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Abstract

Mathematics and physics are different, yet they are closely connected.
The effectiveness of mathematics in physics is unparalleled in any other
branch of knowledge. In this essay, we try to explain the reason for this
effectiveness based on the view that mathematics is invented. We also
question the accuracy of mathematics in describing nature, and argue
that mathematics does not provide us with the truth about how nature
works, but with models that enable us to make predictions about the
outcome of observations and experiments.

1 Introduction

Our brains are considered the best pattern recognition machines. We devel-
oped languages over millennia in order to describe quantities and objects in
nature, and relations between them in an abstract way. We all have many
ideas, but only the abstract ones are reusable in different situations and at
different times. Mathematics is the most abstract of languages. It studies
numbers, shapes, logic, and many other structures. It starts with a few con-
jectures and uses proofs to build a rich structure of theorems.

Physics studies how nature works. This is done by investigating the laws
governing matter, energy, forces, and their interactions. Physics also starts
with conjectures, but uses observations and experiments to verify or falsify
them. In describing nature, mathematics is the only language capable of effec-
tively representing the relations between physical quantities. This connection
between mathematics and physics seems puzzling, and we have no explanation
for it.

2 The Unreasonable Effectiveness of Mathematics

In 1960, the physicist Eugene Wigner published a paper entitled “The unrea-
sonable effectiveness of mathematics in the natural sciences” [1]. In this paper,
Wigner marveled at the wide applicability and usefulness of mathematics in
physics, and at the mysterious reason that it is possible to express the laws of
nature in mathematical formulas. For example, he wrote

“The miracle of the appropriateness of the language of mathemat-
ics for the formulation of the laws of physics is a wonderful gift
which we neither understand nor deserve.”
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This amazement at the effectiveness of mathematics was shared by many
physicists and mathematicians. For it is indeed astonishing that a few for-
mulas are able to explain many physical phenomena, predict the outcome of
experiments, and expect previously undiscovered phenomena. Mathematics,
in short, is the only language for physics, and it does its job perfectly, and we
do not know why.

For example, take Newton’s simple gravitational law. It describes how
bodies fall on the surface of the earth, and accurately describes the motion
of planets around the sun. It does this so accurately that it pointed to the
position of Neptune before it was discovered. This law applies to all masses,
from a small laboratory apparatus, to entire galaxies.

Another example is Maxwell’s equations: four mathematical equations that
described all that was known about electricity and magnetism in the 1860s,
and predicted other undiscovered phenomena, such as radio waves.

Twentieth century physics relied even more heavily on mathematics. Gen-
eral relativity is based on the mathematics of differential geometry that had
been first studied by Gauss and Riemann half a century before. Quantum me-
chanics uses infinite dimensional Hilbert spaces, noncommutative self adjoint
operators, and complex amplitudes among other mathematical entities.

In 1928, Dirac’s equations showed a similar particle to the electron with the
same mass but with positive charge. Since such a particle was not discovered,
Dirac thought it could be the proton which is 1836 times heavier than the
electron. However, the beautiful symmetry in his equations proved right, and
the positron was discovered 4 years later.

The history of physics is full of such examples on the effectiveness and
predictive power of mathematics in describing nature. This has been the
reason for much speculations on the basis of this effectiveness, and whether
mathematics is part of nature that we discover or a creation of our imagination.

3 Why is Mathematics so Effective?

To explain the effectiveness of mathematics, we need to understand the origin
of mathematics. So first we will try to answer another question:

Is mathematics Discovered or Invented?

This question has been the topic of long debates between mathematicians since
Plato. Most mathematicians think mathematics is discovered, such as G. H.
Hardy, Roger Penrose, and Kurt Gödel. But other prominent mathematicians
hold the other view, such as David Hilbert, Georg Cantor, and the Bourbaki
group [2]. Most physicists on the other hand believe mathematics is invented.
Einstein, for example, wondered [3]

“How is it possible that mathematics, a product of human thought
that is independent of experience, fits so excellently the objects of
physical reality?”

Although there seems to be two answers to the question of discovery or
invention, we would like to distinguish between three possible answers:
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1. Mathematics is discovered because it exists in an abstract realm inde-
pendent of the physical world and the human mind. This view is called
platonism.

