inflation may also con-
tinuously change the effective value of the vacuum energy (the cosmological
constant A), which is a prerequisite for many attempts to find an anthropic
solution of the cosmological constant problem [6,30-39]. Under these cir-
cumstances, the most diverse sets of parameters of particle physics (masses,
coupling constants, vacuum energy, etc.) can appear after inflation. One
can say that, in a certain sense, the Universe becomes a multiverse.

Recently, the multiverse scenario has attracted special attention because
of the discovery that string theory admits many metastable de Sitter vacua
with different properties, and different domains of the Universe may unceas-
ingly jump between these vacua [40—42]. The lifetime of each of these states
is typically much greater than the age of our part of the Universe. The total
number of metastable vacuum states in string theory may be as large as
101900 [43,44].

Once this ‘string landscape’ became part of the string theory description
of the world, it became very difficult to forget about it and return to the
old idea that the theory must have only one vacuum state, with the goal of
physics being to find it. One can either like this new picture or hate it, but it
cannot be discarded purely on the basis of ideological considerations. If this
scenario is correct, then physics alone cannot provide a complete explanation
for all properties of our part of the Universe. The same physical theory may
yield large parts of the Universe that have diverse properties. According
to this scenario, we find ourselves inside a 4-dimensional domain with our
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kind of physical laws, not because domains with different dimensionality and
with alternate properties are impossible or improbable, but simply because
our kind of life cannot exist in other domains.

This scenario provides a simple justification of the anthropic principle and
removes the standard objections against it. One does not need anymore to
assume that some supernatural cause created the Universe with the prop-
erties specifically fine-tuned to make our existence possible. Inflation itself,
without any external intervention, may produce exponentially large domains
with all possible laws of low-energy physics. And we should not be surprised
that the conditions necessary for our existence appear on a very large scale
rather than only in a small vicinity of the solar system. If the proper con-
ditions are established near the solar system, inflation ensures that similar
conditions appear everywhere within the observable part of the Universe.

The new possibilities that appear due to the self-reproduction of the
Universe may provide a basis for what I call the ‘Darwinian’ approach to
cosmology [33,45,46]. Mutations of the laws of physics may lead to the
formation of domains with the laws of physics that allow a greater speed
of expansion of the Universe; these domains will acquire greater volume
and may host a greater number of observers. On the other hand, the total
volume of domains of each type grows indefinitely large. This process looks
like a peaceful coexistence and competition, and sometimes even like a fruit-
ful collaboration, with the fastest growing domains producing many slower
growing brothers. In the simplest models of this type, a stationary regime
is reached, and the speed of growth of the total volume of domains of each
type becomes equally large for all of the domains [24].

8.5 Some problems addressed by the anthropic principle
8.5.1 The cosmological constant and dark energy

According to the most recent data, vacuum energy (be it a cosmological con-
stant or some other form of ‘dark energy’) with density A (or pj) constitutes
74% of the total energy density of the Universe pg, dark matter with density
ppM constitutes 22% of pg, and normal matter with density py contributes
only 4% of pg. One of the most challenging problems of theoretical physics
is to explain why the vacuum energy is so small, A ~ py ~ 10_120M§, and,
at the same time, why it is of the same order as the total energy density of
the Universe.

The first attempt to solve the cosmological constant problem using the
anthropic principle in the context of inflationary cosmology was made in
ref. [6]. In this paper it was argued that, if one considers antisymmetric
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tensor fields F', they give a time-independent contribution to the vacuum
energy density of the Universe, depending on the value of these fields. The
total vacuum energy density is given by the sum V(¢) + V(F'). According
to quantum cosmology, which is based on the tunnelling wave-function of
the Universe, the probability of quantum creation of the Universe is O(1)
for V(¢) + V(F) ~ 1 in units of the Planck energy density.

Consider, for example, the theory V(¢) =m?¢?/2+ V. In this case, all
models emerge with equal probability at the moment when m?2¢?/2 + Vp +
V(F)~1, but then the vacuum energy density in each region relaxes to
A=V +,V(F). The sum Vp+ V(F') does not itself affect the probability of
the quantum creation of the Universe, since all models are equally probable
for m2¢?/2+ Vo + V(F) ~ 1. Thus one comes to the conclusion that models
with all values of A are equally probable. It was argued [6] that life of our
type can exist only in the universes with |A| S O(10)pg ~ 10728 g cm™3 ~ pyy,
where pg is the present density in our part of the Universe and pyp ~ 0.3pq is
the density of matter (including dark matter). This, together with the flat
probability distribution for creation of the universes with different A, may
solve the cosmological constant problem.

There is another way to solve the cosmological constant problem [8]. One
may consider inflation driven by the scalar field ¢ (the inflaton field) and
mimic the cosmological constant by the very flat potential of a second scalar
field ®. The simplest potential of this type is linear:

V(®) = aM]®. (8.6)

For a sufficiently small «, this potential can be so flat that the field ® practi-
cally does not change during the last 10'%y, so at the present epoch its total
potential energy V(®) acts exactly as a cosmological constant. This model
was one of the first examples of what later became known as quintessence,
or dark energy.

Even though the energy density of the field ® hardly changes at the present
time, it changed substantially during inflation. Since ® is a massless field, it
experienced quantum jumps with amplitude H/(27) during each timescale
H~!. These jumps moved the field ® in all possible directions. In the context
of the eternal inflation scenario, this implies that the field became random-
ized by quantum fluctuations. The Universe broke up into an infinite number
of exponentially large parts, containing all possible values of the field @, i.e.
into an infinite number of infinitely large ‘universes’ with different values of
the effective cosmological constant A =V (®) + V (¢), where V (¢p) is the en-
ergy density of the inflation field ¢ in the minimum of its effective potential.
This quantity may vary from —Mg to +M§ in different parts of the Universe,
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but we can live only in universes with |A| < O(10)po ~ 10728 g cm~3, where
po is the present density in our part of the Universe [§].

This last statement requires an explanation. If A is large and nega-
tive, A< —10728 g cm™3, the Universe collapses within a timescale much
smaller than the present age of the Universe [1,6]. On the other hand, if
A>10"?® g cm ™3, the present Universe would expand exponentially fast,
the energy density of matter would become exponentially small and life as
we know it would be impossible [6,8]. This means that we can live only in
those parts of the Universe where the cosmological constant does not differ
too much from its presently observed value, |A|~ po.

The constraint A > —1072% g cm™ still remains the strongest one for
a negative cosmological constant; for recent developments related to this
constraint, see refs. [37] and [39]. The constraint for a positive cosmolog-

3. was made much more precise and accu-

ical constant, A<107? g cm™
rate in subsequent works. In particular, Weinberg pointed out that the
process of galaxy formation occurs only up to the moment when the cos-
mological constant begins to dominate the density of the Universe, after
which the Universe enters the late stages of inflation [31]. For example,
galaxies which formed at z >4, when the density of the Universe was two
orders of magnitude greater than it is now, would not have done so for
A>10%p9~107%7 g em™3.

The next important step was made in a series of works [32-38] which
considered not only our own galaxy, but also all other ones that could har-
bour life of our type. This would include not only galaxies formed in the
past but also those forming at the present epoch. Since the density at later
stages of cosmic evolution always decreases, even a very small cosmologi-
cal constant may disrupt late-time galaxy formation or prevent the growth
of existing galaxies. This strengthens the constraint on the cosmological
constant. According to ref. [34], the probability that an astronomer in any
of the universes would find the presently observed ratio A/py as small as
0.7 ranges from 0.05 to 0.12, depending on various assumptions. For some
models based on extended supergravity, the anthropic constraints can be
strengthened even further [39].

It would be most important to obtain a solution of the cosmological con-
stant problem in string theory. Surprisingly, despite many attempts, for a
long time we did not even know how to formulate this problem, because
all existing string theories were unable to describe a model with a stable
vacuum and a positive cosmological constant. This problem was solved only
recently [2]; we have already mentioned the solution in our discussion of the
string theory landscape. The solution involved investigation of stabilized
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flux vacua in string theory and suggested that there may be many different
vacua with different values of A. An investigation of this issue demonstrated
that the total number of different de Sitter vacua in string theory can be
astonishingly large, of the order 101%° or perhaps even 1019%0 which created
the notion of the vast string theory landscape [41-44]. Simple dimensional
estimates suggest that the vacuum energy density in the stringy vacua may
vary from —O(1) to +0O(1) in Planck (or string) units. Therefore it is possi-
ble that there are many vacuum states with |A| ~ 10712 and that the total
number of vacua has a relatively flat dependence on the energy density in
this range This would provide an anthropic solution of the cosmological
constant problem in string theory.

One should emphasize an important assumption made in all of these con-
siderations. In order to solve the cosmological constant problem, it is neces-
sary to assume that the prior probability to have non-vanishing cosmological
constants is practically independent of A. Indeed, if larger values of the cos-
mological constant were much more probable, one would conclude that we
must live when A>> 10712, On the other hand, if A has to be zero because
of some symmetry, but appears due to some non-perturbative effect, then
one could expect A ~e™® where « is some field or random parameter. If this
parameter, rather than A, has a flat probability distribution, then the prob-
ability that A ~ 107120 will be as large as the probability that A ~10712! or
A ~ 1071990 This would make it very difficult to explain the observed value
of the cosmological constant.

The situation appears even worse if one calculates the probability for a
given point to be in a state with a particular value of A, corresponding to
some set of vacua. This probability is given by the square of the Hartle—
Hawking wave-function:

2

P~ exp(—MTﬂ) =e N, (8.7)
where S} is the entropy of de Sitter space [47-49]. If one uses this probability,
one may conclude that we must live in the state with the smallest possible
value of A, independently of any anthropic considerations. On the other
hand, one may argue that this distribution should not be used, since the
probability distribution P ~e~9A is established by the continuous tunnelling
back and forth between different vacua. This takes a ridiculously large time,
t~eSa A 10107 y, which is much greater than the age of the Universe. More-
over, it is not obvious that it makes any sense to consider a typical situation
at a given point. Rather, one may want to try to find a typical situation in
a given volume at a given time [24].
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However, here we face a new problem. An eternally self-reproducing
Universe consists of an indefinitely large number of regions, where all kinds
of processes may occur, even if their probability is very small. To compare
the total volume of the parts of the Universe with different properties, one
should compare infinities, which may lead to ambiguities. Different meth-
ods of calculations produce different results [24,27,33,48,50-53]. We believe
that all of these different answers are in a certain sense correct; it is the
choice of the questions that remains problematic.

To explain our point of view, let us study an example related to demo-
graphics. One may want to know the average age of a person living now
on the Earth. In order to find it, one should take the sum of the ages of
all people and divide it by their total number. Naively, one would expect
the result of the calculation to be half the life expectancy. However, the
actual result will be much smaller. Because of the exponential growth of
the population, the main contribution to the average age will be given by
very young people. Both answers (the average age of a person and half the
life expectancy) are correct, despite the fact that they are different. Nei-
ther answer is any better; they are different because they address different
questions. Economists may want to know the average age in order to make
projections, but individuals — as well as the insurance industry — may be
more interested in the life expectancy.

Similarly, the calculations performed in refs. [24], [27], [33] and [50-53]
dissect all possible outcomes of the evolution of the Universe (or multiverse)
in many different ways. Each of these ways is legitimate and leads to correct
results, but some additional input is required in order to understand which
of these results, if any, is most closely related to the anthropic principle.

This ambiguity may suggest that one should abandon the anthropic prin-
ciple and replace it by something more predictive. For example, Smolin has
suggested that universes could be formed inside black holes. By finding the
parameters which maximize the production of black holes and, consequently,
the creation of new universes, one could find the set of universes favoured
by evolution [54, 55].

From my point of view, this suggestion is not an alternative to the
anthropic principle, but a very speculative version of it, which does not
offer any advantages and has a major drawback. It does not offer any
advantages because the total number of black holes produced during inflation
is exponentially sensitive to the duration of inflation and to the amplitude
of density perturbations produced then. None of these issues have been
considered in refs. [54] or [55]. In order to do so, one needs to resolve the
problem of measure discussed above. The drawback of this suggestion is
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the absence of any reliable theoretical description of the creation of new
universes with different properties inside black holes. On the other hand,
the aforementioned theory for the creation of new parts of the inflationary
Universe is based on processes which are rather well understood.

If the theory of all fundamental interactions indeed possesses a plethora of
different vacuum states, we should learn how to live with this new scientific
paradigm. We must find out which of the questions we are asking may have
an unambiguous answer and which ones are meaningless. I have a strong
suspicion that, in order to answer the question of why we live in our part
of the Universe, we must first learn the answers to the questions ‘What is
life?” and ‘What is consciousness?’ [13, 46,50, 56].

Until these problems are solved, one may take a pragmatic point of view
and consider this investigation as a kind of ‘theoretical experiment’. We
may try to use probabilistic considerations in a trial-and-error approach. If
we get unreasonable results, this may serve as an indication that we are
using quantum cosmology incorrectly. However, if some particular proposal
for the probability measure allows us to solve certain problems which could
not be solved in any other way, then we will have a reason to believe that
we are moving in the right direction.

We can also use the new cosmological paradigm in a rather modest way.
For example, we may not exactly know the prior probability distribution for
the cosmological constant A. However, if we do not feel that the assumption
of a flat probability distribution near A =0 is outrageous, then anthropic
considerations will tell us that there is nothing outrageously unnatural in
the possibility that the Universe has A ~107'%0 in Planck units. In other
words, anthropic considerations allow us to find possible explanations of
some facts which would otherwise look absolutely miraculous. In the next
section, we will give another illustration of this way of thinking.

8.5.2 The anthropic principle and arions

Now we have a possible reason for why the vacuum density has the same
order as the total matter density in the Universe, can we go further and
understand why dark matter is five times more abundant than ordinary
matter? Let us assume that dark matter is represented by the axion field 6,
which was introduced in order to solve the problem of strong CP violation.
The potential of the axion field has the following form:

V() ~ m2 (1 — cos \/§f> : (8.8)
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The field 6 can take any value in the range —v27f to v2nf. A natural
estimate for the initial value of the axion field would therefore be 6 =O(f),
and the initial value of V(6) should be of order m2. An investigation of
the rate at which the energy of the axion field py falls off as the Universe
expands shows that, for f>10'2GeV, most of the energy density would
presently be contributed by axions, while the baryon energy density would be
considerably lower than its presently observed value of pg~0.05p9. This
information was used to derive the constraint f <102 GeV [57-59].

This is a very strong constraint, especially since the astrophysical con-
siderations lead to a constraint f > 10" GeV. Note also that the standard
scale for f in string theory is f~ M~ 10'® — 10 GeV. This means that
one should construct theories with an unnaturally small value of f, and
even this may not help unless the parameter f is in the very narrow ‘axion
window’ 10 < f <10'2 GeV.

Let us now take a somewhat closer look at whether one can actually
obtain the constraint f <102 GeV in the context of inflationary cosmology.
Long-wave fluctuations of the axion field 6 are generated during inflation if
Peccei-Quinn symmetry-breaking, resulting in the potential given by
Eq. (8.8), takes place before the end of inflation. By the end of infla-
tion, therefore, a quasi-homogeneous distribution of the field # will have
appeared in the Universe, with the field taking on all values from —v/27f
to V2rf at different points in space with a probability that is almost in-
dependent of §. This means that one can always find exponentially large
regions of space within which 8 < f. The energy of the axion field always
remains relatively low in such regions and there is no conflict with the
observational data.

This feature does not itself remove the constraint f <102 GeV. Indeed,
when f>>10'? GeV, only within a very small fraction of the volume of the
Universe is the axion field energy density small enough by comparison with
the baryon density. It might therefore seem extremely improbable that we
live in one of these particular regions.

Consider, for example, those regions initially containing a field 6y < f, for
which the present ratio of the energy density of the axion field to the baryon
density is consistent with the observational data (i.e. where the density of
dark matter is about five times greater than the baryon density). It can be
shown that the total number of baryons in regions with 6 ~ 106y should be
ten times the number in regions with 6 ~ 6g. One might therefore expect
the probability of randomly ending up in a region with 8 ~ 106y (incom-
patible with the observational data) to be ten times that of ending up in a
region with 6 ~ 6.
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However, closer examination of this problem indicates that the properties
of galaxies formed in such a region should be very different from the proper-
ties of our galaxy. This makes it unclear whether life can exist in the regions
with 6 > 106y [29]. Let us compare the domains with § =6y and 0 = N6, at
the same cosmological time ¢ in an early universe dominated by hot matter.
Since the Universe after inflation becomes flat, the total density during this
post-inflationary stage is proportional to t~2, practically independent of the
relative fraction of matter in axions and in baryons. This has two inter-
esting implications. The first is that at ¢ ~10'°y the total density in both
domains will be the same but the baryon density will be N? times smaller
in the domain with 8 = Nfy. In other words, in a domain with 8 ~ 106, the
observable region after 10'° y will contain one hundred times fewer baryons
than a domain with 6 ~60y. As discussed below, this alone may reduce the
probability of the emergence of life.

The second implication is related to the properties of galaxies in domains
with @ ~ N6y. The ratio ng/n,~10710 is fixed by some processes in the
early Universe, which are not expected to depend on the axion abundance.
The main difference between the two domains discussed above is that the
relative energy density of non-relativistic particles is N2 times higher in the
second domain. Also, at the same time ¢, the ratio of the energy density
of photons and cold dark matter will be N? smaller, i.e. this domain is

3/2 whereas the

colder. The cold dark matter energy density decreases as ¢~
energy density of photons decreases as t—2, i.e. t~/2 times faster. Therefore
the period of cold dark matter dominance occurred N4 times earlier in the
second domain. The energy density of cold dark matter at that moment was
~ N8 times higher than in the first domain.

Note that the beginning of cold dark matter dominance is the time when
density perturbations dp/p~ 10~% start growing. Since they start growing
earlier, the moment when they reach O(1) — i.e. the stage when overdense
regions separate into galaxies — also occurs earlier. The density of matter
inside galaxies in the future remains of the same order as the density of the
Universe at the time of the galaxy formation. This means that the density
of matter in the first (smallest) galaxies to be formed in the second domain
will be N® higher than in the first domain, and the density of baryons there
will be N% times higher.

The matter density in large galaxies, which formed later in the evolu-
tion of the Universe, should be less sensitive to . However, if most of the
matter is packed into superdense dwarf galaxies formed in the very early
Universe, the total amount of remaining matter — which would be distributed
more smoothly like in our own galaxy — may be relatively small. Also, any
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galaxy of a given mass M will contain N? times fewer baryons than our
galaxy.

Naively, it would seem ten times more probable to live in domains with
0 =106, because the total volume of such domains is ten times bigger. How-
ever, since the properties of galaxies in a universe with § =106, are very
different from those of our galaxy, it well may happen that domains with
0 ~ 0y provide much better conditions for the emergence of life than domains
with =106 [29]; see also ref. [60].

In order to study this situation quantitatively, one should perform a
detailed investigation of galaxy formation in a model with py; > pp, similar
to the investigation of galaxy formation in a model dominated by a cosmo-
logical constant (pa > pu), as discussed in Section 8.5.1. This investigation
has been performed very recently [61]. The results obtained confirmed
the expectations of ref. [29]: if dark matter is represented by axions with
f>>10'2 GeV, then one is most likely to live in a model where the density
of dark matter is about one or two orders of magnitude greater than the
density of ordinary matter. This is quite consistent with the observed value
PDM ~ DPM-

This result has two interesting implications. First, it will not be too
surprising to find that the standard constraints 10 < f <10'2 GeV are
violated. Second, in the context of the axion cosmology with f>> 1012 GeV,
it is not surprising that we live in a universe with ppy ~5pm. In this
respect, such a theory has an important advantage with respect to many
other dark matter theories, where one must fine-tune the parameters to
obtain ppm ~ 5pMm.

8.5.3 An anthropic explanation of the electroweak
symmeltry-breaking scale and the hierarchy
problem

The situation with the Higgs boson mass and the amplitude of sponta-
neous symmetry-breaking in electroweak theory is even more interesting and
impressive. One of the main problems of particle physics is the extremely
small ratio of the Higgs field expectation value, v~ 246 GeV, to the Planck
mass, M, ~2.4 x 10'® GeV. Assuming that the coupling constant A of the
Higgs boson is O(1) or smaller, this leads [62] to an incredibly small ratio of
the Higgs mass, my ~ v Av, to the Planck mass: my /M, ~v/M,, ~ 10716,
A popular attempt to address this problem is based on supersymmetry.
If supersymmetry is broken on a very small scale, then many particles,
including the Higgs boson, acquire comparable masses ~10? GeV, and these
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masses do not acquire large radiative corrections. However, this would be
a true solution of the problem only if we were able to understand the origin
of the anomalously small scale of supersymmetry-breaking.

The anthropic principle allows one to look at this problem from a different
point of view. Agrawal and colleagues [63,64] have shown that all nuclei
would be unstable for v five times larger than observed, whereas protons
would be unstable and hydrogen would not exist for v less than half the
observed value. This explains the origin of the ratio my /M, ~ 1071,

The strongest anthropic constraints on the scale of spontaneous symmetry-
breaking v can be obtained if one studies production of carbon and oxygen
in the Universe [64]. These two elements are formed during helium-burning
at late stages of stellar evolution. As noted by Hoyle and colleagues [65,66],
this process depends crucially on the existence of a certain resonance level
in carbon nuclei. The existence and properties of this resonance was one of
the first successful predictions based on the anthropic principle. However,
these properties depend on the quark masses, which in turn depend on wv.
This leads to strong anthropic constraints on v.

This question has been studied by many authors, for example Livio
et al. [67] and Hogan [68]. The most detailed investigation was carried
out by Oberhummer et al. [69, 70], Jeltema and Sher [71] and Schlattl
et al. [72]. They found that a change of v by 1% would lead to a strong
suppression of the production of carbon (if v were smaller than 246 GeV) or
oxygen (if v were greater than 246 GeV). Since both carbon and oxygen are
necessary for our existence, this result strongly indicates that the otherwise
unexplained value of v, as well as the small number my /M, can be deter-
mined by anthropic considerations. (The accuracy of this determination is
much better than that with which the anthropic principle fixes the value of
the cosmological constant A.)

If this is the case, supersymmetry is not required to explain the smallness
of the Higgs boson mass. If this is small because of anthropic consider-
ations, supersymmetry may become manifest at much higher energies, as
suggested by Arkani-Hamed and colleagues [73,74]. This may have impor-
tant implications for attempts to find supersymmetry at the Large Hadron
Collider (LHC). The main motivation for these attempts was the standard
idea that there should be many supersymmetric particles with masses simi-
lar to the Higgs boson mass. This idea has guided theoretical investigations
for the last twenty years, and the total cost of the experimental search for
low-energy supersymmetry is billions of dollars. Thus, as in the case of the
axion search, ignoring anthropic considerations can be expensive.

If no light supersymmetric particles are found at LHC, it will be an
additional argument in favour of anthropic reasoning. On the other hand,
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anthropic arguments do not preclude low-energy SUSY-breaking. If light
supersymmetric particles were discovered at LHC, then it would imply that
SUSY is indeed broken at the low-energy scale associated with the Higgs
mass. But since the Higgs mass can itself be explained by anthropic con-
siderations, the discovery of light supersymmetric particles may imply that
the low scale of SUSY-breaking also has an anthropic explanation.

