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The question “What is fundamental?” elicits widely divergent responses, even among 
physicists. The majority view is that the mantle of the most fundamental scientific theory 
is currently held by the Standard Model of particle physics, and will eventually be passed 
on to its successor, a “Super Model” that will incorporate quantized gravity and explain 
current mysteries like dark matter and dark energy. But many disagree with this 
straightforward, reductionist viewpoint. Some invoke the concept of emergence (weak or 
strong) to argue that science is anchored by many equally fundamental concepts and 
theories, at every level of description. Some turn the tables around and assign greater 
fundamentality to higher levels, in many cases, to consciousness itself. Some maintain that 
the most fundamental level must be an abstract/mathematical structure, and that the 
physicality of the world we perceive is an emergent phenomenon. In this essay, I will try to 
make sense of these diverging views while attempting to distinguish between epistemo-
logical fundamentality (the fundamentality of our scientific theories) and ontological 
fundamentality (the fundamentality of the world itself, irrespective of our description of it). 
There will also be towers of turtles and chains of monkeys.  

 

Science is a tower of theories and the Standard Model is its foundation! 

There’s a popular view among physicists that science is a hierarchical structure, a tower of theories, 
and that the most fundamental level is to be found, of course, at the base of the tower. In their 
analysis of a recent interview-based survey conducted among Australian teachers and researchers, 
Yates et al. report: 

The physicists responded to the question of what constitutes their discipline with 
ease, and as if reading from a common script — ‘fundamental’, ‘core’, ‘mathematical’, 
‘stripping a problem to its essentials’. Physicists see physics as a fundamental and 
foundational form of knowledge that describes how the physical world works; it 
describes ‘the laws of nature at their most fundamental level’. [1] 

For Nobel laureate Steven Weinberg, and for a good number of physicists, it is clear where the 
quest for fundamentality should lead us: to the smallest scales accessible.  

We search for universal truths about nature, and, when we find them, we attempt 
to explain them by showing how they can be deduced from deeper truths. Think of 
the space of scientific principles as being filled with arrows, pointing toward each 
principle and away from the others by which it is explained. These arrows of 
explanation have already revealed a remarkable pattern: they do not form separate 
disconnected clumps, representing independent sciences, and they do not wander 
aimlessly―rather they are all connected, and if followed backward they all seem to 
flow from a common starting point. [2] 

[…We] notice a remarkable thing: perhaps the greatest scientific discovery of all. 
These arrows seem to converge to a common source! Start anywhere in science and, 
like an unpleasant child, keep asking ‘Why?’ You will eventually get down to the 
level of the very small… I have remarked that the arrows of explanation seem to 
converge to a common source, and in our work on elementary particle physics we 
think we’re approaching that source. [3] 
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Philosopher of physics David Wallace writes [4]: 

A tempting and popular picture of inter-theoretic relations is that of a tower of 
theories, each approximating the theory below it in the appropriate limit.  For 
physics, at the bottom of the tower would lie the Standard Model of particle physics 
(perhaps with its base shrouded in mist to leave room for the hoped-for theory of 
quantum gravity that it  approximates). Above it, perhaps, would be quantum 
electrodynamics; above that, the quantum theory of photons and nonrelativistic 
atoms; above that, nonrelativistic quantum mechanics; above that, perhaps, classical 
particle mechanics, and then classical fluid mechanics.  

Wallace goes on to explain that this simple hierarchy of theories is an oversimplification, and that 
in reality, the modelling of physical systems often resembles a patchwork more than a tower. 
Nevertheless, he states that 
 

We have reached the point where one theory, the Standard Model of particle physics 
(with the spacetime metric treated as one more quantum field) is at least a candidate 
to underlie all the various applications of high-level physics, and to provide the basis 
for explanation of all physical phenomena outside the extremes of the early universe 
and the singularities within black holes.  

