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What is physics?

• (Standard definition) Physics is the branch 
of science concerned with the nature and 
properties of matter and energy.

• In other words: physics is about saying what 
something will do in the future.

• By “something” we mean natural things.



Example questions we’d 
like to answer

• If I kick this ball so hard it will end up 
where?

• If I build a building of bricks then how thick 
should the walls be?

• etc. etc.
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Answering questions 
about natural things

• Identify the regularities in the behaviour of 
natural things.

• These regularities are summarised in terms 
of physical laws.



A (failed) example

• Natural things are comprised of the 
elements: Earth, Air, Fire, Water, and 
Aether.

• Example natural laws: water rises above 
earth, air rises above water, and fire rises 
above air.



Equations & physics
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Coordinates

1 2 3 4-4 -3 -2 -1
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2

Stick is at (-2,1)

Dog is at (3,2)

Ball is at (1,1)

Squirrel is at (2,-2)
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The Cartesian plane

• Descarte lends his name to this coordinate 
system.

• Actually already in use around 1000AD by 
Abu Rayhan al-Biruni.
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Coordinates and 
physical laws

• Coordinates allow us to translate positions 
into numbers.

• Thus, a change in position becomes a 
change in numbers.

• Hence physical laws become equations.
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Physical laws as 
equations
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Dog is at (2,1)

Ball is at (1,0)
Time = 1



Eg. physical law of dogs 
and tennis balls

• If the dog’s position is (x, y) at time = 0

and

• the ball’s position is (x-2, y-2) at time = 0

• Then the dog’s position at time = 1 is     
(x-1, y-1).



Example: Newton’s 2nd 
law

• The relationship between an object’s mass 
m, its acceleration a, and the applied force F is 
F = ma.
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There are now many, 
many laws as equations

dS

dt
! 0

d

dt
|!(t)! = iH|!(t)!

Gµ! + !gµ! =
8!G

c4
Tµ!

E = mc2

q̇ =
!H
!p
.

ṗ = !
!H
!q





Theories vs. laws

• There are two dominant theories of 
physics:

• Quantum physics, the physics of the very 
small

• General relativity, the physics of the very 
big.

• These two theories don’t mix well.



Theories vs. laws

• Important to distinguish from a law and a 
theory here: (for this talk)

• laws pertain to only certain classes of 
objects, eg. just ferromagnets.

• theories pertain to all natural things.
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Physical laws as 
equations

• Physical laws are derived, often 
approximately, from a theory.

• Physical laws are derived by making 
simplifications specific to special 
situations.

• Physical laws are often most succinctly 
expressed as equations.



Solving physical 
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Solving physical 
equations

• An equation is great but so what?

• To make predictions, and hence confirm 
laws, we need to solve equations.

• Nontrivial, but often unglamourous!



Case study: field 
artillery range tables

• To make sure a shell lands on target one 
must solve many equations: need to 
account for

• Effects of drag

• Rotation of the earth

• Shape of the shell

• High altitude winds



During 1918

• US military had trouble recruiting human 
computers to solve these equations.

• Eventually used enlisted men and female 
mathematics graduates.

• Work described as “assembly line for 
numbers”.



• Emphasis in physics is on discovering/
deriving physical laws.

• Solving equations is often considered a 
necessary evil because it is technical and 
uninteresting, i.e., work for a computer.

• Fundamental assumption: solving 
equations can always be done, at least in 
principal!

Solving equations vs. 
formulating equations



Computational 
complexity theory



Computational 
complexity theory

• Computational complexity theory is 
concerned with families of mathematical 
problems.

• The main question: how hard, in principle, is 
it to solve a problem?



Example: adding 
numbers

• Suppose I gave you a list of 10 single-digit 
numbers. 

• How long would it take you to add them 
up?

• What about if I gave you 20 numbers?



Adding numbers

• 2+7 = ? (time to solve = 2 “units”)

• 2+7+3 = ? (time to solve = 3 “units”)

• 9+2+8+4 = ? (time to solve = 4 “units”)

• etc. etc.



“Addition” is a family of 
problems

• Input: a bunch of n single-digit numbers

• Output: their sum

• There is an “addition problem” for each 
conceivable size n. Thus “addition” is a 
family of problems.
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Algorithms

• The way to solve a family of problems is 
to provide a recipe for their solution.

• A recipe is a list of instructions using only 
basic arithmetic to be followed until the 
problem is solved.

• If such a recipe always succeeds it’s called 
an algorithm.



Turing machines

• Turing (1937) imagined an ideal machine to 
understand algorithms in a systematic way.



Turing machines

“...an infinite memory capacity obtained in the form of an 
infinite tape marked out into squares on each of which a 
symbol could be printed.  At any moment there is one symbol 
in the machine; it is called the scanned symbol. The machine can 
alter the scanned symbol and its behavior is in part determined 
by that symbol, but the symbols on the tape elsewhere do not 
affect the behavior of the machine. However, the tape can be 
moved back and forth through the machine, this being one of 
the elementary operations of the machine.  Any symbol on the 
tape may therefore eventually have an innings.” (Turing 1948, p. 
61)
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Turing machines

• It costs some time to make each operation.

• Whilst this required time could be small it 
must be finite. We call this time our 
fundamental unit of time.

