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In 1982, John Hopfield invented a network that uses a method for 
saving and recreating patterns. He found inspiration in physics' 
models… The invention became important in, for example, image 
analysis.

nobelprize.org

In 1983–1985, Geoffrey Hinton used tools from statistical physics to 
create the Boltzmann machine, which can learn to recognise 
characteristic elements in a set of data. The invention became 
significant, for example, for classifying and creating images.
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1. Statistical Physics, Phase Diagram and 
Machine Learning
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Fig. by Wei Li



Simple Equation Rich Phenomena
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“Often, people in some unjustified fear of physics say you can’t 
write an equation for life. Well, perhaps we can. ” - Feynman



Low Temperature Phase

8

by B.D.Hammel



High-Temperature Phase
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by B.D.Hammel



Phase Transition in Ising Model
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by B.D.Hammel



Learning Black-White Photos
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Sample images from MNIST test dataset



The Correspondence Between Spin 
Lattices and Photos
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www.bdhammel.com silabs.com
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2. Boltzmann Machine (BM)

• Definition, sampling and training

• Zero-temperature limit: connection to neutral network

• Restricted BM: a feature recorder
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Boltzmann Machines

Example:

x1 x2 x3 w12x1x2 w13x1x3 w23x2x3 b2x2 H(x) exp(H(x)) p(x)
-1 -1 -1 -1 -1 2 -1 -1 0.368 0.0021
-1 -1 1 -1 1 -2 -1 -3 0.050 0.0003
-1 1 -1 1 -1 -2 1 -3 0.368 0.0021
-1 1 1 1 1 2 1 5 148.413 0.8608
1 -1 -1 1 1 2 -1 3 20.086 0.1165
1 -1 1 1 -1 -2 -1 -3 0.050 0.0003
1 1 -1 -1 1 -2 1 -1 0.368 0.0021
1 1 1 -1 -1 2 1 1 2.718 0.0158

Z = 172.420

Roger Grosse CSC321 Lecture 19: Boltzmann Machines 6 / 24

by Roger Grosse



Application of Conditional 
Probability
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https://staff.itee.uq.edu.au/janetw/cmc/chapters/Hopfield/

Original Degraded Reconstructed
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Gibbs Sampling results
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Drawing by Ramon y Cajal
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What is your favorite drink?
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deepseek
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Projecting 3d objects generates rich 2d patterns



Hidden unit as a feature detector
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Carleo-Troyer, Science 2017



Non-equilibrium Phases
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The Starry Night and Turbulence
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2310.03415
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(Bosons in a shaken optical 
lattice,W. Clark et al, Science’ 
16)

Hexagonal Manganites, M. Griffin et 
al, Phys.Rev.X ’ 12

Kibble-Zurek scaling: critical fluctuations and correlations scale with off-
equilibrium correlation length for dynamical critical systems 

a beautiful demonstration of the unity of physics. 

(Conjecture for the QCD point, Mukherjee,  
Venugopalan and YY,    PRL, 16.)

Kibble-Zurek scaling
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An image generated with Stable Diffusion 3.5 based on the text prompt a photograph 
of an astronaut riding a horse



Diffusive model for AI Image 
Generation

•Diffusion models are widely used for  image denoising,  image generation, 
and video generation based on non-equilibrium statistical physics
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3. Applications (Using Physics studies Physics)

• Quantum many-body problems

• E.o.S. of quark matter



2D Heisenberg Model

• Arbitrary precision on the ground-state energy can be obtained upon 
increasing the hidden units density α
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Carleo-Troyer, Science 2017



QCD E.o.S. and Restricted Boltzmann 
Machine
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Lei Gao-Shenyu Yin-YY-Kai Zhou, in progress



QCD

•The theory of quark, gluon and their interaction: Quantum 
ChromoDynamics (QCD)
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αs

Energy scale (smaller r)



•In ordinary conditions, quarks and gluons are bounded (confined) 
within hadrons

•Quark matter: state of matter that exists at extreme temperature/
density where quarks and gluons are unbounded (deconfined)

•Filled the early universe, may appear in the core of a neutron star

Quark Matter
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Increasing density 
or temperature



Heavy Ion Collisions
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•At the Relativistic Heavy-Ion Collider (RHIC) in the US since 2000 
and at the Large Hadron Collider (LHC) in Europe since 2010

•Quark matter produced in those collisions, often called quark-gluon 
plasma, is exceptionally tiny and hot

10 fm = 10−14m

T ∼ 300 MeV ∼ 1012K

Before collision Quark matter Produced hadrons

Image from CERN

➡︎ ➡︎



Quark Liquid

•In  limit, quark matter must be weakly coupled quark/gluon 
quasiparticles (asymptotic freedom)

•Those produced in heavy-ion collisions are found to behave as a liquid 
with extraordinarily small shear viscosity (measure of the “friction" in 
fluid flow):                      

This value is close to that of some strongly-coupled gauge theories and 
too small to be explained in terms of quasi-particles

•Other systems without apparent quasi-particles: strongly correlated 
systems like strange metals or those near quantum phase transitions

Pushing the boundary of strongly correlated matter

T → ∞

η/s ∼ 1/(4π)
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1 Project Narrative

1.1 Introduction

1.1.1 Physics background: The QCD phase diagram

The study of strongly interacting matter is one of the key missions of the US nuclear physics
program as articulated in the 2007 Long Range Plan. Experiments at RHIC and recently also at
the LHC have revealed several interesting and unexpected properties of the Quark Gluon Plasma
(QGP), most prominently its near perfect fluidity. The QGP created at LHC and top RHIC
energies consists of almost as much antimatter as matter characterized by the nearly vanishing
baryon number chemical potential µB [1]. Lattice calculations [2, 3] show that QCD predicts
that under these condition the transition from the QGP to a hadron gas occurs smoothly as a
function of decreasing temperature, with many thermodynamic properties changing dramatically
but continuously within a narrow temperature range around the transition temperature Tc =
154 ± 9MeV [4, 5, 3, 6]. This transition is referred to as the crossover region of the phase
diagram of QCD, see Figure 1.