 

It is often stated that general relativity 
(describing gravity, space and time) and 
quantum mechanics are the two funda-
mental pillars of today’s physics. To be more 
precise, quantum mechanics is a general 
framework in which specific quantum 
theories can be constructed, among them 
quantum field theories. The rather dull 
name “Standard Model” designates a 
collection of quantum field theories that 
constitute our current best model of physics 
at the smallest scales that we can access. It 
attempts to explain physical processes via 
the interaction of 17 types of constituents 
(table 1). These constituents are usually 
designated by the name “elementary 
particles”, although the term particle can 
give a misleading impression about their 
nature. Each constituent in table 1 is first 
and foremost a quantum field [5]: at a given 
time, the field has a certain value at every 
point in space which indicates the “strength” 
of possible interactions that could happen 
there. Quantum fields can exhibit wave-like 
properties (interference) and particle-like 
properties (when the strength of the field 
peaks in a localized region, or when a 
localized interaction or energy transfer 
occurs).  
 

           
 
 
 
         Table 1: The 17 constituents of the Standard Model 
 

Constituent (generation) Number of variations 
u   Up quark (I) 6 (particle and antiparticle,  

with three colors each) 
d   Down quark (I) 6 
c   Charm quark (II) 6 
s   Strange quark (II) 6 
t   Top quark (III) 6 
b   Bottom quark (III) 6 
e   Electron (I) 2 (particle and antiparticle) 
µ   Muon(II) 2 
τ   Tau (III) 2 
νe  Electron neutrino (I) 2 
νµ  Muon neutrino (II) 2 
ντ  Tau neutrino (III) 2 
W boson 2 
Z boson 1 
γ   Photon 1 
g   Gluon 8 (color combinations) 
H   Higgs boson 1 

TOTAL: 61 
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In the Standard Model, there is an electron field permeating all space: electrons and anti-electrons 
are localized “disturbances” or “bundles” in the electron field that carry well defined electric charge, 
energy and momentum. In the same way that an electron is a quantized manifestation of the 
electron field, a photon is a quantized manifestation of the “photon field”, better known as the 
electromagnetic field; a Higgs boson is a quantized manifestation of the Higgs field; and so on. The 
bosons (the last five entries in the table) account for the fundamental interactions: the weak 
interaction is mediated by W and Z bosons, the electromagnetic interaction is mediated by photons, 
and the strong interaction is mediated by gluons. Problematically, the other known fundamental 
interaction, gravity, is left unaccounted for. Because of the well-known incompatibility between 
quantum mechanics and general relativity, we simply do not know how to satisfactorily describe 
gravity as a quantum field. 

Most of the 17 constituents of the Standard Model exist in two versions, “particle” and 
“antiparticle”: only the photon, the Z boson and the Higgs are their own antiparticle. In addition, 
each type of quark and antiquark comes in three possible “colors”, and the gluons can exist in 8 
color combinations—for a total of 61 variations. That’s why it’s often stated that there are 61 
elementary particles in the Standard Model. It’s harder to give a precise value for the number of 
fields, since some properties of various constituents of the Standard Model can be grouped together 
and accounted for by a single field—or kept separated, whichever is more convenient depending on 
the context. But no matter how you look at it, the Standard Model is made up of a surprisingly 
large number of distinct constituents, which certainly casts some doubts on its fundamentality. 

It is tempting to contrast the physicists’ Standard Model with the chemists’ periodic table, which 
contains, by now, over one hundred chemical elements. The systematic way in which the chemical 
elements can be ordered by their atomic masses and grouped by their properties is a clear hint that 
there exists an underlying, simpler level of structure: indeed, we now know that all chemical 
elements can be generated by the combination of only three elementary particles, the electron, the 
up quark and the down quark (the quark triplets uud and udd making up respectively the proton 
and the neutron).  

In the case of the Standard Model, it is possible to group the fermions (the first dozen entries in 
table 1) in 3 generations of 4 particles that mirror each other, but there is no systematic way to 
organize everything into a satisfying structure. There are ways to represent the 17 constituents in 
a grid or in concentric circles (as a Google image search for “Standard Model” reveals), but these 
arrangements are somewhat arbitrary. We have no hint (yet) that there exists an underlying, more 
fundamental level of structure.  

