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Introduction

The multiverse refers to a picture discussed in current the-
oretical physics, which says that what we once thought as
the entire universe is only one of the many universes in
which physical laws take different forms. There are lots
of misconceptions in public about this picture, which we
will discuss in this part. Common misconceptions include
“The multiverse is not a scientific, or scientifically moti-
vated, theory”; “Adopting the anthropic principle, implied
by the multiverse picture, is equivalent to giving up sci-
entific explanations for any phenomena we observe”; and
“The multiverse theory is not testable even in principle.”
We will see that all these statements are false; in particu-
lar, we will see that the approach of multiverse cosmology
is exactly that of conventional science.



Chapter 13

The Basic Picture

In this section, we overview the multiverse theory. We
will see that it is a concrete proposal based on fundamen-
tal theories of physics. In particular, we will see that it
is scientifically well motivated, both observationally and
theoretically.

13.1 Definition

What does the end of the universe look like—what exists
outside of it? How was the universe born—what was there
before it was born?

To answer these questions, we first need to define what
we mean by the “universe.” For example, suppose there
is some “end” of the universe, and there is “something”
outside of it. But if we decide to call everything including
that something as the universe, then by definition there
would be no such thing as the outside of the universe. Since
we will be talking about a concrete picture, we need to
define things precisely.

We know from the era of Copernicus and Galilei that the
land we live on is only the surface of one of the planets in
the solar system. We also now know that our solar system
is only one of many such objects in our Milky Way galaxy,
which in turn is only one of many galaxies. If we keep
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looking at larger scales in this way, we find that our universe
is roughly homogeneous (after “coarse-graining” structures
at smaller scales). Furthermore, this homogeneous regionOur universe is almost homo-

geneous when viewed at large
scales.

is well described by the so-called standard model of parti-
cle physics, more precisely the standard model extended to
include what are called dark matter and dark energy. We
call this homogeneous region, described by a single particle
physics model, our universe.

One of the major discoveries in the twentieth century is
that this region, which we call the universe, is expanding.
(What was actually found is that the more distant a galaxy
is, the faster it recedes from us, which implies that the
universe is expanding as a whole.) When you hear that
the universe is expanding, you might imagine that the size
of the universe is finite and increasing in time. This is,
however, not necessarily the case.

��� Misconception !! The expanding universe means a finite universe expand-
ing in ambient space.

The precise meaning of the universe being expanding is, as
shown in Fig. 13.1, that the distance between arbitrary cho-
sen two points keeps increasing as time passes. In particular,
the “size” of the universe can be infinite from the beginning,
except possibly at the exact time zero when the distance be-
tween any points can be said zero or undefined. (We usually
consider what happens at the exact time zero to be a result
of mathematical idealization anyway.)

time

Fig. 13.1 In the expanding universe, the distance between
arbitrary two points increases as time passes.
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��� More Accurate !! The size of the expanding universe can be infinite all
the way through its history.

The fact that the universe is expanding—in the sense
described above—means that at early times it was much
more dense and hence at higher temperature. Namely, the
universe must have started from a hot “big bang” phase.
In fact, the universe in the early hot phase was observed
directly. Since the speed of light is finite, seeing a distant
object (e.g., at a thousand light years away) means that
we are seeing the light emitted from the object in the past
(a thousand years ago). So, if we keep looking farther and
farther, at some point we must see a hot, high temperature
and high density, universe. This implies that the back-
ground night sky must be shining! On the other hand, the
night sky is obviously dark. What is going on?

The answer is that because the universe is expanding,
the light from the hot phase is subject to the Doppler ef-
fect, so that its frequency is in the microwave region when
received on the Earth. In other words, when viewed by
microwave, the night sky is shining. This radiation, com-
ing uniformly from all the angles in the sky, is called the
cosmic microwave background (CMB)—it is light emitted
when the universe was 400, 000 years old (which is only
1/35, 000 of the current age of the universe, 13.8 billion
years); see Fig. 13.2.

Cosmic Microwave 
Background (CMB)

…almost perfectly homogeneous 

Fig. 13.2 We receive the cosmic microwave background
(CMB) from all the directions in the sky, which is almost
perfectly homogeneous.
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Following the initial discovery in 1964, the CMB has
been measured in many ground-based and satellite exper-
iments. A striking fact is that these measurements tell us
that the universe, when it was young (400, 000 years old),
was incredibly homogeneous. In fact, the fluctuations of en-
ergy density at that time were only at the level of one part
in 100, 000. All the structures we see today—stars, galax-According to the measure-

ment of the CMB, our uni-
verse was almost perfectly
homogeneous when it was
younger.

ies, galaxy clusters, and so on—have been formed because
these tiny fluctuations were amplified by “gravitational in-
stability.” Namely, a region slightly more dense than the
surroundings becomes more dense as gravity attracts more
matter to that region; accordingly, regions that were less
dense have become even less dense. We can indeed use the
measured map of the CMB to simulate what happens to
the universe afterward, and the result well agrees with the
observed structure of galaxies and galaxy clusters in the
current universe.

