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INTRODUCTION
Sean Carroll is Research Professor of theoretical physics at the California Institute of Technology,
and an External Professor at the Santa Fe Institute. He received his Ph.D. in 1993 from Harvard
University. His research has focused on fundamental physics and cosmology, especially issues of
dark matter, dark energy, spacetime symmetries, and the origin of the universe. Recently, Carroll
has worked on the foundations of quantum mechanics, the emergence of spacetime, and the
evolution of entropy and complexity. Carroll is the author of Something Deeply Hidden, The Big
Picture, The Particle at the End of the Universe, From Eternity to Here, and Spacetime and
Geometry: An Introduction to General Relativity. He has been awarded prizes and fellowships by
the National Science Foundation, NASA, the Sloan Foundation, the Packard Foundation, the
American Physical Society, the American Institute of Physics, the Freedom from Religion
Foundation, the Royal Society of London, and the Guggenheim Foundation. Carroll has appeared
on TV shows such as The Colbert Report, PBS's NOVA, and Through the Wormhole with Morgan
Freeman, and frequently serves as a
science consultant for film and Quantum mechanics isn’t magic. It is the deepest, most
television. He is host of the weekly comprehensive view of reality we have. As far as we
currently know, quantum mechanics isn’t just an
Mindscape podcast.
approximation of the truth; it is the truth. — Sean Carroll
WHY DO I CARE?
It is my view that the only thing we can say with absolute certainty (and which is logically consistent
with how we define scientific truth) is that the physical or natural sciences describe the world as we
perceive it to be and that we are in no position to make definitive statements about the nature of
that perception (i.e. consciousness). Fundamentally, I don’t think anything can be said empirically
or objectively about the ontological world, because all observations derive from subjective
experience, and making ontological statements using empirical methods require the assumption
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that (1) there are parts of your subjective experience that are also objective and (2) that you’re able
to distinguish between subjective and objective experiences.

QUANTUM MECHANICS AND ITS DISCONTENTS

Richard Feynman was asked ‘what
do you make out of the foundations
of quantum mechanics?’ And he
reportedly said ‘it’s so confusing I
can’t even tell if there’s a problem.’ —
Leonhard Susskind

Origins of Quantum Theory — Q: Can you tell us (1)
how quantum theory came into existence, (2) what the
landscape of thought in theoretical physics was at the
time, and (3) what the reaction to quantum mechanics
was at the time?
Original Counter-Arguments — Q: What were some of the initial counterarguments to the those
put forward by quantum physicists in the early 20th century? Q: What was Einstein’s “beef” with
quantum explanations of the physical world? (e.g. quantum entanglement, observer effect, etc.)
No One Understands Quantum Mechanics — I have often heard it said that quantum physicists
can all agree on the math, but when it comes to providing explanations for the world that the math
describes, every one of them has a different opinion. In fact, I’ve heard these discussions can often
get rather ugly. Q: Why is there so much disagreement among theoretical physicists about what
the nature of our universe, assuming Schrodinger’s equation and our theories about quantum
mechanics are accurate? Q: Why do these conversations often get so personal?
The Measurement Problem — Classical mechanics offers a clear and unambiguous relationship
between what we see and what the theory describes. Quantum mechanics on the other hand tells
us that what we see when we look at the world seems to be fundamentally different from the world
as it actually is. Furthermore, the rules of quantum mechanics seem to tell us that the behavior we
experience when we observe a quantum system is completely different from how the system
behaves when we’re not observing it. In other words, the act of observation seems somehow
fundamental to the nature of reality, according to quantum mechanics.
Q: How do we do science in a world where our empirical findings do not seem to exist independently
of our observations, and where in fact, our observations seem to be somehow fundamental to the
outcome we seek to measure? Q: Why is there so much vitriol in the physics community on this
issue?
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Three Messages — Your book has three main messages. The first
is that (1) quantum mechanics should be understandable. Q: What
do you mean “quantum mechanics should be understandable” and
understandable by who? The second message is that (2) we have
made real progress toward building our understanding. Q: Can you
highlight some examples of progress in this domain and what some
of the most promising theories are that you have come across? The
third message is that (3) this all matters, and not just for the integrity
of science. Q: Why does any of this matter? Q: If our understanding
of quantum mechanics is sufficient to help us build better MRI
machines or satellite navigation systems, why is this not enough?