8.6 Conclusions

For a long time physicists have believed that there is only one world and
that a successful description of this world should eventually predict all of
its parameters, such as the coupling constants and the masses of elementary
particles. The fundamental theory was supposed to be beautiful and natural.
This was a noble, but perhaps excessively optimistic, hope. One could call
this period ‘the age of innocence’.

I believe we are now entering ‘the age of anthropic reasoning’. Inflation-
ary cosmology — in combination with string theory — leads to a picture of a
multiverse consisting of an infinite number of exponentially large domains
(‘universes’) with an exponentially large number of different properties. In
addition to a somewhat subjective notion of beauty and naturalness, we
are adding the simple and obvious criterion that the part of the Universe
where we live must be consistent with the possibility of our existence. This
super-selection rule sometimes considerably improves our intuitive judge-
ment about what is natural. For example, naively, the most natural scale
for the Higgs boson mass is O(M,,) and the most natural value of the vacuum
energy density is O(M;f). However, it is unnatural and in fact impossible
for us to live in a universe (or even part of a universe) with such parameter
values. In a certain sense, one may consider anthropic reasoning as a way
to improve the naive use of the concept of naturalness.

The concept of beauty may also play an important role in the selection of
the vacuum state. One possible idea is that symmetry implies that the prop-
erties of the world do not change under certain transformations. This may
mean that, if one can live in a given vacuum state, one can live in a whole
family of states related to each other by symmetry. The existence of many
equivalent states may increase the probability of living in one of them, by eft-
ectively increasing the phase volume of the anthropically allowed vacua pos-
sessing the symmetry. In addition, states with large symmetry (i.e. beauty)
are sometimes dynamically attractive, behaving as trapping points in the
space of all possible vacua [75]. In this way, one may try to unify anthropic
reasoning with the principles of naturalness and beauty, which have always
guided our search for the fundamental theory describing our world.
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A model of anthropic reasoning:
the dark to ordinary matter ratio

Frank Wilczek
Department of Physics, Massachusetts Institute of Technology

9.1 Methodology and anthropic reasoning

There are good reasons to view attempts to deduce basic laws of matter

L Above all, it seems gratu-

from the existence of mind with scepticism.
itous. Physicists have done very well indeed at understanding matter on
its own terms, without reference to mind. We have found that the govern-
ing principles take the form of abstract mathematical equations of universal
validity, which refer only to entities — quantum fields — that clearly do not
have minds of their own. Working chemists and biologists, for the most
part, are committed to the programme of understanding how minds work
under the assumption that it will turn out to involve complex orchestration
of the building blocks that physics describes [1]; and while this programme
is by no means complete, it has not encountered any show-stopper and it
is supporting steady advances over a wide front. Computer scientists have
made it plausible that the essence of mind is to be found in the operation
of algorithms that in principle could be realized within radically different
physical embodiments (cells, transistors, tinkertoys) and in no way rely on
the detailed structure of physical law [2].

To put it shortly, the emergence of mind does not seem to be the sort of
thing we would like to postulate and use as a basic explanatory principle.
Rather, it is something we would like to understand and explain by building
up from simpler phenomena. So there is a heavy burden to justify use of
anthropic reasoning in basic physics. And yet there are, it seems to me,
limited, specific circumstances under which such reasoning can be correct,
unavoidable and clearly appropriate.

1 By ‘basic’ I mean irreducible and I am consciously avoiding the loaded term ‘fundamental’. No
doubt there are extremely profound insights about how complex systems behave and develop
to be derived from the existence of mind, and in particular from its concrete emergence in
history. Such insights will be fundamental by any reasonable standard, but not basic in the
sense used here.
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Here is a simple, but I think instructive and far from trivial, example.
Why is Earth at the distance it is from the Sun? At one time (for example,
to Kepler) the size and shape of the Solar System — as yet not clearly dis-
tinguished from the cosmos as a whole — might have seemed like a major
question for physics, that one might hope would have a unique answer closely
related to basic principles. Now, of course, the question appears quite differ-
ent. We know that the Universe contains many broadly similar systems with
planets orbiting around stars. We know that such systems come in various
sizes and shapes, and that their structure depends sensitively on details of
the complicated conditions under which they formed. We can be confident
of all these assertions because they emerge from a rich background involving
astronomical observations, the success of Newtonian mechanics and modern
developments in cosmology and chaos theory. Given the two key features
of many independent realizations and effectively random variation over the
realizations, we cannot address our question in the context of planets in
general, or universal laws. If we are going to address it at all, we have to
refer specifically to Earth; and what makes Earth special, in this context, is
that it is where we, the question-askers, find ourselves. Once we accept this
starting point, we can go on to have an edifying discourse about why life
would be difficult if the distance from the Earth to the Sun were quite dif-
ferent. We can even imagine that normal, testable scientific predictions will
emerge from this discourse about where we will find life in other planetary
systems — or even elsewhere in our own.

A psychological weakness of this example is that we have come a long
way since Kepler’s time, and it is hard to put ourselves back in the frame
of mind to regard the Earth—Sun distance as a serious question for physics;
but however we regard the question, it seems clear that the final step in a
serious answer must involve anthropic reasoning.

The main thing I want to do here is to demonstrate that there is a
choice of assumptions that, while somewhat speculative, lie well within the
mainstream of present-day ideas about basic physics and cosmology, which
leads to a situation whose logical structure is quite similar to this simple
example, but where the question that is addressed by anthropic reasoning
is one that is open, topical and widely believed to be basic. I speak of the
question of the ratio r of axion dark matter to baryon matter in cosmol-
ogy. To be specific, I will demonstrate, given certain reasonably conven-
tional physical assumptions, the following: that r varies over the ensemble
of effective homogeneous universes within a spatially gigantic multiverse
that is inhomogeneous on superhorizon scales; that its variation is ran-
dom (with a well characterized, non-singular measure); and — an important
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refinement — that it varies essentially independently of other parameters. If
we measure the probability by volume, we find that overly large values of
r are most probable, but if we measure by number of potential observers,
this conclusion is changed. It appears instead that the observed value of r is
at least qualitatively, and perhaps semi-quantitatively, in accord with what
these ideas suggest. That is intriguing, because — according to alternative,
more conventional, ideas about r — the numerator and denominator arise
from widely different physical causes and depend upon widely different pa-
rameters, so it has appeared as something of a mystery why the observed
value is near unity. There are several additional implications of the assump-
tions that can be explored in future experiments.

The possibility of avoiding the bound that arises in conventional axion
cosmology by having a small misalignment after inflation was mentioned in
the earliest papers in axion cosmology in refs. [3-5]. It was exploited in the
context of a specific inflationary cosmology in ref. [6], where the variation
in the axion dark matter to baryon density ratio over different regions of
the Universe was noted. Anthropic considerations were brought into the
discussion in ref. [7]. Some constraints on the scenario, due to the axion
field supplying an additional source of fluctuations, were derived in ref. [8].

9.2 Conventional and unconventional axion cosmology

I now very briefly review the relevant aspects of axion physics and cosmology.

9.2.1 Axion physics

Quantum chromodynamics (QCD) is well established as the basic (and fun-
damental) theory of the strong interaction [9]. When we combine QCD with
the electroweak interactions, however, a subtle but I believe quite profound
puzzle arises. (For reviews of axion physics, see refs. [10] and [11].) The
general principles that define QCD — relativistic quantum field theory and
gauge symmetry — specify its structure extremely tightly. The continuously
adjustable parameters of the theory are a single overall coupling constant,
a mass for each quark and one other much more obscure parameter, the
so-called 0 parameter. Mountains of data described by QCD precisely deter-
mine and vastly overdetermine the coupling and masses, and the description
it affords is more than satisfactory.

Amidst this otherwise splendid party, the 6 parameter appears as an
empty chair, an invited guest whose absence is cause for concern. The 6
parameter is a periodic variable whose possible values range from 0 to 2.
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It specifies the phase e which accompanies the occurrence of special
topological features in the colour gluon field. One measure of its subtlety
is that # cannot be detected in perturbation theory. Under space inver-
sion (P) or time reversal (T) it changes sign, so that for # # 0 or m these
symmetries are violated. There are very stringent experimental constraints
on P or (especially) T violation in the strong interaction, especially from
the upper limit on the neutron’s electric dipole moment. They indicate
0] <1078, (The possibility that 6 is near 7 requires separate consideration,
but is excluded on other grounds.) If we were to regard QCD in isolation,
we could simply impose P or T symmetry, thus naturally enforcing 8 =0.
But in a complete world-theory we must acknowledge that P and T are not
exact symmetries of the world, and we cannot invoke them to justify 8 =0.
We must look for another way of explaining the smallness of 6.

Peccei and Quinn (PQ) introduced the idea that there is a special sort of
approximate symmetry, valid asymptotically at short distances, that could
be used to address this challenge. The PQ symmetry transformations allow
translations of #. If the symmetry were exact, all values of 6 would be
physically equivalent, and of course they would all preserve P and T for
the strong interaction (some field redefinitions might be required to make
the symmetries manifest). In reality, PQ symmetry must be spontaneously
broken, since in its unbroken form it is inconsistent with non-zero quark
masses. To capture this dynamics, we introduce a complex scalar order
parameter field ¢. The average value (¢) will vanish when PQ symmetry is
unbroken, but will take the form (¢) = Fel’ = Fel®/F in the unbroken phase.
Here F' is another scalar field, whose kinetic energy is inherited from that
of ¢ and normalized in the canonical way. Furthermore, PQ symmetry is
not exact, but only asymptotic, even before its spontaneous breakdown. The
potential for ¢ is presumably of the general form (|¢|?—F?2)? in the amplitude
direction, but depends on the phase only through non-perturbative effects
in QCD, in roughly the form (1 — cosf)A*, where A ~200 MeV is roughly
the QCD scale, here assumed to be much less than F. The PQ symmetry
is responsible for this structure. There is a difference in energy densities of
order A* as one varies over the range of §. The minimum energy occurs very
near 6§ =0. The scalar field a will tend to relax to zero, thus rendering 8 =0
and solving our puzzle.

The field a introduced in this way is called the axion field, and of course
its quanta are called axions. The phenomenology of axions is essentially
controlled by the parameter F', which specifies the amplitude of the con-
densate; F' has dimensions of mass. The mass m,=A?/F of the axion
and the strength of its basic couplings to matter are both proportional
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to 1/F. Various laboratory and phenomenological constraints appear to
require F' > 10 GeV; the axion must be both extremely light and extremely
weakly coupled.

9.2.2 Standard axion cosmology

Now let us consider the cosmological implications [3-5]. PQ symmetry is
unbroken at temperatures 7> F. When the symmetry breaks, the initial
value of the phase, that is € ¥ is random beyond the then-current parti-
cle horizon scale. One can analyze the fate of these fluctuations by solving
the equations for a scalar field in an expanding universe. The only unusual
feature is that the effective mass of the axion field depends on temperature.
The axion mass is very small for T'>> A, even relative to its zero-temperature
value, because the non-perturbative QCD effects that generate it involve
coherent gluon field fluctuations (instantons) which are suppressed at high
temperature. It saturates, of course, for 7' A. The full temperature depen-
dence of the mass can be pretty reliably estimated, although the necessary
calculations are technically demanding.

From standard treatments of scalar fields in an expanding universe, we
learn that there is an effective cosmic viscosity, which keeps the field frozen so
long as the expansion parameter is large compared to the mass,
H ER/ R>m. In the opposite limit, H < m, the field undergoes lightly
damped oscillations, which result in an energy density that decays as
pox1/R3. At intermediate times there is a period of quasi-adiabatic damp-
ing. This damping has a consequence that is very important for the present
discussion, namely that the final mass density, normalized to the ambient
T3, varies roughly proportional to F8%. The qualitative feature, that the
final density decreases with decreasing F', may appear paradoxical, since the
axions are getting heavier, but it is not hard to understand heuristically. For
smaller values of F', corresponding to larger mass, the temperature at which
the axion field begins to feel the effect of cosmic viscosity sets in earlier, and
there are more damping cycles. However, the initial energy density depends
only on the mismatch angle 6 and is independent of F'. The time-oscillating
field can be interpreted as pressureless matter or dust (note that spatial
inhomogeneities on small scales, which would provide pressure, begin to be
damped as they enter the horizon). In simple words, we can say that the
initial misalignment in the axion field, compared with what later turns out
to be the favoured value, relaxes by emission of axions in a very cold coher-
ent state, or Bose-Einstein condensate. It is mot in thermal equilibrium
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with ordinary matter; the interactions are far too weak to enforce that
equilibrium.

If we ignore the possibility of inflation, then — for the large values of F' of
interest — the horizon scale at the PQ transition at T~ F corresponds to a
spatial region today that is negligibly small on cosmological scales. Thus, in
calculating the axion density we are justified in performing an average over
the initial mismatch angle. This allows us to calculate a unique prediction
for the density, given the microscopic model. The result of the calculation
is usually quoted in the following form:

paxion/pdark ~ F/(1012 GGV), (91)

where pgark is the dark energy density. In this way, we would deduce that
axions form a good dark matter candidate for F' ~10'? GeV and that larger
values of F' are forbidden. These conclusions are unchanged if we allow for
the possibility that an epoch of inflation preceded the PQ transition.

9.2.3 Alternative axion cosmology

Things are very different, however, if inflation occurs after the PQ transi-
tion [12].2 For then, the effective Universe accessible to present-day obser-
vation, instead of containing many horizon-volumes from the time of the PQ
transition, is contained well within just one. It is therefore not appropriate
to average over the initial mismatch angle. We have to restore it as a con-
tingent universal constant. That is, it is a pure number that characterizes
the observable Universe as a whole, but which clearly cannot be determined
from any more basic quantities, even in principle — indeed it is a different
number elsewhere in the multiverse!
In that case, it is appropriate to replace Eq. (9.1) by:

_ F 2
r= paxion/pbaryon ~ 12 <1012Gre\/v> S (9/2) (92)

This differs from the earlier form in that I have normalized the axion density
relative to baryon density rather than dark matter density. This change is
completely trivial at a numerical level, of course. (For concreteness, I have
taken pdark/pPbaryon =6.) It reflects, however, two important ideas. First,
changes in the mismatch angle # do not significantly affect baryogenesis,
so that the baryon density is a fixed proportion of the photon density at
high temperature, and provides an appropriate gauge for measuring the
2 The logical possibility of axion cosmology based on that large F' and small initial mismatch in

inflationary cosmology has been known since the publication of ref. [3]. The present discussion
extends a portion of ref. [12].
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aspects of the cosmic environment apart from F and 6. This is true in
many, but perhaps not all, plausible models of baryogenesis. Second, I have
reinstated the 6 dependence. The exact formula for this dependence is more
complicated, but Eq. (9.2) has the correct qualitative features.

In this alternative axion cosmology, values of F'>10'2 GeV are no longer
necessarily inconsistent with existing observations. An ‘over-large’ value of
F can be compensated for by a small value of the initial mismatch 6.

9.3 Application of anthropic reasoning

In the alternative axion cosmology, r — through its dependence on the ini-
tial mismatch 6 — becomes a contingent universal constant. Furthermore,
it varies in a statistically well categorized manner over the multiverse; its
variation can be considered in isolation from possible changes in other uni-
versal constants; and it has significant impact upon the possible emergence
of intelligent observers. Altogether it appears to be an ideally favourable
case for the application of anthropic reasoning.

Since in practice we only get to sample one effective universe, there is
no question of checking statements about the probability distribution of
effective universes by normal sampling methods. The best we can do is to
calculate the probability that the outcome fits what we observe, given some
measure. In our problem, one possible measure that suggests itself is simply
unit weight per unit volume within the multiverse, corresponding to the
question: what does an average place look like? Another possible measure
is unit weight per unit observer within the multiverse, corresponding to the
question: what does an average observer observe? The first (measure V) is
quite straightforward, in our immediate case, while the second (measure A,
for anthropic) involves challenging issues, both practical and conceptual.
Can we really tell which parameters support the emergence of observers,
much less calculate how many? Do vastly more observers later count as
much as relatively few today?3 Should we really try to estimate the number
of intelligent entities with distinct ‘selfs’” who actually form the notions of
dark matter and baryons and measure r — or what?

Here I will briefly indicate a few key issues and tentative conclusions. A
more definitive treatment can be found in ref. [13]. First, we consider the

3 This dynamic question, it seems to me, is especially relevant to anthropic reasoning about
the dark energy. Universes with a smaller value of the effective cosmological term can support
intelligent life for longer, and — plausibly — populations of intelligent life, once established, grow
exponentially. It arises even for measure V: should we take spatial volume, spacetime volume,
or something else?
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situation with respect to measure V. If we define Fg ~ 10'2 GeV to be the
value of F' that leads to the observed dark matter density in the reference
cosmology, then the probability of observing less than or equal to the density
we do is, taking the sin?(0/2) dependence literally, given by

2 -1 FR
—sin \/2 , (9.3)

while the probability of seeing more is one minus this. Note that any F >

L

FRr/2 is allowed at some level, so that F' could even be slightly smaller than
Fr. We might claim victory, following measure V, if neither of these proba-
bilities is terribly small. For F'/Fg = 10%,10%, 10° (the latter two roughly rep-
resenting the unification and Planck scales, respectively), we find L = 0.045,
0.0045,0.00045. Viewed this way, really large values of F' look unlikely.

Things appear quite different from the perspective of measure A. For a
first pass, I will suppose that the number of observers is proportional to
the number of baryons. In the relevant part of universal history, when the
cosmological term is subdominant or nearly so, the baryon density at a
fixed Hubble parameter — or, to an adequate approximation, fixed age of
the Universe — depends on 7 as py/(pa+pp) =1/(1+7). Using Eq. (9.2),
the probability that r is equal to or less than s, according to measure A,
is then given by

Jo"1/(1+12usin? ¢)d¢

L(s,u) = ’
(s, u) fow/2 1/(1+12u sin? ¢)do

(9.4)

with w= sin™! /s/(12u) and u= F/Fg. Half the probability is covered by
r <1, but there is plenty of weight around r =6, even for very large values of
F. The probability that r lies between 2 and 10 is very nearly 20%, whether
u is 10 or 106!

Both very large and very small values of r may not be smart places to
live [13]. At large r, it becomes difficult to make stars: in these baryon-poor
universes the largest objects that cool and fragment, as opposed to relaxing
into diffuse virial clouds, are too small to make stars efficiently. At small
r, we have baryon-dominated universes, and we get Silk damping and slow
growth of structure. These effects (and others) are hard to survey with
confidence, at least for me; but I think they can only make a pretty good
situation better. Indeed, we know everything works out nicely for r a little
bigger than unity, so in that range we saturate the preceding estimate; these
other complications will mainly suppress the competition.
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9.4 Implications

The assumptions underlying the alternative axion cosmology I have pur-
sued above have significant implications for axion physics, supersymmetry
and cosmology. By pursuing these implications, we might be able either to
enhance the credibility of their application to describe reality or to demolish
that credibility.

Let us first consider axion physics. Laboratory searches for solar axions
within the ‘astrophysical window’, or for cosmic background axions as dark
matter, have been predicated on smaller values of F' than assumed here.
Large values of F' imply weaker coupling to matter and render direct detec-
tion more difficult. So, unfortunately, the anthropically interesting scenario
is incompatible with direct detection of axions in the foreseeable future. Of
course, I would be quite happy to see it ruled out in this particular way!
On the other hand, large values of F' would appear to have some theoretical
advantages. It might be possible to identify the PQ scale with the scale of
gauge symmetry unification indicated by the successful calculation of the
running of the coupling constants, for example. Independent of any particu-
lar model, the general idea that a single condensate might trigger breaking of
several symmetries is quite attractive. There is also some advantage to hav-
ing inflation occur after PQ symmetry-breaking, in that axion strings, which
certainly complicate and might ruin the cosmology of axion dark matter, are
diluted away.

Let us next consider supersymmetry. If axions dominate the dark matter
density, then of course the dark matter candidate that arises in many models
of low-energy supersymmetry does not. This candidate is often referred to
interchangeably as the WIMP (weakly interacting massive particle) or the
LSP (lightest supersymmetric particle), but it is convenient here to make
a distinction. The framework in which the properties of LSP/WIMP par-
ticles are discussed is most often, either explicitly or in effect, the minimal
supersymmetric extension of the Standard Model. In that framework, the
lightest R-parity odd particle, the LSP, is stable on cosmological timescales,
and for an otherwise plausible range of parameters — notoriously, several of
the phenomenologically crucial parameters in models of low-energy super-
symmetry are at present poorly constrained — one finds that it is indeed a
weakly interacting particle whose density is predicted, in big bang cosmol-
ogy, to be compatible with what astronomers find for dark matter. So the
LSP can provide the cosmological WIMP. On the other hand, even within
this framework there is an equally plausible range of parameters such that
the LSP is produced with too small a density to provide the cosmological
WIMP. The scenario discussed above therefore favours that range.
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Along this line, if we accept the approximate equality of supersymmetric
dark matter to baryonic matter as a fait accompli arising from a coincidence
among disparate microscopic parameters, say, for concreteness, prsp/
Pharyon = 3, then our anthropic scenario would at least make the additional
coincidence paxion/Pbaryon =3 appear less conspiratorial.

Another possibility, which I find especially intriguing and not at all
implausible, is that the lightest supersymmetric particle is not the part-
ner of a Standard Model particle. It could be the gravitino, the dilatino, the
axino, a modulino or a combination of these. In these cases, the true LSP is
generally a very feebly interacting particle, with coupling strength similar to
a graviton, axion, etc. The pseudo-LSP that will be observed (at the LHC,
presumably) as a Standard Model partner will decay into this true LSP.
The decay will be rapid on cosmological timescales, so the pseudo-LSP sort
of WIMP cannot supply the cosmological dark matter. Since the true LSP
is very feebly interacting and relatively light, direct production of the true
LSP during the big bang will not yield a cosmologically significant density
of dark matter. It might be produced at a cosmologically significant level at
relatively late times through decays of the pseudo-LSP, but it requires some
special adjustments both to avoid wreaking cosmological havoc with these
decays and to reproduce the observed dark matter abundance.

It is at least equally plausible to suppose that LSPs are not produced
enough to make the observed dark matter, and that is an important inde-
pendent motivation to consider axions as an alternative. An especially spec-
tacular possibility is that the pseudo-LSP might be electrically charged.
Cosmologically stable charged matter in the form of mass ~100 GeV par-
ticles produced with cosmological density comparable to the observed dark
matter density is a phenomenological disaster, but I am emphasizing that
the pseudo-LSP need not be stable. There are large, otherwise attractive
regions of the parameter space for low-energy supersymmetry that have
been excluded on these grounds, maybe prematurely. There is a wonderful
signature for this possibility: the charged pseudo-LSP, produced at LHC,
though unstable on cosmological timescales, could be stable on laboratory
timescales.

Let us now consider cosmology. The most distinctive features of axions as
dark matter, to wit that they are produced cold, in fact so cold that they fill
out a very small region of phase space and form caustics, continue to hold
in the alternative axion cosmology. If anything, their derivation is cleaner,
since there are no axion strings, there is a clean specification of very simple
initial conditions, and in the post-inflation period, since temperatures are
well below F', axions have only very feeble non-gravitational interactions.
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The initial misalignment angle, which eventually materializes as the dark
matter density, can provide an independent source of cosmological density
perturbations, apart from ambient temperature fluctuations. If we take the
inflationary origin of fluctuations at face value, we find that this additional
field provides a source of isocurvature fluctuations, whose amplitude depends
on the scale of inflation. Recent observations put significant constraints on
the amplitude of isocurvature fluctuations, so the scale of inflation cannot
be too large; but perhaps the present scenario sharpens the motivation to
search for them down to low levels.

