exist as a superposition. A human observer, being a part of
nature, cannot escape from this cycle—the observer keeps split-
ting into many observers living in many possible parallel worlds,
and all are equally “real.” An obvious but important implication
of this picture is that everything in nature obeys the laws of
quantum mechanics, whether small or large.

What does this interpretation of quantum mechanics have to
do with the multiverse discussed earlier, which seems to exist in
a continuous real space rather than as parallel realities? In 2011
I argued that the eternally inflating multiverse and quantum-
mechanical many worlds a la Everett are the same concept in a
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specific sense. In this understanding, the infinitely large space
associated with eternal inflation is a kind of “illusion”—the
many bubble universes of inflation do not all exist in a single
real space but represent the possible different branches on the
probabilistic tree. Around the same time that I made this pro-
posal, Raphael Bousso of the University of California, Berkeley,
and Leonard Susskind of Stanford University put forth a similar
idea. If true, the many-worlds interpretation of the multiverse
would mean that the laws of quantum mechanics do not oper-
ate solely in the microscopic realm—they also play a crucial role
in determining the global structure of the multiverse even at the
largest distance scales.

BLACK HOLE QUANDARY

TO BETTER EXPLAIN how the many-worlds interpretation of quan-
tum mechanics could describe the inflationary multiverse, I
must digress briefly to talk about black holes. Black holes are
extreme warps in spacetime whose powerful gravity prevents
objects that fall into them from escaping. As such, they provide
an ideal testing ground for physics involving strong quantum
and gravitational effects. A particular thought experiment
about these entities reveals where the traditional way of think-
ing about the multiverse goes off track, thereby making predic-
tion impossible.

Suppose we drop a book into a black hole and observe from
the outside what happens. Whereas the book itself can never
escape the black hole, theory predicts that the information in the
book will not be lost. After the book has been shredded by the
black hole’s gravity and after the black hole itself has gradually
evaporated by emitting faint radiation (a phenomenon known as
Hawking radiation, discovered by physicist Stephen Hawking of
the University of Cambridge), outside observers can reconstruct

all the information contained in the initial book by closely exam-
ining the radiation released. Even before the black hole has com-
pletely evaporated, the book’s information starts to slowly leak
out via each piece of Hawking radiation.

Yet a puzzling thing occurs if we think about the same situa-
tion from the viewpoint of someone who is falling into the black
hole along with the book. In this case, the book seems to simply
pass through the boundary of the black hole and stay inside.
Thus, to this inside observer, the information in the book is also
contained within the black hole forever. On the other hand, we
have just argued that from a distant observer’s point of view, the
information will be outside. Which is correct?
You might think that the information is simply
duplicated: one copy inside and the other out-
side. Such a solution, however, is impossible. In
quantum mechanics, the so-called no-cloning
theorem prohibits faithful, full copying of infor-
mation. Therefore, it seems that the two pictures
seen by the two observers cannot both be true.

Physicists Gerard 't Hooft of Utrecht Univer-
sity in the Netherlands, Susskind and their col-
laborators have proposed the following solution:
the two pictures can both be valid but not at the
same time. If you are a distant observer, then the
information is outside. You need not describe
the interior of the black hole, because you can
never access it even in principle; in fact, to avoid
cloning information, you must think of the interior spacetime as
nonexistent. On the other hand, if you are an observer falling into
the hole, then the interior is all you have, and it contains the book
and its information. This view, however, is possible only at the
cost of ignoring the Hawking radiation being emitted from the
black hole—but such a conceit is allowed because you yourself
have crossed the black hole boundary and accordingly are
trapped inside, cut off from the radiation emitted from the
boundary. There is no inconsistency in either of these two view-
points; only if you artificially “patch” the two, which you can nev-
er physically do, given that you cannot be both a distant and a
falling observer at the same time, does the apparent inconsisten-
cy of information cloning occur.

COSMOLOGICAL HORIZONS
THIS BLACK HOLE CONUNDRUM may seem unrelated to the issue of
how the many-worlds notion of quantum mechanics and the
multiverse can be connected, but it turns out that the boundary
of a black hole is similar in important ways to the so-called cos-
mological horizon—the boundary of the spacetime region with-
in which we can receive signals from deep space. The horizon
exists because space is expanding exponentially, and objects far-
ther than this cutoff are receding faster than the speed of light,
so any message from them can never reach us. The situation,
therefore, is akin to a black hole viewed by a distant observer.
Also, as in the case of the black hole, quantum mechanics re-
quires an observer inside the horizon to view spacetime on the
other side of the boundary—in this case, the exterior of the cos-
mological horizon—as nonexistent. If we consider such space-
time in addition to the information that can be retrieved from
the horizon later (analogous to Hawking radiation in the black
hole case), then we are overcounting the information. This prob-
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lem implies that any description of the quantum state of the uni-
verse should include only the region within (and on) the hori-
zon—in particular, there can be no infinite space in any single,
consistent description of the cosmos.