The universe before 400, 000 years old cannot be seen
directly by light, since the high density of the universe pre-
vents any light from propagating. We can, however, ex-
trapolate the history of the universe further back, using the
equations of general relativity and the standard model of
particle physics. (The current age of the universe—13.8 bil-
lion years old—is obtained in this manner.) Through this,
we know what happened in the earlier universe, for exam-
ple, how light chemical elements were synthesized when the
age of the universe was only about 1–10 minutes—the pre-
dicted relative abundances of the elements agree well with
the observation. The history before this “big-bang nucle-
osynthesis” era was not fully settled observationally, but we
have a rough idea: at some early time, the universe was sub-
ject to exponential expansion called inflation (which pro-
vided the origin of small fluctuations needed to form struc-
tures), after which an asymmetry between the amounts
of matter and antimatter was created through the process
called baryogenesis (whose details are still debated). In any
event, it seems clear that the early universe was very ho-
mogeneous, i.e., it looked very much the same everywhere.

Let us consider drawing this history of the universe in a
figure which looks “scientific.” In doing so, physicists often
draw a “spacetime” figure in which a spatial (time) direc-
tion is taken to be in the horizontal (vertical) direction and
in which the trajectory of a light ray is taken to be in a
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45◦ direction. (This type of figures is called Penrose dia-
grams, and it makes causal relations between events mani-
fest. For example, since no signal can propagate faster than
the speed of light, the spacetime region a point in the figure
can affect is that between the upper left and upper right di-
rected 45◦ lines drawn from that point.) According to this
rule, (the history of) the universe we have been discussing
so far, naively, seems to be summarized as in Fig. 13.3.

time

space

Light paths (taken to be 45°)

CMB

Hot big bang
Inflation

Fig. 13.3 The naive picture of the universe in the form of a
Penrose diagram.

What the multiverse theory says is that this innocently-
looking figure is wrong, at least in one important way. In
particular, if we look at Fig. 13.3, we might conclude that
there is no room to consider other universes spatially sep-
arated from our own. This is, however, not correct. As we
will see, according to the multiverse theory, the structure of
spacetime is more intricate than that in Fig. 13.3, so there
can be other universes even in a region spatially separated
from us (in some specific sense; see below).

��� Misconception !! The multiverse is a vague idea just suggesting that there
are many universes.

��� More Accurate !! The multiverse, as discussed currently in the theoretical
physics community, is a specific proposal for the structure of space and time,
replacing the naive picture of the universe in Fig. 13.3.
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13.2 Motivation: Observational

To go beyond the naive picture of Fig. 13.3, we need some
hints. Below we will discuss some of them, which played im-
portant roles in the development of the multiverse picture.
In doing so, we will address the following misconception:

��� Misconception !! The multiverse is a random guess which is not scientifi-
cally well motivated.

In particular, we will see that the multiverse is well moti-
vated both observationally and theoretically.

One of the greatest mysteries of our universe is that it
appears that it is designed too well for us humans. For
example, let us imagine changing the value of the mass-
squared parameter μ2 of the Higgs field in the standard
model, which can theoretically take any value in the range
−1032μ2

0 � μ2 � 1032μ2
0, where μ2

0 is the value in our uni-
verse. We then find that unless μ2 is in an extremely narrow
range, 0 � μ2 � a few× μ2

0, there is no stable nucleus (ex-
cept for hydrogen, which is the proton). Namely, our uni-
verse acquires enough complexity to have nuclear physics,
and hence chemistry and life as we know, only if this pa-
rameter is carefully chosen to be in this tiny window. WeOur universe seems to be

carefully designed so that
complex structures, including
intelligent life, can emerge.

also find that the masses of various elementary particles
(which are determined by certain coupling constants in the
standard model) must also be chosen carefully in order for
the theory to possess complexity. These complexities are
presumably a necessary condition for life to emerge. Who
made such careful adjustments of the theory?

This issue became even more mysterious when experi-
mental collaborations led by Perlmutter, Riess, and Schmidt
discovered in 1998 that the expansion of the universe is ac-
celerating, rather than decelerating. Under normal circum-
stances, the expansion of the universe is only decelerating
because the gravitational force between any matter is at-
tractive. However, the expansion can accelerate if space is
filled by the “energy of the vacuum.” The 1998 discovery,
therefore, implies that our universe is filled with the vac-
uum energy (or at least something that effectively behaves
as the vacuum energy).
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What surprised people was that the size of the observed
vacuum energy density was extremely small—120 orders of
magnitude smaller than theoretically expected! And yet it
was nonzero. Theoretically, the vacuum energy density ρΛ
is expected to take any value in the range −ρΛ,∗ � ρΛ �
ρΛ,∗, where ρΛ,∗ ∼ 1090 g/cm3 represents a theoretically
expected size, and yet the actual value found by the ob-
servations is surprisingly close to zero, ρΛ ∼ 10−120ρΛ,∗.
Moreover, the observed value of ρΛ is very special—it is
only about a factor of 2 different from the energy density
of matter:

ρΛ ∼ 2.2 ρmatter (13.1)

Note that the two could have taken values many orders of
magnitude different, and yet they are this close. This be-
comes even more mysterious if we realize the fact that the
time dependencies of the two quantities are completely dif-
ferent: as the universe expands, the energy density of matter
is diluted inversely proportional to the volume, while the
vacuum energy density stays constant. What we find is the
fact that these two components are comparable in size when
humans make cosmological observations (see Fig. 13.4). In Our universe has compara-

ble vacuum and matter energy
densities now.

other words, if we try to explain the smallness of the vac-
uum energy by some mechanism that operated in the early
universe, then the mechanism must know when intelligent
life—humans—will emerge and make cosmological observa-
tions, to adjust the vacuum energy density in such a way
that it becomes comparable to the matter energy density
at the time the observations are made. Can we imagine any
such mechanism?

