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Preface

This book is a collaborative project between Springer and The Foundational
Questions Institute (FQXi). In keeping with both the tradition of Springer’s
Frontiers Collection and the mission of FQXi, it provides stimulating insights into a
frontier area of science, while remaining accessible enough to benefit a nonspe-
cialist audience.

FQXi is an independent, nonprofit organization that was founded in 2006. It
aims to catalyze, support, and disseminate research on questions at the foundations
of physics and cosmology.

The central aim of FQXi is to fund and inspire research and innovation that is
integral to a deep understanding of reality, but which may not be readily supported
by conventional funding sources. Historically, physics and cosmology have offered
a scientific framework for comprehending the core of reality. Many giants of
modern science—such as Einstein, Bohr, Schrédinger, and Heisenberg—were also
passionately concerned with, and inspired by, deep philosophical nuances of the
novel notions of reality they were exploring. Yet, such questions are often over-
looked by traditional funding agencies.

Often, grant-making and research organizations institutionalize a pragmatic
approach, primarily funding incremental investigations that use known methods and
familiar conceptual frameworks, rather than the uncertain and often interdisci-
plinary methods required to develop and comprehend prospective revolutions in
physics and cosmology. As a result, even eminent scientists can struggle to secure
funding for some of the questions they find most engaging, while younger thinkers
find little support, freedom, or career possibilities unless they hew to such strictures.

FQXi views foundational questions not as pointless speculation or misguided
effort, but as critical and essential inquiry of relevance to us all. The Institute is
dedicated to redressing these shortcomings by creating a vibrant, worldwide
community of scientists, top thinkers and outreach specialists who tackle deep
questions in physics, cosmology, and related fields. FQXi is also committed to
engaging with the public and communicating the implications of this foundational
research for the growth of human understanding.
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As part of this endeavor, FQXi organizes an annual essay contest, which is open
to everyone, from professional researchers to members of the public. These contests
are designed to focus minds and efforts on deep questions that could have a pro-
found impact across multiple disciplines. The contest is judged by an expert panel
and up to 20 prizes are awarded. Each year, the contest features well over a hundred
entries, stimulating ongoing online discussion for many months after the close
of the contest.

We are delighted to share this collection, inspired by the 2017-2018 contest,
“What is Fundamental?” In line with our desire to bring foundational questions to
the widest possible audience, the entries, in their original form, were written in a
style that was suitable for the general public. In this book, which is aimed at an
interdisciplinary scientific audience, the authors have been invited to expand upon
their original essays and include technical details and discussion that may enhance
their essays for a more professional readership, while remaining accessible to
nonspecialists in their field.

FQXi would like to thank our contest partners, the Fetzer Franklin Fund and The
Peter and Patricia Gruber Foundation. The editors are indebted to FQXi’s Scientific
Director, Max Tegmark, and Managing Director, Kavita Rajanna, who were
instrumental in the development of the contest. We are also grateful to Angela
Lahee at Springer for her guidance and support in driving this project forward.

Decatur, USA Anthony Aguirre
2018 Brendan Foster
Zeeya Merali

Foundational Questions Institute, www.fqxi.org
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Introduction ®)

Check for
updates

Anthony Aguirre, Brendan Foster and Zeeya Merali

When a stranger, hearing that I am a physicist, asks me in what area of physics I work, I
generally reply that I work on the theory of elementary particles. Giving this answer always
makes me nervous. Suppose that the stranger should ask, “What is an elementary particle?”
I would have to admit that no one really knows.

Steven Weinberg (1997) [1]

We do not know what the rules of the game are; all we are allowed to do is to watch the
playing. Of course, if we watch long enough, we may eventually catch on to a few of the
rules. The rules of the game are what we mean by fundamental physics.

Richard P. Feynman (1964) [2]

The fundamental laws of physics do not describe true facts about reality. Rendered as descrip-
tions of facts, they are false; amended to be true, they lose their explanatory force.

Nancy Cartwright (1983) [3]

Physics is often believed to hold a privileged status among the sciences as the dis-
cipline that most closely seeks to understand fundamental reality. Historically, this
search has revealed ever tinier building blocks from which the physical world is
constructed. Atoms, once thought to be fundamental, have had to give way to a
plethora of subatomic particles, including electrons, protons and neutrons, with the
latter two entities being broken down further into constituent quarks. Debates rage
over whether these too will eventually surrender to a description in terms of tiny
vibrating strings.