If a quantum state reflects only the region within the horizon,
then where is the multiverse, which we thought existed in an
eternally inflating infinite space? The answer is that the creation
of bubble universes is probabilistic, like any other process in
quantum mechanics. Just as a quantum measurement could
spawn many different results distinguished by their probability
of occurring, inflation could produce many different universes,
each with a different probability of coming into being. In other
words, the quantum state representing eternally inflating space
is a superposition of worlds—or branches—representing differ-
ent universes, with each of these branches including only the
region within its own horizon.

Because each of these universes is finite, we avoid the prob-
lem of predictability that was raised by the prospect of an infi-
nitely large space that encompasses all possible outcomes. The
multiple universes in this case do not all exist simultaneously in
real space—they coexist only in “probability space,” that is, as
possible outcomes of observations made by people living inside
each world. Thus, each universe—each possible outcome—re-
tains a specific probability of coming into being.

This picture unifies the eternally inflating multiverse of cos-
mology and Everett’s many worlds. Cosmic history then unfolds
like this: the multiverse starts from some initial state and
evolves into a superposition of many bubble universes. As time
passes, the states representing each of these bubbles further
branch into more superpositions of states representing the var-
ious possible outcomes of “experiments” performed within
those universes (these need not be scientific experiments—they
can be any physical processes). Eventually the state represent-
ing the whole multiverse will thus contain an enormous num-
ber of branches, each of which represents a possible world that
may arise from the initial state. Quantum-mechanical probabil-
ities therefore determine outcomes in cosmology and in micro-
scopic processes. The multiverse and quantum many worlds are
really the same thing; they simply refer to the same phenome-
non—superposition—occurring at vastly different scales.

In this new picture, our world is only one of all possible
worlds that are allowed by the fundamental principles of quan-
tum physics and that exist simultaneously in probability space.

THE REALM BEYOND

TO KNOW IF THIS IDEA is correct, we would want to test it experimen-
tally. But is that feasible? It turns out that discovery of one partic-
ular phenomenon would lend support to the new thinking. The
multiverse could lead to a small amount of negative spatial curva-
ture in our universe—in other words, objects would travel through
space not along straight lines as in a flat cosmos but along curves,
even in the absence of gravity. Such curvature could happen
because, even though the bubble universes are finite as seen from
the perspective of the entire multiverse, observers inside a bubble
would perceive their universe to be infinitely large, which would
make space seem negatively curved (an example of negative cur-
vature is the surface of a saddle, whereas the surface of a sphere is
positively curved). If we were inside one such bubble, space should
likewise appear to us to be bent.

Evidence so far indicates that the cosmos is flat, but experi-
ments studying how distant light bends as it travels through the
cosmos are likely to improve measures of the curvature of our
universe by about two orders of magnitude in the next few
decades. If these experiments find any amount of negative cur-
vature, they will support the multiverse concept because, al-
though such curvature is technically possible in a single uni-
verse, it is implausible there. Specifically, a discovery supports
the quantum multiverse picture described here because it can
naturally lead to curvature large enough to be detected, where-
as the traditional inflationary picture of the multiverse tends to
produce negative curvature many orders of magnitude smaller
than we can hope to measure.

Interestingly, the discovery of positive curvature would falsi-
fy the multiverse notion discussed here because inflation theo-
ry suggests that bubble universes could produce only negative
curvature. On the other hand, if we are lucky, we may even see
dramatic signs of a multiverse—such as a remnant from a “col-
lision” of bubble universes in the sky, which may be formed in a
single branch in the quantum multiverse. Scientists are, howev-
er, far from certain if we will ever detect such signals.

I and other physicists are also pursuing the quantum multi-
verse idea further on a theoretical level. We can ask fundamen-
tal questions such as, How can we determine the quantum state
of the entire multiverse? What is time, and how does it emerge?
The quantum multiverse picture does not immediately answer
these questions, but it does provide a framework to address
them. Lately, for instance, I have found that constraints imposed
by the mathematical requirement that our theory must include
rigorously defined probabilities may enable us to determine the
unique quantum state of the entire multiverse. These con-
straints also suggest that the overall quantum state stays con-
stant even though a physical observer, who is a part of the multi-
verse state, will see that new bubbles constantly form. This
implies that our sense of the universe changing over time and,
indeed, the concept of time itself may be an illusion. Time,
according to this notion, is an “emergent concept” that arises
from a more fundamental reality and seems to exist only within
local branches of the multiverse.

Many of the ideas I have discussed are still quite speculative,
but it is thrilling that physicists can talk about such big and deep
questions based on theoretical progress. Who knows where these
explorations will finally lead us? It seems clear, though, that we
live in an exciting era in which our scientific explorations reach
beyond what we thought to be the entire physical world—our uni-
verse—into a potentially limitless realm.
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