In 1987, 11 years before the discovery of accelerating
expansion, Steven Weinberg published a paper about the
vacuum energy in Physical Review Letters. The problem of
smallness of the vacuum energy density was already known
by then. Most physicists, however, were thinking that this
was not a pressing problem. Their thinking was: given that
the vacuum energy density was already smaller than its
natural size by more than 100 orders of magnitude, its true
value would be zero due to some unknown mechanism, and Most physicists once thought

that the vacuum energy in our
universe is zero.

in any case the solution to this problem would not much
affect the rest of physics.
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Now

time

energy
density 

rmatter

rL

Fig. 13.4 We live in a very special era in which the energy
densities of vacuum and matter are comparable. Here, the
horizontal and vertical axes should be understood to rep-
resent the logarithms of time and energy densities.

Weinberg did not think that way. There were some sug-
gestions for how the vacuum energy could be zero, but none
of them was working well. (He wrote a review article, sum-
marizing why these ideas do not work.) Instead of pursuing
another such mechanism, he considered what would happen
if the vacuum energy were much (e.g., by a few orders of
magnitude) larger than the current matter energy density.
He then found that in such a universe, there would be no
structure such as galaxies (and hence any intelligent life).
This implies the following. Suppose there are a large num-
ber of universes in which the vacuum energy takes differ-
ent values. (In the discussion here, it is not important how
these universes are realized.) Then, some of these universes
would accidentally have a value of the vacuum energy small
enough to lead to nontrivial structures. Since intelligent
life would emerge only in such universes, when they make
cosmological observations, they always find a surprisingly
small value of the vacuum energy density; see Fig. 13.5.

0
•

Observers (humans) arise
only in universes in this range

rLNo structure No structure

Fig. 13.5 Observers arise only in universes in which the
vacuum energy density is sufficiently small.
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An important point is that in this picture, which postu-
lates many universes or the multiverse, the vacuum energy
is expected to be not much smaller than needed. In other
words, the size of the vacuum energy density is expected to
be roughly comparable to the current matter energy den-
sity. This is in sharp contrast with what most physicists
were imagining back then. And indeed, the observations
by Perlmutter, Riess, and Schmidt found that the vacuum
energy density is within only about a factor of 2 from the
current matter energy density!

��� More Accurate !! The multiverse scenario was considered in order to ad-
dress a specific scientific problem that could not be solved by other theories. It
not only explained the smallness of the vacuum energy but also predicted that it is
comparable to the current matter energy density. This prediction was confirmed
observationally a decade later.

Similarly, other “miraculous” features of the standard
model that seem to be carefully designed for the existence of
life can also be understood if we take the view that we live
only in one of the many universes which satisfies the con-
ditions for life to exist.

13.3 Motivation: Theoretical

It is certainly a major assumption that there are many pos-
sible universes in the world. Is there any independent argu-
ment supporting this hypothesis beyond the fact that it can
explain the seemingly well-designed nature of our universe?
In fact, there is.

Finding a complete quantum mechanical theory of grav-
ity has been a challenging avenue. A problem is that when
one straightforwardly quantizes Einstein’s theory of general
relativity, the resulting theory suffers from uncontrollable
divergences at the fundamental level, suggesting that we
need to do something more dramatic to have a consistent
theory of quantum gravity. String theory is the leading con-
tender for such a theory. In string theory, the extended na-
ture of fundamental constituents tames these divergences.
This is virtually the only quantum gravitational theory we
currently have in our hands (although they are people who
are exploring alternatives, such as loop quantum gravity).
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String theory predicts that the dimension of spacetime is
higher than four, the number we see around (three spatial
dimensions and one time dimension). In a certain way ofString theory predicts the ex-

istence of extra spatial dimen-
sions.

counting, the number of extra dimensions is 6, and they are
all spatial. What does it mean that there are extra spatial
dimensions? Imagine that our world exists on the surface
of a thin tube. This space is clearly two-dimensional at the
fundamental level. However, if we are interested only in
physics at large distance scales, e.g., because we are large,
then this space appears as one-dimensional as illustrated in
Fig. 13.6. So, for such “large” observers, the space appears

2-dimensional
surface

looks
1-dimensional

Fig. 13.6 The surface of a thin tube, which is two-
dimensional, appears as one-dimensional at long distances.

as one-dimensional, with one extra dimension—in this case
a circle—attached at each point in space. Similarly, in
string theory, we must consider that six-dimensional space
is attached at each point of our four-dimensional spacetime.

An important point is that the properties of the theory
describing physics in four-dimensional spacetime at long
distances depend on the shape and size of the extra dimen-
sions because it results, in a sense, from averaging out the
physics associated with these tiny compact dimensions. In
particular, the content and properties of elementary parti-
cles and the value of the vacuum energy change if the shape
and size of the extra dimensions are varied. (In fact, the
number of “compactified” dimensions may also be other
than six, so the number of spacetime dimensions at long
distances may also differ from four.)