Given this zoo of elementary particles, that themselves may not be the most basic
constituents of physical reality, it seems fair to ask whether a reductionist approach

A. Aguirre
Physics Department, UC Santa Cruz, Santa Cruz, CA, USA

B. Foster - Z. Merali ()
Foundational Questions Institute, Decatur, GA, USA
e-mail: merali @fqxi.org
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to physics can ever yield a final, fundamental description. What, indeed, do we mean
when we invoke the concept of the “fundamental”?

There are many possible answers to this question—many different layers and
scales to our description of ‘things’ in the physical universe. Elementary particles may
intuitively be identified as “more fundamental” than higher-level emergent features,
such as human consciousness; but it is not clear that this hierarchy provides the best
or the correct way to think about nature. What does it really mean for something to
be more or less fundamental? Is it enough to say that fundamental things are smaller,
simpler, more elegant, and more economical? Are less-fundamental things always
made from more-fundamental things? And how do less-fundamental descriptions
relate to more-fundamental ones?

These are some of the questions that were addressed by participants in FQXi’s
2017—-2018 essay contest, which asked, “What is Fundamental?”” The contest drew
200 entries from 43 countries (from every continent bar Antarctica), and this volume
brings together all 15 prize-winning entries.

Our first prize winner, Emily Adlam, argues that smaller does not always mean
simpler—as splitting the atom has proven—and that history has taught us that what
we consider to be fundamental will change in the face of scientific advances, probing
ever deeper layers of reality. But rather than just focus on how to explain features and
things in terms of other ‘more fundamental’ things, we should be asking ourselves
what needs explaining. In Chap. 2, Adlam makes the case that science should be
able to explain the existence of the sorts of regularities that allow us to make reliable
predictions. But this does not necessarily mean that it must also explain why these
regularities take some particular form, giving rise to one family of particles, with
certain properties, rather than another. In addition, Adlam says, we may even need
to revise our attitude about what counts as an adequate explanation.

It is easy to take for granted that physics is the discipline that most closely deals
with the fundamental—whatever the fundamental may eventually turn out to be. But
in Chap. 3, Matthew Leifer challenges this assumption, noting that sociologists may
be equally justified in claiming that sociology is the most fundamental field of study.
Leifer has developed a framework to explain why no one discipline can claim to
be more fundamental than all others. In his picture, knowledge takes the form of a
scale-free network, with hubs of equal importance; specialists who focus on one hub,
the sociology hub, say, will view sociology as the trunk from which all other forms
of knowledge branch, but others located at the physics hub, for instance, might hold
the equally valid view that physics has foundational status.

Defending the opposing view that physics as a discipline can make a unique
claim to being fundamental, is Alyssa Ney. In Chap. 4, she explains that accept-
ing this requires one to give up the expectation that our current best theories of
physics—and potentially our future theories—must be able to explain everything
in order to be worthy of fundamental status. Rather, she argues, we should only
expect “explanatory maximality”—which physics does provide. This is something
that should be acknowledged by funding agencies, Ney claims, when assessing how
to allocate money.
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Dean Rickles also strives to unpack the commonly understood view of what a
fundamental discipline should offer. This is the idea that physics should be able to
offer a complete account of the world. However, he notes that there can be other
notions of fundamentality within physics, for instance, as defined by the effective-
ness of mathematics at describing the physical world. In Chap. 5, Rickles assesses
alternative views of what it means to be fundamental. Marc Séguin, meanwhile,
notes in Chap. 6 that many hold up the Standard Model of particle physics as the
most fundamental theory we have, while others may ascribe fundamentality to higher
levels of description, such as to consciousness. He reviews these and other options
while distinguishing between epistemological fundamentality (the fundamentality
of our scientific theories) and ontological fundamentality (the fundamentality of the
world itself, irrespective of our description of it).

