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What have 
we learned? 



? 
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How inflation works: 
•  Einstein: source of gravity = density +3p/c2 

•  Stuff that won’t dilute has negative pressure,  
  like a rubber band but much stronger,  
  making it gravitationally repulsive! 
•  Result: it rapidly keeps doubling its size - bang! 

Summary of  
Lecture 2 



Big 
Bang 
Zoom 

Inflation can start with a finite region of 3D space and 
make many separate infinite universes within it:  

Summary of  
Lecture 2 



Multiverse Level I: Regions beyond our cosmic horizon 

Features: 

Giordano Bruno (executed 1600) 
Ellis & Brundrit 1979, Q.J.R. Astr. Soc. 20, 37 
Garriga & Vilenkin 2001, Phys.Rev. D64, 043511 

•  Same (effective) laws of physics 
•  Different initial conditions 
•  Infinite space 
•  Ergodic matter distribution 
•  Microwave background measurements point to 
   flat, infinite space, large-scale smoothness 
•  Simplest model 
•  Data supports inflation, which supports  
   both assumptions 
 

Assumptions: 

Evidence: 

•  Size of our universe ~ 1026m 
•  Closest identical universe ~ 1010118m 

Summary of  
Lecture 2 



Multiverse Level II: Other post-inflation bubbles 
                                   (other “big bangs” in same 3D space) 

Features: 

Giordano Bruno (executed 1600) 
Ellis & Brundrit 1979, Q.J.R. Astr. Soc. 20, 37 
Garriga & Vilenkin 2001, Phys.Rev. D64, 043511 

•  Same fundamental equations of physics, but maybe  
  different constants, particles and dimensionality 
•  Inflation happened 
•  Inflation is eternal (it generically is) 
•  Inflation explains flat space, near scale-invariant  
   fluctuations, the “bang” in our Big Bang and 
   solves horizon and monopole problems.  
•  Explains fine-tuned parameters like dark energy density 

Assumptions: 

Evidence: 

•  Size of our universe ~ 1026m 
•  Closest identical universe ~ 1010118m 

Summary of  
Lecture 2 
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Q: Are theories which predict the existence of unobservable 
parallel universes untestable? 
 
A: No, as long as they also make predictions for things we can 
observe.  

PHYSICS OR PHILOSOPHY? 

Example 1: 
GR predicts    
black hole interiors 

Example 2: 
Inflation predicts 
infinite space ? 
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Q: Are theories which predict the existence of unobservable 
parallel universes untestable? 
 
A: No, as long as they also make predictions for things we can 
observe.  

PHYSICS OR PHILOSOPHY? 

Parallel universes are not a theory, but the prediction of certain theories. 



Can we describe reality purely mathematically?	



But can we understand all this in terms of a fundamental 
“theory of everything”?	



 gr-qc/9704009 
arXiv:0704.06462 
arXiv: 0709.4024 
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Big 
Bang 
Zoom 

Outline: 

•  Nature seems unreasonably well described by 
math 

   - What do we mean by this? 

   - What do I think it means? 

•  The Mathematical Universe Hypothesis 

  - What it means 

  - What it implies 

     - The illusion of change, randomness, etc. 

     - The Level IV multiverse 
•  Evidence? Arguments pro and con? 
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Math, math everywhere! 
Philosophy is written in this grand book, 
the universe, which stands continually open 
to our gaze. But the book cannot be 
understood unless one first learns to 
comprehend the language and read the 
characters in which it is written. It is 
written in the language of mathematics, 
and its characters are triangles, circles, 
and other geometric figures without which 
it is humanly impossible to understand a 
single word of it; without these one is 
wandering in a dark labyrinth. 

Galileo Galilei 1623 
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But where’s the 
math? 
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Shapes  
& 

 patterns 



Nature is full of recurrent patterns and shapes! 



Parabola: y = x2 

y 

x 

y 
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Nature is full of recurrent patterns and shapes! 



Nature is full of recurrent patterns and shapes! 



Ellipse: 

y 

x 

y 
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Nature is full of recurrent patterns and shapes! 
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Numbers 



Cmbgg 
OmOl The Standard Model Lagrangian 

(From T.D. Gutierrez) 

L= 

So what does go 
on the T-shirt? 
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C
 = h = G

 = k
b = q

e = 1 
Why these values? 

MT, 
Aguirre, 
Rees & 
Wilczek 
2005  
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“Stuff” seems to be 
made of 

mathematical objects 
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Space also seems to 
have only 

mathematical 
properties 



Max Tegmark 
Dept. of Physics, MIT 

tegmark@mit.edu 
Bright Horizons Cruise 

May 13, 2011 

External Reality Hypothesis (ERH): 

There exists an external physical reality 
completely independent of us humans. 

Mathematical Universe Hypothesis (MUH): 

Or external physical reality is a mathematical 
structure. 
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External Reality Hypothesis (ERH): 

There exists an external physical reality 
completely independent of us humans. 
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TOE 

External Reality Hypothesis (ERH): 

There exists an external physical reality 
completely independent of us humans. 
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TOE 

External Reality Hypothesis (ERH): 

There exists an external physical reality 
completely independent of us humans. 

For this description of the external physical reality to be 
complete, it must be devoid of human “baggage”. 
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TOE 

External Reality Hypothesis (ERH): 

There exists an external physical reality 
completely independent of us humans. 

