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Abstract: I survey physics theories involving parallel universes,which form a natural four-level
hierarchy of multiv ersesallowing progressively greater diversity. Level I: A generic prediction of
ination is an in�nite ergodic universe,which contains Hubble volumesrealizing all initial conditions
| including an identical copy of you about 101029

m away. Level I I: In chaotic ination, other
thermalized regionsmay have di�eren t physical constants, dimensionality and particle content. Level
I I I: In unitary quantum mechanics, other branches of the wavefunction add nothing qualitativ ely
new, which is ironic given that this level has historically been the most controversial. Level IV:
Other mathematical structures give di�eren t fundamental equations of physics. The key question is
not whether parallel universesexist (Level I is the uncontroversial cosmologicalconcordancemodel),
but how many levels there are. I discusshow multiv ersemodels can be falsi�ed and argue that there
is a severe \measure problem" that must be solved to make testable predictions at levels I I-IV.

Is there another copy of you reading this article, decid-
ing to put it aside without �nishing this sentence while
you are reading on? A person living on a planet called
Earth, with misty mountains, fertile �elds and sprawling
cities, in a solar system with eight other planets. The
life of this person has been identical to yours in every
respect { until now, that is, when your decision to read
on signals that your two livesare diverging.

You probably �nd this idea strange and implausible,
and I must confessthat this is my gut reaction too. Yet
it looks like we will just have to live with it, since the
simplestand most popular cosmologicalmodel today pre-
dicts that this person actually exists in a Galaxy about
101029

metersfrom here. This doesnot evenassumespec-
ulativ e modern physics,merely that spaceis in�nite and
rather uniformly �lled with matter as indicated by recent
astronomicalobservations. Your alter egois simply a pre-
diction of the so-calledconcordancemodel of cosmology,
which agreeswith all current observational evidenceand
is usedas the basisfor most calculations and simulations
presented at cosmologyconferences. In contrast, alter-
nativessuch as a fractal universe,a closeduniverseand
a multiply connecteduniversehave been seriously chal-
lengedby observations.

The farthest you can observe is the distance that light
has been able to travel during the 14 billion years since
the big-bang expansionbegan. The most distant visible
objectsarenow about 4� 1026 metersaway� , and a sphere

� After emitting the light that is now reaching us, the most
distant things we can seehave recededbecauseof the cosmic
expansion, and are now about about 40 billion light years
away.

of this radius de�nes our observable universe,also called
our Hubble volume, our horizon volume or simply our
universe. Likewise,the universeof your above-mentioned
twin is a sphereof the samesizecentered over there, none
of which we can seeor have any causalcontact with yet.
This is the simplest (but far from the only) example of
parallel universes.

By this very de�nition of \univ erse", one might ex-
pect the notion that our observable universeis merely a
small part of a larger \m ultiv erse" to be forever in the do-
main of metaphysics. Yet the epistemologicalborderline
between physics and metaphysics is de�ned by whether
a theory is experimentally testable, not by whether it
is weird or involves unobservable entities. Technology-
powered experimental breakthroughs have therefore ex-
panded the frontiers of physics to incorporate ever more
abstract (and at the time counterintuitiv e) conceptssuch
as a round rotating Earth, an electromagnetic �eld,
time slowdown at high speeds,quantum superpositions,
curved spaceand black holes. As reviewed in this ar-
ticle, it is becoming increasingly clear that multiv erse
models grounded in modern physics can in fact be em-
pirically testable, predictive and falsi�able. Indeed, as
many as four distinct typesof parallel universes(Figure
1) have beendiscussedin the recent scienti�c literature,
so that the key question is not whether there is a multi-
verse(sinceLevel I is rather uncontroversial), but rather
how many levels it has.
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I. LEVEL I: REGIONS BEYOND OUR COSMIC
HORIZON

Let us return to your distant twin. If space is in�-
nite and the distribution of matter is su�cien tly uniform
on large scales,then even the most unlikely events must
take place somewhere.In particular, there are in�nitely
many other inhabited planets, including not just onebut
in�nitely many with people with the same appearance,
name and memoriesas you. Indeed, there are in�nitely
many other regions the size of our observable universe,
where every possiblecosmic history is played out. This
is the Level I multiv erse.

A. Evidence for Lev el I parallel univ erses

Although the implications may seem crazy and
counter-intuitiv e, this spatially in�nite cosmological
model is in fact the simplest and most popular one on
the market today. It is part of the cosmologicalconcor-
dancemodel, which agreeswith all current observational
evidenceand is used as the basis for most calculations
and simulations presented at cosmologyconferences.In
contrast, alternativ essuch as a fractal universe,a closed
universeand a multiply connecteduniversehave beense-
riously challengedby observations. Yet the Level I mul-
tiv erseidea has been controversial (indeed, an assertion
alongtheselineswasoneof the heresiesfor which the Vat-
ican had Giordano Bruno burned at the stake in 1600y),
so let us review the status of the two assumptions(in�-
nite spaceand \su�cien tly uniform" distribution).

How large is space?Observationally, the lower bound
has grown dramatically (Figure 2) with no indication of
an upper bound. We all accept the existenceof things
that we cannot seebut could seeif we moved or waited,
like ships beyond the horizon. Objects beyond cosmic
horizon have similar status, sincethe observable universe
grows by a light-year every year as light from further
away hastime to reach usz. Sincewe are all taught about
simple Euclidean spacein school, it can therefore be dif-
�cult to imagine how spacecould not be in�nite | for
what would lie beyond the sign saying \SPACE ENDS
HERE | MIND THE GAP" ? Yet Einstein's theory of
gravit y allows spaceto be �nite by being di�eren tly con-
nected than Euclidean space,say with the topology of

yBruno's ideas have since beenelaborated by, e.g., Brundrit
(1979), Garriga & Vilenkin (2001b) and Ellis (2002), all of
whom have thus far avoided the stake.

z If the cosmic expansion contin ues to accelerate (currently
an open question), the observable universewill eventually stop
growing.

a four-dimensional sphereor a doughnut so that travel-
ing far in one direction could bring you back from the
opposite direction. The cosmic microwave background
allows sensitive tests of such �nite models, but has so
far produced no support for them | at in�nite models
�t the data �ne and strong limits have been placed on
both spatial curvature and multiply connected topolo-
gies. In addition, a spatially in�nite universeis a generic
prediction of the cosmologicaltheory of ination (Gar-
riga & Vilenkin 2001b). The striking successesof ina-
tion listed below therefore lend further support to the
idea that spaceis after all simple and in�nite just as we
learned in school.

How uniform is the matter distribution on largescales?
In an \island universe" model where spaceis in�nite but
all the matter is con�ned to a �nite region, almost all
members of the Level I multiv ersewould be dead, con-
sisting of nothing but empty space. Such models have
been popular historically, originally with the island be-
ing Earth and the celestial objects visible to the naked
eye, and in the early 20th century with the island being
the known part of the Milky Way Galaxy. Another non-
uniform alternativ e is a fractal universe,where the mat-
ter distribution is self-similar and all coherent structures
in the cosmicgalaxy distribution are merely a small part
of even larger coherent structures. The island and fractal
universemodelshaveboth beendemolishedby recent ob-
servations as reviewed in Tegmark (2002). Maps of the
three-dimensional galaxy distribution have shown that
the spectacular large-scale structure observed (galaxy
groups, clusters, superclusters, etc.) gives way to dull
uniformit y on large scales,with no coherent structures
larger than about 1024m. More quantitativ ely, imagine
placing a sphereof radius R at various random locations,
measuringhow much massM is enclosedeach time, and
computing the variation between the measurements as
quanti�ed by their standard deviation � M . The relative
uctuations � M =M have been measuredto be of order
unit y on the scaleR � 3� 1023m, and dropping on larger
scales.The Sloan Digital Sky Survey has found � M =M
as small as 1% on the scaleR � 1025m and cosmic mi-
crowavebackground measurements have establishedthat
the trend towardsuniformit y continuesall the way out to
the edgeof our observable universe(R � 1027m), where
� M =M � 10� 5. Barring conspiracy theories where the
universe is designed to fool us, the observations thus
speak loud and clear: spaceas we know it continues far
beyond the edgeof our observableuniverse,teeming with
galaxies,stars and planets.