13.3. MOTIVATION: THEORETICAL 187

How many different configurations for the extra dimen-
sions does the theory allow? It is quite common in nature
that even if the fundamental equation is simple, a system
governed by the equation shows remarkable complexity and
varieties. A good example is organic macromolecules that
all arise as quasi-stable solutions to a simple Schrödinger
equation. Likewise, even though the equation governing
the dynamics of the extra dimensions is simple, these di-
mensions can have an enormous number of quasi-stable
configurations—an estimate says that there are 10500 or
more such configurations. We can illustrate this situation There are an enormous num-

ber of quasi-stable configura-
tions for the extra dimen-
sions.

schematically as in Fig. 13.7, where the horizontal direc-
tions represent possible configurations of the extra dimen-
sions and the vertical axis corresponds to the potential en-
ergy associated with each configuration. Each quasi-stable
configuration corresponds to a minimum of the potential
valleys. This picture is often called the string landscape.

Configuration
of extra
dimensions

Potential energy

Fig. 13.7 A sketch of the potential energy as a function of
the configuration (shape and size) of the extra dimensions.
Each minimum corresponds to a different low-energy uni-
verse.

We conclude that each minimum of the above potential
corresponds to a possible four-dimensional universe, hav-
ing distinct elementary particles and the vacuum energy.
However, this by itself is not sufficient to solve the prob-
lem of the vacuum energy, since it merely says that string
theory has many universe as possible solutions. In order to
lead to the multiverse and hence for Weinberg’s solution to
the problem to operate, these universes must be physically
realized. What does the theory say about this?
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Suppose the system was originally at some minimum
of the landscape potential which has a positive potential
energy. In this case, Einstein’s equation tells us that space-
time expands exponentially. The system, however, does
not simply stay there forever. Quantum mechanics allows a
transition from that minimum to a lower minimum through
a quantum tunneling process. Under a normal circum-
stance, such a quantum tunneling process occurs in the
following manner. Initially, the system is everywhere in the
state of a higher minimum. At some point, however, small
bubbles form in which the system is in the state of a lower
minimum (like bubbles in boiling water). These bubbles
then expand almost at the speed of light, and they collide
with each other, eventually turning the entire system into
the new state in the lower minimum of the potential.

However, in the case of cosmic tunneling under consid-
eration, ambient space in which bubbles form is expanding
exponentially, in fact at a rate faster than the speed of bub-
ble expansion. The bubbles, therefore, cannot fill the entire
space—there is always ambient space exponentially expand-
ing, in which new bubbles keep forming. Bubbles formed
in this way can be of various different kinds: interiors of
these bubbles correspond to different minima in the poten-
tial landscape, as indicated by the arrows in Fig. 13.7. In
fact, it is generally expected that all the different universes
in string theory are physically realized as bubble universes
in this manner. This process of eternally creating bub-Different universes predicted

in string theory are physically
realized as bubble universes
through eternal inflation.

ble universes in exponentially expanding ambient space is
called the eternal inflating multiverse.

This setup, therefore, is exactly the one needed byWein-
berg to solve the problem of small vacuum energy. Accord-
ing to this picture, our universe is only one of (infinitely)
the many bubble universes formed through eternal infla-
tion; see Fig. 13.8 for illustration.

Interestingly, the fact that string theory can lead to a
huge number of low energy theories and that inflationary
expansion at a high potential energy minimum lasts eter-
nally was known from the 1980s, but people viewed them
as nuisances. In particular, many people thought that the
existence of extra dimensions in string theory is an unfor-
tunate feature of the theory (as they thought it would have
been better if it predicted four dimensions), and the eternal
nature of inflation is a problem, since in our universe such
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us

Fig. 13.8 Eternally inflating space produces an infinite num-
ber of bubble universes, one of which is our own universe.

expansion certainly ended before the hot big bang era. It
is quite suggestive that properties of the fundamental theo-
ries which once people thought as bad features are exactly
those needed to understand aspects of our universe as we
observe it today.

��� More Accurate !! The multiverse picture is suggested by the fundamental
theories—string theory and eternal inflation—that were developed independently
of the multiverse. It is, therefore, theoretically well motivated.

13.4 New Spacetime Picture

According to the multiverse theory, we live in one of the
bubble universes which is nucleated in inflating space and
expanding afterward. This may sound like our universe is
not homogeneous even approximately—in particular, there
is a special point corresponding to the center of the bubble,
and if we go far in the bubble, then we would hit its wall,
i.e., the edge. Doesn’t this contradict the fact that our
universe appears observationally very homogeneous as we
saw in Sect. 13.1?

In fact, two statements that (i) we live in a bubble uni-
verse which was born small in ambient space and expanding
afterward and (ii) our universe is (almost perfectly) homo-
geneous do not contradict with each other. How is this
possible?

It is often the case that when a revolutionary change of
the picture occurs, it is accompanied by the corresponding
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change of a concept. For example, when ancient people re-
alized the possibility that our land might be spherical, one
of the strongest “scientific” objections was that if it is in-
deed spherical, then people in the other side would “fall to
the sky.” Of course, we now know what is wrong with this
argument—the concept of “down” is not universal to every-
one; it is defined (only) with respect to the Earth through
gravitational attraction. Similarly, in the multiverse pic-
ture, we need to embrace some revision of a concept, which
makes the two statements above consistent.