Finally, it is tempting to connect the line of thought pursued here with the
other context in which anthropic reasoning has been applied to cosmology
recently, that is Weinberg’s discussion of the cosmological term [14]. He
framed his discussion rather abstractly, without specifying a microscopic
model. It is quite simple to make a model along the lines discussed here. We
can go back to the comforting — but of course totally unproved! — assumption
that the asymptotic value of the cosmological term, in the distant future, is
zero, and that what we are observing at present is residual energy frozen into
a scalar axion-like field whose value is effectively uniform over the observable
Universe. This requires a small value of A and a large value of F', relative to
the axion that plays a role in the strong P and T problems, in order that the
mass m ~ A?/F should be of order the inverse Hubble time, to ensure that
the field is ‘stuck’> A~10"12 GeV, F~ 10" GeV will do the job. These
values also (barely!) assure, respectively, that the vacuum energy controlled
by our field can supply enough for the observed cosmological term, and that
it is associated with Planck-scale physics. The closeness of this call might
be considered a small bit of encouragement for observational programmes to
check whether the dark energy might have become unstuck and have started
to evolve in recent cosmological times.

It could appear highly unnatural, upon first sight, that symmetry-breaking
at such a large scale could be associated with so little energy. It generally
would be, but in axion physics it is not so unreasonable. The point is that
all effects of 6-like parameters are non-perturbative, and in weak coupling
they contain explicit suppression factors such as e 87°/9*  1In QCD, that
suppression is obscured, since g is not uniformly small, but it does not take
much smallness in the g governing the relevant gauge theory to render this
supression factor quite small.

Having made these alterations, we can repeat our cosmological story and —
within this circle of ideas — justify Weinberg’s hypothesis of effectively ran-
dom variation of the cosmological term and its independence from other
parameters. A minor difference is that negative values of the cosmological
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term do not appear. It would be logical, of course, and very interesting,
to consider from an anthropic perspective the implications of allowing both
the dark matter to baryon matter ratio » and the cosmological term A to
vary independently but simultaneously. One must keep in mind that the
inflated PQ horizon might be quite different from the corresponding horizon
for the dark energy ‘axion’. If that occurs, then we should vary one mis-
match angle over the multiverse corresponding to the smaller horizon before
varying the other over the ‘multi-multiverse’ associated with the larger hori-
zon. The most probable value may be different, since the y that maximizes
f(z,y) is not the same as the y that maximizes the average (f(z,y)), taken
over x, in general. A virtue of explicit dynamical models is that they bring
subtleties such as this into the foreground.
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Anthropic predictions:
the case of the cosmological constant

Alexander Vilenkin
Department of Physics and Astronomy, Tufts University

10.1 Introduction

The parameters we call constants of nature may, in fact, be stochastic
variables taking different values in different parts of the Universe. The
observed values of these parameters are then determined by chance and by
anthropic selection. It has been argued, at least for some of the constants,
that only a narrow range of their values is consistent with the existence of
life [1-5].

These arguments have not been taken very seriously and have often been
ridiculed as handwaving and unpredictive. For one thing, the anthropic
worldview assumes some sort of a ‘multiverse’ ensemble, consisting of mul-
tiple universes or distant regions of the same Universe, with the constants
of nature varying from one member of this ensemble to another. Quantita-
tive results cannot be obtained without a theory of the multiverse. Another
criticism is that the anthropic approach does not make testable predictions;
thus it is not falsifiable, and therefore not scientific.

While both of these criticisms had some force a couple of decades ago,
much progress has been made since then, and the situation is now completely
different. The first criticism no longer applies, because we now do have a
theory of the multiverse. It is the theory of inflation. A remarkable feature
of inflation is that, generically, it never ends completely. The end of inflation
is a stochastic process; it occurs at different times in different parts of the
Universe, and at any time there are regions which are still inflating [6,7]. If
some ‘constants’ of nature are related to dynamical fields and are allowed
to vary, they are necessarily randomized by quantum fluctuations during
inflation and take different values in different parts of the Universe. Thus,
inflationary cosmology gives a specific realization of the multiverse ensemble
and makes it essentially inevitable. (For a review, see ref. [8].)

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.
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In this chapter, I am going to address the second criticism: that anthropic
arguments are unpredictive. I will try to dispel this notion and outline how
anthropic models can be used to make quantitative predictions. These pre-
dictions are of a statistical nature, but they still allow models to be confirmed
or falsified at a specified confidence level. I will focus on the case of the cos-
mological constant, whose non-zero value was predicted anthropically well
before it was observed. This case is of great interest in its own right and is
well suited to illustrate the issues associated with anthropic predictions.

10.2 Anthropic bounds versus anthropic predictions

For terminological clarity, it is important to distinguish between anthropic
bounds and anthropic predictions. Suppose there is some parameter X,
which varies from one place in the Universe to another. Suppose further
that the value of X affects the chances for intelligent observers to evolve,
and that the evolution of observers is possible only if X is within some
interval:

Xinin < X < Xpax- (10.1)

Clearly, values of X outside this interval are not going to be observed,
because such values are inconsistent with the existence of observers. This
statement is often called the ‘anthropic principle’.

Although anthropic bounds, like Eq. (10.1), can have considerable
explanatory power, they can hardly be regarded as predictions: they are
guaranteed to be right. And the ‘anthropic principle’, as stated above,
hardly deserves to be called a principle; it is trivially true. This is not to
say, however, that anthropic arguments cannot yield testable predictions.

Suppose we want to test a theory according to which the parameter X
varies from one part of the Universe to another.! Then, instead of looking
for the extreme values Xin and X.¢ that make observers impossible, we
can try to predict what values of X will be measured by typical observers.
In other words, we can make statistical predictions, assigning probabilities
P(X) to different values of X. (P(X) is the probability that an observer
randomly picked in the Universe will measure a given value of X.) If any
principle needs to be invoked here, it is what I call ‘the principle of medi-
ocrity’ [9] — the assumption that we are typical among the observers in the
Universe. Quantitatively, this can be expressed as the expectation that we
should find ourselves, say, within the 95% range of the distribution. This can
be regarded as a prediction at a 95% confidence level. If instead we measure

1 I assume, for simplicity, that X is variable only in space, not in time.
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a value outside the expected range, this should be regarded as evidence
against the theory.

10.3 The cosmological constant problem

The cosmological constant is (up to a numerical factor) the energy density
of the vacuum, p,. Below, I do not distinguish between the two and use the
terms ‘cosmological constant’ and ‘vacuum energy density’ interchangeably.
By Einstein’s mass—energy relation, the energy density is simply related to
the mass density, and I will often express p, in units of g cm™3.

The gravitational properties of the vacuum are rather unusual: for positive
pv, its gravitational force is repulsive. This can be traced to the fact that,
according to Einstein’s General Relativity, the force of gravity is determined
not solely by the energy (mass) density p, but rather by the combination
(p+3P), where P is the pressure and I put ¢ = 1. In ordinary astrophysical
objects, such as stars or galaxies, the pressure is much smaller than the
energy density, P < p, and its contribution to gravity can be neglected.
But, in the case of vacuum,? the pressure is equal and opposite to py,

P, = —py, (10.2)

so that py + 3P, = —2p,. Pressure not only contributes significantly to the
gravitational force produced by the mass, it also changes its sign.

The cosmological constant was introduced by Einstein in his 1917 paper
[10], in which he applied the newly developed theory of General Relativity to
the Universe as a whole. Einstein believed that the Universe was static, but
to his dismay he found that the theory had no static cosmological solutions.
He concluded that the theory had to be modified and he introduced the cos-
mological term, which amounted to endowing the vacuum with a positive
energy density. The magnitude of p, was chosen so that its repulsive grav-
ity exactly balanced the attractive gravity of matter, resulting in a static
world. More than a decade later, after Hubble’s discovery of the expansion
of the Universe, Einstein abandoned the cosmological constant, calling it the
greatest blunder of his life. But once the genie was out of the bottle, it was
not so easy to put it back.

Even if we do not introduce the vacuum energy ‘by hand’, fluctuations of
quantum fields, like the electromagnetic field, would still make this energy
non-zero. Adding up the energies of quantum fluctuations with shorter and
shorter wavelengths gives a formally infinite answer for p,. The sum has

2 Since the vacuum energy is proportional to the volume V' it occupies, E = p,V, the pressure
is P, = —dE/dV = —py.
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to be cut off at the Planck length, Ip ~ 10733 c¢m, where quantum gravity
effects become important and the usual concepts of space and time no longer
apply. This gives a finite, but absurdly large value: p, ~ 10 g cm™3.
A cosmological constant of this magnitude would cause the Universe to
expand with a stupendous acceleration. If indeed our vacuum has energy, it
should be at least 120 orders of magnitude smaller in order to be consistent
with observations. In supersymmetric theories, the contributions of different
fields partially cancel, and the discrepancy can be reduced to 60 orders of
magnitude. This discrepancy between the expected and observed values
of py is called the cosmological constant problem. It is one of the most
intriguing mysteries that we are now facing in theoretical physics.

10.4 The anthropic bound

A natural resolution to the cosmological constant problem is obtained in
models where p, is a random variable. The idea is to introduce a dynamical
dark energy component X whose energy density px varies from place to
place, due to stochastic processes that occurred in the early Universe. A
possible model for px is a scalar field with a very flat potential [11,12],
such that the field is driven to its minimum on an extremely long timescale,
much longer than the present age of the Universe. Another possibility is a
discrete set of vacuum states. Transitions between different states can then
occur through nucleation and expansion of bubbles bounded by domain
walls [13,14]. The effective cosmological constant is given by p, = pa + px,
where pj is the constant vacuum energy density, which may be as large as
109 g em™3 (with either sign). The cosmological constant problem now
takes a different form: the puzzle is why we happen to live in a region where
pA is nearly cancelled by px.

The key observation, due to Weinberg [15] (see also refs. [3], [11] and [16]),
is that the cosmological constant can have a dramatic effect on the formation
of structure in the Universe. The observed structures — stars, galaxies and
galaxy clusters — evolved from small initial inhomogeneities, which grew over
eons of cosmic time by gravitationally attracting matter from surrounding
regions. As the Universe expands, matter is diluted, so its density goes down
as follows:

pym = (1 + 2)° o, (10.3)

where pypg is the present matter density and z is the redshift.? At the same
time, the density contrast o = dp/p between overdense and underdense

3 The redshift z is defined so that (1+ z) is the expansion factor of the Universe between a given
epoch and the present (earlier times correspond to larger redshifts).
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regions keeps growing. Gravitationally bound objects form where o ~ 1. In
the Standard Model the first stars form in relatively small matter clumps
of mass ~10°My. The clumps then merge into larger and larger objects,
leading to the formation of giant galaxies like our own and galaxy clusters.

How is this picture modified in the presence of a cosmological constant? At
early times, when the density of matter is high, pa > py, the vacuum energy
has very little effect on structure formation. But, as the Universe expands
and the matter density decreases, the vacuum density p, remains constant
and eventually becomes greater than py;. At this point, the character of
cosmic expansion changes. Prior to vacuum-domination, the expansion is
slowed down by gravity, but afterwards it begins to accelerate, due to the
repulsive gravity of the vacuum. Weinberg showed that the growth of density
inhomogeneities effectively stops at that epoch. If no structures were formed
at earlier times, then none will ever be formed.

It seems reasonable to assume that the existence of stars is a necessary
prerequisite for the evolution of observers. We also need to require that
the stars belong to sufficiently large bound objects — galaxies — so that their
gravity is strong enough to retain the heavy elements dispersed in supernova
explosions. These elements are necessary for the formation of planets and
observers. An anthropic bound on the vacuum energy can then be obtained
by requiring that p, does not dominate before the redshift z,,x when the
earliest galaxies are formed. With the aid of Eq. (10.3), this yields

pv < (14 Zmax)®pro- (10.4)

The most distant galaxies observed at the time when Weinberg wrote his
paper had redshifts z ~ 4.5. Assuming that zpax ~ 4.5, Eq. (10.4) yields
the bound p, < 170pn. A more careful analysis by Weinberg showed that
in order to prevent structure formation, p, needs to be three times greater
than suggested by Eq. (10.4), so a more accurate bound is given by

pv < 500pM0 (105)

(see ref. [15]). Of course, the observation of galaxies at z ~ 4.5 means only
that zmax > 4.5, and Weinberg referred to Eq. (10.5) as ‘a lower bound
on the anthropic upper bound on p,’. At present, galaxies are observed at
considerably higher redshifts, up to z ~ 10. The corresponding bound on
pv would be

pu < 4000p170. (10.6)

For negative values of py, the vacuum gravity is attractive, and vacuum-
domination leads to a rapid recollapse of the Universe. An anthropic lower
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bound on py can be obtained in this case by requiring that the Universe does
not recollapse before life had a chance to develop [3,17]. Assuming that the
timescale for life evolution is comparable to the present cosmic time, one
finds* py > —pmo-

The anthropic bounds are narrower, by many orders of magnitude, than
the particle physics estimates for p,. Moreover, as Weinberg noted, there is
a prediction implicit in these bounds. He wrote [18]:

...if it is the anthropic principle that accounts for the smallness of the cosmolog-
ical constant, then we would expect a vacuum energy density p, ~ (10 — 100)ppo,
because there is no anthropic reason for it to be any smaller.

One has to admit, however, that the anthropic bounds fall short of the
observational bound, (py)obs < 4pmo, by a few orders of magnitude. If

all the values in the anthropically allowed range were equally probable, an
additional fine-tuning by a factor of 100—1000 would still be needed.

10.5 Anthropic predictions

The anthropic bound given by Eq. (10.4) specifies the value of p, which
makes galaxy formation barely possible. However, if p, varies in space, then
most of the galaxies will not be in regions characterized by these marginal
values, but rather in regions where p, dominates after a substantial fraction
of matter had already clustered into galaxies.

To make this quantitative, we define the probability distribution P(py)dpy
as being proportional to the number of observers in the Universe who will
measure py in the interval dp,. This distribution can be represented as a
product [9]:

P(pV)de = nobs(ﬂv)Pprior(Pv)dPV- (107)

Here, Pprior(pv)dpy is the prior distribution, which is proportional to the
volume of those parts of the Universe where p, takes values in the interval
dpy, and neps(py) is the number of observers that are going to evolve per
unit volume. The distribution given by Eq. (10.7) gives the probability
that a randomly selected observer is located in a region where the effective
cosmological constant is in the interval dpy.

Of course, we have no idea how to calculate ngs, but what comes to the
rescue is the fact that the value of p, does not directly affect the physics
and chemistry of life. As a rough approximation, we can then assume that
4 An important distinction between positive and negative values of py is that, for p, > 0, galaxies

that formed prior to vacuum-domination can survive indefinitely in the vacuum-dominated
Universe.
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Nobs(pyv) is simply proportional to the fraction of matter f clustered in giant
galaxies like ours (with mass M > Mg = 10'2M,),

Nobs(pv) X f(Mg, py)- (10.8)

The idea is that there is a certain number of stars per unit mass in a galaxy
and a certain number of observers per star. The choice of the galactic mass
Mg is an important issue; I will comment on it in Section 10.6.

The calculation of the prior distribution Pprior(pv) requires a particle
physics model which allows p, to vary and a multiverse model that would
generate an ensemble of sub-universes with different values of p,. An exam-
ple of a suitable particle theory is superstring theory, which appears to admit
an incredibly large number of vacua (possibly as large as 10'°%0 [19-21]),
characterized by different values of particle masses, couplings and other
parameters, including the cosmological constant. When this is combined
with the cosmic inflation scenario, one finds that bubbles of different vacua
copiously nucleate and expand during inflation, producing exponentially
large regions with all possible values of p,. Given a particle physics model
and a model of inflation, one can in principle calculate Pprior(py). Examples
of calculations for specific models have been given in refs. [12], [22] and [23].5
Needless to say, the details of the fundamental theory and the inflationary
dynamics are too uncertain for a definitive calculation of Pprior. We shall
instead rely on the following general argument [28,29].

Suppose some parameter X varies in the range A X and is characterized by
a prior distribution Ppyior(X). Suppose further that X affects the number
of observers in such a way that this number is non-negligible only in a
very narrow range AXg,s < AX. Then one can expect that the function
Pprior (X ) with a large characteristic range of variation should be very nearly
constant in the tiny interval AXgps.% In the case of py, the range Ap, is set
by the Planck scale or by the supersymmetry-breaking scale, and we have
(Apy)obs/Apy ~ 10750-107120, Hence, we expect

Pprior(pv) ~ const,. (10.9)

5 There are still some open issues regarding the definition of Pprior for models with a discrete
spectrum of variable ‘constants’ [24-26]. For a recent discussion and a proposed resolution, see
ref. [27].

6 A very different model for the prior distribution was considered by Rubakov and Shaposhnikov
[30]. They assumed that Pprior(X) is a sharply peaked function with a peak outside the
anthropic range A and argued that the observed value of X should then be very close to the
boundary of \A. We note that, in this case, the peak of the full distribution is likely to be in a
life-hostile environment, where both Pprior(X) and neps(X) are very small. In the case of the
cosmological constant, this would mean that the number density of galaxies is very low. This
is not the case in our observable region, indicating that the model of ref. [30] does not apply.
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I emphasize that the assumption here is that the value p, = 0 is not in any
way special, as far as the fundamental theory is concerned, and is, therefore,
not a singular point of Pprior(pv)-

Combining Egs. (10.7) to (10.9), we obtain

P(py) o< f(Ma, py)- (10.10)

In ref. [9], where I first introduced the anthropic probability distributions of
the form given by Eq. (10.7), I did not attempt a detailed calculation of the
distribution for py, resorting instead to a rough estimate. If we denote by
zg the redshift at the epoch of galaxy formation, then most of the galaxies
should be in regions where the vacuum energy dominates only after some
redshift z, < zg. Regions with z, > zg will have very few galaxies, while
regions with 2z, < zg will be rare, simply because they correspond to a
very narrow range of p, near zero. Hence, we expect a typical galaxy to be
located in a region where

Zy ~ 2G. (10.11)
The expected value of p, is then given by

py ~ (1+ 26)%pmo- (10.12)

The choice of the galaxy formation epoch z¢ is related to the choice of the
galactic mass Mg in Eq. (10.8). T used zg ~ 1, obtaining py, ~ 8pwmpo-

A similar approach was later developed by Efstathiou [31]. The main dif-
ference is that he calculated the fraction of clustered matter f at the time
corresponding to the observed value of the microwave background tempera-
ture, Ty = 2.73 K, while my suggestion was to use the asymptotic value of f
as t — o0o. The two approaches correspond to different choices of the refer-
ence class of observers, among whom we expect to be typical. Efstathiou’s
choice includes (roughly) only observers that have evolved until the present,
while my choice includes all observers — present, past and future. If we
are truly typical, and live at the time when most observers live, the two
methods should give similar results. Indeed, one finds that the probability
distributions calculated by these methods are nearly identical.”

10.6 Comparison with observations

Despite a number of observational hints that the cosmological constant
might be non-zero (see, for example, ref. [32]), its discovery still came as a

7 L. Pogosian (private communication). The original calculation by Efstathiou gave a different
result, but that calculation contained an error, which was later pointed out by Weinberg [29].
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great surprise to most physicists and astronomers. Observations of distant
supernovae by two independent groups in 1997-98 provided strong evidence
that the expansion of the Universe is accelerating [33]-[35]. The simplest
interpretation of the data was in terms of a cosmological constant with
pv ~ 2.3pmo- Further evidence came from the cosmic microwave background
and galaxy clustering observations, and by now the case for the cosmological
constant is very strong.

The discovery of the cosmological constant was particularly shocking to
particle physicists, who almost universally believed that it should be zero.
They assumed that something so small could only be zero and searched for a
new symmetry principle or a dynamical adjustment mechanism that would
force py to vanish. The observed value of p, brought yet another puzzle. The
matter density py and the vacuum energy density py scale very differently
with the expansion of the Universe. In the early Universe the matter density
dominates, while in the asymptotic future it becomes negligible. There is
only one epoch in the history of the Universe when py ~ py. It is difficult
to understand why we happen to live in this very special epoch. This is the
so-called cosmic coincidence problem.

The coincidence is easily understood in the framework of the anthropic ap-
proach [36,37]. The galaxy formation epoch, zg~1-3, is close to the present
cosmic time, and the anthropic model predicts that vacuum-domination
should begin at z ~ zg from Eq. (10.11). This explains the coincidence.

The probability distribution for p, based on Eq. (10.10) was extensively
analyzed in ref. [38]. The distribution depends on the amplitude of galactic-
scale density perturbations, ¢, which can be specified at some suitably
selected epoch (for example, the epoch of recombination). Until recently, sig-
nificant uncertainties in this quantity complicated the comparison of
anthropic predictions with the data [23,38]. These uncertainties appear now
to have been mostly resolved [39]. In Fig. 10.1 we plot, following ref. [40],
the resulting probability distribution per logarithmic interval of p,. Only
positive values of py are considered, so this can be regarded as a conditional
distribution, given that p, > 0. On the horizontal axis, p, is plotted in
units of the observed vacuum energy density, p% = 7 x 1073 ¢ cm™3. The
ranges of the distribution excluded at the 68% and 95% confidence levels
are indicated by light and dark shading, respectively.

We note that the confidence level ranges in Fig. 10.1 are rather broad.
This corresponds to a genuine large variance in the cosmic distribution of
pv. The median value of the distribution is about twenty times greater than
the observed value. But still, the observed value pj falls well within the
range of anthropic prediction at the 95% confidence level.



172 Alexander Vilenkin

| § |
k . |
.

| . |
] - |
z | - A
: . |
ol . A\ -

Fig. 10.1. The probability density per logarithmic interval of p,. The lightly and
densely shaded areas are the regions excluded at 68% and 95% levels, respectively.
The uncertainty in the observed value pj is indicated by the vertical strip.

At this point, I would like to comment on some important assumptions
that went into the successful prediction of the observed value of p,. First, we
assumed the flat prior probability distribution given by Eq. (10.9). Analysis
of specific models shows that this assumption is indeed valid in a wide class
of cases, but it is not as automatic as one might expect [12,22, 41, 42].
In particular, it is not clear that it is applicable to superstring-inspired
models of the type discussed in refs. [19]-[21]. (We discuss this further in
Section 10.8.)

Second, we used the value of Mg = 10'2M for the galactic mass in
Eq. (10.10). This amounts to assuming that most observers live in giant
galaxies like the Milky Way. We know from observations that some galaxies
existed already at z = 10, and the theory predicts that some dwarf galaxies
and dense central parts of giant galaxies could form as early as z = 20.
If observers were as likely to evolve in galaxies that formed early as in those
that formed late, the value of p, indicated by Eq. (10.12) would be far
greater than observed. Clearly, the agreement is much better if we assume
that the conditions for civilizations to emerge arise mainly in galaxies which
form at lower redshifts, zg ~ 1.
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Following ref. [42], I will now point to some directions along which the
choice of zg ~ 1 may be justified. As already mentioned, one problem
with dwarf galaxies is that their mass may be too small to retain the heavy
elements dispersed in supernova explosions. Numerical simulations suggest
that the fraction of heavy elements retained is ~30% for a 109M galaxy
and is negligible for much smaller galaxies [43]. Hence, we have to require
that the structure formation hierarchy evolves up to mass scales ~109 M
or higher prior to the vacuum energy dominating. This gives the condition
zg < 3, but falls short of explaining zg ~ 1.

