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Confusion heard his voice, and wild uproar
Stood ruled, stood vast infinitude confined;
Till at his second bidding Darkness fled,
Light shone, and order from disorder sprung.

John Milton, Paradise Lost III.710–714



Introduction



Overview

The universe looks chaotic…

… but you see structure when you zoom in.

“Theorem:” Every large system contains structure within it.
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Overview
The universe looks chaotic…

… but you see structure when you zoom in.

“Theorem:” Every large system contains structure within it.

Ramsey theory
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Astronomy



Constellations

Humans have seen shapes in the stars for millennia.

It’s one thing to see a pattern. What if you seek it out?

Theorem [Furstenburg–Katznelson 1978]
You can find any shape you want in the stars.
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Finding constellations
Theorem [Furstenburg–Katznelson 1978]
You can find any shape you want in the stars.

Model: The sky is a black grid, 4% of which is stars.

For any star density and shape, a sufficiently large sky contains it.
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Biology



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach

… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.

Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.

[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Rock-paper-scissors

In the Baltic, pike eat perch
eat roach… eat pike eggs.
Intransitivity is a fact of life.
[Soliveres et al. “Intransitive competition is common
across five major taxonomic groups and is driven by
productivity, competitive rank and functional traits.” J.
Ecol. 2018; 106: 852–864.]

Brachythecium
rutabulum

Plagiomnium
affine

Rhytidium
rugosum

Thuidium
abietinum

Rhytidiadelphus
squarrosus

Scleropodium
purum

Hypnum
cupressiforme

Rhytidiadelphus
triquetrus

Thuidium
philibertii

Theorem [Rédei 1934]
One can always sort the species so A beats B beats C…

Introduction Astronomy Biology Chemistry Conclusion



Other structures
Theorem:One can always sort the species so A beats B beats C…

Question:What other structures are we guaranteed to find?
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Can we always arrange n2 species in an n × n grid? No.

Theorem [Bradač–Morawski–Sudakov–W. 2025]
We can always arrange 1% of the species in such a grid.
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Chemistry



Crystals

It is difficult to predict the crystal structure of a given compound.
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A pattern
It is difficult to predict the crystal structure of a given compound

…
but clear patterns emerge.

LiF LiCl LiBr LiI
NaF

NaCl

NaBr NaI
KF KCl KBr KI
RbF RbCl RbBr RbI
CsF CsCl CsBr CsI

Is this pattern meaningless? Maybe.

Theorem [Kővári–Sós–Turán 1954, Erdős–Rado 1956]
Given sufficiently many cations and anions, we can always find a
4 × 4 array with the same crystal structure.
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Ramsey numbers

Theorem [Kővári–Sós–Turán 1954, Erdős–Rado 1956]
Given sufficiently many cations and anions, we can always find a
4 × 4 array with the same crystal structure.

How many is sufficiently many? This magic number is called a
Ramsey number.
For this theorem, the magic number is between 2000 and 120000.
Under a more restrictive notion of “same crystal structure”, the
magic number is between 11 million and 8 billion.

Major research direction
Improve our understanding of these Ramsey numbers.

We don’t really care about the exact values.
We care about the remarkable phenomenon that patterns are
always guaranteed to exist.
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magic number is between 11 million and 8 billion.

Major research direction
Improve our understanding of these Ramsey numbers.

We don’t really care about the exact values.
We care about the remarkable phenomenon that patterns are
always guaranteed to exist.
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Astronomy, again

Huge numbers like this are often called “astronomical”.

Theorem [Furstenburg–Katznelson 1978]
For any star density and shape, a sufficiently large sky contains it.

For such Ramsey numbers, “astronomical” doesn’t come close.
The universe has ≈ 1080 atoms. For a simple constellation like ,
the Ramsey number is at most
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Obtaining these crazy bounds was a major breakthrough!
[Rödl–Nagle–Skokan–Schacht–Kohayakawa 2005, Gowers 2007, Polymath 2012]

Major research direction
Improve our understanding of these Ramsey numbers.
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Summary

We frequently see patterns when we might not expect them.
Ramsey theory is a collection of many theorems which explain this
phenomenon: there is no such thing as a totally unstructured
system, and patterns always exist if we zoom in enough.
Understanding how much we need to zoom in is one of the major
directions of research, and quantifies to what extent these
unavoidable patterns are present.
The science examples I gave are kind of fake, but I would love to
learn about real connections to other sciences!

Thank you!
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