2. Mathematics is discovered because it is part of nature just like physics.

3. Mathematics is invented. It is a creation of the human mind.

If you believe in the first possibility, then the effectiveness of mathematics
must seem unreasonable and mysterious indeed. For if mathematics has its
own existence, there is no reason for mathematical objects to describe the
physical universe.

The second possibility would explain well the connection between mathe-
matics and physics, but we have the following objections to it:

• If mathematics is part of nature, then it should provide us with the
truth about how nature works. Yet, different mathematical formulations
can describe the same phenomenon, i.e. predict the same outcome of
experiments, but provide different views about how nature works. (More
on that in section 4)

• Physical principles have no derivation. This applies to Newton’s laws of
motion, the laws of thermodynamics, Einstein field equations, Schrödinger
and Dirac equations, and many others. We can motivate some of those
laws based on reasoning and observations but we have no mathematical
derivation for them.

• Most of the problems we face today have no analytical solution, or no
accurate mathematical models. We increasingly depend on approximate
solutions and numerical computations.

• Many mathematical objects have no physical correspondence. Infinity,
for example, is mathematically very useful, but does not occur in nature.

Thus, we believe that mathematics is invented, and from that view we will
try to explain the reason for its effectiveness in physics.

Patterns and Regularities

The reason mathematics is so effective in physics is that mathematics studies
patterns and regularities, and nature is fundamentally symmetric with pat-
terns appearing everywhere. Also, since we can translate observations into
numerical quantities, mathematics can be useful in finding relations between
them.

The effectiveness of mathematics in describing patterns is also the reason
for its usefulness in social sciences and the arts. For example, fractal theory
and its splendid shapes are used in clothes design, antenna design, fractal-
generated landscapes, and many others. Musicians sometimes use mathemat-
ics to understand music. Economics is hugely affected by mathematics; about
70% of the orders to buy or sell on Wall Street [4] are made by algorithms
based on mathematical models.
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So in the beginning, mathematics was deduced from observing patterns
in nature. Then, through extension, abstraction, and generalization we got
the mathematics we know today. Thus, this notion of effectiveness is circular!
Math is effective because it was invented to describe some natural phenom-
ena. Maybe some physical phenomena currently has no effective mathematical
models because we simply haven’t invented the appropriate mathematics yet.

Mathematical Axioms

Mathematics is structured as theorems based on axioms. Axioms are the
premise or starting point on which we build theorems [5]. The choice of axioms
is subjective; they are what is most intuitive to us, what appears to be more
fundamental. We could take some theorems and treat them as axioms and
from them prove what we now call axioms.

Axioms are deduced from observing repeated patterns over time and in
several forms and places in nature and finding out the best language to describe
them. Then theorems are proved based on those axioms. For example, only
from five axioms we can prove all the theorems in Euclid’s Elements. Since
axioms are deduced from nature, then the proved theorems based on them
could also apply to nature.

The dependence of axioms on intuition is clear from Euclidean geometry.
Since our world is flat, our experience and intuition led to Euclidean geometry,
which has been the only geometry imaginable for over twenty centuries. Then,
in the mid-19th century, Riemann showed there were indefinitely many self-
consistent geometries [5]. One of those is elliptic geometry which is useful in
general relativity, but the rest have no physical correspondence.

It is possible to choose different axioms and get the same mathematics.
However, different sets of axioms could lead to different types of mathematics.
Mathematics started based on axioms that satisfies nature, and by abstraction
and generalization we got different sets of mathematics. This is clearest from
Euclidean and non-Euclidean geometries.

When we apply mathematics to nature, we have to prove that a certain set
of axioms apply to the problem under study. Then, we can be confident that
the mathematical theorems based on those axioms will also apply to nature.

Universality and symmetry

Describing the laws of nature in mathematics would be impossible if nature
did not have two properties: universality, and symmetry. Universality means
that the same laws apply everywhere in the universe. The laws of gravitation
that the planets in the solar system obey are the same laws that apply to
galaxy clusters. The laws that govern nuclei are the same in nuclear reactors
on earth and in the cores of distant stars.

Symmetry means that the laws of physics are the same under a specific
transformation. Transformations could be translations in space or time, or
rotations. In addition to symmetry under constant velocity, and gauge sym-
metries in particle physics. Symmetry is closely related to conservation laws;
Noether’s theorem says that any symmetry corresponds to a conservation law.
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For example, time translation symmetry corresponds to energy conservation,
while space translation symmetry corresponds to momentum conservation.