Another point to note is that smaller galaxies, formed at earlier times,
have a higher density of matter. This may increase the danger of nearby
supernova explosions and the rate of near encounters with stars, large molec-
ular clouds or dark matter clumps. Gravitational perturbations of planetary
systems in such encounters could send a rain of comets from the Oort-type
clouds towards the inner planets, causing mass extinctions.

Our own galaxy has definitely passed the test for the evolution of observers,
and the principle of mediocrity suggests that most observers may live in
galaxies of this type. The Milky Way is a giant spiral galaxy. The dense
central parts of such galaxies were formed at a high redshift, z > 5, but their
discs were assembled at z < 1 [44]. Our Sun is located in the disc, and if
this situation is typical, then the relevant epoch to use in Eq. (10.12) is the
redshift zq ~ 1 associated with the formation of the discs of giant galaxies.®

It should be clear from this discussion that the confidence ranges in
Fig. 10.1 are not to be taken too literally. The distribution in Fig. 10.1
is based on Eq. (10.8), which is only a very rough model for the density
of observers. It assumes that all galaxies of mass M > Mg, regardless of
when they are formed, will have the same average number of observers per
unit mass. This probably overestimates the density of observers at high
values of p, corresponding to denser galaxies which are more hazardous for
life. More accurate models for nyps(py) will require a better understand-
ing of galactic evolution and the conditions necessary to sustain habitable
planetary systems.

10.7 Predictions for the equation of state

A generic prediction of anthropic models for the vacuum energy is that
the vacuum equation of state given by Eq. (10.2) should hold with very
high accuracy [42]. In models of discrete vacua, this equation of state is
8 These remarks may or may not be on the right track, but if the observed value of p, is due

to anthropic selection, then, for one reason or another, the evolution of intelligent life should

require conditions which are found mainly in giant galaxies, which completed their formation
at zg ~ 1. This is a prediction of the anthropic approach.
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guaranteed by the fact that in each vacuum the energy density is a constant
and can only change by nucleation of bubbles. If px is a scalar field potential,
it must satisfy the slow-roll condition, i.e. the field should change slowly on
the timescale of the present age of the Universe. The slow-roll condition is
likely to be satisfied by many orders of magnitude. Although it is possible
to adjust the potential so that it is only marginally satisfied, it is satisfied
by a very wide margin in generic models. This implies the equation of state
given by Eq. (10.2).

There is also a related prediction, which is not likely to be tested anytime
soon. In anthropic models, p, can take both positive and negative values, so
the observed positive dark energy will eventually start decreasing and turn
negative, and our part of the Universe will recollapse to a big crunch. Since
the evolution of py is expected to be very slow on the present Hubble scale,
we do not expect this to happen sooner than a trillion years from now [42].

It should be noted that the situation may be different in more complicated
models, involving more than one scalar field. It has been shown in ref. [23]
that the equation of state in such models may significantly deviate from
Eq. (10.2), and the recollapse may occur on a timescale comparable to the
lifetime of the Sun. Observational tests distinguishing between the two types
of models have been discussed in refs. [45]-[47]. Recent observations [39]
yield P,/py = —1 4+ 0.1, consistent with the simplest models.

10.8 Implications for particle physics

Anthropic models for the cosmological constant have non-trivial implications
for particle physics. Scalar field models require the existence of fields with
extremely flat potentials. Models with a discrete set of vacua require that the
spectrum of values of p, should be very dense, so that there are many such
values in the small anthropically allowed range. This points to the existence
of very small parameters that are absent in familiar particle physics models.
Some ideas on how such small parameters could arise have been suggested
in refs. [12], [41] and [48]-[51].

A different possibility, which has now attracted much attention, is inspired
by superstring theory. This theory presumably has an enormous number of
different vacua, scattered over a vast ‘string theory landscape’. The spec-
trum of py (and of other particle physics constants) can then be very dense
without any small parameters, due to the sheer number of vacua [19-21].
This picture, however, entails a potential problem. Vacua with close values
of p, are not expected to be close to one another in the ‘landscape’, and
there seems to be no reason to expect that they will be chosen with equal
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probability by the inflationary dynamics. Hence, we can no longer argue
that the prior probability distribution is flat. In fact, since inflation is char-
acterized by an exponential expansion of the Universe, and the expansion
rate is different in different parts of the landscape, the probabilities for well
separated vacua are likely to differ by large exponential factors. If indeed
the prior distribution is very different from flat, this may destroy the suc-
cessful anthropic prediction for py. This issue requires further study, and I
am sure we are going to hear more about it.

10.9 Including other variables

If the cosmological constant is variable, then it is natural to expect that
some other ‘constants’ could vary as well, and it has been argued that includ-
ing other variables may drastically modify the anthropic prediction for p,
[4,52,53]. The idea is that the adverse effect on the evolution of observers
due to a change in one variable may be compensated by an appropriate
change in another variable. As a result, the peak of the distribution may
drift into a totally different area of the parameter space. While this is a
legitimate concern, specific models with more than one variable that have
been analyzed so far suggest that the anthropic prediction for py is rather
robust.

Suppose, for example, that p, and the primordial density contrast o (spec-
ified at recombination) are both allowed to vary. Then we are interested in
the joint distribution

P(py,0)dpydo. (10.13)

Using the same assumptions” as in Section 10.6 and introducing a new vari-
abley = p, /03, one finds [42] that this distribution factorizes to the following

form:10

03 Pprior(0)do - f(y)dy, (10.14)

9 The assumption that the number of observers is simply proportional to the fraction of matter
clustered into galaxies may not give a good approximation in regions where o is very large. In
such regions, galaxies form early and are very dense, so the chances for life to evolve may be
reduced. A more accurate calculation should await better estimates for the density of habitable
stellar systems.

10 Note that there is no reason to expect the prior distribution for o to be flat. The amplitude of
density perturbations is related to the dynamics of the inflaton field that drives inflation and
is therefore strongly correlated with the amount of inflationary expansion. Hence, we expect
Pprior to be a non-trivial function of . In fact, it follows from Eq. (10.14) that Pprior(0)
should decay at least as fast as 0~ in order for the distribution to be integrable [36].
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where f(y) is the fraction of matter clustered in galaxies (which depends
only on the combination p, /).

After integration over o, we obtain essentially the same distribution as
before, but for a new variable y. The prediction now is not for a particular
value of p,, but for a relation between p, and o. Comparison of the predicted
and observed values of y is given by the same graph as in Fig. 10.1, with a
suitable rescaling of the horizontal axis. As before, the 95% confidence level
prediction is in agreement with the data.

Another example is a model where the neutrino masses are assumed to be
anthropic variables. Neutrinos are elusive light particles, which interact very
weakly and whose masses are not precisely known. The current astrophysical
upper bound on the neutrino mass is m, < 0.5 eV [39] and the lower bound
from the neutrino oscillation data is m, > 0.05 eV [54]. (In what follows,
m,, denotes the sum of the three neutrino masses.) It has been suggested in
ref. [55] that small values of the neutrino masses may be due to anthropic
selection. A small increase of m, can have a large effect on galaxy formation.
Neutrinos stream out of overdense regions, slowing the growth of density
perturbations. The fraction of mass that neutrinos contribute to the total
density of the Universe is proportional to m,. Thus, perturbations will grow
slower, and there will be fewer galaxies, in regions with larger values of m,,.
A calculation along the same lines as in Section 10.5 yields a prediction
0.07 eV < m, < 5.7 eV at the 95% confidence level.

In ref. [40] this model was extended, allowing both m, and p, to be
anthropic variables. The resulting probability distribution P(py,m, ) is con-
centrated in a localized region of the parameter space. Its peak is not far
from the peaks of the individual distributions for p, and m,. In fact, inclu-
sion of m, somewhat improves the agreement of the prediction for p, with
the data.

The parameters py, o and m,, share the property that they do not directly
affect life processes. Other parameters of this sort include the mass of dark
matter particles and the number of baryons per photon. The effects of vary-
ing these parameters have been discussed in refs. [4] and [52]. In particular,
Aguirre [52] argued that values of the baryon-to-photon ratio much higher
than observed may be anthropically favoured. What he showed, in fact, is
that this proposition cannot at present be excluded. This is an interesting
issue and certainly deserves further study. Extensions to parameters such
as the electron mass or charge, which do affect life processes, are on much
shakier ground. Until these processes are much better understood, we will
have to resort to qualitative arguments, as in refs. [1]-[3] and [5].
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10.10 Concluding remarks

The case of the cosmological constant demonstrates that anthropic models
can be subjected to observational tests and can be confirmed or ruled out at
a specified confidence level. It also illustrates the limitations and difficulties
of anthropic predictions.

The situation we are accustomed to in physics is that the agreement be-
tween theory and observations steadily improves, as the theoretical calcula-
tions are refined and the accuracy of measurements increases. This does not
apply in anthropic models. Here, predictions are in the form of probability
distributions, having an intrinsic variance which cannot be further reduced.

However, there is ample possibility for anthropic models to be falsified.
This could have happened in the case of the cosmological constant if the
observed value turned out to be much smaller than it actually is. And this
may still happen in the future, with improved understanding of the prior
and anthropic factors in the distribution given by Eq. (10.7). Also, there
is always a possibility that a compelling non-anthropic explanation for the
observed value of p, will be discovered. As of today, no such explanation
has been found, and the anthropic model for p, can certainly be regarded a
success. This may be the first evidence that we have for the existence of a
vast multiverse beyond our horizon.
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The definition and classification of universes

James D. Bjorken

Stanford Linear Accelerator Center, Stanford University

11.1 Introduction

When discussing the concept of multiple universes, it is a major challenge to
keep the discourse within the bounds of science. There is an acute need to
define what is being talked about. The issues include the following questions.
How does one in general define a universe? Should one entertain different
laws of physics in different universes? What are the most important para-
meters and /or features that characterize a universe? Once a parametrization
has been attained, what is the differential probability of finding a universe
with specified parameters? Is the integral of this distribution function finite
or infinite?

A useful and familiar analogy is to consider planet Earth as a universe.
It is, after all, not so long ago that this was mankind’s paradigm. Then
one may take the ensemble of universes, or multiverse, to be the set of
all compact massive objects within the solar system which orbit the Sun
and/or each other. Alternatively, one may take as a toy multiverse the set
of all planets in the Galaxy or our universe. In either case, it is clear that
the characterization of individual members of the ensemble is a very difficult
task and requires a sophisticated understanding of much of planetary science,
especially the experimental side of the subject.

One simplification of the general problem of classification is to restrict
the consideration to that subset of universes (or — in the analogy — planets)
which are nearly the same as our own. And this restriction can be naturally
expressed in anthropic terms, by asking that the subset in question be that
which admits in principle the existence of life as we know it. Even so, in
the case of planets, this restricted problem is still very difficult. It is not
clear whether our universe contains a large set of such planets, or whether

Universe or Multiverse?, ed. Bernard Carr. Published by Cambridge University Press.
(© Cambridge University Press 2007.
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the set only consists of our own planet. The problem is nicely described in
the book Rare Earth by Brownlee and Ward [1].

If the problem of characterizing habitable universes within the multiverse
is as complex as that of characterizing habitable planets within our universe,
it is not at all clear that scientific methods will ever lead to noticeable
progress in understanding. We can only hope that the case of universes
is simpler than that of planets. In what follows, we will assume that the
characterization of universes can be made concise, and we will shape our
further working assumptions with this in mind.

11.2 What is a universe?

The characterization of universes naturally begins with the characterization
of our own. In what follows, we shall adopt uncritically the Standard Model
of contemporary cosmology. We assume that the spacetime geometry within
each universe, as defined below in more detail, is spatially flat and can be
described (in the large) by the Friedmann—-Robertson-Walker (FRW) metric
throughout its history. We assume that there is a non-vanishing cosmological
constant, with dark energy comprising at present 70% of the energy of the
universe, with most of the remainder contributed by dark matter. We also
assume that prior to the ignition of the (radiation-dominated) big bang,
there was an inflationary epoch characterized by a quasi-de Sitter spacetime,
during which the FRW scale factor inflated by at least thirty powers of ten.

Strictly speaking, the size of such a universe is infinite, because the FRW
spatial volume is infinite. But even if the FRW metric can be extrapolated
to arbitrarily large distances, it still remains the case that almost all of this
spacetime region is causally disconnected from us and will remain so to our
descendants — provided the cosmological constant remains non-vanishing in
the future (something which we will assume, for better or worse). So we
place a box with comoving walls, centred on us, into the FRW spacetime.
The dimension of the box at the present time is taken to be of order ten
times the nominal size of our universe, which is 30000 Mpc or 10%° ¢cm. For
practical purposes, we assume periodic boundary conditions at the surface of
the box. Sensitivity of physical phenomena to this artifice can be tested by
varying the (comoving) dimensions of the box. We do not expect significant
sensitivity, because the box surface will be causally disconnected from us
and our descendants.

Just as we bound by hand the spatial extent of our universe, we shall also
bound the temporal extent. We choose as the initial time a value for which
the physical size of the comoving box is not too much larger than the Planck
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scale. Clearly, if the initial time were to be chosen much smaller, the size
of the box would become small in comparison to the Planck scale, and the
uncertainties in the underlying physics would grow considerably. And again
there is good reason to believe that the phenomenology accessible to us is
not strongly dependent upon details of the assumed initial state — although
this question is still under vigorous debate.

It is also tempting to put a bound on the future as well as the past.
Assuming the cosmological constant to be truly constant, there will be in
the future a landmark time, at about 10'? y, when the temperature of the
primordial black-body radiation decreases to the Hawking temperature of
our de Sitter spacetime and almost all of the matter entropy has disappeared
behind the de Sitter horizon. This occurs after the universe has inflated by

030 more than at present. Beyond this time the universe

a factor of about 1
within the de Sitter horizon (the part causally connected to us and our
descendants) is a truly quantum system. Again the uncertainties in the
theoretical description are sure to be much higher, so we draw the line at
this point.

In summary, we define our universe as the region of spacetime within
the spacetime box defined above. Theoretical physics restricted to ‘inside
the box’ has a chance of being within the realm of physical science, i.e.
verifiable or falsifiable by conceivable experiments. Outside the box it is
much less likely that this is the case. I prefer to stay inside the box and, at
most, compare the physics in our box with that in other hypothetical boxes,
similarly constructed, located elsewhere in spacetime.

The most gross features of the universe ‘inside the box’ can be best seen in
the limit of ignoring small details, such as the difference between the GUT
and Planck scales, the difference between the ‘reheat’ temperature and the
Planck scale, and the very existence of ordinary and dark matter. Each
of these simplifications involves replacing factors of 10° or so by factors
of order unity. While this is extreme, it is not a big deal in comparison

030 in the description, which is ubiquitous.

with the remaining factor of 1
The history of this ‘universe in a box for dummies’ divides itself into three
epochs: quasi-de Sitter inflation, radiation-dominated big bang and dark-
energy-dominated de Sitter expansion. Each epoch is characterized by an
increase in the FRW scale factor of about 1030, After the first epoch, the
entropy of the radiation quanta accessible to our observation, and that of
our progeny (of order 10°0), is enclosed in a volume with dimensions of
millimetres, a scale of order 103° times larger than the Planck scale. And
after the second epoch (roughly now), the temperature of the primordial
radiation is 103 larger than the Hawking temperature of the future de Sitter
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spacetime and a factor 10%° smaller than the Planck temperature. All these
factors of 103 can be traced to the ratio of the dark-energy scale to the
Planck-energy scale, i.e. to the value of the cosmological constant.

From this viewpoint, the cosmological constant is the most robust para-
meter characterizing the spacetime architecture of our universe and the sub-
ensemble of universes which have properties similar to ours. Indeed, we will
define the size of a universe in these terms: it is the value of the inverse
Hubble constant in the future, when dark energy overwhelms matter in the
FRW evolution.

11.3 Standard model and cosmological parameters in the
multiverse

When considering the multiverse at large, it is possible that different uni-
verses have different gross histories. Do other universes go through inflation
and radiation-dominated big bangs? We shall assume that there is a subset
which does so, in a manner similar to our own universe, and limit our atten-
tion to that subset. It is also possible that different universes have different
laws of physics. For example, the pattern of symmetries in other universes
may not be the same as what is expressed by the Standard Model group;
even the degrees of freedom might differ. Again, we do not here entertain
such possibilities, but restrict our attention to those universes which have
the same Standard Model effective action as our own. However, we shall
allow the parameters in that effective action to differ in different universes.

The candidate parameters which are necessary (but quite probably not
sufficient) to specify a universe fall into different classes. One class of Stan-
dard Model parameters consists of those relevant to vacuum structure. This
includes the scale of the dark energy (1 = 2 meV), the QCD condensate
(AqQcp = 200 MeV), the electroweak vacuum condensate (v = 250 GeV) and
perhaps the grand unification (GUT) scales, ranging from 10'® GeV (neu-
trino condensates?) to 10'® GeV (coupling constant unification). Another
parameter set consists of the magnitudes of the dimensionless coupling con-
stants characterizing the strengths of the Standard Model forces. Another
distinct set is the large number of parameters characterizing the masses and
mixings of quarks and leptons (including neutrinos). Finally, there is the
set of parameters emergent from cosmological considerations, which may
or may not be intimately associated with particle physics questions lying
‘beyond the Standard Model’. These include the parameters defining the
properties of dark matter, the baryon-to-photon ratio and the magnitude
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and spectrum of the temperature fluctuations of the primordial black-body
photons.

If all of these parameters are independent, and determined at best by
anthropic lines of argument, the description and characterization of universes
will be very difficult. As promised in the preceding sections, we shall take
a more optimistic point of view and assume that at least some of them are
strongly correlated. Once one of the parameters in the correlated set is
specified, the others are determined.

The material that follows is a brief summary of recent work based on this
point of view [2,3]. Our starting point is the consideration of the vacuum
parameters defined above. One of those parameters is the coefficient of the
dark-energy term in the effective action. By definition, it is different in
universes of different sizes, with size defined in the previous section. As the
size of a universe decreases, the dark-energy scale increases as the inverse
square root of this. For Planck-sized universes, the dark energy reaches the
Planck scale. For an idealized universe of infinite size, the dark energy would
vanish.

We now make the basic assumption that the other vacuum parameters
have a similar behaviour. For example, the QCD vacuum parameter Aqcp
is assumed to vary as the inverse cube root of the size of the universe, and
the electroweak condensate value v is assumed to vary as the inverse fourth
root of the size. With this assumed behaviour, all these vacuum scales
converge, or flow, toward a fixed point, which is of order the Planck/GUT
scale in energy, when the size of the universe becomes of order the Planck/
GUT size.

(A caveat: the assumed dependence of Standard Model parameters on size
is with respect to the time-independent cosmological constant, not the FRW
scale factor. We do not entertain here time-dependence of Standard Model
parameters within our own universe, but only compare the parameters in
different universes. However, a possible exception is mentioned in the final
paragraph of this chapter.)

Given this assumption, more can be deduced. The dimensionless strong
coupling constant s of QCD is determined by Aqcp. It is a ‘running
coupling’, dependent upon the momentum scale probed. Since the size-
dependence of this running coupling constant is determined, this is also
true when the coupling constant is evaluated at the GUT scale, where it
is presumably ‘unified” with the electroweak couplings, which also ‘run’.
Therefore, the size-dependence of electroweak and electromagnetic coupling
constants at low-energy scales is also determined. The result is that the
inverse ‘fine structure constants’, including the famous 1/137 of quantum
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electrodynamics, depend linearly on the logarithm of the size of the universe,
and vanish for small Planck/GUT-scale universes. This means that the
Standard Model forces are very strong and non-perturbative for such small
universes, and vanish in the limit of an infinite universe. What is strongly
suggested is that an infinite universe, as we have defined it, is nearly trivial,
containing no Standard Model interactions whatsoever other than gravity.

It is also reasonable, albeit more uncertain, to expect that the mass
parameters for the quarks and leptons follow a similar pattern, i.e. they
flow to values of order the Planck/GUT scale for small universes and to
zero for very large universes. But the details become increasingly fuzzy as
the masses become small. In particular, the largest uncertainties occur for
the anthropically significant masses, such as the electron and up-quark and
down-quark masses, important for the details of nuclear physics that con-
dition our existence. It is the lack of theoretical understanding of the basic
origin of these small masses which is the roadblock.

11.4 Anthropic considerations

For better or worse, the scaling rules enunciated above allow detailed study
of the physical properties of universes with sizes different from our own.
This is the main content of the aforementioned ref. [2]. What is found is
that the existence of chemistry is robust; the size of the universe can be
varied by thirty powers of ten without major effects. In broad terms the
same is true for nuclear physics. However, as is well known to the anthropic
community, there are details, essential for the existence of life as we know it,
which are not robust. Examination of the anthropic constraints shows that,
in the context of our assumed scaling rules, the strongest limitation on the
size of universes which can support life as we know it comes from the famous
triple-a process, responsible for the synthesis of carbon in stars. The overall
strength of the nuclear force cannot vary by more than a fraction of one
per cent without causing trouble. In the case of interest, this variation is
effected only via chiral symmetry-breaking, i.e. by the non-vanishing masses
of the up, down and perhaps strange quarks. Those mass parameters have
a different dependence on the size of the universe than does Aqcp, and it
is this disparity which destroys the delicate balance of parameters which
allows the triple-a reaction to proceed.

When the dust settles, the bottom line is that the size variation allowed by
the existence of life as we know it is of order of a factor 2. In a universe twice
as large or twice as small as ours, the Standard Model parameters would
arguably be different enough to block the production of carbon in stars
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and hence the evolution of life as we know it. The above estimate is quite
uncertain — perhaps off by a factor of 3 or even 10. But it is accurate enough
to draw a variety of tentative inferences. The most important inference has
to do with the ‘hierarchy problem’, and it provides an a posteriori reason to
take the scaling assumption seriously.

What is generally denoted by the hierarchy problem is the large disparity
between the electroweak scale, characterized by the vacuum parameter v,
and the Planck/GUT scale. However, it also includes the notorious ‘cos-
mological constant problem’ why the cosmological constant scale is thirty
powers of ten smaller than the Planck/GUT scale. In addition, there is
the ‘problem of mass’, which includes the issue of why the electron mass,
say, is so much smaller than the top-quark mass. If the scaling behaviour
is assumed, all of these questions are rendered moot. For small universes,
there is no hierarchy problem; all these parameters arguably take values of
order the Planck/GUT scale. And it may well be the case that the typical
universe is, in fact, small. It is only because we live in such a large universe
that we see these huge hierarchies of scale. The above anthropic considera-
tions also require us to live in a large universe; the conditions for life as we
know it only exist in this situation.

While this argument falls short of a full resolution of the hierarchy prob-
lem, it does provide a different way of viewing it. The problem of divergences
and renormalization, which is part of the usual statement of the problem,
is now expressed as the question of why the renormalized vacuum parame-
ters should be dependent upon the size of the universe, and in the specified
way. In other words, one must understand the scaling exponents such as 1/3
and 1/4 for the strong and electroweak sectors, respectively. This author
has some ideas about the 1/3 [3]. Others, in particular Tom Banks, have
already speculated about the 1/4 [4].