Why do we need to reconcile the implications of the theory with our
own experiences of the physical world?

PROBABILITY OF A PARTICULAR OUTCOME = |AMPLITUDE FOR THAT OUTCOME|2
Rules of Classical Mechanics — In a classical set-up, the positions and velocities of every part
of that system are measured at time ‘t’ and the system is then evolved using Newtonian laws of
motion. In such a system, Laplace’s demon would be fully capable of providing the positions and
momentums of every particle from (t à ∞). In a quantum set-up, the entire system is fixed by a
specific wave function and then evolves using Schrödinger's equation. As long as we are not
observing the system, it evolves smoothly and deterministically. On the other hand, if we observe
the system, it collapses onto a single point or value. Q: What on earth is going on here?
Double-Slit Experiment — The
double slit experiment is probably the
single most famous experiment in all of
quantum physics and maybe even in
all of physics. What it shows us is that
electrons behave very differently when
they are observed as opposed to when
they are not. As I understand this, the
experiment is run both with and without
particle detectors set-up at each slit.
When the detectors are there, they
register which slit any one electron
goes through. In this instance, what
appears on the screen is a bimodal
distribution where the electrons have
hit the canvas. In the other instance, where the detectors are no longer present at the slits, what
emerges on the canvas is an interference pattern. Q: If the electrons can only go through one of
two slits, and if quantum waves represent probability distributions, then how is it possible for an
electron to end up on either far side of the canvas?
Heisenberg Cut — The double-slit experiment or quantum systems more generally are popularly
described as though they operate along different rules than the rest of the physical world, so that
when we observe a quantum system, we are making our observations from some sort of “classical
realm.” This seems confusing. Q: If quantum mechanics describes something fundamental about
the universe, then wouldn’t it stand to reason that the detector and indeed us, as human observers,
are beholden to these same laws of quantum mechanics? Q: If electrons behave differently when
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they’re being observed, does this mean
that we are behaving differently when we
are observing the electron as well?
Heisenberg Uncertainty Principle —
The way that I used to think about the
uncertainty principle was that we are
unable to simultaneously measure both
the location and momentum of a given
particle at any moment in time, because
in order to measure a particle’s velocity
on needs to have at least some distance
between two points. But it seems that I
didn’t have a correct understanding. Q:
Can you explain this principle for me and
for our listeners?
Entanglement — My understanding of entanglement is that in a quantum universe, there are
infinite places in which particles are functioning as part of a larger, quantum system, similar to our
previous example of the double slit experiment with the detector and the electron. The detector and
the electron are entangled in this case, because when the wave function collapses for one (the
electron leaves one of two marks on the canvass) the wave function also collapses for the other
(the observer or detector detects that electron on either side of the canvass) Q: If electrons behave
differently when we observe them, does that mean that we also behave differently? Q: What
implications does this have for the nature of the universe and how does this relate to entanglement?
Many Worlds — The way we think about probability in classical systems is that things that are
sufficiently improbable, are practically impossible (e.g. a piece of chalk will never spontaneously fly
across a room and write Beethoven's Symphony No. 9 on the blackboard). However, in the many
worlds interpretation of a quantum mechanical universe, anything that is remotely possible does
happen in an almost infinite number of iterations. Q: Does this interpretation explain what we often
think of as supernatural phenomena? Q: In other words, when we express disbelief at some
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impossible story or read some mythological fantasy, might we actually just be reading about
something that is, on a macro level, probable?
Quantum Suicide — In the quantum suicide experiments, there seem to be some ridiculous
assumptions, namely, that what “I” am can be duplicated, and that despite dying an infinite number
of times in this experiment, that because a single copy of me exists somewhere, that I remain
immortal. Q: How does this make sense? Q: Is this like saying that if you copied my consciousness,
that I would exist in two places?
So Many Theories — Q: Why are there so many theories for what a quantum world would look
like and what are many-worlds or hidden variables actually asking?
Disproving Quantum Mechanics — Q: What would it take to disprove quantum mechanics?
Holding Back — Q: What is holding back further progress in this field?
(1) De Broglie–Bohm theory is often referred to as a "hidden-variable" theory. In addition to a
wavefunction on the space of all possible configurations, it also postulates an actual configuration
that exists even when unobserved. The evolution over time of the configuration (that is, the
positions of all particles or the configuration of all fields) is defined by the wave function by a guiding
equation. The evolution of the wave function over time is given by the Schrödinger equation. Bohm
used this description in his original papers on the subject, writing: "From the point of view of the
usual interpretation, these additional elements or parameters [permitting a detailed causal and
continuous description of all processes] could be called 'hidden' variables."