Why nature is symmetric is a mystery to which nobody has an explanation.

Simplicity

Simple mathematical formulations are more appealing to us, and many simple
theories describe nature accurately. For example, Einstein chose the simplest
form for his field equations, and his equations were successful. Dirac was
very convinced by the importance of simplicity and beauty in physics theories
[6]. In addition, some mathematicians believe that simplicity is a good crite-
rion in evaluating new theorems. For example, Stan Gudder said that “The
essence of mathematics is not to make simple things complicated, but to make
complicated things simple.”

However, some scientists argued [7] that simplicity and beauty are not a
good criterion in evaluating physical theorems because they depend on sub-
jective judgment and acquired taste. Yet, we would like to suggest two factors
that could be considered measures for the simplicity or complexity of mathe-
matical models:

• Number of dependent variables in the model.

• Computational complexity of the relations between those variables.

Simplicity and generalization can be very strong criteria in judging new the-
orems and can also be considered a way of thinking. Moreover, simpler the-
orems/models are faster in simulations and are very powerful when dealing
with big data.

Finally, we would like to support the importance of simplicity by an ex-
ample from machine learning. In machine learning, when we need to build a
model that describes how machines could recognize faces or speech or make
predictions, we use a regularization term that enforces the model to be as sim-
ple as possible. The technique always aims at targeting a compromise between
simplicity and accuracy.

Other Explanations

To the previous arguments, we could add the four explanations that were
provided by Richard W. Hamming in [8] and revisited by Derek Abbott in [3]:

1. We see what we look for, i.e. we select the problems to which we can
apply our mathematical tools.

2. We select the kind of mathematics to use. For example, since scalars
cannot describe forces, we invented vectors, and then tensors, and so on.

3. Science answers comparatively few problems, because many more cannot
be described with mathematics. Also, Gödel’s theorem limits the domain
of mathematics.

4. Evolution selected those who are able to follow long chains of reasoning.
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4 How Accurately Can Mathematics Describe Na-
ture?

In the previous section, we argued that mathematics is invented, and tried to
explain the reason for its effectiveness in describing nature. But if mathematics
is invented, then to how far can we trust it to guide the creation of physics
theories? And how accurately can it describe nature? In this section, we argue
that the usefulness of mathematics in discovering new theories is limited, and
that it does not provide us with a real picture of the world, but with models
useful as calculational tools for making predictions.

Beautiful But Wrong

The history of physics contains many mathematical theories that were consid-
ered to be simple and beautiful but turned out to be wrong.

1. Kaluza-Klein theory was an extension to general relativity in five di-
mensions that naturally leads to electromagnetism. The theory was
praised by prominent physicists, including Einstein, but it turned out
to be wrong. The theory was unstable because it required the extra
dimension to be static even though the geometry in general relativity is
dynamical, and thus the theory was abandoned in the 1930s. [9, P. 48]

2. The steady state theory of the universe was considered an alternative to
the big bang, in which new matter is created as the universe expands.
It was supported by many physicists in the mid-20th century especially
Fred Hoyle. However, observations since the 1950s produced contradic-
tory evidence, and the theory quickly became obsolete.

3. The SU(5) grand unified theory is the simplest grand unification theory
which aimed to unify the electroweak force and the strong force. The
theory predicted proton decay, but such a decay was never observed
contradicting the theory’s predictions.

These failings are a warning for us not to trust our subjectivity on the
simplicity or beauty of a mathematical theory before the verification of obser-
vations and experiments.

Observations and Experiments

Mathematics is very useful for making conjectures (hypotheses) and deriving
predictions from them. In the scientific method a conjecture must be falsifi-
able; meaning that an observation or experiment contradicting that hypothesis
is enough to falsify it. The lack of any observation that could test such a hy-
pothesis should not warrant it scientific credibility no matter how beautiful it
is.

Karl Popper argued that science progresses by falsifiable theories. Such
theories are never proven right, but if they survive many falsification attempts
we can begin to have faith in them. [9, P. 296]
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It is true that science does not follow one definite method, but changes
from time to time as the need arises. However, throughout the history of
physics, theories have been able to make predictions and compare them with
observations and experiments. Currently, some theories are either impossible
to verify experimentally, such as the multiverse, or very far from possible
experiments in the near future, such as string theory.

