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TECHNOLOGY
ON EARTH



WHAT HAPPENED?!
We discovered 
that physics is 
predictable!

Nature follows 
mathematical laws.



Πτολεμαῖος
Regularities in the 

solar system.



GALILEO
Universal period of the pendulum.



GALILEO
Universal 
Rate of Fall



GALILEO
Law of 
Odd 
Numbers
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NEWTON

Force and Acceleration

F = ma

Structure of Physical Law

What is happening right now 
determines what happens next.



of Newton

determines
What is happening right now 

what happens next.

The Long Shadow



of Newton

determines
What is happening right now 

the rate that things change

The Long Shadow



of Newton

determines
The current state of a system

the rate that things change

The Long Shadow



of Newton

is related to
The current state of a system

its derivatives

The Long Shadow

by an equation



of Newton

are governed by
Physical systems 

differential equations

The Long Shadow



of Newton
are governed by
Physical systems 

differential equations

The Long Shadow
Solve for y:

y′￼ = 2ty = t2 + C

y′￼ = 7y = 7t + C
y = Cety′￼ = y
y = ln(t) + Cty′￼ = 1



of Newton
The Long Shadow

Physics is predictive!

Given a physical system

Calculus accurately computes the future.
Physics produces a differential equation



Celestial Mechanics

r′￼′￼ = −
GM
|r |3 r



Material
Science

∂2
t W = (∂2

x + ∂2
y)W



Temperature

∂T
∂t

=
∂2T
∂x2

+
∂2T
∂y2



Statistical
Mechanics

T =
∂E
∂S



Fluid
Mechanics

ρ
DV
Dt

= − ∇p + ρg + μ∇2V
∇ ⋅ V = 0



Electromagnetism

(c2∇2 − ∂2
t )E = 0

(c2∇2 − ∂2
t )B = 0



General
Relativity

Ric = 8πG(T− 1
2 Tg)



Quantum
Mechanics

−i
∂Ψ
∂t

= HΨ



Mathematical 
Physics

PART I



Understand the natural world, 
through experiments and 
mathematical models.

Physics:

Mathematical Physics:
Understand the mathematical models 
arising in physics, using mathematics 
(theorems, conjectures, proofs).



Galileo &
Parabolas
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Galileo &
Parabolas

Mathematical Physics:
Prove that in Newtonian mechanics, a point 
particle follows a parabola under a constant 
downwards acceleration.



Galileo &
Parabolas

y′￼′￼ = −g∫ ∫dt dty′￼ −gt+Cv g



Galileo &
Parabolas

=y′￼ −gt+v∫ ∫dt dt− g
2 t2 + vt+hy C



Galileo &
Parabolas

− g
2 t2 + vt+y h= {Parabola!



Newton &
OrbitsTycho Brahe & Kepler



Newton &
OrbitsTycho Brahe & Kepler



|Fpq | =
Gmpmq

|p − q |2

Newton &
OrbitsHooke & Newton

{r
|F | ∝

1
r2



|Fe | =
GMeMm

|e − m |2

Newton &
Orbits

{|e − m |

e

m



Newton &
Orbits

{
e

me′￼′￼ =
−GMm

|e − m |2 ̂e − m

m′￼′￼ =
−GMe

|m − e |2 ̂m − e

Mathematical Physics:
Prove the solution to these 
equations (Newton’s law of 
gravity) are ellipses



Newton &
Orbits

Theorem:
They are! In 
fact, all two-
body systems 
follow conic 
sections.



Newton &
Orbits



Singularity
Theorems Mathematical Physics:

Prove that the solution 
to General Relativity 
contains a singularity 
given certain constraints 
on matter / energy.

When do black 
holes form?

Penrose



Time
Reversibility
Planets could orbit clockwise, or 
counterclockwise about the sun.

A ball 
thrown 
upwards, or 
dropped 
from a great 
height both 
follow the 
same path.
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3

5



Time
Reversibility

Mathematical Physics:

If c(t) is a solution to 
Newton’s laws of motion, 
then c(-t) is also a solution.



Time
Reversibility

Assume:
⃗c(t)

m··c(t) = F(c(t))
solves

Prove:

⃗c(−t)

m··c(−t) = F(c(−t))
solves



Time
Reversibility

d
dt

d
dt

c(−t)
d
dt

c(−t) = − c′￼(−t)

d
dt

d
dt

c(−t) = −
d
dt

c′￼(−t) = − − c′￼′￼(−t)c′￼′￼(−t)

c(−t)′￼′￼ =



Time
Reversibility

c′￼′￼(−t)c(−t)′￼′￼ =
mc′￼′￼(−t)mc(−t)′￼′￼ = {We know this equals 
F(c(−t))



Time
Reversibility

mc(−t)′￼′￼ = F(c(−t)){solves Newton’s Equationc(−t)



Time
Reversibility

⟹
solves Newton’s Equationc(−t)

solves Newton’s Equationc(t)
Theorem



Time
Reversibility

If physics is 
reversible, 
why does 

time appear 
to go in only 

one direction?



Predictability

PART II



Predictability We use physics to 
make predictions 
about the future.

Is this justified?

Mathematical Physics:
Do the laws of Newtonian 
mechanics uniquely predict the 
future?



GALILEAN
GRAVITY

Physics in a uniform gravity field.