What concept do we need to revise among those we take
for granted in our daily life? The point here is to realize
that there is no absolute definition of equal time at spa-
tially separated points. For example, there is no invariant
meaning to the question “what is going on at some specific
point in the Andromeda galaxy when you are reading this
sentence,” since we cannot uniquely determine what time
in the Andromeda galaxy corresponds to “now” here. YouThere is no absolute concept

of equal time at spatially sep-
arated points.

might think that we can define equal time in two different
places if we prepare two clocks synchronized at some loca-
tion and then move them to the two places, e.g., one here
and one in the Andromeda galaxy. But because of relativis-
tic effects, such a definition depends on how we carry the
clocks, e.g., the path and speed of the transportation.

This fact plays a crucial role in understanding the struc-
ture of a bubble universe. Let us imagine that we are seeing
a bubble universe from outside. Then, the universe is born
small and then becomes larger in ambient space. If we write
this in a Penrose diagram, in which a trajectory of light is
drawn as a 45◦ line, it becomes as in Fig. 13.9. Here, the

Bubble
universe Ambient

space

t=1

t=2

t=3

t=4

becoming larger

Fig. 13.9 Nucleation of a bubble universe as viewed from
an exterior observer.
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region inside (outside) the inverse triangle represents the
interior (exterior) of the bubble universe. (The reason why
the boarder of the two regions is given by 45◦ lines is that
the bubble wall expands almost at the speed of light.) The
equal time slices as viewed from the exterior observer are
drawn as horizontal lines, denoted as t = 1, 2, 3, and 4. One
can see that the size of the universe (the portions of the hor-
izontal lines inside the inverse triangle) becomes larger as
time passes.

On the other hand, if we see the same bubble nucleation
process from the viewpoint of an observer inside the bubble,
then it appears quite differently. In this case, equal time
slices are given as in Fig. 13.10, denoted by t′ = 0, 1, 2, · · · .
(Technically, equal time slices as viewed from an interior

t´ = 0t´ = 1t´ = 2 t´ = 3 t´ = 4

Fig. 13.10 A bubble universe as viewed from an interior
observer.

observer are given by contours of quantum fields responsible
for the nucleation.) We find that in this view, the universe
is infinitely large already when it was born, i.e., the length
of any constant t′ line is infinite. Moreover, the universe,
as viewed from the interior, is completely homogeneous,
i.e., any point on a given constant t′ line looks the same
as any other point on the same line. (For t′ = 0, there
appears to be a special point—the vertex of the inverse
triangle. This is an artifact of the drawing. Indeed, for any
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t′ > 0—how small it is—there is no special point on the
equal time surface.)When viewed from outside, a

bubble universe is born small,
and its size becomes larger as
time passes. When the same
universe is viewed from the
interior, however, it is homo-
geneous and infinitely large
already at the time it is born.

This is how the two statements about a bubble
universe—that it is born small and becomes larger and that
it is homogeneous—can be compatible. The former is a
statement when the universe is viewed from outside, and
the latter is that when viewed from the interior.

This picture replaces the naive picture given by Fig. 13.3.
When our universe is drawn in the form of a Penrose dia-
gram, it must be drawn as in Fig. 13.9 or Fig. 13.10, instead
of Fig. 13.3. The new figure makes it clear that the space-
time region an exterior observer describes as “outside the
universe” is the region “before the universe began” for an
interior observer. And this is the region where other uni-
verses, born in the ambient eternally inflating space, as well
as the ambient space itself reside. The full picture of the
multiverse drawn in a Penrose diagram, therefore, is given
by Fig. 13.11. One finds that it exhibits a “fractal” struc-
ture. Note, however, that many universes drawn near the
top are in fact large universes because the entire spacetime
is expanding. The fact that these universes appear small
is an artifact of the rule of Penrose diagrams in which the
trajectories of light are drawn as 45◦ lines.

many universes with differing properties
(e.g. the number of spatial dimensions, the value of rL, 

the content and properties of elementary particles, …) 

Our universe is merely one of
   the (infinitely) many universes.

Fig. 13.11 A Penrose diagrammatic depiction of the multi-
verse.



Chapter 14

Demystifying the Multiverse

In this section we discuss some misconceptions about the
multiverse, often existing even in the scientific community.

14.1 Scientific and Conservative

People sometimes say that the multiverse theory sounds
“mystical.” This is probably because it talks about a very
big picture such as outside of our own universe.

��� Misconception !! The multiverse picture, talking about things like outside
of our universe, is mystical.

The true situation, however, is the opposite.

Suppose there was only one universe. Then it would
be very difficult to explain miraculous features of our uni-
verse, such as the structure of elementary particles and the
value of the vacuum energy, without resorting to some sort
of creator. In the multiverse picture, however, there are an
enormous number (10500 or more) of different universes, so
some of them possess these miraculous features that lead
to intelligent life, without a help of any creator. This, of
course, does not prove that there is no such creator, but

© Springer International Publishing Switzerland 2018
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given that a goal of science is to try to understand our phys-
ical nature as much as possible without relying on such an
almighty person, the approach of the multiverse is exactly
that of science.