B. What are Lev el I parallel univ erses lik e?

The physics description of the world is traditionally
split into two parts: initial conditions and laws of physics
specifying how the initial conditions evolve. Observers
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FIG. 2. Although an in�nite universe has always been a
possibility, the lower limit on the sizeof our universehas kept
growing.

living in parallel universesat Level I observe the exact
samelaws of physics as we do, but with di�eren t initial
conditions than those in our Hubble volume. The cur-
rently favored theory is that the initial conditions (the
densities and motions of di�eren t types of matter early
on) were created by quantum uctuations during the in-
ation epoch (seesection 3). This quantum mechanism
generatesinitial conditions that are for all practical pur-
posesrandom, producing density uctuations described
by what mathematicians call an ergodic random �eld. x

Ergodic meansthat if you imagine generating an ensem-
ble of universes,each with its own random initial con-
ditions, then the probabilit y distribution of outcomesin
a given volume is identical to the distribution that you
get by sampling di�eren t volumesin a singleuniverse. In
other words, it meansthat everything that could in prin-
ciple have happenedhere did in fact happen somewhere
else.

Ination in fact generatesall possibleinitial conditions
with non-zeroprobabilit y, the most likely onesbeing al-
most uniform with uctuations at the 10� 5 level that

xStrictly speaking, the random �eld is ergodic if 1) Space
is in�nite, 2) the massuctuations � M =M approach zero on
large scales(as measurements suggest),and 3) the densities at
any set of points has a multiv ariate Gaussian probabilit y dis-
tribution (as predicted by the most popular ination models,
which can be traced back to the fact that the harmonic oscil-
lator equation governing the inaton �eld uctuations givesa
Gaussian wavefunction for the ground state). For the techni-
cal reader, conditions 2 and 3 can be replaced by the weaker
requirement that correlation functions of all order vanish in
the limit of in�nite spatial separation.

are ampli�ed by gravitational clustering to form galaxies,
stars, planetsand other structures. This meansboth that
prett y much all imaginable matter con�gurations occur
in someHubble volume far away, and alsothat we should
expect our own Hubble volume to be a fairly typical one
| at least typical among those that contain observers.
A crude estimate suggeststhat the closestidentical copy
of you is about � 101029

m away. About � 101091
m away,

there shouldbea sphereof radius 100light-yearsidentical
to the one centered here, so all perceptionsthat we have
during the next century will be identical to those of our
counterparts over there. About � 1010115

m away, there
should be an entire Hubble volume identical to ours.��

This raisesan interesting philosophical point that will
come back and haunt us in Section V B: if there are
indeedmany copiesof \y ou" with identical past livesand
memories,you would not be able to compute your own
future even if you had complete knowledgeof the entire
state of the cosmos! The reasonis that there is no way
for you to determine which of thesecopiesis \y ou" (they
all feel that they are). Yet their liveswill typically begin
to di�er eventually , so the best you can do is predict
probabilities for what you will experiencefrom now on.
This kills the traditional notion of determinism.

C. Ho w a multiv erse theory can be tested and
falsi�ed

Is a multiv ersetheory one of metaphysics rather than
physics? As emphasizedby Karl Popper, the distinc-
tion betweenthe two is whether the theory is empirically
testable and falsi�able. Containing unobservable enti-
ties does clearly not per se make a theory non-testable.
For instance, a theory stating that there are 666 paral-
lel universes,all of which are devoid of oxygen makes
the testable prediction that we should observe no oxygen
here, and is therefore ruled out by observation.

As a more serious example, the Level I multiv erse

�� This is an extremely conservativ e estimate, simply count-
ing all possiblequantum states that a Hubble volume can have
that are no hotter than 108K. 10115 is roughly the number of
protons that the Pauli exclusion principle would allow you
to pack into a Hubble volume at this temperature (our own
Hubble volume contains only about 1080 protons). Each of
these10115 slots can be either occupied or unoccupied, giving
N = 210115

� 1010115
possibilities, so the expected distance to

the nearest identical Hubble volume is N 1=3 � 1010115
Hub-

ble radii � 1010115
meters. Your nearest copy is lik ely to be

much closer than 101029
meters, since the planet formation

and evolutionary processesthat have tipp ed the odds in your
favor are at work everywhere. There are probably at least
1020 habitable planets in our own Hubble volume alone.
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framework is routinely usedto rule out theories in mod-
ern cosmology, although this is rarely spelled out explic-
itly . For instance, cosmicmicrowave background (CMB)
observations have recently shown that spacehas almost
no curvature. Hot and cold spots in CMB maps have a
characteristic sizethat dependson the curvature of space,
and the observed spots appear too large to be consis-
tent with the previously popular \op en universe" model.
However, the averagespot size randomly varies slightly
from oneHubble volume to another, so it is important to
be statistically rigorous. When cosmologistssay that the
open universe model is ruled out at 99.9% con�dence,
they really mean that if the open universe model were
true, then fewer than one out of every thousand Hubble
volumeswould show CMB spots as large as those we ob-
serve | therefore the entire model with all its in�nitely
many Hubble volumesis ruled out, even though we have
of courseonly mapped the CMB in our own particular
Hubble volume.

The lessonto learn from this example is that multi-
versetheoriescan be tested and falsi�ed, but only if they
predict what the ensemble of parallel universesis and
specify a probabilit y distribution (or moregenerallywhat
mathematicians call a measure) over it. As we will seein
Section V B, this measureproblem can be quite serious
and is still unsolved for somemultiv ersetheories.

I I. LEVEL I I: OTHER POST-INFLA TION
BUBBLES

If you felt that the Level I multiv erse was large and
hard to stomach, try imagining an in�nite set of distinct
ones(each symbolizedby a bubble in Figure 1), someper-
haps with di�eren t dimensionality and di�eren t physical
constants. This is what is predicted by the the currently
popular chaotic theory of ination, and we will refer to
it as the Level I I multiv erse. These other domains are
more than in�nitely far away in the sensethat you would
never get there even if you traveled at the speedof light
forever. The reasonis that the spacebetweenour Level I
multiv erseand its neighbors is still undergoing ination,
which keepsstretching it out and creating more volume
faster than you can travel through it. In contrast, you
could travel to an arbitrarily distant Level I universe if
you werepatient and the cosmicexpansiondecelerates.yy

yy Astronomical evidencesuggeststhat the cosmic expansion
is currently accelerating. If this acceleration contin ues, then
even the level I parallel universeswill remain forever sepa-
rate, with the intervening space stretching faster than light
can travel through it. The jury is still out, however, with
popular models predicting that the universe will eventually
stop accelerating and perhaps even recollapse.

A. Evidence for Lev el I I parallel univ erses

By the 1970's,the Big Bang model had proveda highly
successfulexplanation of most of the history of our uni-
verse. It had explained how a primordial �reball ex-
panded and cooled, synthesized Helium and other light
elements during the �rst few minutes, becametranspar-
ent after 400,000years releasing the cosmic microwave
background radiation, and gradually got clumpier due
to gravitational clustering, producing galaxies,stars and
planets. Yet disturbing questions remained about what
happened in the very beginning. Did something appear
from nothing? Where are all the superheavy particles
known as magnetic monopoles that particle physics pre-
dicts should be created early on (the \monop ole prob-
lem")? Why is spaceso big, so old and so at, when
generic initial conditions predict curvature to grow over
time and the density to approach either zero or in�nit y
after of order 10� 42 seconds(the \atness problem")?
What conspiracy caused the CMB temperature to be
nearly identical in regionsof spacethat have never been
in causalcontact (the \horizon problem")? What mech-
anism generatedthe 10� 5 level seeductuations out of
which all structure grew?

A processknown as ination can solve all theseprob-
lems in one fell swoop (see reviews by Guth & Stein-
hardt 1984and Linde 1994), and has therefore emerged
as the most popular theory of what happenedvery early
on. Ination is a rapid stretching of space, diluting
away monopolesand other debris, making spaceat and
uniform like the surface of an expanding balloon, and
stretching quantum vacuum uctuations into macroscop-
ically large density uctuations that can seedgalaxy for-
mation. Since its inception, ination has passedaddi-
tional tests: CMB observations have found spaceto be
extremely at and have measuredthe seeductuations
to have an approximately scale-invariant spectrum with-
out a substantial gravit y wave component, all in perfect
agreement with inationary predictions.

Ination is a generalphenomenonthat occursin a wide
classof theories of elementary particles. In the popular
model known as chaotic ination , ination endsin some
regionsof spaceallowing life asweknow it, whereasquan-
tum uctuations causeother regions of spaceto inate
evenfaster. In essence,oneinating bubble sproutsother
inationary bubbles, which in turn produce others in a
never-ending chain reaction (Figure 1, lower left, with
time increasing upwards). The bubbles where ination
has ended are the elements of the Level I I multiv erse.
Each such bubble is in�nite in sizezz, yet there are in-

zz Surprisingly, it has beenshown that ination can produce
an in�nite Level I multiv erseeven in a bubble of �nite spatial
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�nitely many bubblessincethe chain reaction never ends.
Indeed, if this exponential growth of the number of bub-
bles has beengoing on forever, there will be an uncount-
able in�nit y of such parallel universes(the samein�nit y
as that assignedto the set of real numbers, say, which
is larger than that of the [countably in�nite] set of inte-
gers). In this case,there is alsono beginning of time and
no absoluteBig Bang: there is, wasand always will be an
in�nite number of inating bubblesand post-inationary
regionslike the onewe inhabit, forming a fractal pattern.

