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AI for discovery in physics



Overview

• AI for discovery frameworks


• Closed loops


• Concrete things the have been (re)discovered by AI (including my works)


• Not-yet closed loops, but still useful


• Open questions



“AI + discovery” frameworks
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What makes a discovery?
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Why do we need AI for discovery
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Discovery types
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Axioms Phenomenology Data
Deduction

Abduction Induction

(trivial)

abstract concrete

Discovering axioms: very hard! Discovering phenomenology: e.g.,

Equations, conservation laws, symmetries,


non-conservation, useful dofs, 

dimensionless numbers …

Discovering instances: e.g.,

design drugs



Most AI discoveries in physics so far
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Phenomenology Data
Induction

Discovery phenomenology: e.g.,

Equations, conservation laws, symmetries,


non-conservation, useful dofs, 

dimensionless numbers …



AI Des-cartes
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Axioms Phenomenology Data
Deduction

Induction

Discovery phenomenology: e.g.,

Equations, conservation laws, symmetries,


non-conservation, useful dofs, 

dimensionless numbers …



AI Des-cartes
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AI Des-cartes
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AI Physicists
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AI Physicists
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Concrete things (re)discovered by AI
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Concrete things (re)discovered by AI
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- (Symbolic) Equations: symbolic regression

- Conservation Laws

- Symmetries

- Useful degrees of freedom

- Dimensionless numbers



Symbolic regression
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Main idea: 

Test whether data have desirable/simplifying properties.

If yes, can simplify the original problem to subproblems by leveraging the property.

Divide-and conquer. 

{xi, yi} → y = f(x)
Data Formula



Symbolic regression
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NeurIPS 2020



Symbolic regression
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PySR:

Symbolic regression 

using genetic 
programming



Symbolic regression
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Deep reinforcement learning



SINDY

19

Discover (determine) coefficients



Useful degrees of freedom
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Useful degrees of freedom
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Useful degrees of freedom
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Useful degrees of freedom

23Emergence of heliocentric views



Useful degrees of freedom
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Conservation laws
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  6 conserved quantities out of 12 dof !

Henri Poincaré (1854-1912)

AI Poincare



You’re cheating!

You don’t know what they are!!!

You only know how many!!!

Henri Poincaré (1854-1912)

Hold on… 

I’m transforming…
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Go on…

Henri Poincaré (1854-1912)

How about now?
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Conservation laws
AI Poincare 2.0
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Conservation laws
SINDY-like
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Non-conservation



Dimensionless number: conservation in scale
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Neural New-Physics Detector (NNPhD)

Machine-Learning Non-Conservation for New-Physics Detection

Ziming Liu, Bohan Wang, Qi Meng, Wei Chen, Max Tegmark and Tie-Yan Liu


Joint work by MIT/IAIFI and Microsoft

Physical Review E 104,055302
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NNPhD: Neural New Physics Detector

𝑓 = 𝑓𝑐  +  𝑓𝑛

Conservative,

LNN

Non-Conservative,

MLP

𝐿 = 𝐿𝑒 + 𝝀𝐿𝑏
𝐿𝑒 = | |𝑓 − (𝑓𝑐 + 𝑓𝑛) | |
𝐿𝑏 = | |𝑓𝑛 | |

Loss Function
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Phase Transition of 𝜆
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Phase transitions:

Indication of new physics (non-conservation) ! 



Phase Transition of 𝜆

Theory: Check out the Theorem 1 of our paper!

𝐿𝑒 = 0

𝐿𝑏 = 0
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Machine-Learning 

Hidden Symmetries

“Machine-learning hidden symmetries”, Ziming Liu and Max Tegmark.

Phys. Rev. Lett. 128, 180201
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Schwarzschild 1915 Gullstrand & Painlevé 1932

What happens inside black holes?

You die! Not 
right away! 
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Toy example: 1D Harmonic oscillator
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d
dt (x

p) = ( p
−x)

(a
b) = (ex/2 − 1

ep/2 − 1) d
dt (a

b) = ( (1 + a)ln(1 + b)
−(1 + b)ln(1 + a))



Measure symmetry violation
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d
dt (x

p) = ( p
−Ax)
A =

1
2

A = 1 A = 2

ℓ ∼ | f(Rz) − Rf(z) |2 , R = rotation

ℓ > 0 ℓ = 0 ℓ > 0



Measure symmetry violation
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ℓ ∼ | f(gz) − gf(z) |2 , g ∈ G
Some Lie group

g = exp(
d

∑
i=1

θiKi), Ki are geneartors

d( f(gz) − gf(z))
dθi

|θ=0 = math . . . = ∇f(z)Kiz − Ki f(z)

Theorem f(z) is G − equivariant ↔ L̂i f = 0, L̂i f ≡ ∇f(z)Kiz − Ki f(z)

ℓ ∼ | L̂i f |2 = |∇f(z)Kiz − Ki f(z) |2

Symmetry

Linear PDE (operator)

Loss function



Symmetries & PDEs
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Searching for manifest coordinates
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Open questions
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1. Abduction
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Axioms Phenomenology Data
Deduction

Abduction Induction

(trivial)

abstract concrete

Discovery axioms: very hard! Discovery phenomenology: e.g.,

Equations, conservation laws, symmetries,


non-conservation, useful dofs, 

dimensionless numbers …

Discover instances: e.g.,

design drugs

?



2. Interpretability
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3. Level of discovery
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How can we know?