��� More Accurate !! The approach of the multiverse theory is exactly that
of science.

In fact, the logic that has led to the multiverse picture
is a very traditional one in science. A progress in science,
especially in physics, often occurs in the following steps.
First, to explain known facts, a new equation—or theory—
is written down. Then, by studying that equation, we find
new phenomena that were not known before. Finally, by
accumulating evidence for these new phenomena, we build
up our confidence about the equation, and through this
process the new theory is becoming a part of our established
scientific knowledge.

Two well-known historical examples are the following
(see Fig. 14.1). The first is a story about relativity and
gravity. When Einstein presented special relativity in 1905,
this theory was not compatible with the known theory of
gravity. (In relativity no signal can propagate faster than
the speed of light, but gravity in Newton’s theory propa-
gates instantaneously.) This problem was solved when Ein-
stein replaced Newton’s theory with his theory of general
relativity in 1916. This new theory—mathematically rep-
resented by the so-called Einstein equation—predicted new

Special relativity
+ Gravity

Special relativity
+ Spin

Einstein
equation

Dirac
equation

Expanding universe
Black hole

Antiparticle

Quantum mechanics
+ General relativity

String
theory The multiverse

Fig. 14.1 The development of the multiverse theory in anal-
ogy with other scientific theories.
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phenomena such as the expanding universe and black holes,
which were not known at the time but confirmed later ob-
servationally.

The second example is when Paul Dirac tried to find an
equation that allowed for describing a particle with spin in
a way consistent with special relativity. The equation he
found—the Dirac equation—predicted the existence of an
antiparticle: for any particle there is a partner that has the
same mass but the opposite charge. In Dirac’s case, he was
interested in writing the equation for the electron, so this
antiparticle was what is now known as the positron, which
was discovered 4 years after Dirac wrote down his equation.

An interesting thing is that in both these cases, those
who originally wrote down the equations could not accept
these predictions initially. It is well known that Einstein
could not accept the prediction that the universe must be
expanding (or contracting); the prejudice that the universe
must be static was so strong back then. Dirac also tried
to identify the positively charged particle predicted by his
equation as the proton—the only known positively charged
particle at the time—despite the fact that the equation was
telling that the mass of the particle was the same as the
electron. Even with the geniuses of Einstein and Dirac, it
was not easy to overcome prejudices deeply insinuated in
people’s mind. And in both these cases, the equations once
written down were describing the nature correctly beyond
their originators’ imagination.

The situation in the multiverse is not so different from
these two examples (see Fig. 14.1). String theory has been
considered as the virtually unique candidate for reconciling
quantum mechanics and general relativity. Studying the
structure of this theory has led to extra dimensions and
hence many different universes at long distances. As in the
case of the above two examples, this prediction had not
been taken too seriously in the 1980s among people who
originally developed string theory. But the discovery of the
universe’s accelerating expansion in 1998 made people pay
attention to this implication of the equation.

��� More Accurate !! The progress of the multiverse theory is very much anal-
ogous to those of other scientific theories.
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In fact, one can even say that the multiverse is a “conser-
vative” picture in the sense that it is more along the lines of
the past progresses in science. When string theory turned
out to be a consistent theory of quantum gravity in the
1980s, many physicists thought that all the aspects of our
universe—including the masses of all the elementary parti-
cles and the value of the vacuum energy—could be derived
merely by solving its equation, and this picture dominated
the particle physics community for two decades afterward.
Such a picture, however, is much more “radical”—we have
never reached such an ideal situation in our history of sci-
ence.

Throughout the history of science, we learned many
times over that we were much tinier substances than we
had previously thought and that we do not in any sense
occupy a central position in the physical world. In ancient
times, we thought we lived on the unique, disklike world,
but we now know that we live on one of the eight planets
around the Sun, which is only one of a few hundred billion
stars in our galaxy, which is in turn one of many galax-
ies in our observable universe. Given this, it does not seemGiven the history of science,

the multiverse is a conserva-
tive picture.

unreasonable—or even seem natural—that what we consid-
ered the whole universe is actually only a small portion of
some larger structure.

14.2 Anthropic “Principle”

The reasoning used by Weinberg to address the smallness
of the vacuum energy is often called (the weak form of)
the anthropic principle. This term, however, is misleading.
When you hear the phrase anthropic principle, you might
imagine that we are introducing some new principle that
has somehow to do with humans. However, once we admit
that there are many different universes, it is nothing more
than a statement of consistent logic. What we want toWith sufficiently many uni-

verses, the anthropic reason-
ing is nothing more than a
statement of consistent logic.

explain is the fact that “when we made observation, we
found a small value of the vacuum energy.” To see if this is
consistent with a theory, there is no point in discussing the
value of the vacuum energy without taking observers into
account. In other words, there is absolutely no problem
if the value of the vacuum energy is large in universes in
which there is no observer to measure it.
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A statement that is typically made to the anthropic rea-
soning is the following:

��� Misconception !! Once we admit the anthropic principle, we can explain
everything with it, so it is equivalent to giving up a scientific explanation for any
phenomenon; in particular, the anthropic principle means that there is no point
in searching for any mechanism for explaining natural phenomena.