B. What are Lev el I I parallel univ erses lik e?

The prevailing view is that the physics we observe to-
day is merely a low-energylimit of a much more symmet-
ric theory that manifestsitself at extremely high temper-
atures. This underlying fundamental theory may be 11-
dimensional, supersymmetric and involving a grand uni-
�cation of the four fundamental forcesof nature. A com-
mon feature in such theories is that the potential energy
of the �eld(s) driving ination has several di�eren t min-
ima (sometimescalled \v acuum states"), corresponding
to di�eren t ways of breaking this symmetry and, as a re-
sult, to di�eren t low-energyphysics. For instance,all but
three spatial dimensionscould be curled up (\compacti-
�ed"), resulting in an e�ectiv ely three-dimensionalspace
like ours, or fewer could curl up leaving a 7-dimensional
space. The quantum uctuations driving chaotic ina-
tion could causedi�eren t symmetry breaking in di�eren t
bubbles, resulting in di�eren t members of the Level I I
multiv erse having di�eren t dimensionality. Many sym-
metries observed in particle physics also result from the
speci�c way in which symmetry is broken, so there could
be Level I I parallel universeswhere there are, say, two
rather than three generationsof quarks.

In addition to such discrete properties as dimension-
alit y and fundamental particles, our universe is char-
acterized by a set of dimensionlessnumbers known as
physical constants. Examplesinclude the electron/proton
massratio mp=me � 1836and the cosmologicalconstant,
which appears to be about 10� 123 in so-called Planck
units. There are models where also such continuous pa-
rameters can vary from one onepost-inationary bubble
to another.xx

volume, thanks to an e�ect whereby the spatial directions of
spacetime curve towards the (in�nite) time direction (Bucher
& Spergel 1999).

xx Although the fundamental equations of physics are the
same throughout the Level I I multiv erse, the approximate
e�ectiv e equations governing the low-energy world that we
observe will di�er. For instance, moving from a three-
dimensional to a four-dimensional (non-compacti�ed) space

The Level I I multiv erse is therefore likely to be more
diversethan the Level I multiv erse,containing domains
where not only the initial conditions di�er, but per-
hapsthe dimensionality, the elementary particles and the
physical constants di�er as well.

Before moving on, let us briey comment on a few
closely related multiv erse notions. First of all, if one
Level I I multiv ersecanexist, eternally self-reproducing in
a fractal pattern, then there may well be in�nitely many
other Level I I multiv erses that are completely discon-
nected. However, this variant appears to be untestable,
since it would neither add any qualitativ ely di�eren t
worlds nor alter the probabilit y distribution for their
properties. All possibleinitial initial conditions and sym-
metry breakings are already realized within each one.

An ideaproposedby Tolman and Wheelerand recently
elaborated by Steinhardt & Turok (2002) is that the
(Level I) multiv erse is cyclic, going through an in�nite
seriesof Big Bangs. If it exists, the ensemble of such in-
carnations would also form a multiv erse, arguably with
a diversity similar to that of Level I I.

An idea proposedby Smolin (1997) involvesan ensem-
ble similar in diversity to that of Level I I, but mutating
and sprouting new universesthrough black holes rather
than during ination. This predicts a form of a natu-
ral selection favoring universeswith maximal black hole
production.

In braneworld scenarios,another 3-dimensional world
could be quite literally parallel to ours, merely o�set in a
higher dimension. However, it is unclear whether such a
world (\brane") deservesbe be called a parallel universe
separatefrom our own, sincewe may be able to interact
with it gravitationally much as we do with dark matter.

C. Fine-tuning and selection e�ects

Physicists dislike unexplained coincidences. Indeed,
they interpret them as evidence that models are ruled
out. In Section I C, we saw how the open universemodel
wasruled out at 99.9%con�dence becauseit implies that
the observed pattern of CMB uctuations is extremely
unlikely, a one-in-a thousand coincidence occurring in
only 0.1% of all Hubble volumes.

changesthe observed gravitational force equation from an in-
verse square law to an inverse cube law. Lik ewise, breaking
the underlying symmetries of particle physics di�eren tly will
change the lineup of elementary particles and the e�ectiv e
equations that describe them. However, we will reserve the
terms \di�eren t equations" and \di�eren t laws of physics" for
the Level IV multiv erse, where it is the fundamental rather
than e�ectiv e equations that change.
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FIG. 3. Why we should not be surprised to �nd ourselves
living in 3+1-dimensional spacetime. When the partial dif-
ferential equations of nature are elliptic or ultrah yperbolic,
physics has no predictiv e power for an observer. In the re-
maining (hyperbolic) cases,n > 3 admits no stable atoms and
n < 3 may lack su�cien t complexity for observers (no grav-
itational attraction, topological problems). From Tegmark
(1997).

Supposeyou check into a hotel, areassignedroom 1967
and, surprised, note that that this is the year you were
born. After a moment of reection, you conclude that
this is not all that surprising after all, giventhat the hotel
hasmany roomsand that you would not be having these
thoughts in the �rst place if you'd beenassignedanother
one. You then realize that even if you knew nothing
about hotels, you could have inferred the existence of
other hotel rooms, becauseif there were only one room
number in the entire universe,you would be left with an
unexplained coincidence.

As a more pertinent example,considerM , the massof
the Sun. M a�ects the luminosity of the Sun, and us-
ing basic physics, one can compute that life as we know
it on Earth is only possible if M is in the narrow range
1:6 � 1030kg � 2:4 � 1030kg | otherwise Earth's climate
would be colder than on Mars or hotter than on Venus.
The measuredvalue is M � 2:0 � 1030kg. This apparent
coincidenceof the habitable and observed M -valuesmay
appear disturbing given that calculations show that stars
in the much broader mass range M � 1029kg � 1032kg
can exist. However, just as in the hotel example,we can
explain this apparent coincidenceif there is an ensem-
ble and a selectione�ect: if there are in fact many solar
systemswith a range of sizesof the central star and the
planetary orbits, then we obviously expect to �nd our-
selves living in one of the inhabitable ones.

FIG. 4. Hints of �ne-tuning for the parameters � and � s

which determine the strengths of the electromagnetic force
and the strong nuclear force, respectively (from Tegmark
1997). The observed values (�; � s ) � (1=137; 0:1) are indi-
cated with a �lled square. Grand uni�ed theories rule out
everything except the narrow strip between the two vertical
lines, and deuterium becomesunstable below the horizontal
line. In the narrow shaded region to the very left, electro-
magnetism is weaker than gravit y and therefore irrelevant.

More generally, the apparent coincidenceof the hab-
itable and observed values of some physical parameter
can be taken as evidencefor the existenceof a larger en-
semble, of which what we observe is merely one member
among many (Carter 1973). Although the existenceof
other hotel rooms and solar systems is uncontroversial
and observationally con�rmed, that of parallel universes
is not, since they cannot be observed. Yet if �ne-tuning
is observed, one can argue for their existenceusing the
exact samelogic as above. Indeed, there are numerous
examplesof �ne tuning suggestingparallel universeswith
other physical constants, although the degreeof �ne tun-
ing is still under active debate and should be clari�ed
by additional calculations | seeRees(2002) and Davies
(1982) for popular accounts and Barrow & Tipler (1986)
for technical details.

For instance, if the electromagnetic force were weak-
ened by a mere 4%, then the Sun would immediately
explode (the diproton would have a bound state, which
would increasethe solar luminosity by a factor 1018). If
it were stronger, there would be fewer stable atoms. In-
deed,most if not all the parametersa�ecting low-energy
physicsappear �ne-tuned at somelevel, in the sensethat
changing them by modest amounts results in a qualita-
tiv ely di�eren t universe.

If the weakinteraction weresubstantially weaker, there
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would be no hydrogen around, since it would have been
converted to helium shortly after the Big Bang. If it
wereeither much stronger or much weaker, the neutrinos
from a supernova explosion would fail to blow away the
outer parts of the star, and it is doubtful whether life-
supporting heavy elements would ever be able to leave
the stars where they were produced. If the protons were
0:2% heavier, they would decay into neutrons unable to
hold onto electrons, so there would be no stable atoms
around. If the proton-to-electron massratio were much
smaller, there could be no stable stars, and if it were
much larger, there could be no ordered structures like
crystals and DNA molecules.