11.5 The distribution function for universes

The above considerations embolden us, perhaps foolishly, to speculate on
the question of the size distribution of the universes in the ensemble, or sub-
ensemble, that we have been looking at. It seems most reasonable to assume
that the total number in the ensemble is finite. It also seems reasonable to
assume, given the hierarchy arguments of Section 11.4, that the distribution
peaks at small sizes, of order the Planck/GUT size. Given all that, the
remaining question is the asymptotic behaviour at large sizes. Two natu-
ral classifications are power law and exponential. Anthropic considerations
argue that the integral of the distribution over the habitable interval should
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give a number large compared with unity, in order to make the universes
which are in principle habitable (as we understand the term) non-unique.
For any reasonable fall-off with size, such an estimate gives essentially the
same result as integrating over all sizes as large or larger than our own.
And it is also clear that if the fall-off is exponential or faster, the total
number of universes in the sample must be gigantic, for example of order
1010%°. Modesty therefore suggests the alternative choice of a power-law
tail. If the distribution function, RAN/dR, falls off at large sizes as R™",
the total number of universes in the ensemble will be bounded below by a

number of order 1090

. This is a big number to be sure, but not very far
beyond other big numbers encountered in the study of our own universe. In
addition, power-law behaviour is often associated with the notion of critical-
ity and/or scale-invariant behaviour. The feature of spatial flatness of our
universe may suggest criticality as an underlying feature of a future, better
theory and/or of the subset of universes with features similar to our own.
It is unrealistic to expect the ensemble of universes to be characterized
by only one parameter, the size. It is therefore of interest to look at the
remaining candidate parameters and search for those most likely to be ‘inde-
pendently anthropic’. Amongst the Standard Model candidates, the light-
quark (up and down) masses are strong ones, as forcefully advocated by
Craig Hogan [5, 6]. Also, at least some subset of the three cosmological
parameters mentioned in Section 11.3 seem to be strong candidates, in or-
der that there is the right amount of large-scale structure in our universe.
However, we do not have anything very new to add to this problem. Better
understanding of the nature of dark matter would be of obvious help.

11.6 Concluding comments

It should be abundantly clear that the above discussion skirts dangerously
close to the edge of legitimate science. Are any of these speculations fal-
sifiable or, even better, verifiable? With regard to falsifiability, there is an
answer: if the cosmological constant is eventually found to be zero, the scal-
ing ideas die an unambiguous death. Likewise, if the cosmological constant
is not constant, and exhibits a lot of quintessence, it could well be that the
implied time-variation in other Standard Model parameters would exceed
experimental limits. More interesting is the question of verifiability. Proba-
bly the best chance lies in finding a microscopic theory consistent with the
scaling rules which has predictive power above and beyond what we now
have. As mentioned in Section 11.4, there are some reasons for optimism in
this regard.
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It would also be advantageous if individual universes were in causal
contact, which might admit experimental investigation, at least in princi-
ple. This is unlikely, and goes against the grain of almost all contemporary
thinking. But it is perhaps not completely out of the realm of possibility.
A few individuals, including this author, now and then entertain the notion
of black hole interiors being non-singular static de Sitter space, as is the
case to a good approximation for our own universe. This invites a model of
the multiverse as nested black holes, with the remote possibility of two-way
communication through the horizons.

Another possibility is that the ‘universe in a box’ described in Section 11.2
really consists of two universes. The first one is the inflationary universe
present before ignition of the big bang. This is characterized by a huge cos-
mological constant (in the approximation of ‘no-roll’ instead of slow-roll).
Perhaps the Standard Model parameters should take the values appropri-
ate to the interpretation of that piece of spacetime as a ‘small universe’,
with size parameter (Hubble scale) of order 10'3 GeV (or 10727 cm). It is
interesting that, were this to be done, the dark-energy scale is of order the
GUT scale, with the QCD and electroweak vacuum energy scales, naively
estimated from the power-law rules, somewhat higher. It is easy to imagine
that, in fact, these three scales become synthesized, and that the interpre-
tation of the inflaton field could be in terms of QCD and/or electroweak
condensates, which in turn might be more appropriately re-interpreted as
a GUT condensate. The big bang would then be ignited by the ‘decay’
of the ‘small’ universe into our ‘big’ universe, accompanied somehow by a
large amount of entropy production. This idea has not yet been pursued in
detail. But the risk is not that this line of thinking has no phenomenological
consequences, but rather that it has too many.
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M /string theory and anthropic reasoning

Renata Kallosh
Department of Physics, Stanford University

12.1 Introduction

After the development of inflationary cosmology, anthropic reasoning (AR)
became one of the most important methods in theoretical cosmology. How-
ever, until recently it was not in the toolbox of many high-energy physicists
studying 11- or 10-dimensional M/string theory and supergravity. The
attitude of high-energy physicists changed dramatically in 1998, when the
physics community was shocked by the new cosmological observations sug-
gesting that we may live in a world with a tiny cosmological constant,
A~ 10_120M§, with a weird combination of matter and dark energy.

The recent WMAP observations seem to confirm the earlier data and also
support the existence of an inflationary stage in the very early Universe.
In view of the accumulating observational evidence, the level of tolerance
towards AR is currently increasing. More people are starting to take it
into consideration when thinking about cosmology from the perspective of
M /string theory and particle physics. I belong to this group, and I recently
had two rather impressive encounters with AR that I would like to discuss
in this chapter.

In the first encounter, Andrei Linde and I considered a model of
maximal supergravity related to the 11-dimensional M-theory, which has
a 4-dimensional de Sitter (dS) solution with spontaneously broken super-
symmetry [1]. We found that this model offers an interesting playground
for the successful application of AR. This model follows from maximal
supersymmetry, and the potential V' (¢) has the following important proper-
ties: (1) uniqueness; (2) V" /V = — 2 (where a prime denotes differentiation
with respect to ¢); and (3) predictable future collapse. We found that this
model suggests a possible anthropic explanation for both the present value of
the cosmological constant and the observed ratio of the densities associated
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with dark energy and ordinary matter. Our conclusion was based on the
calculation of the lifetime of the Universe in this model and the require-
ment that this should be no shorter than the present age of the Universe.
Although the model is far from realistic, it may still be useful as an example
of how one may think about applications of AR in combination with dynam-
ical models. In particular, if supersymmetry is discovered by the LHC in
2007, we may have to apply supersymmetric models to cosmology or impose
some other bias for a dynamical model in combination with AR.

In the second (more recent) encounter with AR, Shamit Kachru, Andrei
Linde, Sandip Trivedi and I [2] have looked for dS solutions in string theory
that would allow us to describe the present exponential expansion of the
Universe in a more traditional context, with a cosmological constant instead
of quintessence. For this purpose, it was necessary to drop certain conditions
for the ‘no-go’ theorems, which predicted that 4-dimensional dS space is not
allowed in perturbative compactification of 11- or 10-dimensional M /string
theory. We were able to achieve this through a combination of various
ingredients of perturbative and non-perturbative string theory. Each of the
separate contributions to the potential responsible for the appearance of dS
space entered into our construction with a parameter not strictly specified
by string theory but expected to lie in some plausible range. Therefore,
when all the ingredients are combined to produce a dS solution, the value
of the cosmological constant and the number of possible dS vacua is not
prescribed uniquely. The most we can say is that dS solutions are possible
and that there are many dS vacua with many values of the cosmological
constant.

In any case, our current partial knowledge may lead to attempts to apply
AR to the dS solutions found in string theory. Serious attempts to explain
the value of the cosmological constant in string theory, using the fact that
there are multiple vacua, were initiated by Bousso and Polchinski [3]. These
ideas were then developed by Susskind [4] and Douglas [5] and his collabora-
tors, in a series of papers reviewed in ref. [6]. However, Douglas prefers the
term ‘vacuum selection problem’, and this includes our recently discovered
dS vacua.

12.2 Anthropic constraints on A in N =8 supergravity

As a warm-up, let us first assume that the cosmological constant is large
and negative, A < —1072° g cm ™3, as studied by Barrow and Tipler [7] and
Linde [8] a long time ago. Such a model, even if flat, would collapse well
before the current age of the Universe, tg~ 14 Gy, which would make life
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Fig. 12.1. Evolution of the cosmic scale factor a in a flat ACDM model for various
values of A. Time is in units of the present age to= 14 Gy. The present moment
is t = 0 and the big bang corresponds to t = —1. The upper line corresponds to a
flat model with Qo =1, Qx4 =0.7 (i.e. A=+40.7pg) and Qp =0.3. The middle line
corresponds to a flat model with A = —4.7pg, which collapses at the current epoch.
The total lifetime of a model with A =—18.8p¢ (the lowest line) is only 7 Gy.

impossible. One may wonder whether intelligent life could emerge within 7
or 5 Gy, but we have no reason to believe this.

One may improve the earlier order-of-magnitude estimates and obtain a
numerical constraint on negative A. The investigation is straightforward, so
we simply show the results in Fig. 12.1. We find that the anthropic constraint
on a negative cosmological constant is slightly less stringent than antici-
pated. If 7 Gy suffices for emergence of human life, then A 2 — 18.8p¢ ~ — 2 x
10728 g cm™3. If we really need 14 Gy, the constraint is somewhat stronger:
A>—4.7pg~—5x10"2 g cm™3.

However, the present observational data suggest that A > 0. In this case,
the use of anthropic considerations becomes more involved, as discussed in
several other contributions in this book. Here we will show that a constraint
based on the total lifetime of a flat model can be derived in a class of
theories based on N =8 supergravity that can describe the present stage
of acceleration. This may allow us to avoid the fine-tuning that is usually
required to explain the density parameter of the observed dark energy (p.

12.2.1 Maximal supergravity as the dark energy hidden sector

No known compactifications of the fundamental M/string theory to
four dimensions leads to potentials with dS solutions corresponding to A > 0.
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Even the dS solution studied in ref. [2] does not come from the
compactification of the supergravity solution alone; it requires the addition
of an extended object, the anti-D3 (or D3) brane, to provide a positive
cosmological constant.

However, there are versions of maximally extended gauged d=4, N =8
supergravity which have dS solutions. They are also known to be solutions
of d=11 supergravity with thirty-two supersymmetries, corresponding to
M /string theory. Note that dS solutions of d =4, N =8 supergravity cor-
respond to solutions of M/string theory with a non-compact internal 7- or
6-dimensional space. The relation between states of the higher-dimensional
and four-dimensional theories in such backgrounds is complicated, since the
standard Kaluza—Klein procedure is not valid in this context. It is neverthe-
less true that the class of d = 4 supergravities with dS solutions that we will
consider below as dark energy candidates has a direct link to M/string the-
ory, unlike almost any other model of dark energy. Moreover, theories with
maximal supersymmetry are perfectly consistent from the point of view of
d =4 theory, all kinetic terms for scalars and vectors being positive definite.

All supersymmetries are spontaneously broken for the dS solutions of
N =8 supergravity. These solutions are unstable; they correspond either to
a maximum of the potential for the scalar fields or to a saddle point. In all
known cases, one finds that there is a tachyon and the ratio between V" =m?
and V =A at the extremum of V(¢) is —2. The simplest (and typical)
representative of d =4, N =8 supergravity originating from M-theory with
a dS maximum has the following action:

g2 = —%R - %(3@2 — A2 — coshv/20). (12.1)

Here we use units in which the Planck mass M, =1. At the critical point,
we have V' =0, Ve = A and ¢, =0. This corresponds to d = 4 supergravity
with the gauged SO(4,4) non-compact group. At the dS vacuum it breaks
down to its compact subgroups, SO(4) x SO(4). The value of the cosmo-
logical constant is related to the current Hubble constant Hy and the gauge
coupling g by
A = 3H; = 24°. (12.2)
The gauge coupling and cosmological constant in d = 4 supergravity have
the same origin in M-theory; they come from the flux of an antisymmetric
tensor gauge field. The corresponding 4-form, F},,,, in d =11 supergravity
is proportional to the volume-form of the dS space:

Foras ~ VAVis. (12.3)

Here F'=dA, where A is the 3-form potential of d =11 supergravity. Accord-
ing to this model, the small value of the cosmological constant is due to the
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4-form flux, which has an inverse timescale of order the age of the Universe.
Note that, in our model, there is no reason for flux quantization since the
internal space is not compact. The 11-dimensional origin of the scalar field ¢
in the potential can be explained as follows: d=4, N =8 gauged supergrav-
ity has thirty-five scalars and thirty-five pseudo-scalars, together forming a
coset space Er7)/SU(8). The field ¢ is an SO(4) x SO(4) invariant com-
bination of these scalars and it may also be viewed as part of the d=11
metric.

One’s first reaction would be to discard this model altogether, because
its potential is unbounded from below. However, the scalar potential in
this theory remains positive for |¢p| <1 and, for small A, the time for the
development of the instability can be much greater than the present age of
the Universe, which suffices for our purposes. In fact, we will see that this
instability allows us to avoid the standard fine-tuning/coincidence problem
which plagues most versions of quintessence theory. To use these theo-
ries to describe the present stage of acceleration (late inflation), one should
take A~10_120Ml§. This implies that the tachyonic mass is ultra-light,
Im?| ~ —(10733eV)2.

In the early Universe the ultra-light scalar fields may stay away from the
extrema of their potentials; they ‘sit and wait’ and begin moving only when
the Hubble constant decreases enough to become comparable with the scalar
mass. This may result in noticeable changes of the effective cosmological
constant during the last few billion years. Since the potential of N =38
supergravity with a dS solution is unbounded from below, the Universe will
eventually collapse. However, if the initial position of the field is not far
from the top of the potential, the time for collapse may be very long.

From the perspective of d =11 theory, it is natural to consider a large
ensemble of possible values for the fields F'~+/A and ¢. One may also
study such an ensemble in the context of d =4 theory. Consider a theory of
a scalar field ¢ with the effective potential given by

V(¢) = A2 — coshv/2¢) (12.4)
in N =8 theory. This is illustrated in Fig. 12.2. In order to understand the

cosmological consequences of this theory, let us first consider this potential
at |¢p| < 1. In this limit it has the following very simple form:

V(g) = A1 — ¢%) =3H(1 - ¢°). (12.5)

The main property of this potential is that m? =V"(0) = —2A = —6HZ. One
can show that a homogeneous field ¢ < 1 with m? = — 6Hg in a model with
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Fig. 12.2. The scalar potential V(¢) = A(2 —coshy/2¢) in d =4, N = 8 supergravity.
The value is in units of A and the field is in units of Mp.

Hubble constant Hy grows as
d(t) = ¢ exp(cHot), c¢=(v/33—13)/2~ 1.4. (12.6)

Consequently, if the energy density is dominated by V(¢), it takes a time
t~0.7TH, ! In(¢g 1) for the scalar field to roll down from ¢g to the region
¢>1, where V(¢) becomes negative and the Universe collapses.

This means that one cannot take A too large without making the total
lifetime of the Universe too short to support life, unless the scalar field ¢g
is exponentially small. But if the potential is always very flat, then the
field just after inflation, ¢g, can take any value with equal probability, so
there is no reason to expect it to be very small. This means that, for
¢0 S 1, the typical lifetime of the Universe is tioy ~ Hjy L'~ A=1/2, Therefore
the universe can live longer than 14 Gy only if the cosmological constant
is extremely small, A <pg. On the other hand, for ¢>1 the potential
decreases, V(¢) ~ —A exp(v/2||), so the Universe collapses almost instantly,
even if A < pg. Figure 12.3 shows the expansion of the Universe for ¢g =0.25
and for various values of A ranging from 0.7pg to 700pg. The time is given in
units of 14 Gy. One finds, as expected, that the total lifetime of the Universe
for a given ¢ is proportional to A~1/2, which means that large values of A
are anthropically forbidden.

Figure 12.4 shows the expansion of the Universe for A =0.7pg. The upper
line corresponds to the fiducial model with ¢9 =0. In this case, the field does
not move and all cosmological consequences are as in the standard theory
with the cosmological constant A =0.7pg. The difference will appear only
in the very distant future, at ¢t ~102H 1 <~ 103 Gy, when the unstable state
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Fig. 12.3. Expansion of the Universe for ¢g=0.25. Going from right to left, the
lines correspond to A =0.07pg, 0.7pg, 7po, 70py and 700p.

a

_1 0.5 0.5 ot

Fig. 12.4. Expansion of the Universe for A =0.7pg. The upper line corresponds to
the fiducial model with ¢ =0 (i.e. a cosmological constant and motionless field).
The lines below this correspond successively to ¢o =0.5, 1, 1.5 and 2.

¢o =0 will decay due to the destabilizing effect of quantum fluctuations. For
¢o > 1 the total lifetime of the Universe becomes unacceptably small, which
means that large values of ¢g are anthropically forbidden.

Further conclusions will depend on various assumptions about the prob-
ability of the parameters (A, ¢g). We will make the simplest assumption
that all values of A and ¢ are equally probable. We will discuss alternative
assumptions and their consequences in Section 12.2.2.
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Fig. 12.5. The region below the top line corresponds to values of A and ¢ such
that the lifetime of the Universe exceeds 14 Gy. The dashed line A = 1.5pg separates
this region into two equal areas. The region below the lower curve corresponds to
universes with lifetime exceeding 28 Gy.

The values of A and ¢q for which the total lifetime of the Universe exceeds
14 Gy are shown in Fig. 12.5 as the region under the thick (upper) line.
If all values of A and ¢g are equally probable, the measure of probability is
given by the total area under this curve, Siot =~ 3.5. One can estimate the
probability of being in any region of the phase space (A, ¢p) by dividing the
corresponding area by Siet.

The dashed line A ~ 1.5pg separates the anthropically allowed region into
two equal area parts. This implies that the average value of A in this theory
is about 1.5pg. It is obvious that A can be somewhat larger or somewhat
smaller than 1.5p9, but the main part of the anthropically allowed area
corresponds to

A=0(po) ~ 107120013, (12.7)
This is one of the main results of our investigation. It is a direct consequence
of the relation m?= —6Hg, which is valid for all known versions of d=4,

N =8 supergravity that allow dS solutions.

The region below the lower curve corresponds to all models with lifetimes
greater than 28 Gy, i.e. to those that would live a further 14 Gy from now.
The area below this curve is one-third of that between the lower and upper
curves. This means that the ‘life expectancy’ of a typical anthropically
allowed model (the time from the present moment until the global collapse)
is smaller than the present age of the Universe. The prognosis becomes
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Fig. 12.6. The lifetime of the Universe exceeds 14 Gy below the top line. The other
(progressively lower) curves correspond to p =0.5, 0.7 and 0.9. The region to the
right of the dashed line corresponds to universes that are accelerating now.

more optimistic if one takes into account that the Universe has Qp=0.7:
the probability that it will survive a further 14 Gy becomes more than 50%.

The average value of A does not immediately tell us the most probable
value of Q)p. In order to do this, we plot in Fig. 12.6 the curves correspond-
ing to 2p=0.5, 0.7 and 0.9. The region to the right of the dashed line
corresponds to models that are currently accelerating.

The total probability of living in an accelerating model 14 Gy after the big
bang is determined by the area bounded by the thin dashed line in Fig. 12.6.
Dividing this by St &2 3.5, one can find that this probability is about 35%.
About half this area corresponds to Qp >0.9. The most interesting part of
the accelerating region is bounded by the curves corresponding to Qp =0.5
and Qp =0.9. All points inside this region correspond to accelerating mod-
els with 0.5 <€lp <0.9. One can see from Fig. 12.6 that the area of this
region is about 0.4. Dividing this by the total area of the anthropically
allowed region, Siot = 3.5, one finds that the probability of living in such a
model is about 10%. These results resolve the usual fine-tuning/coincidence
problem.

12.2.2 More on dark energy

Most of the theories of dark energy face two problems. First, it is necessary
to explain why the bare cosmological constant vanishes. Then one must find
a dynamical mechanism imitating a small cosmological constant and explain
why Qp ~ 0.7 at the present cosmological epoch.
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We have the studied cosmological consequences of the simplest toy model
of dark energy based on N =8 supergravity and found that this can com-
pletely resolve the cosmological constant and coincidence problems plaguing
most quintessence models. Indeed, one cannot simply add a cosmological
constant to this theory. The only way to introduce something similar to
the cosmological constant is to put the system close to the top of the effec-
tive potential. If the potential is very high, then it is also very curved since
V"(0) =—2V(0). We have found that the Universe can live long enough only
if the field ¢ is initially within the Planck distance of the top, |¢| < Mp,
which is reasonable, and if V(0) (which plays the role of A in this theory)
does not much exceed the critical value pg ~ 10712003,

We made the simplest assumption that the values of A and ¢y are uni-
formly distributed. However, in realistic models the situation may be differ-
ent. For example, as already mentioned, A'/2 is related to the 4-form flux in
d = 11 supergravity from Eq. (12.3). This suggests that the probability dis-
tribution should be uniform, not with respect to A and ¢g, but with respect
to A2 and ¢y. We studied this possibility and found that the numerical
results change, but the qualitative features of the model remain the same.

The probability distribution for ¢y may be non-uniform even if V(¢) is
very flat at ¢ < 1. First, the fields with ¢ > 1 (i.e. ¢ > Mp) may be forbidden
or the effective potential at large ¢ may blow up. This is often the case
in N =1 supergravity. Second, interactions with other fields in the early
Universe may create a deep minimum, capturing the field at some time-
dependent point ¢ < 1. This also often happens in N = 1 supergravity, which
is one of the features of the cosmological moduli problem. If it does so in our
model, one can ignore the region with ¢ > 1 (the right part of Figs. 12.5 and
12.6) in the calculation of probabilities. This will increase the probability
of living in an accelerating model with 0.5 <Qp <0.9.

Our estimates have assumed that the Universe must live as long as 14 Gy,
so that human life can appear. One could argue that the first stars and
planets were formed long ago, so we may not need much more than 5-7 Gy
for the development of life. This would somewhat decrease our estimate
for the probability of living in an accelerating model with 0.5 <Qp < 0.9,
but it would not alter our results qualitatively. On the other hand, most
of the planets were probably formed very late in the history of the Uni-
verse, so one may argue that the probability of the emergence of human
life becomes much greater at t > 14 Gy, especially if one keeps in mind how
many other coincidences have made life possible. If one assumes that human
life is extremely improbable (after all, we do not have any indications of its
existence elsewhere in the Universe), then one may argue that the probability
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of its emergence becomes significant only if the total lifetime of the Universe
can be much greater than 14 Gy. This would increase our estimate for the
probability of living in an accelerating model with 0.5 <Qp <0.9.

So far, we have not used any considerations based on the theory of galaxy
formation, as developed by Weinberg [9], Efstathiou [10], Vilenkin [11],
Martel [12] and Garriga [13]. If we do so, the probability of the emer-
gence of life for A > py will be additionally suppressed, which will increase
the probability of living in an accelerating model with 0.5 < Qp < 0.9.

To the best of my knowledge, only in models based on extended super-
gravity are the relation |m?| ~ H? and the absence of freedom to add the
bare cosmological constant properties of the theory rather than of a partic-
ular dynamical regime. That is why the increase of V(¢) in such models
entails the increase in |m?|. This, in turn, speeds up the development of
the cosmological instability, which leads to anthropically unacceptable con-
sequences.