This statement is wrong in many respects. First, it is wrong
that the anthropic reasoning can explain everything by it-
self. For example, the standard model of particle physics
contains a quantity called the θ parameter, which controls
the size of the electric dipole moments of elementary par-
ticles. This parameter is known to be smaller than its the-
oretically expected size by more than ten orders of mag-
nitude. The origin of this smallness, however, cannot be
explained by the anthropic reasoning alone, since we can
show that even if this parameter was larger than the current
experimental upper bound by many orders of magnitude,
there would virtually be no effect for the structure of our
universe. This implies that there must be some mechanism
(other than the simple anthropic reasoning) that is making
this parameter small.

Another reason for why the statement quoted above is
incorrect is that the anthropic principle by itself does not
mean that there is no conventional mechanism to explain
the structure of a theory. As seen in Sect. 13.2, the standard
model has another parameter that is much smaller than the
theoretically expected value: the Higgs mass-squared pa-
rameter μ2. The origin of this smallness appears to be an-
thropic because there is no complex chemistry if this param-
eter takes a value slightly different from the observed one.
On the other hand, there are many mechanisms/theories
considered in particle physics which explain the smallness of
μ2, most notably weak scale supersymmetry. Suppose that
the anthropic reasoning for the smallness of μ2 is correct.
Does it mean that a mechanism explaining the smallness of
μ2 is absent in our universe?

It doesn’t. In the multiverse, intelligent life emerges
only in universes in which μ2 is sufficiently small to ac-
commodate complex structures. Some of these universes
have small μ2 “accidentally” (as in the case of the vacuum
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energy), while some have it through a mechanism such as
weak scale supersymmetry. In this case, which type of uni-
verse we find ourselves in depends on how many each type
of universes exists in the multiverse, or more precisely the
relative probability of finding two types of universes given
the condition that intelligent life exists. If the latter type
dominates, we would find ourselves living in a universe in
which the smallness of μ2 is realized through a mechanism,
even if its ultimate reason is anthropic. Until we become
capable of calculating the relevant probability, we cannot
conclude the existence or absence of a mechanism without
using observations. (In the case of the vacuum energy, we
could not find anymechanism making it small, so we believe
that the vacuum energy is small “accidentally.”)

��� More Accurate !! The fact that some feature has an anthropic origin does
not mean that there is no mechanism leading to that feature. The existence or
absence of a mechanism is determined by the statistics in the multiverse (which
we still cannot calculate from the first principle).



Chapter 15

Relation to Observation

As discussed in Sect. 14.1, the final stage of developing a
scientific theory is to compare it with observations. What
is the situation of the multiverse about this?

First, it should be emphasized that a small but nonzero
vacuum energy density was a prediction of the multiverse,
which was confirmed observationally in 1998. As discussed A prediction of the mul-

tiverse, i.e., a small but
nonzero vacuum energy den-
sity, was already tested obser-
vationally.

before, most physicists thought that the vacuum energy
density was smaller than its natural size by more than 120
orders of magnitude because it was zero. One can say that
one of the predictions of the multiverse theory was already
tested observationally.

Are there any other tests of the multiverse? A common
misconception is:

��� Misconception !! Since we cannot physically go to other universes, the
multiverse theory can never be tested, and hence is not scientific.

This is incorrect in several respects. First, as the diagram
in Fig. 13.9 or Fig. 13.10 shows, the fact that we cannot
go to the region outside our universe (outside the inverse
triangle) does not mean that we cannot obtain a signal
from that region. Note that we cannot even go to a distant
galaxy or an era in which dinosaurs lived, but studying
these subjects certainly belongs to the realm of science.
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Another point is that to test a scientific theory, we need
not confirm all of its predictions. Indeed, even for “well-
established” theories like quantum mechanics and the stan-
dard model of particle physics, not all the predictions have
been experimentally tested—in fact, it would be impossi-
ble to do such a thing. In the case of the multiverse, the
relevant question is what this theory predicts for things we
can observe within our own universe. (A small but nonzero
vacuum energy density is one of such predictions.)

In this respect, the multiverse theory based on string
theory and eternal inflation as discussed here makes an im-
portant prediction: our universe must have negative spatial
curvature. What is the curvature of the universe? ImagineThe multiverse predicts that

our universe has negative
curvature.

that we take three points in the universe and construct a
triangle by connecting these points by the “shortest paths.”
Here, the shortest paths can be considered to be the paths
light rays would follow. In this case, it is not guaranteed
in general that the three inner angles add up to 180◦ as
we learned in middle schools. Even on a two-dimensional
surface, the sum of the angles is larger (smaller) than 180◦

if the surface is, e.g., a sphere (has a saddle shape). We
call space in which the sum of the inner angles of a triangle
is larger (smaller) than 180◦ positively (negatively) curved
space.

As seen in Fig. 13.10, the multiverse theory tells us that
our universe is only one of many bubble universes, and for
observers living inside it, the equal time slices are given as
in constant t′ lines in the figure. One can then show mathe-
matically that such equal time slicing makes the space look
negatively curved. Namely, the sum of the inner angles of a
large triangle drawn in our universe must be always smaller
than 180◦!

��� More Accurate !! The multiverse makes predictions for observables that
can be measured in our universe, and hence the theory is testable.