A theory can have support from its theoretical foundation and solid mathe-
matics, but until it can produce predictions that can be compared with exper-
iment, we must not evaluate it as the only truth. We should always consider
alternative approaches even if they are less developed.

Different Formulations

A great mystery about nature is that we can describe the same phenomenon
with different mathematical formulations. These formulations predict the
same outcome of experiments but they provide different views about how
nature works.

For example, if we want to describe the path of a particle, we can identify
and calculate the acting forces and use Newton’s second law to find the parti-
cle’s acceleration, and hence velocity and position at any time. Alternatively,
we could use the Lagrangian formalism, which is also known as the principle
of least action. In this formalism, you calculate a quantity called the action,
which is the integral of the kinetic energy minus the potential energy, and find
its minimum value. The particle moves along the path that minimizes that
action.

Quantum mechanics has many equivalent mathematical formulations. The
wave mechanics formulation uses the Schrödinger equation to find the time-
dependent state of a quantum system. Another very different formulation is
the path integral formulation, which says that a particle does not move in a
single well-defined trajectory, but in many trajectories each associated with a
probability amplitude.

Physics abounds with such equivalent formulations, which motivates the
question what is really happening? How does nature actually behave?

Reality and Mathematical Models

Gravity in Newtonian mechanics is described by a simple inverse square law
in which gravity acts instantaneously, yet it succeeded in giving accurate pre-
dictions about the motion of planets and galaxies. General relativity showed
that Newtonian mechanics is just an approximation, and gave a more accurate
description of gravity, radically changing how we view it. In general relativity,
mass curves spacetime, and other objects simply follow the shortest geodesic.
But relativity is not the final theory about gravity; it is also an approximation.
We do not know what the next theory will tell us, but it sure will change our
understanding of gravity. This begs the question, what is gravity really? and
how real are our theories?

We might never know the answer to these question. Our theories are
models of nature. Some models are more useful than others. Some are more
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effective in certain problems. Maybe some models come closer to the truth
about how nature works, but we cannot be sure which. For the lack of answers
to these questions, we believe that the goal of physics is not to explain how
nature actually works, but to find models that allow us to make predictions
and compare them with observations.

Since mathematics is invented, we should not constrict ourselves with ex-
isting mathematics, but strive to invent the appropriate mathematical lan-
guage to describe a certain phenomenon. For example, in physics we study
many systems whose behavior cannot be determined exactly. This could be
because we cannot determine exactly all the inputs, or because the number
of constituents of the system are very large. We make approximations, and
use statistics and computational methods to get an approximate knowledge
of the system. Maybe it will be possible to invent the right mathematics or
computational tools that will allow a better determination for these seemingly
random systems.

5 Conclusions

Mathematics and physics are different; mathematics is a useful human con-
struct, and physics tries to describe the laws of nature. Yet, mathematics is
very effective in physics. It enables us to make accurate predictions about the
outcome of experiments and even predict undiscovered phenomena.

Explaining the effectiveness of mathematics in physics is difficult, and we
have tried to give a partial explanation based on the view that mathematics is
invented. Mathematics describes patterns and regularities, and it was affected
in the beginning by nature. Then, through extension, generalization, and
abstraction, mathematics became what it is now. Since nature is symmetric
and its laws universal, physics tries to find the laws that describe nature’s
patterns. Thus, mathematics is the natural language to do so.

We then questioned the accuracy with which mathematics can describe
nature, arguing that mathematics alone is not enough to discover the laws of
nature. Many theories in physics were mathematically beautiful but they were
wrong. Observations and experiments are essential, and any theory should be
able to produce predictions comparable with experiment. In addition, differ-
ent mathematical formulations are equally effective in describing nature, in
the sense that they predict the same outcome of experiments. However, these
formulations provide different views on how nature works. Thus, we cannot be
sure how accurately our mathematical theories correspond to reality. Math-
ematics provides models with which we can make predictions and compare
them with experiment.

Since mathematics is invented, then in our struggle to understand the
universe, we should not constrict ourselves with existing mathematics, but
strive to invent the appropriate mathematical language to describe nature.
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