A number of prize-winners homed in on the issue of consciousness and mind.
Markus Mueller argues that while most attempt to explain how mind can be con-
structed from fundamental physical building blocks, it is worth considering that some
notion of the mind is actually the most fundamental aspect of reality. In Chap. 7, he
outlines how this may help elucidate some conceptual problems in the foundations of
physics. Tejinder Singh meanwhile ponders the process by which the human mind
converts things in the observed universe into laws. He further proposes, in Chap. 8,
that probing down to the deepest layers of reality reveals that laws and things become
more and more like each other. And in Chap. 9, Sabine Hossenfelder investigates
one potentially fundamental aspect of human experience, free will. While the pre-
vailing view among physicists may be that truly free will is an illusion, she argues
that free will may indeed exist, and be an emergent phenomenon.

Others stayed within the conventional realms of physics to identify candidates for
the fundamental. In Chap. 10, Sean Carroll and Ashmeet Singh make the case that
quantum mechanics provides the most fundamental description of the universe and,
among its possible interpretations, the Everett or Many-Worlds interpretation has the
simplest ontology. They then attempt to identify the most pared down mathematical
elements from which this description of nature can be constructed. Ian Durham
also scrutinises quantum theory but, in Chap. 11, he focuses on another aspect of the
theory that has been debated: whether it is capable of describing what is (‘beables’)
rather than merely what is observed. Durham suggests that in a framework in which
the universe is considered to be a beable, the universe cannot be fundamental.

While we may not yet have found the fundamental theory of reality, it is
still possible to ask what features such a theory should have. In Chap. 12, Gre-
gory Derry argues that a fundamental explanatory structure should have four
key attributes: irreducibility, generality, commensurability, and fertility. Karen
Crowther asks why our current best theories of physics are not considered to
be fundamental and, in Chap. 13, uses the answers to propose her own check-
list for fundamentality in physics. And in Chap. 14, Ken Wharton argues that
the one feature that a fundamental description of reality cannot hold is random-
ness.

Finally, two special prizes were given to entrants that grappled with the meaning
of the essay question in unusual ways. Mozibur Ullah won the creative writing
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prize for seeking to understand the word ‘fundamental’ through a mock dialogue
between Socrates, Theaetetus and Polydorus, in Chap. 15; while Aditya Dwarkesh
was awarded a student prize for his linguistic approach to analysing the connotations
of the word ‘fundamentality’, which appears in Chap. 16.

Perhaps unsurprisingly this compilation is dominated by contributions from
researchers specialising in various branches of physics and philosophy, with an
emphasis on quantum foundations. Nonetheless the contest yielded a diverse range
of answers: some positing specific candidate aspects of reality that could be held
up as fundamental—from the interpretation of quantum theory that sprouts parallel
worlds, to claims that consciousness is itself fundamental—while others examined
whether fundamentality should be applied to things or models and laws, and what
is even meant by a fundamental explanation. Given the huge scope of the question,
there is little wonder that no consensus can be found. What is clear, however, is that
in attempting to answer one of the deepest questions— “What is fundamental ?’—we
have opened up a rich vein of insights into what should constitute scientific and
philosophical understanding.

References
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erator
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Check for
updates

Emily Adlam

It’s family games night, and we’re playing a guessing game. My mother—not a
physicist—picks up a card and says, ‘A fundamental particle.’

My father and [—both physicists—immediately begin talking. ‘Quark! Gauge
Boson! Electron! Neutrino!’

She shakes her head, and we go on. ‘Higgs Boson! Muon! Tau!’

Eventually we run out of time. My mother sighs. ‘An atom,” she says, in a long-
suffering tone.

Of course, atoms were always intended to be fundamental particles; the word ‘atom’
literally means indivisible. But ‘fundamental’ is a shifting goal-post in physics: when
we say that something is fundamental, one of the things we mean is that it requires
no further explanation, and we have a tendency to change our minds about that
assessment. Indeed, many of science’s most important paradigm shifts have been
tied to alterations in our understanding of the fundamental.

Einstein is an obvious case, since the theory of special relativity can be thought of
as following from the insight that simultaneity is not ‘absolute,’ i.e. fundamental [1].
Here, as in the example of the atom, something that was once regarded as fundamental
became explainable in the context of a new theory. It also happens that something we
once sought to explain comes to be regarded as fundamental, although this direction
is less common. Aristotle famously believed that being at rest was the natural state
for all objects, and therefore all motion demanded explanation [2]. His followers
accordingly came up with ingenious ways of explaining phenomena like the parabolic
motion of projectiles—for example, perhaps the air in front of the projectile becomes
disturbed by its movement, and swirls behind the projectile, keeping it in motion [3].
Then, of course, Newton came along and revolutionised science by simply changing

E. Adlam (X)
Basic Research Community for Physics, 04315 Leipzig, Germany
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the explanandum. Unaccelerated motion became a natural state and all the convoluted
explanations became superfluous [4].