The multiverse theory, however, cannot predict how much
the space in our universe is curved. This leads to the fol-
lowing possible future scenarios (see Fig. 15.1). The mea-
surement of the curvature of the universe is expected to
improve by about two orders of magnitude in the next cou-
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The curvature of the
universe can be measured. Curvature

Zero Negative

measure
the angle

Positive

– x o
Fig. 15.1 The multiverse theory predicts that the spatial
curvature of the universe is negative. If the future mea-
surement finds the curvature to be (a) consistent with zero,
(b) positive, and (c) negative, then the multiverse theory
will be (a) unaffected, (b) excluded, and (c) supported,
respectively.

ple of decades. The curvature of space can be found by
measuring the angle between the two light rays emitted
from an object whose size and distance from us are known
(or calculated); see the left part of Fig. 15.1. Currently, a
deviation of the sum of the inner angles of the largest trian-
gle one can possibly draw in the universe is less than about
a degree. The sensitivity to this deviation is expected to
improve to the level of 0.01◦.

Let us imagine that future measurements keep finding
that the spatial curvature of the universe is consistent with
zero. In this case, the result would be inconclusive for the
multiverse. As mentioned above, the multiverse does not
tell us how much the universe is curved—it depends on
the length of slow-roll inflation that occurred in our bubble
universe, which cannot (so far) be predicted from the first
principle. This implies that the sum of the inner angles of
a triangle may be, e.g., 179.999999999, in which case it is
impossible to discriminate it from 180◦ observationally.

On the other hand, if a future measurement finds neg-
ative curvature, it would provide strong evidence for the
multiverse. This is not only because the multiverse predicts For detailed discussions

about the implications of the
curvature measurement for
the multiverse, see A.H. Guth
and Y. Nomura, “What can
the observation of nonzero
curvature tell us?” Phys.
Rev. D86 (2012) 023534
[arXiv:1203.6876 [hep-th]].

negative curvature but also because it would be difficult
to obtain a sufficiently small and yet measurable amount
of curvature naturally, i.e., without fine-tuning, in a the-
ory other than the multiverse. (In the multiverse, one can
obtain a small but measurable amount of curvature quite
naturally; for more details, see the paper quoted alongside.)
If this happens, the multiverse theory would have another
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observational support in a way similar to the case of the
small vacuum energy.

An interesting thing is that if a future measurement
finds a positive nonzero curvature, then the multiverse as
discussed here (based on string theory and eternal infla-
tion) would be excluded. People often take falsifiability as
a criterion for a good scientific theory. I myself think that
we must be careful in applying this criterion idolatrously,
since the judgment of falsifiability is often difficult, espe-
cially for a modern physical theory. But even if we adopt
this criterion, the multiverse theory is falsifiable.

��� More Accurate !! The multiverse theory is falsifiable.

If we are very lucky, we might even see more direct sig-
nals such as the remnant of a collision of our universe with
another one. A Penrose diagram of this process is given
in Fig. 15.2. As is clear from the figure, for an interior ob-
server like ourselves, the effect appears as a signal from
the spacetime region before the beginning of our universe;
specifically, it appears as a slight deviation from homogene-
ity which existed already at the time the universe was born.
The strength of the signal, however, is diluted by slow-roll
inflation that has occurred within our bubble universe, so in
order for the signal to be detectable, the length of slow-roll
inflation must not be too long.

Our
universe

Another
universe

Fig. 15.2 A Penrose diagram representing a collision of our
universe with another one.

As we have seen so far, the basic strategy to increase
confidence about the multiverse is to accumulate observa-
tions that can naturally be explained by the multiverse pic-
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ture but are difficult to obtain in any other way. Since we
cannot physically go to other universes, this is clearly indi-
rect, but this situation is not much different in some other
cases, such as the big bang and inflationary theories. One
might also be unsatisfied because the correspondence be-
tween the theory and observation is not “one to one”: for
example, even if we find a nonzero negative curvature in
future observation, this measurement by itself would not
uniquely select the multiverse as it is possible to come up
with other theories that lead to such curvature even though
the resulting theory would be contrived/fine-tuned. This
situation, however, is also not so different from many other
theories in the modern era. For example, in particle physics
there is a theory called grand unified theory in which the
three forces of the standard model are unified into a single
force. It is often said that a smoking gun signature of this
theory is that the proton decays (though with an incredibly
long lifetime). Even in this case, however, it would not be
impossible to come up with a model which leads to proton
decay, although it may not be as elegant as grand unified
theory.

The process in which we are observationally convinced
with the multiverse theory could be frustratingly slow and
likely would not be as dramatic as, e.g., a discovery of a
new particle. However, here we are asking a particularly
big question, and this is the cost we pay for it. At least,
the framework is well motivated both observationally and
theoretically to the extent we could probe so far. So it seems
worth pursuing it further and see where it leads us to.

Epilogue

We have discussed misconceptions about the multiverse. A
danger of these misconceptions is that they are sometimes
used to argue against pursuing research on the subject. It
is true that studying a big question involves risks, so it is
legitimate if anyone decides personally not to participate in
it. However, we never know how far a scientific theory can
be developed until we seriously try to develop it. It seems
fair to say that not everyone needs to study the multiverse,
but someone should.
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