Fine-tuning discussionsoften turn heated when some-
body mentions the \A-w ord", anthropic. The author
feelsthat discussionsof the so-calledanthropic principle
have generatedmore heat than light, with many di�eren t
de�nitions and interpretations of what it means. The au-
thor is not awareof anybody disagreeingwith what might
be termed MAP, the minimalistic anthropic principle:

� MAP: When testing fundamental theories with ob-
servational data, ignoring selection e�ects can give
incorrect conclusions.

This is obvious from our examplesabove: if we neglected
selectione�ects, we would be surprised to orbit a star as
heavy asthe Sun, sincelighter and dimmer onesaremuch
more abundant. Likewise,MAP says that the chaotic in-
ation model is not ruled out by the fact that we �nd
ourselvesliving in the minuscule fraction of spacewhere
ination has ended,sincethe inating part is uninhabit-
able to us. Fortunately, selectione�ects cannot rescueall
models, as pointed out a century ago by Boltzmann. If
the universewere in classical thermal equilibrium (heat
death), thermal uctuations could still make atoms as-
semble at random to briey create a self-aware observer
like you once in a blue moon, so the fact that you exist
right now doesnot rule out the heat death cosmological
model. However, you should statistically expect to �nd
the rest of the world in a high-entropy messrather than
in the orderedlow-entropy state you observe, which rules
out this model.

The standard model of particle physics has 28 of free
parameters,and cosmologymay intro duce additional in-
dependent ones. If we really do live in a Level I I multi-
verse, then for those parameters that vary between the
parallel universes,we will never be able to predict our
measured values from �rst principles. We can merely
compute probabilit y distributions for what we should ex-
pect to �nd, taking selection e�ects into account. We
should expect to �nd everything that can vary acrossthe
ensemble to be as genericas is consistent with our exis-
tence. As detailed in Section V B, this issueof what is
\generic" and, more speci�cally , how to compute prob-
abilities in physics, is emerging as an embarrassingly
thorny problem (seeSection V B).

FIG. 5. Di�erence between Level I and Level I I I. Whereas
Level I parallel universesare far away in space,those of Level
I I I are even right here, with quantum events causing classical
realit y to split and diverge into parallel storylines. Yet Level
I I I adds no new storylines beyond levels 1 or 2.
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I I I. LEVEL I I I: THE MANY W ORLDS OF
QUANTUM PHYSICS

There may be a third type of parallel worlds that are
not far away but in a senseright here. If the fundamental
equations of physics are what mathematicians call uni-
tary, as they so far appear to be, then the universekeeps
branching into parallel universesas in the cartoon (Fig-
ure 5, bottom): whenever a quantum event appears to
have a random outcome, all outcomesin fact occur, one
in each branch. This is the Level I I I multiv erse. Al-
though more debated and controversial than Level I and
Level I I, we will seethat, surprisingly, this level adds no
new typesof universes.

A. Evidence for Lev el I I I parallel univ erses

In the early 20th century , the theory of quantum me-
chanics revolutionized physics by explaining the atomic
realm, with applications ranging from chemistry to nu-
clear reactions, lasersand semiconductors. Despite the
obvious successesin its application, a heated debate en-
suedabout its interpretation | a debate that still rages
on. In quantum theory, the state of the universe is not
given in classicalterms such as the positions and veloci-
ties of all particles, but by a mathematical object called
a wavefunction. According to the so-calledSchr•odinger
equation, this state evolves deterministically over time
in a fashion termed unitary , corresponding to a rota-
tion in Hilb ert space, the abstract in�nite-dimensional
spacewhere the wavefunction lives. The sticky part is
that there are perfectly legitimate wavefunctions corre-
sponding to classically counterintuitiv e situations such
as you being in two di�eren t places at once. Worse,
the Schr•odinger equation can evolve innocent classical
states into such schizophrenic ones. As a baroque ex-
ample, Schr•odinger described the famousthought exper-
iment where a nasty contraption kills a cat if a radioac-
tiv e atom decays. Since the radioactive atom eventually
enters a superposition of decayedand not decayed, it pro-
ducesa cat which is both deadand alive in superposition.

In the 1920s, this weirdness was explained away by
postulating that that the wavefunction \collapsed" into
somede�nite classicaloutcome whenever an observation
was made, with probabilities given by the wavefunction.
Einstein was unhappy about such intrinsic randomness
in nature, which violated unitarit y, insisting that \Go d
doesn't play dice", and others complainedthat there was
no equation specifying when this collapse occurred. In
his 1957 Ph.D. thesis, Princeton student Hugh Everett
I I I showed that this controversial collapsepostulate was
unnecessary. Quantum theory predicted that one clas-
sical reality would gradually split into superpositions of
many (Figure 5). He showed that observers would sub-
jectively experiencethis splitting merely as a slight ran-

domness,and indeed with probabilities in exact agree-
ment with thosefrom the old collapsepostulate (de Witt
2003). This superposition of classicalworlds is the Level
I I I multiv erse.

Everett's work had left two crucial questions unan-
swered: �rst of all, if the world actually contains bizarre
macrosuperpositions, then why don't we perceive them?
The answer camein 1970,when Dieter Zeh showed that
the Schr•odinger equation itself givesrise to a type of cen-
sorship e�ect (Zeh 1970). This e�ect becameknown as
decoherence, and was worked out in great detail by Wo-
jciech Zurek, Zeh and others over the following decades.
Coherent quantum superpositions were found to persist
only as long as they werekept secretfrom the rest of the
world. A single collision with a snooping photon or air
molecule is su�cien t to ensure that our friends in Fig-
ure 5 can never be aware of their counterparts in the
parallel storyline. A secondunanswered question in the
Everett picture was more subtle but equally important:
what physical mechanism picks out approximately clas-
sical states (with each object in only one place, etc.) as
special in the bewilderingly large Hilb ert space? Deco-
herenceansweredthis questionaswell, showing that clas-
sical statesare simply thosethat are most robust against
decoherence. In summary, decoherenceboth identi�es
the Level I I I parallel universesin Hilb ert spaceand de-
limits them from one another. Decoherenceis now quite
uncontroversial and has been experimentally measured
in a wide range of circumstances. Sincedecoherencefor
all practical purposesmimics wavefunction collapse, it
has eliminated much of the original motivation for non-
unitary quantum mechanics and made the Everett's so-
called many worlds interpretation increasingly popular.
For details about these quantum issues,seeTegmark &
Wheeler (2001) for a popular account and Giulini et al.
(1996) for a technical review.

If the time-evolution of the wavefunction is unitary ,
then the Level I I I multiv erse exists, so physicists have
worked hard on testing this crucial assumption. So
far, no departures from unitarit y have been found. In
the last few decades,remarkable experiments have con-
�rmed unitarit y for ever larger systems, including the
hefty carbon-60 \Buc key Ball" atom and kilometer-size
optical �b er systems. On the theoretical side, a lead-
ing argument against unitarit y has involved possiblede-
struction of information during the evaporation of black
holes, suggestingthat quantum-gravitational e�ects are
non-unitary and collapse the wavefunction. However, a
recent string theory breakthrough known as AdS/CFT
correspondencehassuggestedthat even quantum gravit y
is unitary , being mathematically equivalent to a lower-
dimensional quantum �eld theory without gravit y (Mal-
dacena2003).
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B. What are Lev el I I I parallel univ erses lik e?

When discussingparallel universes,we needto distin-
guish between two di�eren t ways of viewing a physical
theory: the outside view or bird perspective of a math-
ematician studying its mathematical fundamental equa-
tions and the insideview or frog perspective of an observer
living in the world described by the equations��� . From
the bird perspective, the Level I I I multiv erse is simple:
there is only one wavefunction, and it evolves smoothly
and deterministically over time without any sort of split-
ting or parallelism. The abstract quantum world de-
scribed by this evolving wavefunction contains within it a
vast number of parallel classicalstorylines (seeFigure 5),
continuously splitting and merging, as well as a number
of quantum phenomenathat lack a classicaldescription.
From her frog perspective, however, each observer per-
ceives only a tiny fraction of this full reality: she can
only seeher own Hubble volume (Level I) and decoher-
enceprevents her from perceivingLevel I I I parallel copies
of herself. When she is asked a question, makes a snap
decision and answers (Figure 5), quantum e�ects at the
neuron level in her brain lead to multiple outcomes,and
from the bird perspective, her single past branches into
multiple futures. From their frog perspectives,however,
each copy of her is unaware of the other copies,and she
perceivesthis quantum branching asmerely a slight ran-
domness.Afterwards, there are for all practical purposes
multiple copiesof her that have the exact samememories
up until the point when sheanswers the question.