GALILEAN
GRAVITY

Potential: 

x

h(x)

mg h(x)



GALILEAN
GRAVITY

Potential: mg h(x)
Kinetic: 

1
2 mv2 {

{
x′￼

y′￼(h(x))′￼h′￼(x)x′￼

1
2 m ( ·x2 + ·y2)( ·x2 + h′￼(x)2 ·x2)



GALILEAN
GRAVITY

Potential: mg h(x)
Kinetic: 

1
2 m ( ·x2 + h′￼(x)2 ·x2)

··x = − h′￼(x)
h′￼′￼(x) ·x2 + g
1 + h′￼(x)2



GALILEAN
GRAVITY

··x = − h′￼(x)
h′￼′￼(x) ·x2 + g
1 + h′￼(x)2

Solving this equation tells us how a ball 
will move on this hill.



GALILEAN
GRAVITY

In 3 Dimensions:

(1 + h2
x + h2

y ) ··x = − (hxx
·x2 + 2hxy

·x ·y + hyy
·y2 + g) hx

(1 + h2
x + h2

y ) ··y = − (hxx
·x2 + 2hxy

·x ·y + hyy
·y2 + g) hy

Solving this equation tells us how a ball 
will move on this hill.



GALILEAN
GRAVITY



GALILEAN
GRAVITY



GALILEAN
GRAVITY



GALILEAN
GRAVITY

h(r) =
2
3g

r
3
2





WHY IS THIS SO

Physics is 
symmetric under 

time reversal!

SCARY?



WHY IS THIS SO IMPORTANT?

There’s a solution to Newton’s laws where a ball 
sits atop the vertex, and then at some random time 

(and in some random direction) starts to roll!



GALILEAN
GRAVITY

h(r) =
2
3g

r
3
2

Confirm:

r′￼′￼ = |r |

r(t) =
1

144
(t − T)4

T is anything!



GALILEAN
GRAVITY

Newtonian physics 
does not uniquely 

predict the future of 
this system.



GALILEAN
GRAVITY

Newtonian physics

IS NOT


a predictive theory!



2003



I don’t like this example: 
it relies on the special 

shape of the dome!

Alright, follow 
me…



NEWTONIAN
GRAVITY

2 Bodies orbit 
on ellipses, for 
all time…



NEWTONIAN
GRAVITY

…..except if 
they collide.

Theorem (Newton):
The only singularities 
of the 2-body problem 

are collisions.

We call solutions that can’t be 
continued into the future 

singularities.



NEWTONIAN
GRAVITY …..except if 

they collide.

Theorem (Newton):

The two body problem  
either has a unique 

solution for all time, or 
the two bodies collide.

What about when 
there are three or 
more bodies?



NEWTONIAN
GRAVITY

King Oskar
1895: Prize for 

mathematical progress 
on the n-body problem 

of Newtonian 
gravitation

Poincaré



NEWTONIAN
GRAVITY

King Oskar
1895: Prize for 

mathematical progress 
on the n-body problem 

of Newtonian 
gravitation

Painlevé



NEWTONIAN
GRAVITY Painlevé

Twice the prime 
minister of France!

Theorem (Painleve):
The only singularities of the 3-

body problem are collisions.



NEWTONIAN
GRAVITY



NEWTONIAN
GRAVITY

What about when there 
are FOUR or more bodies?

1895 1908 1975 …von ZeipelPoincare, Panlieve Mather, McGeehee



NEWTONIAN
GRAVITY Jeff Xia

Theorem (Xia, 1988):
There is a noncollision 

singularity in the 5 body 
problem!

1988



XIA’S
SINGULARITY

3-Body 
Oscillation



3-Body 
Accelerator

Time it 
perfectly 
so the 
third mass 
picks up 
downward 
speed.

XIA’S
SINGULARITY



XIA’S
SINGULARITY

One 
Accelerator



XIA’S
SINGULARITY

Two 
Accelerators



XIA’S
SINGULARITY

Two 
Accelerators
That are also 
oscillators!



XIA’S
SINGULARITY

Two 
Accelerators
That are also 
oscillators!



XIA’S
SINGULARITY

Two 
Accelerators
That are also 
oscillators!



XIA’S
SINGULARITY

The white and pink masses to 
go .  The yellow and purple 
masses go to  .  The green 
mass oscillates infinitely often, 

going to 

−∞
+∞

±∞
In a finite amount of time.



SPACE
INVADERS

If 5 masses can disappear to 
infinity… what happens when 
you reverse time?



SPACE
INVADERS

If 5 masses can disappear to 
infinity… what happens when 
you reverse time?



SPACE
INVADERS

Definition:

A Space Invader solution 
to Newtonian Mechanics is 
one where new particles 
rush in from infinity at 
some point in time.



SPACE
INVADERS

Mass is not conserved in 
Newtonian Mechanics!

Number of particles is not 
conserved.

At any moment, 
you could be 
swarmed by a 
multitude of 
space invaders 
from infinity!



SPACE
INVADERS

Future histories of 
the….two body problem of 
Newton?!



SPACE
INVADERS

Future histories of 
the….two body problem of 
Newton?!



SPACE
INVADERS

Future histories of 
the….two body problem of 
Newton?!



Gerver,Huang, Xue 2022
Xue 2014

4 BODY NON-COLLISION



The Reaper
MARCHES ON



General
Relativity

“Strong Cosmic 
Censorship"

General relativity is a 
deterministic theory.

Penrose
1969



General
Relativity

“Strong Cosmic 
Censorship"

General relativity is a 
deterministic theory.

Luk
2018

Dafermos



Fluid Mechanics

$1,000,000