Fundamental means we have won. The job is done and we can all go home.

Given these far-reaching consequences of our scientific attitudes to the fundamen-
tal, it is unsurprising that the question of whether or not something is fundamental
often becomes a topic of vigorous debate—witness the long-standing argument about
whether probabilities are fundamental [5]. Certain types of probabilities are clearly
‘subjective,” meaning that they can be understood as a description of our own igno-
rance about the true facts of some situation, rather than as fundamental facts about the
world [6]. But ever since the birth of probability as a formal field of mathematics, it
has been accompanied by a vague, sometimes slightly incoherent idea that there exist
two distinct types of probability [7],—so, for example, we find Laplace writing an
essay in 1826 entitled Concerning the Unknown Inequalities which may exist among
Chances which are supposed to be Equal [8] and Peirce in 1910 insisting that ‘(a)
die has a certain would-be, (which is) a property, quite analogous to any habit that a
man might have’ [9]. In these locutions we recognise the beginnings of the modern
concept of objective chances—fundamental, irreducible probabilities which appear
in the laws of nature and are identified as properties of objects in the world.

Despite this promising start, at the beginning of the twentieth century things were
looking black for objective chances: with the increasing sophistication of statistical
mechanics making it possible to explain the probabilities of thermodynamics in sta-
tistical terms, it seemed likely that all our paradigmatic examples of probabilities
would turn out to be subjective in character, and if quantum mechanics had not come
along we might well have concluded that the notion of objective chance was just
a confusion all along [10]. But quantum mechanics did came along, and quantum
mechanics does not usually predict measurement outcomes with certainty: instead
it assigns probability distributions. Furthermore, we have encountered a number of
obstacles in attempting to come up with interpretations of the theory which say def-
inite things about what is really going on at a microscopic level—for example, the
contextuality theorems of Kochen-Specker [11] and Spekkens [12] tell us that it is
not possible to come up with models for a reality underlying quantum mechanics
where certain key structural symmetries of the mathematical formalism are preserved
on the ontological level. So we can’t easily account for the quantum probabilities
in terms of subjective probabilities arising from our ignorance of some deeper the-
ory, and therefore it seems natural to conclude that the laws of quantum theory are
‘fundamentally probabilistic’ [13—16]. In quantum mechanics, we have located those
elusive objective chances at last [15, 17].

But there is something troubling about this narrative. Due to decoherence, quan-
tum probabilities are effectively screened off from our everyday experiences [18, 19],
so if it is true that quantum probabilities are objective chances, then our ancestors
who came up with the concept of objective chance cannot ever have had any actual
experience of what we now understand to be objective chance, so it seems nothing
short of a miracle that they nonetheless managed to come up with a correct concept
of objective chance.
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Here is an alternative account: quantum mechanics came along, and try as we
might, we could not find satisfactory explanations for the quantum probabilities. So
we stopped trying, and began applying the term ‘fundamental’ to cover our lack of
understanding. Conveniently enough the concept of fundamental, irreducible chances
had been floating around in the collective consciousness for some time, so it was
possible to invoke that term without anyone realising that a radically new and ill-
defined concept was being introduced into science. The word ‘fundamental’ become
a disguise for our confusion.

Fundamental means we have lost. Fundamental is an admission of defeat.

It’s certainly tempting to conclude that the word ‘fundamental’ refers to an attitude
rather than a matter of fact. We question as deeply as we can, but eventually we
grow tired, plant our flag in the ground, and say ‘This, here, is the most fundamental
thing,’—all the while acknowledging, at least in the back of our minds, that there will
always be another generation of physicists who will insist on questioning further.
And yet, if we are realists about science, we must surely believe that there is some
endpoint to this process, some set of truly fundamental entities which will not need
to be explained.

What do we suppose will be left over when all reasonable questions have been
answered? The simplest answer is also the most ambitious: nothing.