We humans have a common understanding of words 
like“object”, “experiment”, “observation”, “cause”, 
“particle”, “string”,  but computers don’t!  
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Big 
Bang 
Zoom 
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Big 
Bang 
Zoom 

Tegmark & Wheeler 2001, quant-ph/0101077 

Less 
baggage 

More 
baggage 
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Big 
Bang 
Zoom 

Tegm
ark 1997, gr-qc/9704009, Ann. Phys, 270, 151 

A mathematical structure: abstract entities with relations between them 
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External Reality Hypothesis (ERH): 

There exists an external physical reality 
completely independent of us humans. 

Mathematical Universe Hypothesis (MUH): 

Or external physical reality is a mathematical 
structure. 
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What’s a 
mathematical 

structure? 
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Big 
Bang 
Zoom 

Tegm
ark 1997, gr-qc/9704009, Ann. Phys, 270, 151 

A mathematical structure: abstract entities with relations between them 
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Big 
Bang 
Zoom 

Tegm
ark 1997, gr-qc/9704009, Ann. Phys, 270, 151 

A mathematical structure: abstract entities with relations between them 

Defined as an 
equivalence class of 

descriptions.  

Can define MS either by describing it with formal system of be 
specifying its relations with tables or computational 
algorithms. 

(E.g., manifold example) 
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So is “God created Heaven and Earth” a mathematical structure? 

Heaven Earth 

God 
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“God created Heaven and Earth”: 

Heaven Earth 

God 
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“s1 R s2 & s1 R s3”: 

s2 s3 

s1 

0 1 1 
0 0 0 
0 0 0 

(Simply an 
ordered graph) 
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Implictions 



The flow of time is an illusion: 



Change is an illusion,  
the past never disappears: 



Simulation 
hypothesis 
implications 
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Big 
Bang 
Zoom 

Do we live in a simulation? (The Matrix, Tipler, Bostrom, 
Schmidthuber, Lloyd…)  

•  McCabe, Penrose: no, at least 
not a  digital one 

•  Involves measure problem 



are special cases of describe 

are defined by 

Formal 
systems 

Computations Mathematical 
structures 

Decidable? 

Defined? Halting? 

?

The question mark represents the fact 
that these are all aspects of the same 
transcendent structure (the Level IV 
multiverse), and that we still haven’t 
fully understood what it is.  
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Big 
Bang 
Zoom 

Do we live in a simulation? (The Matrix, Tipler, Bostrom, 
Schmidthuber, Lloyd…)  

•  Unjustified to identify the 1D computational 
sequence with our 1D time 

•  Little said about how to identify the GR quantum 
universe with an evolving bit string.  

•  The “computer” doesn’t need to evolve the universe, 
merely specify it. 

•  McCabe: no, at least not a  
digital one 

•  Involves measure problem 



are special cases of describe 

are defined by 

Formal 
systems 

Computations Mathematical 
structures 

Decidable? 

Defined? Halting? 

?

The question mark represents the fact 
that these are all aspects of the same 
transcendent structure (the Level IV 
multiverse), and that we still haven’t 
fully understood what it is.  
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Penrose’s Bermuda triangle: 
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My guess: 
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Level IV 
multiverse 



Q: What’s the entropy of our universe? 
A: About 1089 bits 

What does all that information really tell us?  



103 bits 



How much of this information needs to go on the T-shirt? 

Very little 



How much of this information needs to go on the T-shirt? 

Very little 
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Generic outcome: 101100100011001001110… 
(Just our address in Hilbert space - not specified on T-shirt) 

Quantum random number generator 
based on Stern-Gerlach apparatus:  
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So what does go 
on the T-shirt? 

MT, 
Aguirre, 
Rees & 
Wilczek 
2005  
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Big 
Bang 
Zoom 

Multiverse level 4: other mathematical structures 
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Big 
Bang 
Zoom 

Tegmark 1997, gr-qc/9704009, Ann. Phys, 270, 151 
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Big 
Bang 
Zoom 

Tegmark 1997, gr-qc/9704009, Ann. Phys, 270, 151 



If what we observe… …requires more bits to 
describe than… 

…a complete 
mathematical  description 

of the world… 

…then we’re in a multiverse! 

1089 

bits? 
103 

bits? 

So if you’re looking 
for a simple 

mathematical TOE, 
you’re looking for a 

multiverse theory. 
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Big 
Bang 
Zoom 

Which are the 4 multiverse levels? 

1)  Different Hubble volumes 

2)  Different post-inflationary 
regions 

3)  Different decohered 
branches of the  quantum 
wavefunction 

4)  Different mathematical 
structures 
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Big 
Bang 
Zoom 

Where are the parallel universes? 

1)  Far away in space 

2)  Infinitely far away in space 

3)  Elsewhere in Hilbert space 

4)  Elsewhere in “math space” 



Big 
Bang 
Zoom 

What are the 4 multiverse levels like? 

1)  Same effective laws of physics, 
different initial conditions 

2)  Same fundamental laws of physics, 
different effective laws (“bylaws”) 

3)  Nothing qualitatively new                                  

4)  Different fundamental laws of 
physics 



Big 
Bang 
Zoom 

What are the 4 multiverse levels like? 

1)  Same effective laws of physics, 
different initial conditions 

2)  Same fundamental laws of physics, 
different effective laws 

3)  Nothing qualitatively new                                  

4)  Different fundamental laws of 
physics 

2a 
2b 
2c 
2d 
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Evidence 
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Big 
Bang 
Zoom 

How to test/falsify a multiverse theory:  
Not necessary that rest of ensemble be observable 
Example: the theory that there’s no dark matter 



Sound too 
crazy? 
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We’re 
not 

taking 
this guy 
seriously 
enough 
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The strongest form of the anthropic principle: 
 
  

“The Universe must be such that we like it.” 
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The strongest form of the anthropic principle: 
 
  

“The Universe must be such that we like it.” 