��� Indeed, the standard mental picture of what the physical
world is corresponds to a third intermediate viewpoint that
could be termed the consensusview. From your subjectiv ely
perceived frog 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 realit y that is independent of your
orientation, your location and your state of mind. It is strik-
ing that although this third view involves both censorship
(lik e rejecting dreams), interpolation (as between eye-blinks)
and extrapolation (say attributing existence to unseencities)
of your inside view, independent observersnonethelessappear
to share this consensusview. Although the inside view looks
black-and-white to a cat, iridescent to a bird seeingfour pri-
mary colors, and still more di�eren t to beea seeingpolarized
light, a bat using sonar, a blind personwith keenertouch and
hearing, or the latest overpriced robotic vacuum cleaner, all
agreeon whether the door is open. The key current challenge
in physics is deriving this semiclassical consensusview from
the fundamental equations specifying the bird perspective.
In my opinion, this means that although understanding the
detailed nature of human consciousnessis an important chal-
lenge in its own right, it is not necessaryfor a fundamental
theory of physics.

C. Ho w man y di�eren t parallel univ erses are there?

As strangeas this may sound, Figure 5 illustrates that
this exact samesituation occurs even in the Level I mul-
tiv erse,the only di�erence being where her copiesreside
(elsewherein good old three-dimensional space as op-
posedto elsewherein in�nite-dimensional Hilb ert space,
in other quantum branches). In this sense,Level I I I is
no stranger than Level I. Indeed, if physics is unitary ,
then the quantum uctuations during ination did not
generateunique initial conditions through a random pro-
cess,but rather generateda quantum superposition of all
possibleinitial conditions simultaneously, after which de-
coherencecausedtheseuctuations to behave essentially
classically in separate quantum branches. The ergodic
nature of thesequantum uctuations (Section I B) there-
fore implies that the distribution of outcomesin a given
Hubble volume at Level I I I (between di�eren t quantum
branchesas in Fig 3) is identical to the distribution that
you get by sampling di�eren t Hubble volumes within a
single quantum branch (Level I). If physical constants,
spacetimedimensionality etc. canvary asin Level I I, then
they too will vary betweenparallel quantum branchesat
Level I I I. The reason for this is that if physics is uni-
tary, then the processof spontaneous symmetry break-
ing will not produce a unique (albeit random) outcome,
but rather a superposition of all outcomes that rapidly
decoheresinto for all practical purposesseparate Level
I I I branches. In short, the Level I I I multiv erse, if it ex-
ists, adds nothing new beyond Level I and Level I I |
just more indistinguishable copiesof the sameuniverses,
the same old storylines playing out again and again in
other quantum branches. Postulating a yet unseennon-
unitary e�ect to get rid of the Level I I I multiv erse,with
Ockham's Razor in mind, thereforewould not make Ock-
ham any happier.

The passionate debate about Everett's parallel uni-
versesthat hasragedon for decadesthereforeseemsto be
ending in a grand anticlimax, with the discovery of a less
controversialmultiv ersethat is just aslarge. This is rem-
iniscent of the famousShapley-Curtis debateof the 1920s
about whether there were really a multitude of galaxies
(parallel universesby the standards of the time) or just
one,a storm in a teacup now that research hasmoved on
to other galaxy clusters, superclusters and even Hubble
volumes. In hindsight, both the Shapley-Curtis and Ev-
erett controversiesseempositively quaint, reecting our
instinctiv e reluctance to expand our horizons.

A commonobjection is that repeatedbranching would
exponentially increasethe number of universesover time.
However, the number of universesN may well stay con-
stant. By the number of \univ erses" N , we mean the
number that are indistinguishable from the frog perspec-
tiv e (from the bird perspective, there is of course just
one) at a given instant, i.e., the number of macroscop-
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ically di�eren t Hubble volumes. Although there is ob-
viously a vast number of them (imagine moving plan-
ets to random new locations, imagine having married
someoneelse, etc.), the number N is clearly �nite |
even if wepedantically distinguish Hubble volumesat the
quantum level to be overly conservative, there are \only"
about 1010115

with temperature below 108K as detailed
above.yyy The smooth unitary evolution of the wavefunc-
tion in the bird perspectivecorrespondsto a never-ending
sliding betweentheseN classicaluniversesnapshotsfrom
the frog perspective of an observer. Now you're in uni-
verseA, the onewhereyou're reading this sentence. Now
you're in universeB, the one where you're reading this
other sentence. Put di�eren tly , universe B has an ob-
server identical to onein universeA, exceptwith an extra
instant of memories. In Figure 5, our observer �rst �nds
herself in the universe described by the left panel, but
now there are two di�eren t universessmoothly connect-
ing to it like B did to A, and in both of these, she will
be unaware of the other one. Imagine drawing a separate
dot corresponding to each possibleuniverseand drawing
arrows indicating which onesconnectto which in the frog
perspective. A dot could lead uniquely to one other dot
or to several, as above. Likewise,several dots could lead
to one and the samedot, since there could be many dif-

yyy For the technical reader, could the grand superposition of
the universal wavefunctional involve other interesting states
besides the semiclassical ones? Speci�cally , the semiclassi-
cal states (corresponding to what we termed the consensus
view) are those that are maximally robust towards decoher-
ence (Zurek 2003), so if we project out the component of
the wavefunctional that is spanned by these states, what re-
mains? We can make a hand-waving argument that all that
remains is a rather uninteresting high-energy messwhich will
be devoid of observers and rapidly expand or collapse. Let
us consider the special caseof the electromagnetic �eld. In
many circumstances (Anglin & Zurek 1996), its semiclassi-
cal states can be shown to be generalized coherent states,
which have in�nite-dimensional Gaussian Wigner functions
with characteristic widths no narrower than the those cor-
responding to the local temperature. Such functions form
a well-conditioned basis for all states whose wavefunction is
correspondingly smooth, i.e. , lacking violent high-energy uc-
tuations. This is illustrated in Figure 6 for the simple case
of a 1-dimensional quantum particle: the wavefunction  (x)
can be written as a superposition of a low energy (low-pass
�ltered) and a high-energy (high-pass �ltered) part, and the
former can be decomposed as the convolution of a smooth
function with a Gaussian, i.e. , as a superposition of coher-
ent states with Gaussian wavepackets. Decoherencerapidly
makes the macroscopically distinct semiclassicalstates of the
electromagnetic �eld for all practical purp osesseparate both
from each other and from the high-energy mess. The high-
energy component may well be typical of the early universe
that we evolved from.

FIG. 6. Schematic illustration (seefootnote) of how a wave-
functional of the Level 3 multiv erse(top row for simple 1-di-
mensional Hilb ert space) can be decomposedas a superposi-
tion of semiclassicalworlds (generalized coherent states; mid-
dle row) and a high-energy mess(bottom row).

ferent ways in which certain situations could have come
about. The Level I I I multiv erse thus involves not only
splitting branchesbut merging branchesas well.

Ergodicit y implies that the quantum state of the Level
I I I multiv erse is invariant under spatial translations,
which is a unitary operation just astime translation. If it
is invariant under time-translation aswell (this canbear-
ranged by constructing a superposition of an in�nite set
of quantum states that are all di�eren t time translations
of one and the samestate, so that a Big Bang happens
at di�eren t times in di�eren t quantum branches), then
the number of universeswould automatically stay exactly
constant. All possibleuniversesnapshotswould exist at
every instant, and the passageof time would just be in
the eye of the beholder | an idea explored in the sci-�
novel \P ermutation Cit y" (Egan 1995)and developed by
Deutsch (1997), Barbour (2001) and others.

D. Tw o world views

The debateover how classicalmechanicsemergesfrom
quantum mechanics continues, and the decoherencedis-
covery has shown that there is a lot more to it than just
letting Planck's constant �h shrink to zero. Yet as Fig-
ure 7 illustrates, this is just a small pieceof a larger puz-
zle. Indeed, the endlessdebateover the interpretation of
quantum mechanics| and even the broader issueof par-
allel universes| is in a sensethe tip of an iceberg. In the
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FIG. 7. 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 me-
chanics can be obtained from special relativit y in the approx-
imation that the speed of light c is in�nite. Most of the ar-
rows 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 intro duced becausethey are
convenient, capturing the essenceof what is going on with-
out recourse to the more fundamental theory above it. It is
important to remember, however, that it is we humans who
intro duce these concepts and the words for them: in princi-
ple, everything could have beenderived from the fundamental
theory at the top of the tree, although such an extreme re-
ductionist approach would of course be uselessin practice.
Crudely speaking, the ratio of equations to words decreases
as we move down the tree, dropping near zero for highly ap-
plied �elds such as medicine and sociology. In contrast, theo-
ries near the top are highly mathematical, and physicists are
still struggling to understand the concepts, if any, in terms
of which we can understand them. The Holy Grail of physics
is to �nd what is jocularly referred to as a \Theory of Ev-
erything", or TOE, 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. Everybody knows that
something is missing here, since we lack a consistent theory
unifying gravit y with quantum mechanics.