In many ways, the Standard Model is a very successful physical theory. As it was being developed 
in the 1960s and 1970s, the existence and approximate properties of some of its constituents (like 
the W and Z bosons, the top quark and the Higgs boson) were predicted before they were observed 
in accelerators. But it has also many shortcomings: it does not incorporate gravity, and none of its 
constituents can account for the recent cosmological discoveries of dark matter and dark energy, 
whose gravitational effects reveal that they make up most of the mass of the Universe. 

That’s where subatomic physics stands right now. We can hope that in the coming years (decades? 
centuries?), the situation will improve: we may succeed in quantizing gravity and marrying it to 
the Standard Model by adding a new interaction boson, the graviton. General Relativity could be 
unified with quantum mechanics by successfully reformulating the spacetime metric as a quantum 
field. The mystery of dark matter and dark energy could be solved: perhaps they will turn out to be 
side effects of quantum gravity, or we will discover a new dark matter particle/field. The Standard 
Model could then evolve into a “Super Model” that would contain about 20 constituents (for a total 
of about 70 variations) and could be considered, at last, a “Theory of Everything”. To borrow Paul 
Davies’ analogy [6], it would be some kind of “levitating super-turtle” that supports all other levels 
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of physical reality (figure 1), from elementary 
particles/fields to complex organisms, like us, 
able to reflect upon it all. Such a Super Model 
of elementary particles/fields and their 
interactions could certainly claim some 
fundamentality. But could it be considered 
truly fundamental, or at least “the most 
fundamental” among all scientific theories?  

 

 

 

Figure 1.    

 

 

Fundamental disagreements 

There are many ways to define “fundamental”. In regular discourse, it often means nothing more 
than important. A more precise definition would stress that this importance is central, or basic. In 
science and philosophy, it can be argued that the term conveys an additional connotation of 
independence: something is fundamental if it does not need to be explained by something else, or if 
it can explain things without the help of anything else.  

The Standard Model, especially in the improved “Super Model” version that we imagined in the 
previous section, possesses the attributes of fundamentality that we just described. Because its 
constituents exist at the smallest scale accessible to us, we obviously cannot understand it in terms 
of even smaller things. And because everything in the Universe is made up of its particles/fields, it 
should, in theory at least, be able to explain everything without the help of anything else.   

However, if we define “fundamental” in a more restrictive way, by insisting that something that is 
truly fundamental should exhibit a high level of coherence and elegance, the Standard/Super Model 
will have a harder time meeting our criteria. Particle physicists are well aware that the collection 
of quantum fields that make up the model is a patchwork that lacks fundamental elegance. More 
than 20 years ago, in the CERN Courier, Christine Sutton wrote: 

The Standard Model is a synthesis of our present understanding of the quarks and 
leptons and the forces that act upon them. The key word here is "synthesis", for the 
model is not an elegantly hewn theory from which the quarks and leptons and their 
interactions emerge. Instead it is an amalgam of the best theories we have, which 
we can bolt together because they have enough in common to suggest an underlying 
unity, although due to our ignorance the joins still clearly show. [6] 

Must we conclude that there is no such thing as true fundamentality in physics (at least in physics 
as we know it), and by extension, that no scientific theory can be considered fundamental? 

Maybe we’ve been too restrictive by adopting a straightforward, reductionist viewpoint that led us 
to look for fundamentality only at the smallest scale accessible to physics. Indeed, a case can be 
made that fundamentality can be found in multiple places, at various levels across all scientific 
disciplines.  

