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Unification

electricity magnetism



Unification

electromagnetism

Maxwell’s equations



Unification

Electric-magnetic duality

E B

electromagnetism



space + time = spacetime

gravity:

mass curves spacetime



Einstein’s general theory of relativity connected
differential geometry and physics

Principle of general covariance:

The laws of physics should take the 
same form independently of which

coordinate system we use to 
represent them 

Rµ⌫(g)�
1

2
gµ⌫R(g) = Tµ⌫(g, F, . . . )



Einstein’s general theory of relativity connected
differential geometry and physics



quantum mechanics
general relativity



There are regions in the universe where we 
need both quantum mechanics and general 
relativity, or rather some unification thereof



There are regions in the universe where we 
need both quantum mechanics and general 
relativity, or rather some unification thereof

Quantum gravity?









A black hole forms when a sufficiently  
massive star collapses

Einstein’s equation’s break down  
at the center of a black hole 

What happens inside 
the horizon?

Event Horizon

Singularity

Need quantum gravity!

https://www.youtube.com/embed/fjSPJTo51lM?rel=0&amp;showinfo=0


A black hole forms when a sufficiently  
massive star collapses

Einstein’s equation’s break down  
at the center of a black hole 

Event Horizon

Singularity

String theory?

https://www.youtube.com/embed/fjSPJTo51lM?rel=0&amp;showinfo=0


How can it be that mathematics, being after all a product of human thought which is 
independent of experience, is so admirably appropriate to the objects of reality?

- A. Einstein



The study of symmetries is foundational for the 
intimate connection between mathematics and physics



infinite rotational symmetry finite reflection symmetry

What do we mean by symmetries?



What do we mean by symmetries?

infinite rotational symmetry finite reflection symmetry



finite reflection symmetry

Symmetry transformations 
form a mathematical object  

called a group

What do we mean by symmetries?



2, 3, 5, 7, 11, 13,

17, 19, 23, 29, 31,

37, 41, 43, 47, 53,

59, 61, 67, 71, 73,

79, 83, 89, 97

Prime numbers

Finite simple groups 
Finite groups that cannot be divided into smaller pieces are called simple

They are like building blocks of symmetries



The classification of finite simple simple groups
is one of the most extensive projects in mathematics

10 000+ pages

100+ journals

100+ mathematicians

Complete proof consists of:



Several infinite families: cyclic, alternating, Lie type 

26 sporadic cases Monster group

Classification

M



He then stumbled upon the following series expansion:

In 1978 John McKay was taking a break from the classification 

program of finite groups and was doing some recreational 


reading in number theory. 



Being a group theorist he immediately opened up the Atlas

He then stumbled upon the following series expansion:

In 1978 John McKay was taking a break from the classification 

program of finite groups and was doing some recreational 


reading in number theory. 









196884 = 1 + 196883 McKay’s equation





21493760 = 1 + 196883 + 21296876 Thompson’s equation

196884 = 1 + 196883 McKay’s equation



What does this really mean?

21493760 = 1 + 196883 + 21296876 Thompson’s equation

196884 = 1 + 196883 McKay’s equation



“The stuff we were getting was not supported by logical argument. It had the feeling of mysterious 
moonbeams lighting up dancing Irish leprechauns. Moonshine can also refer to illicitly distilled spirits, 

and it seemed almost illicit to be working on this stuff.”

- John Conway



Monster group
M

Modular function
J(⌧)

????



2d conformal field theory 
(vertex operator algebra)

Monster group
M

Modular function
J(⌧)

Enter physics!

[Frenkel, Lepowsky,  
Meurman]



Monster group
M

Modular function
J(⌧)

Borcherds
Fields medal in 1998

2d conformal field theory 
(vertex operator algebra)

[Frenkel, Lepowsky,  
Meurman]



Monster group
M

Modular function
J(⌧)

Borcherds
Fields medal in 1998

2d conformal field theory 
(vertex operator algebra)

[Frenkel, Lepowsky,  
Meurman]



Group theory

Number theory

Physics



What does all this have to do with AI?



Symmetries!

What does all this have to do with AI?



[Bild: Wikipedia]



[Bild från: https://adigaskell.org/2018/10/15/how-good-is-machine-translation/]

[Bild från: https://www.walleniuswilhelmsen.com/insights/the-future-of-mobility-whats-the-road-ahead-for-self-driving-vehicles]

https://adigaskell.org/2018/10/15/how-good-is-machine-translation/%5D
https://www.walleniuswilhelmsen.com/insights/the-future-of-mobility-whats-the-road-ahead-for-self-driving-vehicles%5D






[Pic from thispersondoesnotexist.com]

http://thispersondoesnotexist.com


Artificial neuron:

1. Input layer

2. Hidden layers

3. Output layer



Artificial neuron:

1. Input layer

2. Hidden layers

3. Output layer



Image classification



“skateboard”

“boxing gloves”

“ribs”

Image classification



chatGPT’s
proposal



Reflection symmetry

“boxing glove”

reflect

classify classify



Reflection symmetry

Invariance:

The output is unchanged
when we change the input

“boxing glove”

reflect

classify classify



Segmentation

[Image from: Weiler, Forré, Verlinde, Welling (2023)]



Segmentation

Equivariance:
The output transforms

according to the
transformation of the input



Segmentation

commutative 
diagram



[Images from: Weiler, Forré, Verlinde, Welling (2023)]



[Images from: Weiler, Forré, Verlinde, Welling (2023)]



Design neural networks 
that have intrinsic symmetries 

(equivariance)



[Image from the Woodscape dataset, projected onto a sphere]

What if the input data is curved?

Cosmic microwave background radiation



What if the input data is curved?

Want an AI with intrinsic

ROTATIONAL SYMMETRY

Cosmic microwave background radiation



Medical images - tumors

[Pic from Graham, Epstein, Rajpoot, 2020]



Geometric deep learning



Geometric deep learning

Principle of general covariance:

The laws of physics should take the 
same form independently of which

coordinate system we use to 
represent them 

Recall Einstein’s



Principle of geometric deep learning:
The equations governing neural networks

should be equivariant with respect to
all local and global symmetries of

the input data

Geometric deep learning



The equations governing neural networks
should be equivariant with respect to

all local and global symmetries of
the input data

[Images from: Weiler, Forré, Verlinde, Welling (2023)]

Geometric deep learning

Principle of geometric deep learning:



Mathematics

Physics AI



Mathematics

Physics AI

Biology/Chemistry



TACK!