(2) The Many-Worlds interpretation (MWI) is an interpretation of quantum mechanics that asserts
that the universal wavefunction is objectively real, and that there is no wavefunction collapse. This
implies that all possible outcomes of quantum measurements are physically realized in some
"world" or universe. In contrast to some other interpretations, such as the Copenhagen
interpretation, the evolution of reality as a whole in MWI is rigidly deterministic. Many-worlds is also
referred to as the relative state formulation or the Everett interpretation, after the physicist Hugh
Everett who first proposed it in 1957. In many-worlds, the subjective appearance of wavefunction
collapse is explained by the mechanism of quantum decoherence. Decoherence approaches to
interpreting quantum theory have been widely explored and developed since the 1970s, and have
become quite popular. MWI is currently considered a mainstream interpretation along with the other
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decoherence interpretations, collapse theories (including the Copenhagen interpretation), and
hidden variable theories such as Bohmian mechanics. The many-worlds interpretation implies that
there is a very large—perhaps infinite—number of universes. It is one of many multiverse
hypotheses in physics and philosophy. MWI views time as a many-branched tree, wherein every
possible quantum outcome is realized. This is intended to resolve the correlation paradoxes of
quantum theory, such as the EPR paradox and Schrödinger's cat, since every possible outcome of
a quantum event exists in its own universe.
(2A) To the best of our current understanding, quantum mechanics is part of the most fundamental
picture of the universe. It is natural to ask how pure and minimal this fundamental quantum
description can be. The simplest quantum ontology is that of the Everett or Many-Worlds
interpretation, based on a vector in Hilbert space and a Hamiltonian. Typically, one also relies on
some classical structure, such as space and local configuration variables within it, which then gets
promoted to an algebra of preferred observables. We argue that even such an algebra is
unnecessary, and the most basic description of the world is given by the spectrum of the
Hamiltonian (a list of energy eigenvalues) and the components of some particular vector in Hilbert
space. Everything else - including space and fields propagating on it - is emergent from these
minimal elements. - Mad-Dog Everettianism: Quantum Mechanics at Its Most Minimal
(2B) Decoherence can be viewed as the loss of information from a system into the environment
(often modeled as a heat bath), since every system is loosely coupled with the energetic state of
its surroundings. Viewed in isolation, the system's dynamics are non-unitary (although the
combined system plus environment evolves in a unitary fashion). Thus the dynamics of the system
alone are irreversible. As with any coupling, entanglements are generated between the system and
environment. These have the effect of sharing quantum information with—or transferring it to—the
surroundings. Decoherence has been used to understand the collapse of the wave function in
quantum mechanics. Decoherence does not generate actual wave-function collapse. It only
provides an explanation for apparent wave-function collapse, as the quantum nature of the system
"leaks" into the environment. That is, components of the wave function are decoupled from a
coherent system and acquire phases from their immediate surroundings. A total superposition of
the global or universal wavefunction still exists (and remains coherent at the global level), but its
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ultimate fate remains an interpretational issue. Specifically, decoherence does not attempt to
explain the measurement problem. Rather, decoherence provides an explanation for the transition
of the system to a mixture of states that seem to correspond to those states observers perceive.
(3) The Ghirardi–Rimini–Weber theory (GRW; also known as spontaneous collapse theory) is a
collapse theory in quantum mechanics. GRW differs from other collapse theories by proposing that
wave function collapse happens spontaneously. GRW is an attempt to avoid the measurement
problem in quantum mechanics. It was first reported in 1985. GRW says that particles can undergo
spontaneous wave-function collapses. For individual particles, these collapses happen
probabilistically and will occur at a given rate with high probability but not with certainty; groups of
particles behave in a statistically regular way, however. Since experimental physics has not already
detected an unexpected spontaneous collapse, it can be argued that GRW collapses happen
extremely rarely. Giancarlo Ghirardi, Alberto Rimini, and Tullio Weber suggest that the rate of
spontaneous collapse for an individual particle is on the order of once every hundred million years.