Thoughts (consciousness) 

Brains 

Organisms 

Solid objects and fluids 

Atoms and molecules 

Elementary particles/fields 

Super Model 
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Consider the field of chemistry, which stands just above particle physics in terms of scale. Beyond 
historical convention, there is a good reason why it is not simply called “molecular physics”. In 
theory, chemistry should be nothing more than electromagnetism and quantum mechanics applied 
to protons, neutrons and electrons. But in practice, essentially none of the knowledge base of 
chemistry has been derived that way. The properties of an isolated hydrogen atom can be easily 
computed from Coulomb’s law and the basic equations of quantum mechanics. However, for 
molecules even as simple as H2O, it is essentially unrealistic to derive their basic properties from 
physics, starting from scratch so to speak [7]. Basic chemistry is fundamentally dependent on 
empirical measurements. Many principles of physics are used in chemistry, to model relationships 
between empirically obtained values, but, from a practical point of view, even the most basic 
chemistry cannot be said to be derived from particle physics. In that sense, chemistry can be 
thought of as an autonomous science, and its basic principles are, for all practical purposes, 
fundamental. In the same way, even within the traditional boundaries of physics, many general 
principles and laws that apply to the study of complex systems (thermodynamics, fluid dynamics, 
chaos theory) can be considered independently fundamental.  

Biologically relevant molecules like DNA contain so many atoms that it is essentially impossible to 
model them starting from particle physics. Even from a chemical point of view, the study of DNA’s 
structure and behavior needs empirical inputs and cannot be undertaken from basic principles 
alone. If we hadn’t discovered DNA in nature, we would almost certainly never have predicted its 
existence starting from the fundamental principles of chemistry.  

Because of the emergence of complex behavior that we witness at all levels, from biologically 
relevant molecules to cells, organisms and conscious beings, a case can be made that 
fundamentality exists in a meaningful way at many levels. In the scientific study of the 
phenomenon of emergence, it is still an open question whether there are phenomena whose 
behavior, although compatible with lower-level principles, is guided by higher-level principles and 
laws that cannot be derived, even in principle, starting from the principles at the lower levels [8]. 
Such an eventuality is called strong emergence: if there is such a thing, the case for fundamentality 
at many levels becomes even more compelling. If higher-level theories and principles possess an 
independent fundamentality, it becomes possible to fundamentally explain complex phenomena, 
like the behavior of a living organism, without having to apply quantum field theory to each of its 
constituent particles… which is a relief. 

The independent existence of fundamentality at many levels can be viewed as a challenge to the 
widely held idea that science forms a united whole and that it would be possible, at least in 
principle, to explain everything from a unified and complete set of basic principles. Indeed, there 
are philosophers of science, like Nancy Cartwright, that explicitly deny that science can be thought 
of as a coherent whole with physics at its fundamental anchor. [9]  

But we must exert caution. It would be detrimental to conclude carelessly that apparently 
fundamental principles that operate at a given level are independently fundamental and cannot be 
derived from the known principles at lower levels. For instance, we still do not know how the 
chemistry-to-biology transition at the beginning of life on Earth took place. If we refrain from trying 
to reduce basic biological phenomena to the principles of chemistry, because we believe that it is 
computationally (weak emergence) or fundamentally (strong emergence) impossible, we will never 
shed light on this event. It may be that the chemistry-to-biology transition is so incredibly 
improbable that the only way to make sense of it is to postulate a vast universe and invoke the 
helping hand of the anthropic principle. But it we do not ascertain independently the likelihood of 
the transition by modelling it through the lens of chemistry, we will never know.  

Steven Weinberg, ever the champion of reductionism, warns that even though a high-level principle 
may be so useful and so ubiquitous that it is tempting to think of it as independently fundamental, 
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it could still be that it can be reduced all the way back to the fundamental principles of particle 
physics. He considers the laws of thermodynamics:   

Thermodynamics is more like a mode of reasoning than a body of universal physical 
law; wherever it applies it always allows us to justify the use of the same principles, 
but the explanation of why thermodynamics does apply to any particular system 
takes the form of a deduction using the methods of statistical mechanics from the 
details of what the system contains, and this inevitably leads us down to the level of 
the elementary particles. In terms of the image of arrows of explanation that I 
invoked earlier, we can think of thermodynamics as a certain pattern of arrows that 
occurs again and again in very different physical contexts, but, wherever this pattern 
of explanation occurs, the arrows can be traced back by the methods of statistical 
mechanics to deeper laws and ultimately to the principles of elementary particle 
physics. As this example shows, the fact that a scientific theory finds applications to 
a wide variety of different phenomena does not imply anything about the autonomy 
of this theory from deeper physical laws. [2] 

 

I think therefore I am fundamental? 