The idea that the ultimate goal of science is to explain everything was first artic-
ulated by Spinoza [20, 21], and was subsequently formalised by Leibniz in the form
of the Principle of Sufficient Reason [21, 22]. This is surely the grandest and most
compelling vision of science that one could ever dare to contemplate: once our under-
standing becomes sufficiently advanced, we will see that the universe simply could
not have been otherwise. It is an immensely attractive prospect, but also, surely, an
impossible one, since it is very easy to conceive of a multitude of ways in which the
world seemingly could have been different, and thus very difficult to imagine that
our actual world could somehow be logically necessary. Even Leibniz ultimately
needed a God to complete his vision—°‘God,” of course, being the same sort of
sticking-plaster concept as ‘fundamental.’

And yet, vestiges of Leibniz’s ideas live on in modern physics, not least in the
current vogue for multiple universe theories in cosmology [23] and the interpretation
of quantum mechanics [24]. There are certainly interesting theoretical arguments for
these approaches, but in the background it is possible to detect a lurking secondary
motivation: one day, with the help of these sorts of ‘everything happens’ theories,
we might be able to do without arbitrariness altogether. There will be nothing fun-
damental left, except perhaps mathematics and logic.

A similar way of thinking gives rise to the common insistence that the initial
conditions of the universe require explanation. For example, it is well known that
to make thermodynamics work properly we need to invoke what is known as the
‘past hypothesis,” which comes in many variants, but usually says something to the
effect that the initial state of the universe was a particularly low entropy state [25].
Intuitively we feel that there is something unlikely about this special choice of initial
state, and thus ever since the time of Boltzmann people have been attempting to
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argue away the unlikeliness, whether by appeal to anthropic arguments [26] or, more
recently, by invoking cosmic inflation [27]. But is any explanation really needed
here? It is by no means obvious that the initial conditions of the universe are the kind
of thing which can or ought to be explained, but nonetheless we clearly all want an
explanation. We are deeply uncomfortable with the idea that the universe must, on
some level, be arbitrary.

Yet perhaps we will have to become more comfortable with arbitrariness. This does
not mean we should give up on attempting to explain things and become anti-realists:
it simply means we must demand greater clarity about what sorts of things need
explaining and what sorts of explanations we are willing to accept for them.

When a coin is flipped a thousand times, it is always going to produce some
sequence of outcomes, and any particular one of these sequences is fantastically
unlikely—but some sequences demand explanation and others do not. In particular,
if a sequence exhibits regularities that would allow us to make reliable predictions
about some part of the sequence given knowledge of some other part of the sequence,
we feel that those regularities demand an explanation: the coin landing on heads every
single time would be an unlikely coincidence, or even a miracle, if there were no
explanation for it.

But what precisely is it that needs to be explained? Is it the fact that the coin always
lands the same way up, or is it the fact that it always lands on heads? Prima facie
the question seems an odd one, because it is difficult for us to envision a physical
mechanism which explains why the coin always lands the same way up without also
explaining why it is always that way up. However, the situation is different for the
universe as a whole. For example, what is it about the arrow of time that demands
an explanation? Is it the fact that there exists an arrow of time, or is the fact that the
arrow points a certain way? Of course it is the former. Assuming there is nothing
outside the universe, asking why the arrow points this way rather than that is not
even a meaningful question. The direction of the arrow is ‘arbitrary’ but it is not a
puzzle that needs solving.

Generalising this point, as realists about science we must surely maintain that
there is a need for science to explain the existence of the sorts of regularities that
allow us to make reliable predictions—because otherwise their existence would be
precisely the kind of strange miracle that scientists are supposed to be making sense
of—but there is no similarly pressing need to explain why these regularities take some
particular form rather than another. Yet our paradigmatic mechanical explanations
do not seem to be capable of explaining the regularity without also explaining the
form, and so increasingly in modern physics we find ourselves unable to explain
either.

It is in this context that we naturally turn to objective chance. The claim that
quantum particles just have some sort of fundamental inbuilt tendency to turn out to
be spin up on some proportion of measurements and spin down on some proportion
of measurements does indeed look like an attempt to explain a regularity (the fact that
measurements on quantum particles exhibit predictable statistics) without explaining
the specific form (the particular sequence of results obtained in any given set of
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experiments). But given the problematic status of objective chance, this sort of non-
explanation is not really much better than simply refraining from explanation at
all.