The N =8 theory discussed here is just a toy model. In this case, we
have been able to find a complete solution to the cosmological constant
and coincidence problems (explaining why A~ pg and why Qp noticeably
differs from both zero and unity at the present stage of cosmological evo-
lution). This model has important advantages over many other theories of
dark energy, but — to make it fully realistic — one would need to construct a
complete theory of all fundamental interactions, including the dark energy
sector described above. This is a very complicated task, which goes beyond
the scope of the present investigation. However, most of our results are not
model-specific.

It would be interesting to apply our methods to models unrelated to ex-
tended supergravity. A particularly interesting model is axion quintessence.
The original version had the potential given by

V() = Alcos(¢/f) + C, (12.8)

where it was assumed that C'=1. The positive definiteness of the potential,
and the fact that it has a minimum at V =0, could then be motivated
by global supersymmetry arguments. In supergravity and M/string theory,
these arguments are no longer valid and the value of the parameter C' is not
specified.

In the axion model of quintessence based on M /string theory, the potential
had the form V = A cos(¢/f) without any constant. This has a maximum
at ¢=0, V(0)=A. The Universe collapses when the field ¢ rolls to the
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minimum of its potential, V(fm)=—A. The curvature of the effective po-
tential at its maximum is given by
m? = —A/f? = —3H?/f>. (12.9)

For f=Mp=1, one has m?=—3H? and, for f=Mp/+/2, one has m? =
—6H§7 exactly as in N = 8 supergravity. Therefore the anthropic constraints
on A based on the investigation of the collapse of the Universe in this model
are similar to the constraints obtained in our N =8 theory. However, in
this model, unlike the ones based on extended supergravity, one can easily
add or subtract any value of the cosmological constant. In order to obtain
useful anthropic constraints on the cosmological constant, one should use a
combination of our approach and the usual theory of galaxy formation.

In this sense, our main goal is not to replace the usual anthropic approach
to the cosmological constant problem, but to enhance it. We find it very
encouraging that our approach may strengthen the existing anthropic con-
straints on the cosmological constant in the context of the theories based
on extended supergravity. One may find it hard to believe that, in order to
explain the results of cosmological observations, one should consider theories
with an unstable vacuum state. However, one should remember that expo-
nential expansion of the Universe during inflation, as well as the process of
galaxy formation, are themselves the result of the gravitational instability,
so we should learn how to live with the idea that our world may be unstable.

12.3 de Sitter space in string theory

While the model discussed above is quite interesting, it is only partially
related to a consistent d = 10 string theory. After many unsuccessful attempts
to find a dS solution in string theory, we have recently come up with a class
of such solutions [2]. We next outline the construction of metastable dS
vacua of type IIB string theory and discuss their relation to AR.

Our starting point is the highly warped II1B compactifications with non-
trivial NS and RR 3-form fluxes.! By incorporating known corrections to the
superpotential from Euclidean D-brane instantons or gaugino condensations,
one can make models with all moduli fixed, yielding a supersymmetric anti-
de Sitter (AdS) vacuum. Inclusion of a small number of D3 branes in the
resulting warped geometry allows one to raise the AdS minimum and make
it a metastable dS ground state. The lifetime of our metastable dS vacuum is
much greater than the cosmological timescale of 10 Gy. We have also proven

1 NS stands for (Neveu—Schwarz) bosonic closed string states whose left- and right-moving parts

are bosonic. RR stands for (Ramond—-Ramond) bosonic closed string states whose left- and
right-moving parts are fermionic.
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that, under certain conditions, the lifetime of dS space in string theory will
always be shorter than the recurrence time.

Our basic strategy is to first freeze all the moduli present in the com-
pactification, while preserving supersymmetry. We then add extra effects
that break supersymmetry in a controlled way and lift the minimum of the
potential to a positive value, yielding dS space. To illustrate the construc-
tion, we work in the specific context of IIB string theory compactified on
a Calabi-Yau (CY) manifold in the presence of flux. Such constructions
allow one to fix the complex structure moduli but not the Kéahler moduli
of the compactification. In particular, to leading order in o and gs, the
Lagrangian possesses a no-scale structure which does not fix the overall vol-
ume.? (Henceforth we shall assume that this is the only Kihler modulus;
it is plausible that one can construct explicit models which have this prop-
erty.) In order to achieve the first step of fixing all moduli, we therefore
need to consider corrections which violate the no-scale structure. Here we
focus on quantum non-perturbative corrections to the superpotential, which
are calculable, and show that these can lead to supersymmetry-preserving
AdS vacua in which the volume modulus is fixed in a controlled manner.

Having frozen all moduli, we then introduce supersymmetry-breaking
by adding a few D3 branes in the compactification. The extent of
supersymmetry-breaking, and the resulting cosmological constant of the dS
minimum, can be varied in our construction — within certain limits — in two
ways. One may vary the number of D3 branes which are introduced or one
may vary the warping in the compactification (by tuning the number of flux
quanta through various cycles). It is important to note that this corresponds
to freedom in tuning discrete parameters, so while fine-tuning is possible,
one should not expect to be able to tune to arbitrarily high precision.

12.3.1 Flux compactifications of IIB string theory plus
corrections

We now study a CY orientifold with flux. In such a model, one has the
‘tadpole’ consistency condition:
x(X) 1

24 D3 952 Ty

/ Hs A F3. (1210)
M

2 o' is the coupling in the Nanbu—Goto—Polyakov world-sheet action of the string and gs is the
string coupling itself. These two parameters control the two types of quantum corrections in
string theory. The first is related to the world-sheet corrections; these correspond to higher
derivative terms in the effective gravitational theory and are calculated via loop diagrams in the
sigma model. The second is related to the vacuum expectation value (vev) of the dilaton which
controls the corrections due to string loops; these are due to higher genus Riemann surfaces on
which the string propagates.
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Here Ty is the tension of a D3 brane, Npg3 is the net number of (D3 —D3)
branes one has inserted to fill the non-compact dimensions, and Hs and Fj3
are the 3-form fluxes which arise in the NS and RR sectors, respectively. We
assume that we are working with a model with only one Kahler modulus,
so that A1 (M)=1. (In taking the F-theory limit, where one shrinks the
elliptic fibre, one has h%!(X) =2 and one modulus is frozen.) Such models
can be explicitly constructed, for example by using the examples of CY
4-folds or by explicitly constructing orientifolds of known CY 3-folds with
bl =1.

In the presence of the non-zero fluxes, one generates a superpotential for
the CY moduli,

W:/ Gz A Q, (12.11)
M

where G3 = F3 — 7H3 and 7 is the IIB axiodilaton. Combining this with the
tree-level Kahler potential,

K =—-3In[-i(p — p)] — In[—i(T — 7)], (12.12)
where p is the single volume modulus given by
p="b/V2+ie*? (12.13)

and using the standard N =1 supergravity formula for the potential, one
obtains

V=ef [ 3" gD WDW —3W | — & [ S gUD,WDW | (12.14)

a,b %,

Here a and b run over all moduli fields, while 7 and j run over all moduli
fields except p; we see that, because p does not appear in Eq. (12.11), it
cancels out of the potential energy given by Eq. (12.14), leaving the positive
semi-definite potential characteristic of no-scale models. These models are
not satisfactory, as they lead to the cosmological decompactification of the
internal space during the cosmological evolution.

One can use two known corrections to the no-scale models, both para-
metrizing possible corrections to the superpotential.

(i) In type IIB compactifications of this type, there can be corrections
to the superpotential coming from Euclidean D3 branes:

Wins, = T(2) exp(2rip) (12.15)
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where T'(z;) is a complex structure-dependent one-loop determinant
and the leading exponential dependence comes from the action of a
Fuclidean D3 brane wrapping a 4-cycle in M.

(ii) In general models of this sort, one finds non-Abelian gauge groups
arising from geometric singularities in X, or (in type IIB language)
from stacks of D7 branes wrapping 4-cycles in M. This theory under-
goes gluino condensation, which results in a non-perturbative super-
potential. This leads to an exponential superpotential for p similar
to the one above (but with a fractional multiple of p in the exponent,
since the gaugino condensate looks like a fractional instant on effect
in W):

Waange = T'(2;) exp(2mip/N). (12.16)

So effects (i) and (ii) have rather similar consequences for our analysis;
we will simply assume that there is an exponential superpotential for p
at large volumes. There are some interesting possibilities for cosmology if
there are multiple non-Abelian gauge factors. Using the 4-folds, it is easy
to construct examples which could yield gauge groups of total rank up to
~30. However, much larger ranks should be possible.

The corrections to the superpotential discussed above can stabilize the
volume modulus, leading to a supersymmetry Supersymmetry-preserving
AdS minimum. We analyze the vacuum structure, just keeping the tree-
level Kéhler potential,

K = —3n[-i(p — 7)), (12.17)

and a superpotential,
W =Wy + Ael®, (12.18)

where Wy is a tree-level contribution which arises from the fluxes. The expo-
nential term arises from either of the two sources above and the coefficient
a can be determined accordingly. At a supersymmetric vacuum, we have
D,W =0. We simplify the situation by setting the axion in the p modulus
to zero and letting p=1ic. In addition, we take A,a and Wy to be real and
Wo to be negative. The condition DWW =0 then implies that the minimum
lies at

2
WO — 7Ae—a0'cr (]_ + 3aacr) . (1219)

The potential at the minimum is negative and equal to
a2A26—2aacr

Vads = (=3 W?)pa8 = —
Ads = (—3e )AdS 6o

(12.20)
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Fig. 12.7. The potential (multiplied by 10'®) for an exponential superpotential with
Wo=-10"% A=1 and a=0.1. In this case, there is an AdS minimum.

We see that we have stabilized the volume modulus, while preserving super-
symmetry. It is important to note that the AdS minimum is quite generic.
For example, if Wy =—10"%, A=1 and @ =0.1, the minimum is at o¢, ~ 113,
as shown in Fig. 12.7.

Another possibility to obtain a minimum for large volumes is to consider
a situation where the fluxes preserve supersymmetry and the superpoten-
tial involves multiple exponential terms, i.e. ‘racetrack potentials’ for the
stabilization of p. Such a superpotential could arise from multiple stacks of
7-branes wrapping 4-cycles, which cannot be deformed into each other in a
supersymmetry-preserving manner. In this case, by tuning the ranks of the
gauge groups appropriately, one can obtain a parametrically large value of
o at the minimum.

Now we lift the supersymmetric AdS vacua to obtain the dS vacua of
string theory. In the consistency condition given by Eq. (12.10), there are
contributions from both localized D3 branes and fluxes. To find the AdS
vacua with no moduli, of the kind discussed in Section 12.2, we assumed that
the condition was saturated by turning on fluxes in the compact manifold.

Next we assume that, in fact, we turn on too much flux, so that Eq. (12.10)
can only be satisfied by introducing one D3 brane. The consistency equation
is now satisfied due to the presence of the anti-D3 brane, but there is an
extra bit of energy density from the ‘extra’ flux and D3 brane. In general,
we obtain a term in the potential which takes the following form:

8D
(Im p)?’

5V = (12.21)
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Fig. 12.8. The potential (multiplied by 10'®) for the case of an exponential super-
potential, including a D /o correction with D=3 x 10~?, which uplifts the AdS
minimum to a dS minimum.

where the factor of 8 is added for later convenience. The coefficient D
depends on the number of D3 branes and on the warp factor at the end
of the throat. These parameters can be altered by discretely changing the
fluxes. This allows us to vary the coefficient D and the supersymmetry-
breaking in the system, while still keeping them small. (Strictly speaking,
since the flux can only be discretely tuned, D cannot be varied with arbitrary
precision.) We will see that, by tuning the choice of D, one can perturb the
AdS vacua to produce dS vacua with a tunable cosmological constant.

We now add to the potential a term of the form D /o3, as explained above.
For suitable choices of D, the AdS minimum will become a dS minimum,
but the rest of the potential does not change too much. However, there
is one new important feature: a dS maximum separating the dS minimum
from the vanishing potential at infinity. The potential is given by

Ae=% (1 D
V=220 Zoadem £ W+ Aem% ) + = (12.22)
202 3 o3

By fine-tuning D, it is easy to have the dS minimum very close to zero. For
the model Wy=—-10"%, A=1, a=0.1 and D =3 x 1077, the potential is as
indicated in Fig. 12.8.

Note that, if one does not require the minimum to be so close to zero, D
does not have to be so fine-tuned. A dS minimum is obtained as long as
D lies within certain bounds, eventually disappearing for large enough D.
If one does fine-tune to bring the minimum very close to zero, the resulting



208 Renata Kallosh

potentials are quite steep around the dS minimum. In this circumstance,
the new term effectively uplifts the potential without changing the shape too
much around the minimum, so the p field acquires a surprisingly large mass
(relative to the final value of the cosmological constant).

If one wants to use this potential to describe the present stage of accel-
eration of the Universe, one needs to fine-tune the value of the potential
in the dS minimum to be Vo~ 10720 in units of the Planck density. In
principle, one could achieve this, for example, by fine-tuning D. However,
the tuning achievable by varying the fluxes in microscopic string theory is
limited, though it may be possible to tune well if there are enough 3-cycles
in M.

12.4 Discussion of the anthropic landscape of string theory

It is difficult to construct realistic cosmologies in string theory if the moduli
fields are not frozen. We have found that it is possible to stabilize all moduli
in a controlled manner in the general setting of compactification with flux.
This opens up a promising arena for the construction of realistic cosmolog-
ical models based on string theory. More specifically, we have seen that it
is possible to construct metastable dS vacua by including anti-branes and
incorporating non-perturbative corrections to the superpotential from D3
instantons or low-energy gauge dynamics.

In the simplest possible case, our examples require knowledge of at least
six parameters: two to specify the distinct electric and magnetic fluxes
required to fix the dilaton; three to specify the non-perturbative correc-
tions to the superpotential; and one to specify the anti-brane contribution.
Moduli stabilization in more complicated models may depend on many more
parameters, which means there are many ways to realize these vacua.

One may hope that the number of vacua in string theory is very large,
at least of the order N >10'%0, In this case, it may be possible that some
of these vacua have a positive cosmological constant of order ANMé /N,
so the selection of a vacuum with A ~ 10_120Mf§ could then be anthropic.
The basic estimate for the number of flux vacua, satisfying the tadpole
consistency condition of Eq. (12.10), is given by Douglas [5, 6] as

(2nL)K/?
Nvac ~ W (1223)
Here K is the number of distinct fluxes and L = x /24 is the ‘tadpole charge’
on the left-hand side of Eq. (12.10). The estimates are K ~100—400 and
L ~500—5000, which lead to Myae ~ 10°%°. This number is extremely large,
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even larger than the number 10'?° required for the anthropic solution of the
cosmological constant problem. Each of these vacua will have a different
vacuum energy density and each part of the Universe with a particular
positive cosmological constant will be exponentially large. Particles living
in the different vacua will have dramatically different properties.

It is interesting that all of these conclusions have been reached after the
recent discovery that the Universe is accelerating. Attempts to describe
this acceleration in string theory forced us to invent a way to describe dS
vacua. As a result, we have found that the solution of this problem is
not unique and the same string theory there could have an incredibly large
number of different vacua. This explains the sudden increased attention of
cosmologists and string theorists towards the concept of the multiverse and
anthropic reasoning.
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13.1 Naturalness versus the anthropic principle

The cosmological constant problem (CCP) is one of the most pressing prob-
lems in physics. It has eluded traditional approaches based on symmetries
or dynamics. In contrast, the anthropic principle has scored a significant
success in accounting for both the smallness of the cosmological constant
(CC) and the proximity of the vacuum and matter energies in our uni-
verse [1].1 Once we accept the anthropic principle as a legitimate approach
for solving the CCP, it is natural to ask whether it might be applicable
to other problems that can also be addressed with traditional methods. In
this case, nature would have the interesting dilemma of choosing between an
anthropic and a normal solution. An example is the gauge hierarchy problem
(GHP). Like the CCP, it is a naturalness problem characterized by a small
dimensionless number. Unlike the CCP, it can be solved with traditional
symmetries, such as low-energy supersymmetry. As we will argue later, the
GHP can also be addressed via anthropic arguments. So does nature choose
the supersymmetric or the anthropic solution to the GHP? This question is
far from academic, since the answer will be revealed experimentally by 2007
at the Large Hadron Collider (LHC).

The rise of naturalness as a principle for physics in the late 1970s led
to the apparent need for a natural solution to the GHP and has convinced
the majority of particle physicists that the LHC will discover either sup-
ersymmetry or another ‘natural’ theory that solves GHP. So if the LHC
discovers nothing beyond the Standard Model, it will be a surprise. In
our opinion, such a (non-)discovery would significantly strengthen the case
for the anthropic principle and would cause a shift away from the usual

1 For earlier related work see refs. [2] and [3]. This constraint was sharpened in ref. [4], and good
reviews may be found in refs. [5] and [6].
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naturalness-driven paradigm of attempting to understand the parameters of
the Standard Model via symmetries or string theory. Instead, the nature
of the dynamics that leads to the multiverse, and consequently provides a
home for the anthropic principle, will become a primary question of physics.
We now turn to this question.

13.2 Continuum and discretum

An essential hypothesis of the anthropic principle is the existence of an enor-
mous number of universes, each with different physical laws. The collection
of all these universes is called the multiverse. A major challenge is to build
a compelling theory of the multiverse. There are several ideas on this and
we will only mention a few. Perhaps the simplest is that there are several
parallel universes, or 3-branes, all embedded inside the enormous ‘bulk’ of
the space inside the large new dimensions that exist in theories with TeV-
scale gravity. So the bulk is one possible home of the multiverse. It turns
out that we can fit at most 1032 universes in the bulk, not enough to address
the CCP.

Another possibility is that the fundamental theory has an enormous (but
countable) number of almost stable ‘vacua’, with different values of the
physical parameters. This has been coined the ‘discretum’ and may arise
naturally in some versions of string theory [7-9]. A direct consequence
of this discreteness is that the values of anthropically determined physical
parameters, e.g. the CC, remain constant in this framework.

The third and most developed possibility, which we focus on here, is the
‘continuum’ scenario [10-13]. The idea is that a physical quantity of interest,
such as the CC or the weak interaction scale, depends on a scalar field ¢
(called a ‘modulus’) which varies very slowly over length and time scales
relevant to our observable universe. Nevertheless, because of the vast extent
of the multiverse, the modulus (as well as the physical quantity of interest
that depends on it) varies over a large continuous range of values. The
canonical archetype of this sort of approach to the CCP is described by the
following Lagrangian:

L= (0,0)* — a¢ — Ao, (13.1)
where Ay is the bare CC and « has to be very small to ensure that ¢ varies
slowly over spacetime scales of order those for our observable universe [14].

As a result, for any Ag, there is always a hospitable domain in the Universe
where the effective CC,

At = ¢+ Ag, (13.2)

is adequately small for galaxies and life to form.
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Possible concerns in this approach are that the Lagrangian given by
Eq. (13.1) is ad hoc and that the extreme smallness of « is unexplained
and potentially unnatural. So it is fair to wonder if this approach amounts
to nothing but a complicated restatement of the CCP — even after accepting
the assumption of the existence of the multiverse. A related issue is the
degree of fine-tunings that we have to perform to keep the modulus ultra-
light after quantum corrections are taken into account (so as to ensure that
it remains overdamped and essentially motionless throughout the history
of the Universe). Still other concerns are the tunings necessary to ensure
that the modulus remains extremely weakly coupled to matter, as dictated
by the high-precision observational tests of the Equivalence Principle. To
address all these issues at once, it is convenient to consider a more general
class of theories, and we discuss these next.

13.3 Large-Z moduli

Consider a modulus with the following Lagrangian [15]:
L= Z(0u9)* = V(¢) + Lrest (¢, SM), (13.3)

where Z is the wave-function factor of ¢, V(¢) is its potential and Lyegt iS
the rest of the Lagrangian (which includes all other fields of the Standard
Model, as well as their couplings to ¢). Neither V(¢) nor Ly contains
mass scales exceeding the Planck mass or any abnormally large or small
new scales or dimensionless numbers.

Note that Z acts as the friction for the field ¢. In the limit of enormous
Z, ¢ freezes and does not move even on a Hubble time scale; similarly, its
spatial gradients are suppressed and consequently ¢ becomes homogeneous
over cosmological scales. In addition, all its couplings become enormously
suppressed, including those to the Standard Model particles. Therefore,
rapid exchange of ¢-particles does not lead to violations of the Equivalence
Principle. One way to see this is to rescale,

¢ — é, (13.4)

1
VZ
and to note that all of the couplings of ¢ are now suppressed by Z~
Consequently, in the limit of enormous Z, ¢ decouples from ordinary matter
and freezes, as required in order for ¢ to be a viable anthropic modulus.

Next, we come to the fundamental question of whether it is technically

1/2

natural to have a large-Z modulus. This is not just an aesthetic question,
since the essence of the CCP is the absence of any symmetry that could
explain the vanishing (or smallness) of the CC and consequently protect it



214 Savas Dimopoulos and Scott Thomas

from large radiative corrections. If the hugeness of Z were unstable against
radiative corrections, then ¢ would not be a useful anthropic modulus for
the CCP and this approach would just be a restatement of the CCP. How-
ever, the large value of Z is stable against radiative corrections since, in
the limit of infinite Z, all but the first (kinetic) term of the Lagrangian
can be neglected and the theory becomes symmetric under the global shift
symmetry:

¢ — ¢+ C. (13.5)

Therefore the anthropic approach allows the CC to be protected by a sym-
metry.

Since this is a global symmetry, it is, in principle, possible that non-
perturbative quantum gravity effects break it significantly. Whether this
happens or not is model-dependent and hinges on how gravity is embedded
into a fundamental theory, as well as the mechanism that causes Z to be
large. For example, if the string length is an order of magnitude (or more)
larger than the Planck length, the violation of global symmetries is expected
to be small. This is because the violation is caused by black-hole-related
Planckian physics, and is screened and softened by string effects.

Finally, although this mechanism is already technically natural, it would
be appealing to construct models where the large value of Z emerges from
calculable dynamics. This dynamics, to be reliable, should involve physics
below the Planck scale. This would ensure that the approximate global shift
symmetry, ¢ — ¢+ C, is not much affected by quantum gravity.

13.4 Large-Z moduli, the CCP and dark energy

Consider a modulus with the following Lagrangian:
L= Z(0,0)* = V(¢) — Ao — L(SM), (13.6)

where Ay is the bare CC and £(SM) is the Standard Model Lagrangian.
For an anthropically viable universe, the present value of the effective CC,
At =V (¢) + Ay, must not exceed the present energy density by more than
an order of magnitude. Furthermore, it must not have changed much during
the recent history of the Universe, else the conditions in our recent past
would not have been anthropically viable.

For Z much larger than this minimum value, ¢ (and the effective CC) is
frozen, resulting in a dark energy equation of state w= — 1. This coincides
with the prediction of the discretum, where again A.g is constant. However,
when Z is close to the minimum anthropically allowed value Zi,, ¢ can
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Fig. 13.1. Current value of the equation of state parameter wo = (ps/ps)o as a

function of crunch time in units of current Hubble time scale H; ! for O, = 0.3 and
Q4 =0.7.

evolve, leading to a time-dependence in A.g and to w# — 1. So, in this
case, the anthropic modulus ¢ for the CCP would lead to a time-dependent
equation of state for the dark energy which would have potentially testable
predictions.? The premise that Z is near Zpy, is valid for any theory in
which the probability distribution for Z favours small Z.