As we’ve just seen, analysing almost anything, even the simplest molecules, from the first principles 
of particle physics is depressingly hard, which makes fundamentality effectively pop up 
everywhere. The Standard Model is disappointing, and we’re all going to die. Maybe we can do 
better by turning the problem of fundamentality around, starting at the top? After all, 
fundamentally, all our philosophical and scientific musings (as well as everything else that we know 
anything about) are states of consciousness. 

“Consciousness-first” approaches, whether they are found in scientific, philosophical or mystical 
arguments, all suffer from a conundrum that constitutes, for many, an immediate deal breaker. It 
seems clear that consciousness requires a physical brain to operate: you damage the brain, you 
damage the consciousness; you destroy the brain, you destroy the consciousness (at lest, from an 
external point of view). Moreover, in the early universe, there were at least millions of years, maybe 
billions, when there were almost certainly no conscious beings to be found anywhere. So how can 
consciousness come first? 

During a session on consciousness and inte-
grated information theory held at FQXi’s 2016 
conference, I asked the panel what was more 
fundamental: consciousness, or space/time/ 
matter (figure 2). There were many nuanced 
answers, but overall, consciousness won! 

Frank Johnson’s famous thought experiment, 
“Mary the color scientist”, is one of the best 
arguments for believing that qualia, the 
subjective properties of conscious states (for 
example, what it is like when we perceive the 
color red), cannot be reduced, even in principle, 
to physics or any other physical science:  

 

 Figure 2. 
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Mary is a brilliant scientist who is, for whatever reason, forced to investigate the 
world from a black and white room via a black and white television monitor. She 
specializes in the neurophysiology of vision and acquires, let us suppose, all the 
physical information there is to obtain about what goes on when we see ripe 
tomatoes, or the sky, and use terms like ‘red’, ‘blue’, and so on. She discovers, for 
example, just which wavelength combinations from the sky stimulate the retina, and 
exactly how this produces via the central nervous system the contraction of the vocal 
chords and expulsion of air from the lungs that results in the uttering of the sentence 
‘The sky is blue’. […] What will happen when Mary is released from her black and 
white room or is given a color television monitor? Will she learn anything or not? 
[10] 
 

If Mary learns something new (which seems reasonable), then qualia, as fundamental elements of 
conscious experiences, cannot fully be accounted for by any amount of information about physics, 
chemistry or biology, and are truly, independently fundamental.  

Going back to Descartes’ Cogito ergo sum, another argument for the fundamentality of conscious-
ness is the obvious fact that all we really know for certain about the Universe is that “consciousness 
is going on”, more precisely, our own consciousness. Consciousness underlies everything we know, 
so it must be, in some important sense, epistemologically fundamental. But does this necessarily 
imply that it is also ontologically fundamental, and it constitutes an independent, fundamental 
aspect of objective reality? 

If we want to clarify the question “What is fundamental?” and make sense of the divergence of 
opinions among scientists and philosophers, it seems important to clearly distinguish between 
epistemo-logical fundamentality (the fundamentality of our scientific theories) and ontological 
fundamen-tality (the fundamentality of reality itself, irrespective of our description of it). But this 
is not as straightforward as it seems.  

Since science is supposed to model reality, the two kinds of fundamentality should ideally coincide. 
But of course, there is no way to know for certain what the true nature of reality is: the world is 
what it is and does what it does, science only tries to follow the best it can. As limited observers, we 
only have access to a restricted domain of reality. We can certainly try to ascertain the relative 
fundamentality of our scientific theories, but to believe that we can say anything meaningful about 
ontological fundamentality, we must first believe that we can say something meaningful about 
reality-in-itself.  