(4) Quantum Bayesianism (abbreviated QBism, pronounced "cubism") is an interpretation of
quantum mechanics that takes an agent's actions and experiences as the central concerns of the
theory. This interpretation is distinguished by its use of a subjective Bayesian account of
probabilities to understand the quantum mechanical Born rule as a normative addition to good
decision-making. Rooted in the prior work of Carlton Caves, Christopher Fuchs, and Rüdiger
Schack during the early 2000s, QBism itself is primarily associated with Fuchs and Schack and has
more recently been adopted by David Mermin. QBism draws from the fields of quantum information
and Bayesian probability and aims to eliminate the interpretational conundrums that have beset
quantum theory. The QBist interpretation is historically derivative of the views of the various
physicists that are often grouped together as "the" Copenhagen interpretation, but is itself distinct
from them. Theodor Hänsch has characterized QBism as sharpening those older views and making
them more consistent. More generally, any work that uses a Bayesian or personalist (aka
"subjective") treatment of the probabilities that appear in quantum theory is also sometimes called
quantum Bayesian. QBism, in particular, has been referred to as "the radical Bayesian
interpretation."

Arrow of time (e.g. entropy's arrow of time): Why does time have a direction? Why did the universe
have such low entropy in the past, and time correlates with the universal (but not local) increase in
entropy, from the past and to the future, according to the second law of thermodynamics? Why are
CP violations observed in certain weak force decays, but not elsewhere? Are CP violations
somehow a product of the second law of thermodynamics, or are they a separate arrow of time?
Are there exceptions to the principle of causality? Is there a single possible past? Is the present
moment physically distinct from the past and future, or is it merely an emergent property of
consciousness? What links the quantum arrow of time to the thermodynamic arrow?
The black hole information paradox is a puzzle resulting from the combination of quantum
mechanics and general relativity. Calculations suggest that physical information could permanently
disappear in a black hole, allowing many physical states to devolve into the same state. This is
controversial because it violates a core precept of modern physics—that in principle the value of a
wave function of a physical system at one point in time should determine its value at any other time.
A fundamental postulate of the Copenhagen interpretation of quantum mechanics is that complete
information about a system is encoded in its wave function up to when the wave function collapses.
The evolution of the wave function is determined by a unitary operator, and unitarity implies that
information is conserved in the quantum sense.
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METAPHYSICS & ONTOLOGY
Base Reality ― What is the nature of reality? Is base
reality even knowable, or is such a notion of “base reality”
itself a reflection of the limitations of the human mind and
the misleading qualifiers of our language?
Descartes’ Demon ― There are potentially infinite
numbers of universes, and within each of those universes
could exist infinite more simulated universes. What do
you think of the question “are we living in a simulation?”
More fundamentally, are you troubled by the implications
that arise from entertaining the existence of a Cartesian
demon? How can you know that you are not living in the
Matrix?
It from Bit ― John Archibald Wheeler famously
proposed this idea of information sitting at the core of
physics. What does an informational universe look like?
How do we understand a universe whose core, base
reality is informational? How does this relate to notions of
a computable universe? (information as entropy,
algorithm as compression, etc.)
Mathematical Universe Hypothesis ― Max Tegmark's has put forward the MUH, which asserts
that our external, physical reality is a mathematical structure. That the physical universe is
mathematics in a well-defined sense, and "in those [worlds] complex enough to contain self-aware
substructures [they] will subjectively perceive themselves as existing in a physically 'real' world.” Is
this like an argument for idealism or Platonism? Do you have a critique of this theory?
Quantum Reality ― Let’s spend some time exploring the implications of quantum physics. What
do you think are some of the biggest misconceptions people have about quantum theory and the
principles of quantum mechanics? A popular interpretation among some people is some variation
of John von Neuman’s “consciousness creates reality,” idea. How credible is this, and how does it
relate to some of the other interpretations, like the Copenhagen interpretation?
Quantum Computation ― How is quantum theory being applied in the fields of information theory
and computer science? When we hear about “quantum computers,” what does this mean in
practice? How does a quantum computer work relative to a classical computer?

LIGHTNING ROUND
I did a google search before this interview for “the biggest questions of philosophy,” and put together
a list of complementary questions to ask you in this closing round.
Who am I? ― This question could easily have come up implicitly in the earlier part of the interview,
but I want to ask it explicitly now. Do you believe that the ego is a totally arbitrary construction, and
that one could imagine a society of human beings growing up without any sense of ego, self, or
autonomy? Is this where we might be headed with our networked technologies?