Sci-Fi spoof \Hitc hhiker's Guide to the Galaxy", the an-
swer is discoveredto be \42", and the hard part is �nding
the real question. Questionsabout parallel universesmay
seemto be just about asdeepasqueriesabout reality can
get. Yet there is a still deeper underlying question: there
are two tenable but diametrically opposedparadigms re-
garding physical reality and the status of mathematics,
a dichotomy that arguably goesas far back as Plato and
Aristotle, and the question is which one is correct.

� ARISTOTELIAN PARADIGM: The subjec-
tiv ely perceived frog perspective is physically real,
and the bird perspective and all its mathematical
languageis merely a useful approximation.

� PLA TONIC PARADIGM: The bird perspec-
tiv e (the mathematical structure) is physically real,
and the frog perspective and all the human lan-
guagewe use to describe it is merely a useful ap-
proximation for describing our subjective percep-
tions.

What is more basic | the frog perspective or the bird
perspective? What is more basic | human language
or mathematical language? Your answer will determine
how you feel about parallel universes. If you prefer the
Platonic paradigm, you should �nd multiv erses natu-
ral, since our feeling that say the Level I I I multiv erse
is \w eird" merely reects that the frog and bird perspec-
tiv esare extremely di�eren t. We break the symmetry by
calling the latter weird becausewe wereall indoctrinated
with the Aristotelian paradigm as children, long before
we even heard of mathematics - the Platonic view is an
acquired taste!

In the second (Platonic) case, all of physics is ulti-
mately a mathematics problem, sincean in�nitely intel-
ligent mathematician given the fundamental equationsof
the cosmoscould in principle compute the frog perspec-
tiv e, i.e., compute what self-aware observersthe universe
would contain, what they would perceive, and what lan-
guage they would invent to describe their perceptions
to one another. In other words, there is a \Theory of
Everything" (TOE) at the top of the tree in Figure 7
whoseaxioms are purely mathematical, sincepostulates
in English regarding interpretation would be derivable
and thus redundant. In the Aristotelian paradigm, on
the other hand, there can never be a TOE, since one is
ultimately just explaining certain verbal statements by
other verbal statements | this is known as the in�nite
regressproblem (Nozick 1981).

IV. LEVEL IV: OTHER MA THEMA TICAL
STR UCTURES

Supposeyou buy the Platonist paradigm and believe
that there really is a TOE at the top of Figure 7 | and
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that we simply have not found the correct equationsyet.
Then an embarrassing question remains, as emphasized
by John Archibald Wheeler: Why theseparticular equa-
tions, not others? Let us now explore the idea of mathe-
matical democracy, whereby universesgovernedby other
equations are equally real. This is the Level IV multi-
verse. First we need to digest two other ideas,however:
the concept of a mathematical structure, and the notion
that the physical world may be one.

A. What is a mathematical structure?

Many of us think of mathematicsasa bagof tric ks that
we learnedin school for manipulating numbers. Yet most
mathematicians have a very di�eren t view of their �eld.
They study more abstract objects such asfunctions, sets,
spacesand operators and try to prove theorems about
the relations betweenthem. Indeed, somemodern math-
ematics papers are so abstract that the only numbers
you will �nd in them are the pagenumbers! What does
a dodecahedronhave in common with a set of complex
numbers? Despite the plethora of mathematical struc-
tures with intimidating nameslike orbifolds and Killing
�elds, a striking underlying unit y that hasemergedin the
last century: all mathematical structures are just special
casesof one and the same thing: so-called formal sys-
tems. A formal system consistsof 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 devel-
opment represented a form of deconstructionism,sinceit
stripp ed away all meaning and interpretation that had
traditionally beengiven to mathematical structures and
distilled out only the abstract relations capturing their
very essence.As a result, computers can now prove the-
oremsabout geometry without having any physical intu-
ition whatsoever about what spaceis like.

Figure 8 shows someof the most basic mathematical
structures and their interrelations. Although this fam-
ily tree probably extends inde�nitely , it illustrates that
there is nothing fuzzy about mathematical structures.
They are \out there" in the sensethat mathematicians
discover them rather than createthem, and that contem-
plativ e alien civilizations would �nd the samestructures
(a theorem is true regardlessof whether it is proven by
a human, a computer or an alien).

B. The possibilit y that the ph ysical world is a
mathematical structure

Let us now digest the idea that physical world (specif-
ically, the Level I I I multiv erse) is a mathematical struc-
ture. Although traditionally taken for granted by many
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FIG. 8. Relationships between various basic mathematical
structures (Tegmark 1998). The arrows generally indicate
addition of new symbols and/or axioms. Arro ws that meet
indicate the combination of structures | for instance, an al-
gebra is a vector space that is also a ring, and a Lie group
is a group that is also a manifold. The full tree is probably
in�nite in extent | the �gure shows merely a small sample
near the bottom.

theoretical physicists, this is a deepand far-reaching no-
tion. It meansthat mathematical equationsdescribe not
merely somelimited aspectsof the physical world, but all
aspects of it. It meansthat there is somemathematical
structure that is what mathematicians call isomorphic
(and henceequivalent) to our physical world, with each
physical entit y having a unique counterpart in the math-
ematical 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 isomorphic to the mathematical structure known as
R 3: three-dimensionalEuclidean space.Moreover, some
thought that all forms of matter in the universe cor-
responded to various classical �elds: the electric �eld,
the magnetic �eld and perhapsa few undiscovered ones,
mathematically corresponding to functions on R 3 (a
handful of numbers at each point in space). In this
view (later proven incorrect), denseclumps of matter like
atoms were simply regions in space where some �elds
were strong (where some numbers were large). These
�elds evolved deterministically over time according to
some partial di�eren tial equations, and observers per-
ceived this as things moving around and events taking
place. Could, then, �elds in three-dimensional space
be the mathematical structure corresponding to the uni-
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verse?No, sincea mathematical structure cannot change
| it is an abstract, immutable entit y existing outside of
spaceand time. Our familiar frog perspective of a three-
dimensionalspacewhereevents unfold is equivalent, from
the bird perspective, to a four-dimensional spacetime
where all of history is contained, so the mathematical
structure would be �elds in four-dimensional space. In
other words, if history were a movie, the mathematical
structure would not correspond to a single frame of it,
but to the entire videotape.

Given a mathematical structure, wewill say that it has
physical existence if any self-aware substructure (SAS)
within it subjectively, from its frog perspective, perceives
itself as living in a physically real world. What would,
mathematically, such an SAS be like? In the classical
physics example above, an SAS such as you would be
a tube through spacetime,a thick version of what Ein-
stein referred to asa world-line. The location of the tube
would specify your position in spaceat di�eren t times.
Within the tube, the �elds would exhibit certain complex
behavior, corresponding to storing and processinginfor-
mation about the �eld-v alues in the surroundings, and
at each position along the tube, these processeswould
give rise to the familiar but mysterious sensationof self-
awareness.From its frog perspective, the SAS would per-
ceive this one-dimensionalstring of perceptionsalong the
tube as passageof time.

Although our example illustrates the idea of how our
physical world can be a mathematical structure, this par-
ticular mathematical structure (�elds in four-dimensional
space) is now known to be the wrong one. After real-
izing that spacetimecould be curved, Einstein doggedly
searchedfor a so-calleduni�ed �eld theory wherethe uni-
versewas what mathematicians call a 3+1-dimensional
pseudo-Riemannianmanifold with tensor �elds, but this
failed to account for the observed behavior of atoms. Ac-
cording to quantum �eld theory, the modern synthesisof
special relativit y theory and quantum theory, the uni-
verse(in this casethe Level I I I multiv erse) is a mathe-
matical structure known asan algebraof operator-valued
�elds. Here the question of what constitutes an SAS is
more subtle (Tegmark 2000). However, this fails to de-
scribe black hole evaporation, the �rst instance of the
Big Bang and other quantum gravit y phenomena,so the
true mathematical structure isomorphic to our universe,
if it exists, has not yet beenfound.

C. Mathematical demo cracy

Now supposethat our physical world really is a math-
ematical structure, and that you are an SAS within it.
This meansthat in the Mathematics tree of Figure 8, one
of the boxes is our universe. (The full tree is probably
in�nite in extent, so our particular box is not one of the
few boxes from the bottom of the tree that are shown.)