Baryon Chemical Potential - 

RHIC

Figure 1: A sketch illustrating the experimental and the-
oretical exploration of the QCD phase diagram. Although
the matter produced in collisions at the highest ener-
gies and smallest baryon chemical potentials is known to
change from QGP to a hadron gas through a smooth
crossover, lower energy collisions can access higher baryon
chemical potentials where a first order phase transition line
is thought to exist. The reach of the BES-II program com-
ing at RHIC is shown, as are the trajectories on the phase
diagram followed by the cooling droplets of QGP produced
in collisions with varying energy. The present reach of lat-
tice QCD calculations is illustrated by the yellow band.

In contrast, quark-gluon plasma
at large baryon number chemical po-
tential may experience a sharp first
order phase transition as it cools,
with bubbles of quark-gluon plasma
and bubbles of hadrons coexisting at
a well-defined co-existence temper-
ature, similar to bubbles of steam
and liquid water coexisting in a boil-
ing water. This co-existence region
ends in a critical point, where the
baryon number chemical potential is
just large enough to instigate a first
order phase transition. It is not yet
known whether QCD has a critical
point [7, 8, 9, 10, 11], nor where in
its phase diagram it might lie. Model
calculations typically predict the ex-
istence of a critical point, but do not
constrain its location. Model inde-
pendent lattice QCD calculations, on
the other hand, become more dif-
ficult with increasing µB and, thus
do not yet provide definitive answers
about the existence of a Critical
Point. However, new methods intro-
duced within the past decade have provided some hints [8, 10, 12]. While these theoretical
calculations are advancing through both new techniques and advances in computing, at present

1

Early universe

QCD Phase Diagram
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Rich phase structure governed by QCD theory
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by Sophia Han
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by Sophia Han



Neutron Star EoS

•Piecewise polytropic parametrization: divide the 
density range into segments and use polytropic 
interpolation in each segment.

40

Fujimoto et al, JHEP21

p = pi−1 + ∑ ci,n (ϵ − ϵi)n

• Number of parameters is not tied to the EoS structure

• The parameters lack clear physical interpretation

•Alternatives?



“Using Physics to Parametrize 
Physics”

•Assumption: the E.o.S. of a class of physical systems can be mapped to 
Restricted Boltzmann Machined (RBM) EoS (generalizing mapping near 
the critical point)

•Parametrization EoS ⇔  Parametrization RBM Hamiltonian

41

Physical systems 
EoS

RBM EoS

(Thermal stability is built-in)



•RBM faithfully reproduces the thermodynamics Ising model
42

Torlai-Melko, PRB2016



Universality near the critical point

43



Learning Thermodynamics with 
RBM

•RBM faithfully reproduces the thermodynamics Ising model

•Limitation: current RBMs match spin configurations, 
restricting generalization to other systems

•Our proposal: mapping at the partition function level                                   

                                log Z = α log ZRBM + β
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Torlai-Melko, PRB2016



•1d Ising 

•1 visible +1 hidden spin RBM 

•Analytically mapping

      

(2d Ising model in progress)

w = βJ, b + c = βB cosh(b − c) = 1 + e4βJ sinh2(βB)
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1d Ising model

σ, b

h, c

w

∼ log [ew cosh(b + c) + e−w cosh(b − c)]

∼ log [eβJ cosh(βB) + e−βJ 1 + e4βJ sinh2(βB)]

( =0)B = 0 ↔ b = c



•Thermodynamic function matching only needs representative weights 
and "biases"→ much smaller number of units.

Matching Configuration vs 
Matching Partition Function
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The histogram of RBM parameters with 400 hidden units that reproduces spin 
configurations of 2d Ising model at B=0 (Gu-Zhang entropy 2020)

{w, b, c}



Interacting Gas
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Interacting 

Gas

• Ideal gas ~ RMB with 1 visible spin (bias ~  )

• Interaction corrections ~ coupling hidden spins

 

• Hard sphere gas: 2 hidden spins with  describe repulsive and 
attractive regime 

μ

∫ drr2(e−βu(r) − 1) ∼ (ew1 − 1) + (ew2 − 1) + …

w1, w2

…h1 h2

repulsion ∼ w1 < 0

attraction ∼ w2 > 0

w1



Cluster Expansion

•N‑cluster effects and interaction potential features are encoded by 
hidden spins + additional visible spins
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Summary and Outlook
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Outlook

•Nature is a teaching machine. We just begin to learn AI from it.
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Back-up
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…“the world” is something like a great chess game being played by the 
gods, and we are observers of the game. We do not know what the 
rules of the game are; … Of course, if we watch long enough, we may 
eventually catch on to a few of the rules. 
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Feynmann
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by B.D.Hammel