It is easy now to see why this theory is very predictive: the hugeness of
Zmin guarantees that ¢ does not move much during the recent history of the
Universe. Therefore we can Taylor-expand the function Acg and keep just
the constant and linear parts. The constant is fixed by the magnitude of the
observed dark energy. The linear part is determined by a single number (the
slope), and this determines the complete time evolution of ¢. As ¢ evolves,
the vacuum energy eventually becomes negative, leading to a future big
crunch. The crunch time is correlated with the current time-dependence of
¢ and therefore with the current equation of state, as illustrated in Fig. 13.1.
The rate of change of the equation of state is also correlated with the current
equation of state, as shown in Fig. 13.2. This correlation will be tested in
future high-precision measurements of cosmic evolution, such as those from
SNAP [16]. In this way, the continuum and discretum realizations of the
anthropic principle can be distinguished and tested experimentally.

2 General models of quintessence can also lead to a time-dependent equation of state but are not
a priori predictive.
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Fig. 13.2. Rate of change of the equation of state parameter w’ = dw/dIn(1 + z),
evaluated at redshift z=1, as a function of the current equation of state parameter
wo = (Pg/pe)o for Oy, =0.3 and Qg =0.7.

13.5 Large-Z moduli and the hierarchy problem

Consider the Lagrangian
L= Z(0,0)* + [mif($) +m3] H*H, (13.7)

where H is the usual electroweak Higgs field, the masses my and mo are of
order of the Planck scale, and f(¢) is a non-constant function of ¢. The
quantity

Vet = \/ M f(¢) +m3 (13.8)

is proportional to the Higgs vacuum expectation value, which in turn is
proportional to the masses of all quarks, leptons and weak bosons. The
smallness of the observed Higgs vacuum expectation value, vgps ~ 200 GeV,
compared with the Planck mass, Mp;~ 10" GeV, is the usual hierarchy
problem.

Typical members of the multiverse have veg of order of the Planck mass
and are consequently very different from our own. Those with veg a few times
smaller than wv,,s have protons heavier than neutrons and consequently do
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not have stable hydrogen atoms. Those with veg a few times larger than
Uobs have neutrons much heavier than protons and consequently do not have
any long lived ‘heavy’ nuclei beyond hydrogen. More precisely, even small
deviations of wveg from wveps (at the few per cent level) would change the
standard carbon production in red giants. So anthropically viable universes
have veg very close to vgps.

The large-Z moduli anthropic approach to the hierarchy problem elim-
inates the need for supersymmetry, low-scale gravity, technicolour or any
other natural solution to the hierarchy problem. If the LHC discovers just
the Higgs, it will be concrete evidence — over and above what we now have
from the CCP — in favour of the anthropic approach. It will shift the para-
digm of particle physics away from explaining the parameters of the Stan-
dard Model by short-distance symmetries or string theory and towards an
understanding of the enormous multiverse.
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Quarks, electrons and atoms
in closely related universes
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14.1 Introduction

We know that nature is governed by mathematics and symmetries. Not very
long ago, it was an article of faith among most physicists that everything
about physics would eventually be explained in terms of fundamental sym-
metries — that nothing in the make-up of physical laws is accidental, that
nature ultimately has no choices, and that all the properties of particles and
fields are fixed purely by mathematics.

In the thirty years since modern anthropic reasoning was introduced into
cosmology [1,2], the competing idea that anthropic selection might have
an indispensable role in fundamental physical theory has gradually become,
if not universally accepted, at least mainstream. There are now concrete
physical models for realizing anthropic selection in nature. Cosmology has
provided not only a concrete mechanism (inflation) for manufacturing mul-
tiple universes, but also a new phenomenon (dark energy) whose value is
most often explained by invoking anthropic explanations. String theory has
uncovered a framework by which many different symmetries and parame-
ters for fields can be realized in the low-energy, 4-dimensional universe; this
depends on the topology and size of the manifold of the other seven (truly
fundamental) dimensions and on the configurations of p-branes within it,
especially the local environment of the 3-brane on which our own Stan-
dard Model fields live. The number of locally metastable configurations of
manifold and branes, and therefore the number of options for low-energy
physics, is estimated to be so large that, for all practical purposes, there is a
continuum of choices for the fundamental parameters that we observe [3-5].

Of course, the details of how this works in the real world are still sketchy.
Cosmology unfolds in a series of phase transitions and symmetry-breakings.
For example, it is now part of standard inflation that the quantum
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wave-function of the Universe branches early into various options for the
zero-point fluctuations of the inflaton field, different branches of which cor-
respond to different distributions of galaxies. String theory opens up a
scenario in which the multiverse wave-function may also branch very early
into a variety of whole universes, each of which has different physics. If
things happen this way, it is natural for us to find ourselves in a branch
with physics remarkably well suited to make the stuff of which we are made.

It then makes sense to ask new questions about the world: how would
things change if this or that aspect of physics were altered? If a small change
in a certain parameter changes the world a great deal, in a way that matters
to our presence here, then that is a clue that this particular parameter is
fixed by selection rather than by symmetry. The following arguments along
these lines are elaborated more fully in ref. [6].

Now we may be faced with a situation where some seemingly fundamental
features of physics might not ever be derived from first principles. Even the
particular gauge group in our Grand Unified Theory (that is, the one in our
branch of the wave-function) might be only one group selected out of many
options provided by the Theory of Everything. We may have to adjust
our scientific style to this larger physical reality, which forces cosmology
and fundamental physics into a new relationship. For example, although
we cannot look inside the other universes of the multiverse ensemble and
cannot predict the branching outcome from first principles, cosmological
experiments now under development might reveal relict gravitational waves
from the same symmetry-breaking that fixed the parameters.

14.2 Changing Standard Model parameters

Evaluating changes in the world in response to changes in the fundamental
physics is actually a difficult programme to carry out. For the most fun-
damental theory we have, the Standard Model, the connection of many of
its parameters with generally observable phenomena can only be roughly
estimated. First-principle calculations of the behaviour of systems such as
nuclei and molecules are possible only for the simplest examples.

The traditional minimal Standard Model has nineteen ‘adjustable’ param-
eters [7,8]: Yukawa coefficients fixing the masses of the six quark and three
lepton flavors (u,d, ¢, s,t,b, e, u, 7); the Higgs mass and vacuum expectation
value v (which multiplies the Yukawa coefficients to determine the fermion
masses); three angles and one phase of the CKM (Cabibbo-Kobayashi—
Maskawa) matrix, which mixes quark weak and strong interaction eigen-
states; a phase for the quantum chromodynamic (QCD) vacuum; and three
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coupling constants g1, g2, g3 of the gauge group U(1) x SU(2) x SU(3). We
now know experimentally that the neutrinos are not massless, so there are
at least seven more parameters to characterize their behaviour (three masses
and another four CKM matrix elements). Thus, twenty-six parameters, plus
Newton’s constant G and the cosmological constant A of general relativity,
are enough to describe the behaviour of all experimentally observed par-
ticles, except perhaps those related to dark matter. If, in addition, the
Standard Model is extended by supersymmetry, the number of parameters
exceeds 100.

Imagine that you are sitting at a control panel of the Universe. It has
a few dozen knobs — one for each of the parameters. Suppose you start
twiddling the knobs. For all but a few of the knobs, you find nothing changes
very much; the mass of the top quark for example (that is, its Yukawa
coupling coefficient in the Standard Model equations) has little direct effect
on everyday stuff.

Which knobs matter for the stuff we care about most — atoms and
molecules? Some knobs are clearly important, but their exact value does not
seem too critical. The fine structure constant «, for example, controls
the sizes of all the atoms and molecules, these scaling like the Bohr ra-
dius (ame)~!. If you twiddle this knob, natural phenomena dominated by
this physics — which include all of familiar chemistry and biology — grow or
shrink in size. On the other hand, they all grow or shrink by roughly the
same fractional amount, so the structural effect of changes is hard to notice;
the miraculous fit of base-pairs into the DNA double-helix would still work
quite well, for example. There are, however, subtle changes in structural
relationships and molecular reaction rates. Our complicated biochemistry
would probably not survive a sudden big change in «, but if you turned
the knob slowly enough, living things would probably adapt to the changing
physics. Simulations of cellular reaction networks show that their behaviour
is remarkably robust with respect to changes in reaction rates, and mostly
depend on network topology [9].

It turns out that a few of the knobs have a particularly large qualitative
effect, even with a very small amount of twiddling. Three knobs stand out
for their particularly conspicuous effects: the Yukawa coefficients controlling
the masses of the electron, the up-quark and the down-quark. These are
the light fermions that dominate the composition and behaviour of atoms
and molecules. Changing them by even a small fractional amount has a
devastating effect on whether molecules can exist at all. The most dramatic
sensitivity of the world on their values seems to be in the physics of atomic
nuclei.
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14.3 Effects of changing u,d,e masses on atoms and nuclei

The light fermion masses are all very small compared with the mass of a
proton (less than one per cent). (Ironically, the mass of protons and neu-
trons, which comprise the bulk of the mass of ordinary matter, is dominated
not by the ‘real mass’ of their constituent quarks, but almost entirely by
the kinetic energies of the quarks and the massless gluons mediating the
colour forces.) However, the light fermion masses are critical because they
determine the energy thresholds for reactions that control the stability of
nucleons.

In the 3-dimensional parameter space formed by these masses, the most
reliable phenomemological statements can be made about changes within
the 2-dimensional surface defined by holding the sum of the v and d masses
constant. (That is because many complicated features of nuclear physics
remain constant if the pion mass, which is proportional to (my + mg)/?, is
constant.) In this plane, some properties of worlds with different values of
the masses are summarized in Figs. 14.1 and 14.2, the latter having been
taken from ref. [2]. The figures also show a constraint for a particular SO(10)
grand unified scenario, to illustrate that likely unification schemes probably
do not leave all these parameters independent — at least one relationship
between them is likely fixed by unification symmetry.

In the lower part of Fig. 14.1, towards larger up-quark mass, there are
‘neutron worlds’. As one turns the knobs in this direction, a threshold is soon
crossed where it is energetically favourable for the electron in a hydrogen
atom to join with its proton to make a neutron. If you turn it farther, even
a free proton (without any nearby electron) spontaneously decays into a
neutron. In the upper part of the figure, there are ‘proton worlds’. Moving
up from our world, a threshold is soon crossed where a deuteron in a plasma
is no longer energetically favoured over a pair of protons. If you go farther,
even an isolated deuteron spontaneously decays into a pair of protons.

In the neutron world, there are nuclei, but not atoms with electrons
around them, so chemistry does not happen. In the proton world, there
are hydrogen atoms, but they are the only kind of atoms because the other
nuclei do not form or are not stable. Fortunately for us there is a world in
between, where a few dozen stable nuclei are both possible and are actually
produced in stars, and are endowed with electron orbitals leading to chem-
istry with arbitrarily large and complex molecules. This world would disap-
pear with only a few per cent fractional change in the quark mass difference
in either direction. It does not exist in some closely related branches of the
multiverse wave-function.
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Fig. 14.1. An overview of the simple nuclear physics of the neutron, proton and
deuteron, in other universes closely related to ours. Thresholds for various reactions
are shown in terms of the mass difference between the down and up quarks and
the electron mass, in the plane where the sum of the up and down masses does not
change. Our world is shown by the dot. The SO(10) constraint shown imposes the
restriction that the ratio of electron to down quark mass is fixed by a symmetry to
have the same value as it does in the real world; the region to the right of this is
excluded for positive down-quark mass.

One can estimate roughly the effects of leaving this plane. In that case,
nuclear physics is changed in new ways, since the mass of the pion changes. It
appears that if the masses are increased by more than about 40%, the range
of nuclear forces is reduced to the point where the deuteron is unstable; and
if they are reduced by a similar amount, the nuclear forces are strengthened
to the point where the diproton is stable. On the other hand, the latter
change also reduces the range of nuclear forces, so that there are fewer stable
elements overall. The sum of the quark masses in our world appears roughly
optimized for the largest number of stable nuclei. Again, the situation would
change qualitatively (for example, far fewer stable elements) with changes
in summed quark masses at the 10% level.

Why is it even possible to find parameters balanced between the neu-
tron world and the proton world? For example, if the SO(10) model is
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Fig. 14.2. A more detailed view, from ref. [2], of the changes in thresholds of nuclear
reactions, as a function of the change in the u,d mass difference and the change in
the electron mass. Our world is at the origin in these quantities.

the right one, it seems that we are lucky that its trajectory passes through
the region that allows for molecules. The answer could be that even the
gauge symmetries and particle content have an anthropic explanation. A
great variety of compact 7-manifolds and 3-brane configurations solve the
fundamental M-theory. Each one of them has dimensional scales, corre-
sponding to parameter values such as particle masses, as well as topological
and geometrical relationships corresponding to symmetries. Many of these
configurations undergo inflation and produce macroscopic universes. In this
situation, it is not surprising that we find ourselves in one where atoms and
nuclei can exist.

14.4 Quantum mechanics and anthropic selection

Discussions of anthropic selection have sometimes differentiated between the
kind that selects whole universes (with different values of the electron mass
etc.) and the kind that selects a congenial environment (why we do not
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live on an asteroid or a quasar etc.) While these seem very different from
a quantum-mechanical perspective, they do not differ in kind. Both involve
selections of a congenial branch of the wave-function of the Universe.

In the original formulation of quantum mechanics, it was said that an
observation collapsed a wave-function to one of the eigenstates of the obs-
erved quantity. The modern view is that the cosmic wave-function never
collapses, but only appears to collapse from the point of view of observers
who are part of the wave-function. When Schrodinger’s cat lives or dies, the
branch of the wave-function with the dead cat also contains observers who
are dealing with a dead cat, and the branch with the live cat also contains
observers who are petting a live one.

Although this is sometimes called the ‘many worlds’ interpretation of
quantum mechanics, it is really about having just one world, with one wave-
function obeying the Schrodinger equation: the wave-function evolves lin-
early from one time to the next, based on its previous state. Anthropic
selection in this sense is built into physics at the most basic level of quan-
tum mechanics. Selection of a wave-function branch is what drives us into
circumstances in which we thrive. Viewed from a disinterested perspec-
tive outside the Universe, it is as though living beings swim like salmon
up their favourite branches of the wave-function, chasing their favourite
places.

The selection of a planet or a galaxy is a matter of chance. In quantum
mechanics, this means that a branch of the wave-function has been selected.
The binding energy of our galaxy was determined by an inflaton fluctua-
tion during inflation; that was when the branching occurred that selected
the large-scale gravitational potential that set the parameters for our local
cosmic environment. We can achieve statistical understanding about this
kind of selection because we can observe other parts of the ensemble, by
observing galaxy clustering, the microwave background and so on. In this
way, we understand the physics of the symmetry-breaking. We even know
something about the formation of the different galaxy distributions in other
universes that we will never see. These are regarded as being just different
by chance.

If the quark and electron masses are also matters of chance, the branch-
ing of the wave-function occurred along with the symmetry-breaking that
fixed their masses. There may be ways to observe aspects of the statistical
ensemble for this event also, by studying the gravitational-wave background
rather than the microwave background.

We do not know when all the choices of parameters and symmetries were
made. Some of these branchings may leave traces of other choices observable
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Fig. 14.3. A schematic sketch of the branching history of the wave-function to which
we belong. At various points in cosmic history, symmetry-breaking (for example
compactification, inflation, condensation) made random choices, which were frozen
into features such as Standard Model parameters, the galaxy distribution, or the
dark matter (DM) density. In some cases, these events left other observables
which can be observed directly in other ways, such as cosmic microwave back-
ground (CMB) anisotropy, large-scale structure (LSS), gravitational-wave back-
grounds (GWB) or cosmic defects. Thus, although the other branches of the
wave-function cannot be observed directly, the physics of the branching events in
some situations may be independently observable.

in our past light cone, as illustrated in Fig. 14.3. It could be that some
parameters are spatially varying even today, in response to spatial variations
in scalar or dark matter fields. For example, one model of dark energy
predicts large variations in the masses of neutrinos, depending on the local
density of the neutrino component of dark matter [10]. (Indeed, the basic
idea that effective neutrino masses depend on the local physical environment
is now part of the standard theory of solar neutrino oscillations.) Thus the
properties of stars can be spatially modulated, depending on the dark matter
density — a quantity determined, in many theories, by a branching event that
occurred recently enough to have an observable effect. Such ideas provide
a new motivation for observational programmes to quantify the extent to
which the constants of nature are really constant in spacetime. (A thriving
example of this can be found in studies of varying «.)

In some models, events connected with fixing the local quark and electron
masses may have happened late enough to leave fossil traces. This could
happen during the final compactification of some of the extra dimensions,
or the condensation of our own Standard Model 3-dimensional brane within
a larger-dimensional space. If compactification happens in a sufficiently
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catastrophic symmetry-breaking, it can lead to a background of gravita-
tional waves. Because they are so penetrating, gravitational waves can carry
information directly from almost the edge of our past light-cone, well beyond
recombination, even beyond weak decoupling — indeed back to the edge of
3-dimensional space as we know it.

If the extra dimensions are smaller than the Hubble length at dimensional
compactification or brane condensation, their collapse can appear as a first-
order phase transition in our 3-dimensional space, leading to relativistic flows
of mass-energy. If the extra dimensions are larger than or comparable to
the Hubble scale, our 3-dimensional brane may initially condense with warps
and wiggles that lead to a gravitational wave background. Either way, the
mesoscopic, classical motion of branes settling down to their final equilibrium
configuration could lead to a strong gravitational-radiation background in
a frequency range detectable by detectors now under development [11-14].
Thus, instruments designed to observe the early boundary of spacetime may
also explore the early boundary of physics as we know it, and directly test
ideas concerning the separation of various branches of the multiverse having
different fundamental parameters.

This blending of empirical cosmology and fundamental physics is reminis-
cent of our Darwinian understanding of the tree of life. The double-helix,
the four-base codon alphabet and the triplet genetic code for amino acids,
any particular gene for a protein in a particular organism — all these are
frozen accidents of evolutionary history. It is futile to try to understand or
explain these aspects of life, or indeed any relationships in biology, without
referring to the way the history of life unfolded. In the same way that — in
Dobzhansky’s phrase [15] — ‘nothing in biology makes sense except in the
light of evolution’, physics in these models only makes sense in the light of
cosmology.
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The fine-tuning problems of particle physics
and anthropic mechanisms

John F. Donoghue
Department of Physics, University of Massachusetts

15.1 Open questions in particle physics

Each field has a set of questions which are universally viewed as important,
and these questions motivate much of the work in the field. In particle
physics, several of these questions are directly related to experimental prob-
lems. Examples include questions such as: Does the Higgs boson exist and,
if so, what is its mass? What is the nature of the dark matter seen in
the Universe? What is the mechanism that generated the net number of
baryons in the Universe? For these topics, there is a well posed problem
related to experimental findings or theoretical predictions. These are prob-
lems that must be solved if we are to achieve a complete understanding of
the fundamental theory.

There also exists a different set of questions which have a more aesthetic
character. In these cases, it is not as clear that a resolution is required,
yet the problems motivate a search for certain classes of theories. Exam-
ples of these are the three ‘naturalness’ or ‘fine-tuning’ problems of the
Standard Model; these are associated with the cosmological constant A,
the energy scale of electroweak symmetry-breaking v and the strong CP-
violating angle . As will be explained more fully below, these are free
parameters in the Standard Model that seem to have values 10 to 120 ord-
ers of magnitude smaller than their natural values and smaller than the
magnitude of their quantum corrections. Thus their ‘bare’ values plus their
quantum corrections need to be highly fine-tuned in order to obtain the ob-
served values. Because of the magnitude of this fine-tuning, one suspects
that there is a dynamical mechanism at work that makes the fine-tuning
natural. This motivates many of the theories of new physics beyond the
Standard Model. A second set of aesthetic problems concern the param-
eters of the Standard Model, i.e. the coupling constants and masses of
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the theory. While the Standard Model is constructed simply using gauge
symmetry, the parameters themselves seem not to be organized in any sym-
metric fashion. We would love to uncover the principle that organizes the
quark and lepton masses (sometimes referred to as the ‘flavour problem’), for
example, but attempts to do so with symmetries or a dynamical mechanism
have been unsuccessful.

These aesthetic questions are very powerful motivations for new physics.
For example, the case for low energy supersymmetry, or other TeV scale dy-
namics to be uncovered at the Large Hadron Collider (LHC), is based almost
entirely on the fine-tuning problem for the scale of electroweak symmetry-
breaking. If there is new physics at the TeV scale, then there need not be
any fine-tuning at all and the electroweak scale is natural. We are all greatly
looking forward to the results of the LHC, which will tell us if there is in
fact new physics at the TeV scale. However, the aesthetic questions are of
a different character from direct experimental ones concerning the existence
and mass of the Higgs boson. There does not have to be a resolution to
the aesthetic questions — if there is no dynamical solution to the fine-tuning
of the electroweak scale, it would puzzle us, but would not upset anything
within the fundamental theory. We would just have to live with the exis-
tence of fine-tuning. However, if the Higgs boson is not found within a given
mass range, it would falsify the Standard Model.

The idea of a multiverse will be seen to change drastically the way in which
we perceive the aesthetic problems of fine-tuning and flavour. In a multi-
verse, the parameters of the theory vary from one domain to another. This
naturally leads to the existence of anthropic constraints — only some of these
domains will have parameters that reasonably allow the existence of life.
We can only find ourselves in a domain which satisfies these anthropic con-
straints. Remarkably, the anthropic constraints provide plausible ‘solutions’
to two of the most severe fine-tuning problems: those of the cosmological
constant and the electroweak scale. Multiverse theories also drastically refor-
mulate some of the other problems — such as the flavour problem. However,
at the same time, these theories raise a new set of issues for new physics.
My purpose in this chapter is to discuss how the idea of the multiverse
reformulates the problems of particle physics.

It should be noted up front that the Anthropic Principle [1-3] has had
a largely negative reputation in the particle physics community. At some
level this is surprising — a community devoted to uncovering the under-
lying fundamental theory might be expected to be interested in exploring
a suggestion as fundamental as the Anthropic Principle. I believe that the
problem really lies in the word ‘Principle’ more than in the word ‘Anthropic’.
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The connotation of ‘Principle’ is that of an underlying theory. This leads
to debates over whether such a principle is scientific, i.e. whether it can
be tested. However, ‘anthropics’ is not itself a theory, nor even a principle.
Rather, the word applies to constraints that naturally occur within the full
form of certain physical theories. However, it is the theory itself that needs
to be tested, and to do this one needs to understand the full theory and
pull out its predictions. For theories that lead to a multiverse, anthropic
constraints are unavoidable. As we understand better what types of theory
have this multiverse property, the word anthropic is finding more positive
applications in the particle physics community. This article also tries to
describe some of the ways that anthropic arguments can be used to positive
effect in particle physics.