Why is it that objective chances seem to be the only thing we have in our arsenal
when it comes to explaining regularities without explaining their specific form? It
seems likely that part of the problem is the reductionism that still dominates the
thinking of most of those who consider themselves realists about science [28]. The
reductionist picture tells us that global regularities like quantum statistics must be
explained in terms of fundamental properties of individual particles, and objective
chances fit into this reductionist ontology because it seems to make sense to think
about them as properties of the objects that exhibit the probabilities, as in the propen-
sity interpretation of probability [5]. But moving away from the reductionist picture
would give us many more options, including some which are likely more coherent
than the nebulous notion of objective chance.

So seems that we are in dire need of another paradigm shift. And this time, instead
of simply changing our attitudes about what sorts of things require explanation, we
may have to change our attitudes about what counts as an explanation in the first
place.

Consider the following apparent truisms. The present explains the future, and not
vice versa; properties of parts explain the properties of the whole, and not vice versa.
There are of course practical reasons why explanations satisfying these requirements
are of particular interest to us: we want to know how to do things in the present in order
to bring about desired future events, and we want to know how to construct things by
combining parts to produce a desired whole. But the notion of the Fundamental, writ
large, is not supposed to be about our practical interests. In our standard scientific
thinking the fundamental is elided with ultimate truth: getting to grips with the
fundamental is the promised land, the endgame of science.

In this spirit, the original hope of the reductionists was that things would get
simpler as we got further down, and eventually we would be left with an ontology
so simple that it would seem reasonable to regard this ontology as truly fundamental
and to demand no further explanation. But the reductionist vision seems increasingly
to have failed. Instead of building the world out of a single type of fundamental
particle, we have been required to hypothesise so many fundamental particles that the
hourglass ran out before my father and I could finish listing them. When we theorise
beyond the standard model we usually find it necessary to expand the ontology still
more: witness the extra dimensions required to make string theory mathematically
consistent. We physicists have mostly taken this in our stride, but perhaps we should
be more worried. Perhaps we should take it as a sign that we have been swimming
against the current all this time: the messiness deep down is a sign that the universe
works not ‘bottom-up’ but rather ‘top-down,” with the laws of nature governing the
whole of history at once, akin to the Lagrangian formulation of classical physics
[29].

After all, what is beginning to become clear within modern physics is that in
many cases, things get simpler as we go further up. Our best current theories are
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renormalisable, meaning that many different possible variants on the underlying
microscopic physics all give rise to the same macroscopic physical theory, known as
an infrared fixed point [30, 31]. This is usually glossed as providing an explanation of
why it is that we can do sensible macroscopic physics even without having detailed
knowledge of the underlying microscopic theories [31]. But one might argue that this
is getting things the wrong way round: the laws of nature don’t start with little pieces
and build the universe from the bottom up, rather they apply simple macroscopic
constraints to the universe as a whole and work out what needs to happen on a more
fine-grained level in order to satisfy these constraints. Presumably at least some
features will be left underdetermined by the global constraints, and that is where the
arbitrariness comes in, but there is nothing wrong with this as long as the arbitrary
features are of the harmless kind. To return to the coin-flipping example, one might
in a universal context hypothesize that it’s simply a law of nature that the coin must
always land the same way up—whether it lands heads or tails is not fixed by any
of the laws of nature, but that doesn’t matter, because it was the existence of the
regularity and not the specific form that we particularly needed to explain.

If this is correct, it is no wonder that when we do quantum physics we find
it difficult to say anything definite about how things are on a microscopic level:
most of the time there simply is no fact of the matter about how things are on a
microscopic level, because the universe is efficient, and doesn’t bother answering
questions when it doesn’t need to. To ensure the satisfaction of the macroscopic
constraints, there’s usually no need to decide how things are on a microscopic level—
except of course when human experimentalists start wiggling smaller and smaller
things and demanding answers.

So maybe it really is the case that there is no endpoint to this process of questioning
nature: as we build bigger and bigger particle accelerators to probe ever more deeply,
the universe will be forced to invent deeper and deeper levels of reality that exist only
to answer our questions. But these levels of reality won’t be getting us any closer to
what is truly fundamental—how can they be ‘fundamental’ if most of the time they’re
not even there? Thus from this perspective, it may actually turn out to be correct to
say that atoms are more fundamental than quarks, bosons, electrons, neutrinos and
the like. In the end, we might even decide that atoms have been fundamental particles
all along.
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