In other words, this particular mathematical structure
enjoys not only mathematical existence,but physical ex-
istence as well. What about all the other boxes in the
tree? Do they too enjoy physical existence?If not, there
would be a fundamental, unexplained ontological asym-
metry built into the very heart of reality, splitting mathe-
matical structures into two classes:those with and with-
out physical existence.As a way out of this philosophical
conundrum, I have suggested(Tegmark 1998) that com-
plete mathematical democracy holds: that mathemat-
ical existence and physical existence are equivalent, so
that all mathematical structures exist physically as well.
This is the Level IV multiv erse. It can be viewed as a
form of radical Platonism, asserting that the mathemat-
ical structures in Plato's realm of ideas, the Mindscape
of Rucker (1982), exist \out there" in a physical sense
(Davies 1993), casting the so-calledmodal realism the-
ory of David Lewis (1986) in mathematical terms akin to
what Barrow (1991; 1992) refers to as \ � in the sky". If
this theory is correct, then since it has no free parame-
ters, all properties of all parallel universes(including the
subjective perceptionsof SASsin them) could in princi-
ple be derived by an in�nitely intelligent mathematician.

D. Evidence for a Lev el IV multiv erse

We have described the four levels of parallel universes
in order of increasingspeculativeness,so why should we
believe in Level IV? Logically, it rests on two separate
assumptions:

� Assumption 1: That the physical world (specif-
ically our level I I I multiv erse) is a mathematical
structure

� Assumption 2: Mathematical democracy: that
all mathematical structures exist \out there" in the
samesense

In a famous essay, Wigner (1967) argued that \the
enormous usefulnessof mathematics in the natural sci-
encesis something bordering on the mysterious", and
that \there is no rational explanation for it". This argu-
ment can be taken assupport for assumption1: here the
utilit y of mathematics for describing the physical world
is a natural consequenceof the fact that the latter is
a mathematical structure, and we are simply uncover-
ing this bit by bit. The various approximations that
constitute our current physics theories are successfulbe-
causesimple mathematical structures can provide good
approximations of how a SASwill perceive more complex
mathematical structures. In other words, our successful
theoriesare not mathematics approximating physics,but
mathematics approximating mathematics. Wigner's ob-
servation is unlikely to be based on uk e coincidences,
sincefar moremathematical regularity in nature hasbeen
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discovered in the decadessincehe made it, including the
standard model of particle physics.

A secondargument supporting assumption 1 is that
abstract mathematics is sogeneralthat any TOE that is
de�nable in purely formal terms (independent of vague
human terminology) is also a mathematical structure.
For instance, a TOE involving a set of di�eren t types
of entities (denoted by words, say) and relations between
them (denoted by additional words) is nothing but what
mathematicians call a set-theoretical model, and onecan
generally �nd a formal system that it is a model of.

This argument also makesassumption 2 more appeal-
ing, since it implies that any conceivable parallel uni-
versetheory can be described at Level IV. The Level IV
multiv erse, termed the \ultimate Ensemble theory" in
Tegmark (1997) since it subsumesall other ensembles,
therefore brings closure to the hierarchy of multiv erses,
and there cannot be say a Level V. Considering an en-
semble of mathematical structures doesnot add anything
new, since this is still just another mathematical struc-
ture. What about the frequently discussednotion that
the universeis a computer simulation? This idea occurs
frequently in science�ction and has been substantially
elaborated (e.g., Schmidthuber 1997; Wolfram 2002).
The information content (memory state) of a digital com-
puter is a string of bits, say \1001011100111001:::" of
great but �nite length, equivalent to some large but �-
nite integer n written in binary. The information pro-
cessingof a computer is a deterministic rule for chang-
ing each memory state into another (applied over and
over again), so mathematically, it is simply a function f
mapping the integersonto themselvesthat gets iterated:
n 7! f (n) 7! f (f (n)) 7! :::. In other words, even the
most sophisticated computer simulation is just yet an-
other special caseof a mathematical structure, and is al-
ready included in the Level IV multiv erse. (Incidentally ,
iterating continuousfunctions rather than integer-valued
onescan give rise to fractals.)

Another appealing feature of assumption 2 is that it
provides the only answer so far to Wheeler's question:
Why theseparticular equations, not others? Having uni-
versesdance to the tune of all possible equations also
resolvesthe �ne-tuning problem of Section I I C onceand
for all, even at the fundamental equation level: although
many if not most mathematical structures are likely to
be dead and devoid of SASs,failing to provide the com-
plexity, stabilit y and predictabilit y that SASsrequire, we
of course expect to �nd with 100% probabilit y that we
inhabit a mathematical structure capable of supporting
life. Becauseof this selection e�ect, the answer to the
question \what is it that breathes�re into the equations
and makes a universefor them to describe?" (Hawking
1993) would then be \y ou, the SAS".

E. What are Lev el IV parallel univ erses lik e?

The way we use,test and potentially rule out any the-
ory is to compute probabilit y distributions for our future
perceptions given our past perceptions and to compare
these predictions with our observed outcome. In a mul-
tiv ersetheory, there is typically more than oneSAS that
has experienceda past life identical to yours, so there is
no way to determine which one is you. To make predic-
tions, you therefore have to compute what fractions of
them will perceive what in the future, which leadsto the
following predictions:

� Prediction 1: The mathematical structure de-
scribing our world is the most generic one that is
consistent with our observations.

� Prediction 2: Our future observations are the
most genericonesthat are consistent with our past
observations.

� Prediction 3: Our past observations are the most
genericonesthat are consistent with our existence.

We will return to the problem of what \generic" means
in
secMeasureSec(the measure problem). However, one
striking feature of mathematical structures, discussedin
detail in Tegmark (1997), is that the sort of symmetry
and invarianceproperties that areresponsiblefor the sim-
plicit y and orderlinessof our universetend to be generic,
more the rule than the exception | mathematical struc-
tures tend to have them by default, and complicated ad-
ditional axioms etc. must be added to make them go
away. In other words, becauseof both this and selec-
tion e�ects, we should not necessarilyexpect life in the
Level IV multiv erseto be a disorderedmess.

V. DISCUSSION

We have surveyed scienti�c theories of parallel uni-
verses,and found that they naturally form a four-level
hierarchy of multiv erses(Figure 1) allowing progressively
greater di�erences from our own universe:

� Level I: Other Hubble volumeshavedi�eren t initial
conditions

� Level I I: Other post-ination bubblesmay havedif-
ferent e�ectiv e laws of physics (constants, dimen-
sionality, particle content)

� Level I I I: Other branchesof the quantum wavefunc-
tion add nothing qualitativ ely new

� Level IV: Other mathematical structures have dif-
ferent fundamental equations of physics
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Whereas the Level I universesjoin seemlessly, there are
clear demarcationsbetweenthosewithin levels I I and I I I
causedby inating spaceand decoherence,respectively.
The level IV universesare completely separateand need
to be consideredtogether only for predicting your future,
since\y ou" may exist in more than one of them.

Although it was Level I that got Giordano Bruno
in trouble with the inquisition, few astronomers today
would suggestthat spaceendsabruptly at the edgeof the
observable universe. It is ironic and perhapsdue to his-
toric coincidencethat Level I I I is the one that hasdrawn
the most �re in the past decades,sinceit is the only one
that adds no qualitativ ely new typesof universes.

A. Future prosp ects

There are ample future prospects for testing and per-
haps ruling out these multiv erse theories. In the com-
ing decade,dramatically improvedcosmologicalmeasure-
ments of the microwave background radiation, the large-
scale matter distribution, etc., will test Level I by fur-
ther constraining the curvature and topologyof spaceand
will test level I I by providing stringent tests of ination.
Progress in both astrophysics and high-energy physics
should also clarify the extent to which various physical
constants are �ne-tuned, thereby weakening or strength-
eningthe casefor Level I I. If the current world-wide e�ort
to build quantum computerssucceeds,it will provide fur-
ther evidencefor Level I I I, since they would, in essence,
be exploiting the parallelism of the Level I I I multiv erse
for parallel computation (Deutsch 1997). Conversely, ex-
perimental evidenceof unitarit y violation would rule out
Level I I I. Finally, successor failure in the grand challenge
of modern physics, unifying general relativit y and quan-
tum �eld theory, will shedmore light on Level IV. Either
we will eventually �nd a mathematical structure match-
ing our universe,or we will bump up against a limit to
the unreasonablee�ectiv enessof mathematics and have
to abandon Level IV.