• These machines are now called Turing 
machines 
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Optimal algorithms

• There are many algorithms to solve a 
problem, some bad, some good.

• Of all the conceivable algorithms there is a 
best algorithm.

• We call this (often unknown) algorithm the 
optimal algorithm.



The complexity of 
addition

• To add n single-digit numbers it takes n 
units of time.

• We say that the complexity of this family of 
problems (the family consists of all the 
potential addition problems) is polynomial.



Adding is easy



Are there any harder 
problems?
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Hang on, why is Sudoku 
a “family” of problems?



Size = 2



1 2

2 3

4 1

3 2

Size = 4



Size = 9



Sudoku is hard



How hard is hard?
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How hard is hard?

• If you have a Sudoku of size n2 it will take 
you roughly 2n units of time to solve 
(Takayuki Yato, 2003).

• The best algorithm is to literally try every 
single number one after the other!



How bad is 2n?



Exponentials

21 = 2

22 = 4

23 = 8

...

232 = 4 294 967 296

233 = 8 589 934 592



The fundamental 
notions of complexity

• If it takes a polynomial amount of time to 
solve a problem this is called an efficient 
problem.

• If it takes an exponential amount of time 
this is called an inefficient problem.



Efficient = doable
Inefficient = not doable



Complexity of physical 
equations
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What is the complexity 
of a physical equation?

• In general difficult to answer this question. 

• Focus on a specific family of realistic 
naturally occurring systems.

• If one specific family is inefficient we have 
shown that not all physical equations are 
easy to solve.



Supercool frustrated 
anti-/ferromagnets

• These materials can be modelled as a 
bunch of really tiny magnets arrayed in a 
line or grid



1D anti-/ferromagnets

• Model: specified by a bunch of circles 
(where the magnets are) and lines (the 
interactions between magnets):
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Law of supercool anti-/
ferromagnets 

• Solid lines mean neighbours must “line up” 
and dotted lines mean neighbours must 
“anti-align”:



Anti-/ferromagnetism

• We represent magnets as arrows:

=



Supercool anti-/
ferromagnets 

=



2D anti-/ferromagnets

(This magnet is “unfrustrated”.)
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Frustrated anti-/
ferromagnets

(This magnet is “frustrated”.)



A hard class of 
problems

• Deciding if a 3D supercool anti-/
ferromagnet of size n is frustrated or not is 
hard.

• It takes a Turing machine running the 
optimal algorithm approximately 2n 
units of time to solve this problem!

• (2D is actually doable by a subtle method.)



A problem for physics

• Example shows that there exist realistic 
systems whose physical law leads to an 
equation which is hard to solve.

• Thus we cannot practically predict what one 
of these systems will do, even in 
principle!



The Church-Turing 
thesis



The Church-Turing 
thesis

• Informally the Church–Turing thesis states 
that if an algorithm exists then there is an 
equivalent Turing machine, for that 
algorithm. 



The Church-Turing 
thesis

• Informally the Church–Turing thesis states 
that if an algorithm exists then there is an 
equivalent Turing machine, for that 
algorithm. 

• “Everything computable is computable by a 
Turing machine.” 



The Church-Turing 
thesis

• Informally the Church–Turing thesis states 
that if an algorithm exists then there is an 
equivalent Turing machine, for that 
algorithm. 

• “Everything computable is computable by a 
Turing machine.” 

• (Wiki) Though not formally proven, today 
the thesis has near-universal acceptance.



The Church-Turing 
thesis

• Informally the Church–Turing thesis states 
that if an algorithm exists then there is an 
equivalent Turing machine, for that 
algorithm. 

• “Everything computable is computable by a 
Turing machine.” 

• (Wiki) Though not formally proven, today 
the thesis has near-universal acceptance.



Aside: generalised 
Church-Turing thesis

• Informally the generalised Church–Turing 
thesis states that if an algorithm exists then 
there is an equivalent efficient quantum 
Turing machine, for that algorithm. 
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The universe as a 
computer

• It has recently been established that the 
universe itself is a computer (Lloyd, 
2002); (the idea is essentially due to John 
Wheeler, though).

• There is a bound which tells us how fast it 
can carry out operations and how much 
information it store.



Church-Turing & the 
universe

• Combining Lloyd’s observation with the 
generalised Church-Turing thesis we 
conclude there is some efficient (quantum) 
Turing machine which is equivalent to 
the universe.
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Dynamcis and 
simulation

• To decide if anti-/ferromagnet is frustrated 
we could just build it and cool it down.

• But why not just simulate this cooling 
process? 

• But this simulation would be an efficient 
algorithm for the problem.



Contradiction

• But this observation is problematic: 
either

• The physical law of supercool anti-/
ferromagnets is wrong

• The generalised Church-Turing thesis is 
wrong
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Resolution

• The physical law is wrong: frustrated 
anti-/ferromagnets don’t always actually end 
up behaving according to the law in reality.

• One (or more) of the deductive steps 
leading to the law is wrong.

• Even though the law is a simplification it 
actually made the problem harder.



Conclusion

• A physical law is correct only when it is 
possible to solve the emerging equations 
efficiently (on a quantum computer). 

• Simplifying a problem by making 
approximations can make the problem 
harder to solve.


