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Boltzmann Machine 



Classical thermodynamics: 
Grand canonical ensemble



Thermal state is a minimiser of free energy



Quantum thermodynamics

Non-Abelian thermal states of thermodynamic 
systems with conserved, non-commuting charges



Quantum thermodynamics

…also a minimiser of free energy: a natural ansatz to 
solving an optimisation problem! 



Semidefinite 
optimisation: 

broad 
applications  

Quantum 
science, 
quantum 

information and 
computation

Machine 
learning 

Control theory 
and systems 
engineering 

Signal 
processing, 

inverse 
problems, 
moment 

problems…etc



Semidefinite optimisation 



Modified semidefinite optimisation 



Quantum thermodynamic system 



Energy minimisation 

Energy minimisation problem in quantum thermodynamics 
equivalent to semidefinite optimisation 



Energy minimisation and free energy minimisation 

Real physical systems operate in finite temperature, so free energy 
minimisation is much more natural



Energy minimisation and free energy minimisation 

Free energy very closely approximates energy at low temperature 



Free energy minimisation subject to constraints same as 
maximisation of function of chemical potential  

(Lagrange multipliers)

(Sup outside)

(Minimax)



Free energy minimisation subject to constraints same as 
maximisation of function of chemical potential  



Free energy minimisation subject to constraints same as 
maximisation of function of chemical potential  



Optimising value of chemical potential 



Optimising value of chemical potential 



Overview of basic idea  



Gradient ascent algorithm (classical algorithm)  



Gradient ascent algorithm (classical algorithm)  



Hybrid classical-quantum algorithm 



Assumptions 



Gradient ascent algorithm (hybrid classical-quantum algorithm)  



Gradient ascent algorithm (hybrid classical-quantum algorithm)  



Original semidefinite optimisation problem



Examples 

Constrained free energy minimization for the design of thermal 
states and stabilizer thermodynamic systems
(arXiv: 2508.09103) 

Michele Minervini, Madison Chin, Jacob Kupperman, Nana 
Liu, Ivy Luo, Meghan Ly, Soorya Rethinasamy, Kathie Wang, 
and Mark M. Wilde



Quantum Heisenberg model 





Stabiliser thermodynamic systems 





Summary   

• Physical basis for why quantum thermal states with non-commuting 
charges (a quantum Boltzmann machine) are important and natural 
for solving semidefinite optimisation

• Extension to continuous-variable systems? Broader classes of 
SDPs? Thermodynamically-inspired implementation? 



Mark Wilde Michele Minervini Dhrumil Patel

1. Quantum thermodynamics and semi-definite optimization
arXiv: 2505.04514
2. Constrained free energy minimization for the design of 
thermal states and stabilizer thermodynamic systems
arXiv: 2508.09103



Thank you and welcome to visit us in Shanghai Jiao Tong!

Shanghai Jiao Tong 
University:

Institute of Natural 
Sciences

Global College (formerly 
called University of 
Michigan-Shanghai Jiao 
Tong Joint Institute) 

Nana.Liu@quantumlah.org
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www.nanaliu.weebly.com

Group website:
https://www.quantumquintet.com/

Open postdoc positions available!

UnitaryLab internship and more 
senior positions in company also 
open!  

https://www.quantumquintet.com/
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