B. The measure problem

There are also interesting theoretical issuesto resolve
within the multiv erse theories, �rst and foremost the
measure problem. As multiv ersetheories gain credence,
the sticky issueof how to computeprobabilities in physics
is growing from a minor nuisanceinto a major embarrass-
ment. The reasonwhy probabilities becomesoimportant
is that if there are indeedmany copiesof \y ou" with iden-
tical past lives and memories, you could not compute
your own future even if you had complete knowledgeof
the entire state of the multiv erse. This is becausethere
is no way for you to determine which of these copies is
\y ou" (they all feel that they are). All you can predict

is therefore probabilities for what you will observe, cor-
responding to the fractions of theseobservers that expe-
rience di�eren t things. Unfortunately , computing what
fraction of the in�nitely many observers perceive what
is very subtle, since the answer depends on the order in
which you count them! The fraction of the integers that
are even is 50% if you order them 1, 2, 3, 4..., but ap-
proaches100%if you order them alphabetically the way
your word processorwould (1, 10, 100, 1000, ...). When
observersresidein disconnecteduniverses,there is no ob-
viously natural way in which to order them, and onemust
samplefrom the di�eren t universeswith somestatistical
weights referred to by mathematicians as a \measure".
This problem crops up in a mild and treatable manner
in Level I, becomessevere at Level I I, has causedmuch
debate within the context of extracting quantum proba-
bilities in Level I I I (de Witt 2003), and is horrendousat
Level IV. At Level I I, for instance, Vilenkin and others
have published predictions for the probabilit y distribu-
tions of various cosmologicalparametersby arguing that
di�eren t parallel universesthat have inated by di�er-
ent amounts should be given statistical weights propor-
tional to their volume (e.g., Garriga & Vilenkin 2001a).
On the other hand, any mathematician will tell you that
2 � 1 = 1 , so that there is no objective sensein which
an in�nite universethat that hasexpandedby a factor of
two has gotten larger. Indeed, an exponentially inating
universehaswhat mathematicians call a time-lik e Killing
vector, which meansthat it is time-translationally invari-
ant and henceunchanging from a mathematical point of
view. Moreover, a at universe with �nite volume and
the topology of a torus is equivalent to a perfectly peri-
odic universewith in�nite volume, both from the mathe-
matical bird perspective and from the frog perspective of
an observer within it, sowhy should its in�nitely smaller
volume give it zero statistical weight? SinceHubble vol-
umesstart repeating even in the Level I multiv erse(albeit
in a random order, not periodically) after about 1010115

meters, should in�nite spacereally be given more sta-
tistical weight than a �nite region of that size? This
problem must be solved to observationally test models
of stochastic ination. If you thought that was bad,
consider the problem of assigning statistical weights to
di�eren t mathematical structures at Level IV. The fact
that our universeseemsrelatively simple has led many
people to suggestthat the correct measuresomehow in-
volves complexity. For instance, one could reward sim-
plicit y by weighting each mathematical structure by 2� n ,
where n is its algorithmic information content measured
in bits, de�ned as the length of the shortest bit string
(computer program, say) that would specify it (Chaitin
1987). This would correspond to equal weights for all
in�nite bit strings (each representable as a real number
like :101011101:::), not for all mathematical structures.
If there is such an exponential penalty for high complex-
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it y, we should probably expect to �nd ourselvesinhabit-
ing oneof the simplest mathematical structures complex
enough to contain observers. However, the algorithmic
complexity dependson how structures are mapped to bit
strings (Chaitin 1987;Deutsch 2003),and it far from ob-
vious whether there exists a most natural de�nition that
reality might subscribe to.

C. The pros and cons of parallel univ erses

So should you believe in parallel universes? Let us
conclude with a brief discussionof arguments pro and
con. First of all, we have seenthat this is not a yes/no
question | rather, the most interesting issueis whether
there are 0, 1, 2, 3 or 4 levels of multiv erses. Figure 1
summarizesevidencefor the di�eren t levels. Cosmology
observations support Level I by pointing to a at in�-
nite spacewith ergodic matter distribution, and Level
I plus ination elegantly eliminates the initial condition
problem. Level I I is supported by the successof ina-
tion theory in explaining cosmologicalobservations, and
it can explain apparent �ne-tuning of physical param-
eters. Level I I I is supported by both experimental and
theoretical evidencefor unitarit y, and explainsthe appar-
ent quantum randomnessthat bothered Einstein somuch
without abandoning causality from the bird perspective.
Level IV explains Wigner's unreasonablee�ectiv enessof
mathematics for describingphysicsand answersthe ques-
tion \wh y theseequations, not others?".

The principal arguments against parallel universesare
that they are wasteful and weird, so let us considerthese
two objections in turn. The �rst argument is that mul-
tiv ersetheories are vulnerable to Ockham's razor, since
they postulate the existenceof other worlds that we can
never observe. Why should nature be so ontologically
wasteful and indulge in such opulenceasto contain an in-
�nit y of di�eren t worlds? Intriguingly , this argument can
be turned around to arguefor a multiv erse. When wefeel
that nature is wasteful, what precisely are we disturb ed
about her wasting? Certainly not \space", sincethe stan-
dard at universemodel with its in�nite volumedrawsno
such objections. Certainly not \mass" or \atoms" either,
for the samereason| onceyou have wasted an in�nite
amount of something,who caresif you wastesomemore?
Rather, it is probably the apparent reduction in simplic-
it y that appears disturbing, the quantit y of information
necessaryto specify all theseunseenworlds. However, as
is discussedin more detail in Tegmark (1996), an entire
ensemble is often much simpler than one of its mem-
bers. For instance, the algorithmic information content
of a generic integer n is of order log2 n (Chaitin 1987),
the number of bits required to write it out in binary.
Nonetheless,the set of all integers 1; 2; 3; ::: can be gen-
erated by quite a trivial computer program, so the algo-
rithmic complexity of the wholeset is smaller than that of

a generic member. Similarly, the set of all perfect uid
solutions to the Einstein �eld equations has a smaller
algorithmic complexity than a generic particular solu-
tion, since the former is speci�ed simply by giving a few
equationsand the latter requiresthe speci�cation of vast
amounts of initial data on some hypersurface. Loosely
speaking, the apparent information content rises when
we restrict our attention to one particular element in an
ensemble, thus losing the symmetry and simplicit y that
wasinherent in the totalit y of all elements takentogether.
In this sense,the higher level multiv erseshave lessalgo-
rithmic complexity. Going from our universeto the Level
I multiv erseeliminates the need to specify initial condi-
tions, upgrading to Level I I eliminates the needto spec-
ify physical constants and the Level IV multiv erseof all
mathematical structures has essentially no algorithmic
complexity at all. Since it is merely in the frog perspec-
tiv e, in the subjective perceptionsof observers, that this
opulenceof information and complexity is really there, a
multiv ersetheory is arguably more economicalthan one
endowing only a single ensemble element with physical
existence(Tegmark 1996).

The second common complaint about multiv ersesis
that they are weird. This objection is aesthetic rather
than scienti�c, and as mentioned above, really only
makes sensein the Aristotelian world view. In the Pla-
tonic paradigm, one might expect observers to complain
that the correct TOE was weird if the bird perspective
was su�cien tly di�eren t from the frog perspective, and
there is every indication that this is the casefor us. The
perceived weirdnessis hardly surprising, since evolution
provided us with intuition only for the everyday physics
that had survival value for our distant ancestors.Thanks
to clever inventions, we have glimpsedslightly more than
the frog perspective of our normal inside view, and sure
enough, we have encountered bizarre phenomenawhen-
ever departing from human scalesin any way: at high
speeds(time slows down), on small scales(quantum par-
ticles can be at several places at once), on large scales
(black holes), at low temperatures (liquid Helium can
o w upward), at high temperatures (colliding particles
can changeidentit y), etc. As a result, physicists have by
and large already accepted that the frog and bird per-
spectives are very di�eren t, A prevalent modern view
of quantum �eld theory is that the standard model is
merely an e�ectiv e theory, a low-energy limit of a yet to
be discoveredtheory that is even more removed from our
cozy classical concepts (involving strings in 10 dimen-
sions, say). Many experimentalists are becoming blas�e
about producing so many \w eird" (but perfectly repeat-
able) experimental results, and simply accept that the
world is a weirder place than we thought it was and get
on with their calculations.

We have seenthat a common feature of all four mul-
tiv erselevels is that the simplest and arguably most el-
egant theory involves parallel universesby default, and
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that oneneedsto complicate the theory by adding exper-
imentally unsupported processesand ad hoc postulates
(�nite space,wavefunction collapse,ontological asymme-
try , etc.) to explain away the parallel universes. Our
aesthetic judgement therefore comesdown to what we
�nd more wasteful and inelegant: many worlds or many
words. Perhaps we will gradually get more used to the
weird ways of our cosmos,and even �nd its strangeness
to be part of its charm.
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