What makes me, me? ― Is the concept of me continuous or does my past self continually fade
into my present and future self? In other words, what part of me remains over time considering that
the atoms that make up my body are constantly being replaced and my memories are always
changing? If every neuron in my brain was accurately simulated in a computer, would that result in
the transfer of my consciousness into the cloud?
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What happens when I die? ― Do any of your theories about the world make room for some sort
of eternity of consciousness? Have you ever done psychedelics, or have you spoken with people
who have (or people who have had mystical experiences). What do you think is happening when
someone has an authoritative experience like this?
What is a good life? ― How important is this question to you? How do you try and live your life in
order that it be a good one?
Right vs. Wrong ― Is there such thing as right and wrong? Is there such thing as good and evil?
Are morals subjective? Is there a morality for which we have evolved, and share across our species,
and perhaps even across the animal kingdom? Is there a higher morality than even this?
Future of Religion ― Will religion ever become obsolete? Can humanity, in its current, biological
form exist without some type of religion or mythology? Can reason provide adequate foundations
for a meaningful existence?
Does Free Will Exist? ― This has become an increasingly popular question to ask, and it’s answer
has far-reaching implications. What is your view on free will? What is free will? Does free will exist?
If free will does not exist, how does this affect our social welfare systems and our notions and
systems of justice?
Limits of Creativity ― Are there limits to human creativity? Is it be possible for humans to create
something completely novel and new that is based on nothing that previously existed? Or is human
creativity just rearranging and building on previous ideas?
Suffering ― Is suffering a necessary part of the human condition? Does suffering make you a
better person? Is there anything you can tell about a person from how he or she has encountered,
dealt with, and changed through suffering?
Aliens ― What do you think would be humanity’s reaction to the discovery of extraterrestrial life?
COMPUTATIONAL-THEORETIC APPROACHES
Reverse Engineering Intelligence ― How far back does this field find its origin? Do we need to
go all the way back to Charles Babbage, or does it really start with Alan Turing? How has progress
in the field of GOFAI advanced in the decades since Turing? How much of the field is devoted to
developing artificial intelligence as a means by which we can learn more about how consciousness
“Here’s my theory of the hard
problem - you are not going to
solve it without at least one
crazy idea. Maybe two, maybe
three.” – David Chalmers
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or intelligence works? What insights have come out of this research?
Information Theory of Consciousness ― What are the informational theories of consciousness?
What is Tenoni’s integrated information theory?
THE HARD PROBLEM OF CONSCIOUSNESS
The Problem ― Can you help lay out for us what the problem is? Is the hard problem of
consciousness that every theory about consciousness derives from conscious experience? How
can we know anything for certain beyond the fact that we are having an experience? Can we even
be certain that we exist, as Descartes said, or is Bertrand Russell right when he argues that the
most Descartes can conclude is not that “I exist” but that “thinking exists?” What is axiomatically
true? What is fundamentally knowable? Is consciousness a primitive or is it derivative?
Emergent Theories ― Something that gets a lot of play today is this notion of “emergence” and
that consciousness is an emergent phenomenon of the brain. I believe this is the view of people
like Daniel Dennett and Richard Dawkins. How does subjective experience arise from a purely
physical brain? How do proponents of this notion that the hard problem “isn’t really that hard,”
explain their theory?
Consciousness is Fundamental ― David Chalmers takes the view that consciousness is
fundamental, on par with concepts like mass and space-time. In fact, Chalmers has taken the view
that we may need a new theory of physics that puts consciousness at the center. He has put forward
interesting ideas that incorporate ideas like Tenoni’s integrated information theory with quantum
mechanics: information, organized in a particular way creates consciousness, which then collapses
the wave function creating physical reality. Is this really another way of talking about a grand unified
theory, but one that goes beyond simply bridging the divide between quantum mechanics and
classical physics?
Mysterianism ― The view taken by philosopher Colin McGinn and others is that the hard problem
cannot be solved – that the answer lies behind a conceptual blind spot. One way to think of this is
by imagining how a dog would formulate a theory of consciousness. How would an alien species
far more intelligent than us formulate such a theory? Might we be inherently limited in our capacity
to arrive at the answer to the hard problem?
Probabilistic Simulations ― What is the argument for living in a simulation?
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