The problem is that the sum total of what we have codified about nature in our scientific laws 
underdetermines what reality-in-itself could be. As Sean Carroll puts it, 

The fundamental stuff or reality might be something wholly distinct from anything 
any living physicist have ever imagined; in our everyday world, physics will still 
work according to the rules of quantum field theory. [11] 

It could be that the question “What is Fundamental?” only makes sense epistemologically [12], and 
that the very concept of fundamentality does not apply at the ontological level: the world is simply 
a coherent whole, and nothing is truly more fundamental than anything else.  

On the other hand, the fact that we cannot use the tools of science to ascertain the deep nature of 
reality does not mean that we cannot use our logic and our intuition to make reasoned hypotheses 
about it! 
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Let’s get metaphysical 

In a metaphysical context, it seems reasonable to add one more constraint to the definition of 
fundamentality: non-arbitrariness [13]. Something is truly fundamental if it could not have been 
otherwise. In that sense, a theory like the Standard Model utterly fails: 61 constituents? Why not 
42, or 137? Even if one day we succeed in formulating an incredibly coherent and compact Theory 
of Everything, the kind that could easily fit on a T-shirt, we could always ask “Why these equations, 
and not others?” 

There is a way to get rid of all arbitrariness, but it is rather extreme: it is to consider “nothing” as 
a candidate for the fundamental “ground of being” that underlies all of reality. As I argued 
elsewhere [14], the infinite ensemble of all abstractions is a unique construct that contains, overall, 
zero information: if you want to specify some subset of the ensemble, you need to do it explicitly, 
and this description contains information; but if you want to refer to the infinite ensemble itself, 
you can simply say “all abstractions”, which takes almost no time and contains essentially zero 
information. 

Being unique, the infinite ensemble of all abstractions is not arbitrary in any way. Being abstract, 
it can exist by itself, by virtue of its internal logic, so it is not dependent on anything else—another 
attribute that we should expect from something truly fundamental. Of course, for pure abstraction 
to act as the fundamental ground of being, like the scenarios illustrated in figures 3 and 4, one has 
to accept that a physical world like ours can be nothing more than an abstract structure “seen from 
the inside”, at higher (or lower) levels of description. (This is essentially the same postulate that 
Max Tegmark’s uses to ground his famous Mathematical Universe Hypothesis [15]: since 
mathematics is the general study of abstract structure, pure abstractions are mathematical 
structures.) For many scientists and philosophers, this is a though cookie to swallow, which is 
represented, on figures 3 and 4, by clouds labelled “fog of metaphysical handwaving”. In my 2015 
FQXi essay on the relationship between mathematics and physics [16], I explained why it is 
reasonable to consider that a physical world is simply an abstract structure that contains self-
aware sub-structures: what makes such a world physical is the contemplation of its mathematical 
structure by these sub-structures.   

In figures 3 and 4, the circle labelled “All  nothing” represents the infinite ensemble of all 
abstractions. I thought it was appropriate to use the Zen symbol ensō, since “dynamic emptiness” 
is one of its possible meanings. The bottom-up hierarchy in figure 3 is consistent with Tegmark’s 
Mathematical Universe Hypothesis: in this view, elementary particles/fields emerge from an 
underlying description that is purely mathematical/abstract. The top-down arrangement in figure 
4 is representative of more mystical views of reality that anchor consciousness directly to the 
fundamental ground-of-being, with the physical world being a manifestation within consciousness.  

The chains in figures 3 and 4 are asymmetrical: one goes “up” in scale from the ground-of-being, 
the other goes “down”: in a sense, they are still somewhat arbitrary! Why not attempt to merge 
them together? With ensō now at both ends, the chain could close on itself. In [14], I explored the 
possibility of such “strange loops” of explanation.  
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That being said, the most honest answer to the question “What is fundamental?” is, of course, that 
in the current state of our scientific knowledge, the question is still wide open. Science and 
philosophy must (and will) go on. Will the quest for fundamentality ever end? And if it does, will it 
end in victory or in defeat?  
 
Einstein said that “the most beautiful thing we can experience is the mysterious.” It might also be 
the most fundamental.   
  

Figure 3. Figure 4. 
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