15.2 The golden Lagrangian and its parameters

The Lagrangian of the Standard Model (plus General Relativity) encodes our
present understanding of all observed physics except for dark matter [4]. The
only unobserved ingredient of the theory is the Higgs boson. The Standard
Model is built on the principle of gauge symmetry — that the Lagrangian
has an SU(3) ® SU(2)r, ® U(1) symmetry at each point of spacetime. This,
plus renormalizability, is a very powerful constraint and uniquely defines the
structure of the Standard Model up to a small number of choices, such as
the number of generations of fermions. General Relativity is also defined by
a gauge symmetry — local coordinate invariance. The resulting Lagrangian
can be written in compact notation:

1 _ 1
L= —ZFZ + iDy + 5D,@D#(;s
1
R —
167Gy

+pTpgp + p?p? — Ap* — A. (15.1)
Experts recognize the various terms here as indications of the equations
governing the photon, gluons and W-bosons (the F? terms), quarks and
leptons (the 9 terms), the Higgs field (¢) and gravity (R), along with a
set of interactions constrained by the gauge symmetry. Of course, such a
simple form belies a very complex theory, and tremendous work is required
to understand the predictions of the Standard Model. But the greatest
lesson of particle physics of the past generation is that nature organizes the
Universe through a simple set of gauge symmetries.

However, the story is not complete. The simple looking Lagrangian given
by Eq. (15.1), and the story of its symmetry-based origin, also hide a far less
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beautiful fact. To really specify the theory, we need not only the Lagrangian,
but also a set of twenty-eight numbers which are the parameters of the
theory. These are largely hidden underneath the compact notation of the
Lagrangian. Examples include the masses of all the quarks and leptons
(including neutrinos), the strengths of the three gauge interactions, the weak
mixing angles describing the charge current interactions of quarks and lep-
tons, the overall scale of the weak interaction, the cosmological constant and
Newton’s gravitational constant. None of these parameters is predicted by
the theory. The values that have have been uncovered experimentally do
not obey any known symmetry pattern, and the Standard Model provides
no principle by which to organize them. After the beauty of the Standard
Model Lagrangian, these seemingly random parameters reinforce the feeling
that there is more to be understood.

15.3 Fine-tuning

Three of the twenty-eight parameters are especially puzzling, because their
values appear to be unnaturally small. Naturalness and fine-tuning have
very specific technical meanings in particle physics. These meanings are
related to, but not identical to, the common usage in non-technical set-
tings. The technical version is tied to the magnitude of quantum corrections.
When one calculates the properties of any theory using perturbation theory,
quantum mechanical effects give additive corrections to all its parameters.
Perturbation theory describes the various quantities of a theory as a power
series in the coupling constants. The calculation involves summing over the
effects of all virtual states that are possible in the theory, including those at
high energy. The quantum correction refers to the terms in the series that
depend on the coupling constants. The ‘bare’ value is the term independent
of the coupling constants. The physical measured value is the sum of the
bare value and the quantum corrections.

The concept of naturalness is tied to the magnitude of the quantum cor-
rections. If the quantum correction is of the same order as (or smaller than)
the measured value, the result is said to be natural. If, on the contrary, the
measured value is much smaller than the quantum correction, then the result
is unnatural because the bare value and the quantum correction appear to
have an unexpected cancellation to give a result that is much smaller than
either component. This is an unnatural fine-tuning.

In fact, the quantum correction is often not precisely defined. The ambigu-
ity can arise due to possible uncertainties of the theory at high energy. Since
physics is an experimental science, and we are only gradually uncovering
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the details of the theory as we probe higher energies, we do not know the
high energy limits of our present theory. We expect new particles and in-
teractions to be uncovered as we study higher energies. Since the quantum
correction includes effects from high energy, there is an uncertainty about
their extent and validity. We understand the theory up to some energy — let
us call this Fyax — but beyond this new physics may enter. The quantum
corrections will typically depend on the scale Ey,x. We will see below that,
in some cases, the theory may be said to be natural if one employs low values
of Fnax but becomes unnatural for high values.

The Higgs field in the Standard Model takes a constant value everywhere
in spacetime. This is called its ‘vacuum expectation value’, abbreviated as
vev, which has the magnitude v = 246 GeV. This is the only dimensionful
constant in the electroweak interactions and hence sets the scale for all
dimensionful parameters of the electroweak theory. For example, all of the
quark and lepton masses are given by dimensionless numbers I'; (the Yukawa
couplings) times the Higgs vev, m; = I';u/y/2. However, the Higgs vev is one
of the parameters which has a problem with naturalness. While it depends
on many parameters, the problem is well illustrated by its dependence on
the Higgs coupling to the top quark. In this case, the quantum correction
grows quadratically with Ey,x. One finds

302
v2 = U(Q) + t

47T2)\E12nax7 (152)

where I'y is the Yukawa coupling for the top quark, vy is the bare value,
A is the self-coupling of the Higgs and the second term is the quantum
correction. Since v=246 GeV and I't ~ A~ 1, this would be considered
natural if . ~ 102 GeV, but it would be unnatural by twenty-six orders of
magnitude if Fpax ~ 106 GeV (characteristic of the Grand Unified Theories
which unite the electroweak and strong interactions) or thirty-two orders of
magnitude if Fpax ~ 10" GeV (characteristic of the Planck mass, which sets
the scale for quantum gravity).

If we philosophically reject fine-tuning and require that the Standard
Model be technically natural, this requires that Ey,.x should be around
1 TeV. For this to be true, we need a new theory to enter at this scale that
removes the quadratic dependence on Ey,ax in Eq. (15.2). Such theories do
exist — supersymmetry is a favourite example. Thus the argument against
fine-tuning becomes a powerful motivator for new physics at the scale of
1 TeV. The LHC has been designed to find this new physics.
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An even more extreme violation of naturalness involves the cosmological
constant A. Experimentally, this dimensionful quantity is of order A ~
(1073 eV)*. However, the quantum corrections to it grow as the fourth
power of the scale Fax:

A=Ag+cEL.. (15.3)

with the constant ¢ being of order unity. This quantity is unnatural for all
particle physics scales by a factor of 10 for E .« ~ 10% GeV to 10124 for
Ermax ~ 1019 GeV.

It is unlikely that there is a technically natural resolution to the cosmo-
logical constant’s fine-tuning problem — this would require new physics at
1073 eV. A valiant attempt at such a theory is being made by Sundrum [5],
but it is highly contrived to have new dynamics at this extremely low scale
which modifies only gravity and not the other interactions.

Finally, there is a third classic naturalness problem in the Standard
Model — that of the strong CP-violating parameter 6. It was realized that
QCD can violate CP invariance, with a free parameter # which can, in
principle, range from zero up to 2w. An experimental manifestation of
this CP-violating effect would be the existence of a non-zero electric dipole
moment for the neutron. The experimental bound on this quantity requires
6 < 1071°. The quantum corrections to 6 are technically infinite in the
Standard Model if we take the cut-off scale Ey,.x to infinity. For this reason,
we would expect that 6 is a free parameter in the model of order unity, to be
renormalized in the usual way. However, there is a notable difference from
the two other problems above in that, if the scale E.x is taken to be very
large, the quantum corrections are still quite small. This is because they
arise only at a very high order in perturbation theory. So, in this case, the
quantum corrections do not point to a particular scale at which we expect
to find a dynamical solution to the problem.

15.4 Anthropic constraints

The standard response to the fine-tuning problems described above is to
search for dynamical mechanisms that explain the existence of the fine-
tuning. For example, many theories for physics beyond the Standard Model
(such as supersymmetry, technicolour, large extra dimensions, etc.) are
motivated by the desire to solve the fine-tuning of the Higgs vev. These
are plausible, but as yet have no experimental verification. The fine-tuning
problem for the cosmological constant has been approached less successfully;
there are few good suggestions here. The strong CP problem has motivated
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the theory of axions, in which an extra symmetry removes the strong CP
violation, but requires a very light pseudo-scalar boson — the axion — which
has not yet been found.

However, theories of the multiverse provide a very different resolution
of the two greatest fine-tuning problems, that of the Higgs vev and the
cosmological constant. This is due to the existence of anthropic constraints
on these parameters. Suppose for the moment that life can only arise for
a small range of values of these parameters, as will be described below.
In a multiverse, the different domains will have different values of these
parameters. In some domains, these parameters will fall in the range that
allows life. In others, they will fall outside this range. It is then an obvious
constraint that we can only observe those values that fall within the viable
range. For the cosmological constant and the Higgs vev, we can argue that
the anthropic constraints only allow parameters in a very narrow window, all
of which appears to be fine-tuned by the criteria of Section 15.3. Thus the
observed fine-tuning can be thought to be required by anthropic constraints
in multiverse theories.

The first application of anthropic constraints to explain the fine-tuning
of the cosmological constant — even before this parameter was known to be
non-zero — was due to Linde [6] and Weinberg [7]; see also refs. [8-10]. In
particular, Weinberg gave a physical condition — noting that, if the cosmo-
logical constant was much different from what it is observed to be, galaxies
could not have formed. The cosmological constant is one of the ingredients
that governs the expansion of the Universe. If it had been of its natural
scale of (103 GeV)*, the Universe would have collapsed or been blown apart
(depending on the sign) in a fraction of a second. For the Universe to ex-
pand slowly enough that galaxies can form, A must lie within roughly an
order of magnitude of its observed value. Thus the 10'%*
tude of fine-tuning is spurious; we would only find ourselves in one of the

orders of magni-

rare domains with a tiny value of the cosmological constant.

Other anthropic constraints can be used to explain the fine-tuning of the
Higgs vev. In this case, the physical constraint has to do with the existence
of atoms other than hydrogen. Life requires the complexity that comes
from having many different atoms available to build viable organisms. It
is remarkable that these atoms do not exist for most values of the Higgs
vev, as has been shown by my collaborators and myself [11,12]. Suppose for
the moment that all the parameters of the Standard Model are held fixed,
except for v which is allowed to vary. As v increases, all of the quark masses
grow, and hence the neutron and proton masses also increase. Likewise, the
neutron—proton mass-splitting increases in a calculable fashion. The most
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model-independent constraint on v then comes from the value when the
neutron—proton mass-splitting becomes larger than the 10 MeV per nucleon
that binds the nucleons into nuclei; this occurs when v is about five times
the observed value. When this happens, all bound neutrons will decay to
protons [11,12]. However, a nucleus of only protons is unstable and will fall
apart into hydrogen. Thus complex nuclei will no longer exist.

A tighter constraint takes into account the calculation of the nuclear bind-
ing energy, which decreases as v increases. This is because the nuclear force,
especially the central isoscalar force, is highly dependent on pion exchange
and, as v increases, the pion mass also increases, making the force of shorter
range and weaker. In this case, the criteria for the existence of heavy atoms
require v to be less than a few times its observed value. Finally, a third con-
straint — of comparable strength — comes from the need to have deuterium
stable, because deuterium was involved in the formation of the elements in
primordial and stellar nucleosynthesis [11,12]. In general, even if the other
parameters of the Standard Model are not held fixed, the condition is that
the weak and strong interactions must overlap. The masses of quarks and
leptons arise in the weak interactions. In order to have complex elements,
some of these masses must be lighter than the scale of the strong interactions
and some heavier. This is a strong and general constraint on the electroweak
scale. All of these constraints tell us that the viable range for the Higgs vev
is not the thirty or so orders of magnitude described above, but only the
tiny range allowed by anthropic constraints.

15.5 Lack of anthropic constraints

While anthropic constraints have the potential to solve the two greatest
fine-tuning problems of the Standard Model, similar ideas very clearly fail
to explain the naturalness problem of the strong CP-violating parameter
0 [4]. For any possible value of # in the allowed range from 0 to 2w, there
would be little influence on life. The electric dipole moments that would be
generated could produce small shifts in atomic energy levels but would not
destabilize any elements. Even if a mild restriction could be found, there
would be no logical reason why 6 should be as small as 10719, Therefore the
idea of a multiverse does nothing to solve this fine-tuning problem.

The lack of an anthropic solution to this problem is a very strong con-
straint on multiverse theories. It means that, in a multiverse ground state
that satisfies the other anthropic constraints, the strong CP problem must
generically be solved by other means. Perhaps the axion option, which
appears to us to be an optional addition to the Standard Model, is in fact
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required to be present for some reason — maybe in order to generate dark
matter in the Universe. Or perhaps there is a symmetry that initially sets
0 to zero, in which case the quantum corrections shift it only by a small
amount. This can be called the ‘small infinity’ solution, because — while the
quantum correction is formally infinite — it is small when any reasonable
cut-off is used. Thus the main problem in this solution is to find a reason
why the bare value of 8 is zero rather than some number of order unity. In
any case, in multiverse theories the strong CP problem appears more serious
than the other fine-tuning problems and requires a dynamical solution.

15.6 Physical mechanisms

The above discussion can be viewed as a motivation for multiverse theories.
Such theories would provide an explanation of two of the greatest puzzles
of particle physics. However, this shifts the focus to the actual construction
of such physical theories. So far we have just presented a ‘story’ about a
multiverse. It is a very different matter to construct a real physical theory
that realizes this story.

The reason that it is difficult to construct a multiverse theory is that most
theories have a single ground state, or at most a small number of ground
states. It is the ground state properties that determine the parameters of
the theory. For example, the Standard Model has a unique ground state,
and the value of the Higgs vev in that state determines the overall scale for
the quark masses etc. Sometimes theories with symmetries will have a set
of discretely different ground states, but generally just a few. The utility of
the multiverse to solve the fine-tuning problems requires that there be very
many possible ground states. For example, if the cosmological constant has

0°°, one would expect that one needs of

a fine-tuning problem of a factor of 1
order 10°0 different ground states with different values of the cosmological
constant in order to have the likelihood that at least one of these would fall
in the anthropically allowed window.

In fact, such theories do exist, although they are not the norm. There
are two possibilities: one where the parameters vary continuously and one
where they vary in discrete steps. In the former case, the variation of the
parameters in space and time must be described by a field. Normally such
a field would settle into the lowest energy state possible, but there is a
mechanism whereby the expansion of the Universe ‘freezes’ the value of
the field and does not let it relax to its minimum [14-16]. However, since

1 Chapter 3 of this volume by Wilczek, [13] suggests a possible anthropic explanation in the
context of inflationary models for why 6 should be very small.
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the present expansion of the Universe is very small, the forces acting on this
field must be exceptionally tiny. There is a variant of such a theory which
has been applied to the fine-tuning of the cosmological constant. How-
ever, it has proven difficult to extend this theory to the variation of other
parameters.

A more promising type of multiverse theory appears to be emerging from
string theory. This originates as a 10- or 11-dimensional theory, although in
the end all but four of the spacetime dimensions must be rendered unobserv-
able to us, for example by being of very tiny finite size. Most commonly, the
extra dimensions are ‘compact’, which means that they are of finite extent
but without an endpoint, in the sense that a circle is compact. However,
solutions to string theory seem to indicate that there are very many low
energy solutions which have different parameters, depending on the size and
shape of the many compact dimensions [17-21]. In fact, there are so many
that one estimate puts the number of solutions that have the properties of
our world — within the experimental error bars for all measured parameters —
as of order 10'%°. There would then be many more parameters outside the
possible observed range. In this case, there are astonishingly many possi-
ble sets of parameters for solutions to string theory. This feature of hav-
ing fantastically many solutions to string theory, in which the parameters
vary as you move through the space of solutions, is colloquially called the
‘landscape’.

There are two key properties of these solutions. The first is that they
are discretely different and not continuous [22]. The different states are
described by different field values in the compact dimensions. These field
values are quantized, because they need to return to the same value as
one goes around the compact dimension. With enough fields and enough
dimensions, the number of solutions rapidly becomes extremely large.

The second key property is that transitions between the different solutions
are known [23-25]. This can occur when some of the fields change their
values. From our 4-dimensional point of view, what occurs is that a bubble
nucleates, in which the interior is one solution and the exterior is another
one. The rate for such nucleations can be calculated in terms of string theory
parameters. In particular, it apparently always occurs during inflation or at
finite temperature. Nucleation of bubbles commonly leads to large jumps
in the parameters, such as the cosmological constant, and the steps do not
always go in the same direction.

These two properties imply that a multiverse is formed in string theory
if inflation occurs. There are multiple states with different parameters, and
transitions between these occur during inflation. The outcome is a universe
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in which the different regions — the interior of the bubble nucleation regions —
have the full range of possible parameters.

String theorists long had the hope that there would be a unique ground
state of the theory. It would indeed be wonderful if one could prove that
there is only one true ground state and that this state leads to the Standard
Model, with exactly the parameters seen in nature. It would be hard to
imagine how a theory with such a high initial symmetry could lead only to
a world with parameters with as little symmetry as seen in the Standard
Model, such as m, = 4 MeV, mgq = 7 MeV, etc. But if this were in fact
shown, it would certainly prove the validity of string theory. Against this
hope, the existence of a landscape and a multiverse seems perhaps disap-
pointing. Without a unique ground state, we cannot use the prediction of
the parameters as a proof of string theory.

However, there is another sense in which the string theory landscape is
a positive development. Some of us who are working ‘from the bottom up’
have been led by the observed fine-tuning (in both senses of the word) to
desire the existence of a multiverse with exactly the properties of the string
theory landscape. From this perspective, the existence of the landscape is a
strong motivation in favour of string theory, more immediate and pressing
even than the desire to understand quantum gravity.

Inflation also seems to be a necessary ingredient for a multiverse [26-28].
This is because we need to push the boundaries between the domains far out-
side our observable horizon. Inflation neatly explains why we see a mostly
uniform universe, even if the greater multiverse has multiple different do-
mains. The exponential growth of the scale factor during inflation makes it
reasonable that we see a uniform domain. However, today inflation is the
‘simple’ ingredient that we expect really does occur, based on the evidence
of the flatness of the universe and the power spectrum of the cosmic mi-
crowave background temperature fluctuations. It is the other ingredient of
the multiverse proposal — having very many ground states — that is much
more difficult.

15.7 Testing through a full theory

Let us be philosophical for a moment. Anthropic arguments and invocations
of the multiverse can sometimes border on being non-scientific. You cannot
test for the existence of other domains in the Universe outside the one visible
to us — nor can you find a direct test of the Anthropic Principle. This leads
some physicists to reject anthropic and multiverse ideas as being outside of
the body of scientific thought. This appears to me to be unfair. Anthropic
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consequences appear naturally in some physical theories. However, there
are nevertheless non-trivial limitations on what can be said in a scientific
manner in such theories.

The resolution comes from the realization that neither the anthropic nor
the multiverse proposal constitutes a concrete theory. Instead there are real
theories, such as string theory, which have a multiverse property and lead
to our domain automatically satisfying anthropic constraints. These are not
vague abstractions, but real physical consequences of real physical theories.
In this case, the anthropic and multiverse proposals are not themselves a full
theory but rather the output of such a theory. Our duty as scientists is not
to give up because of this but to find other ways to test the original theory.
Experiments are reasonably local and we need to find some reasonably local
tests that probe the original full theory.

However, it has to be admitted that theories with a multiverse property,
such as perhaps the string landscape — where apparently ‘almost anything
goes’ — make it difficult to be confident of finding local tests. Perhaps there
are some consequences which always emerge from string theory for all states
in the landscape. For example, one might hope that the bare strong CP-
violating 6 angle is always zero in string theory and that it receives only a
small finite renormalization. However, other consequences would certainly
be of a statistical nature that we are not used to. An example is the present
debate as to whether supersymmetry is broken at low energy or high energy
in string theory. It is likely that both possibilities are present, but the
number of states of one type is likely to be very different (by factors of
perhaps 10'%0) from the number of states of the other type — although it
is not presently clear which is favoured. If this is solved, it will be a good
statistical prediction of string theory. If we can put together a few such
statistical predictions, we can provide an effective test of the theory.

15.8 A test using quark and lepton masses

Of the parameters of the Standard Model, none are as confusing as the
masses of the quarks and leptons. From the history of the periodic table
and atomic/nuclear spectroscopy, we would expect that the masses would
show some pattern that reveals the underlying physics. However, no such
pattern has ever been found. In this section, I will describe a statistical
pattern, namely that the masses appear randomly distributed with respect
to a scale-invariant weight, and I will discuss how this can be the probe of
a multiverse theory.
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Fig. 15.1. The quark and lepton masses on a log scale. The result appears to
be qualitatively consistent with a random distribution in Inm, and quantitative
analysis bears this out.

In a multiverse or in the string theory landscape, one would not expect
the quark and lepton masses to exhibit any pattern. Rather, they would
be representative of one of the many possible states available to the theory.
Consider the ensemble of ground states which have the other parameters
of the Standard Model held fixed. In this ensemble, the quark and lepton
masses are not necessarily uniformly distributed. Rather we could describe
their distribution by some weight [29,30]. For example, perhaps this weight
favours quarks and leptons with small masses, as is in fact seen experimen-
tally. We would then expect that the quark masses seen in our domain are
not particularly special but are typical of a random distribution with respect
to this weight.

The quark masses appear mostly at low energy, yet extend to high energy.
To pull out the range of weights that could lead to this distribution involves
a detailed study of their statistical properties. Yet it is remarkably easy
to see that they are consistent with being scale-invariant. A scale-invariant
weight means that the probability of finding the masses in an interval dm
at any mass m scales as dm/m. This in turn means that the masses should
be randomly distributed when plotted as a function of Inm. It is easy to see
visually that this is the case; Fig. 15.1 shows the quark and lepton masses
plotted on a logarithmic scale. One can readily see that this is consistent
with being a random distribution. The case for a scale-invariant distribution
can be quantified by studying the statistics of six or nine masses distributed
with various weights [30]. When considering power-law weights of the form
dm/ m?®, one can constrain the exponent § to be greater than 0.8. The scale-
invariant weight (0 = 1) is an excellent fit. One may also discuss the effects
of anthropic constraints on the weights [30].

What should we make of this statistical pattern? In a multiverse theory,
this pattern is the visible remnant of the underlying ensemble of ground
states of different masses. An example of how this distribution could appear
from a more fundamental theory is given by the Intersecting Brane Worlds
solutions of string theory [31,32]. In these solutions, our 4-dimensional
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world appears as the intersection of solutions (branes) of higher dimension,
much as a 1-dimensional line can be described as the intersection of two
2-dimensional surfaces. In these theories, the quark and lepton masses are
determined by the area between three intersections of these surfaces. In
particular, the distribution is proportional to the exponential of this area,
m ~ e, In a string landscape there might not be a unique area, but rather
a distribution of areas. The mathematical connection is that, if these areas
are distributed uniformly (i.e. with a constant weight), then the masses are
distributed with a scale-invariant weight. In principle, the distribution of
areas is a calculation that could be performed when we understand string
theory better. Thus, we could relate solutions of string theory to the ob-
served distribution of masses in the real world. This illustrates how we can
test the predictions of a multiverse theory without a unique ground state.

15.9 Summary

The idea of a multiverse can make positive contributions to particle physics.
In a multiverse, some of our main puzzles disappear, but they are replaced
by new questions.

We have seen how the multiverse can provide a physical reason for some of
the fine-tuning that seems to be found in nature. We have also stressed that
two distinct meanings of the phrase ‘fine-tuning’ are used in different parts
of the scientific literature. One meaning, often encountered in discussions
of anthropic considerations, relates to the observation that the measured
parameters seem to be highly tuned to the narrow window that allows life to
exist. The other meaning is the particle physics usage described above, which
concerns the relative size of the quantum corrections compared with the
measured value. The latter usage has no a priori connection to the 