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Introduction

Stochastic Deterministic

Macroscopic Stochastic 
Thermodynamics

Falasco & Esposito 
arXiv: 2307.12406

Electronic circuits Chemical reaction networks 

Freitas, Delvenne & Esposito PRX 11, 031064 (2021) Rao & Esposito JCP 149, 245101 (2018)

Macroscopic limit



  

Thermal Equilibrium + Measurement and feedback control

Thermal gradient ↔ Work extraction

Maxwell’s demon

Maxwell’s demon exploits fluctuations



  

Experimental implementations

All work in microscopic regimes 
(single molecules, single atoms, single electrons, single photons ...) 

Nature, 445, 523 (2007)

NJP 11, 063044 (2009)

Nat. Phys. 6, 988 (2010)
 PNAS 114, 7561 (2017)



  

Can we build a macroscopic Maxwell’s demon?

A priori no because fluctuations disappear in the macroscopic limit

Can we prevent that?

We will explore these questions in a CMOS based electronic Maxwell’s demon  

Esposito, Freitas, PRL 129,120602 (2022) & PRE 107, 014136 (2023) 



  

The CMOS inverter
pMOS

nMOS

At equilibrium:

Amplification 
factor

Feedback
At steady state:

The feedback should invert the current even at small bias

Free 
conductor



  

An autonomous demon

Entropy production rates:
System side:

Demon side:

Total:

Thermodynamic efficiency

If the demon can achieve rectification of the current through the system (            ):

demon demon 



  

Deterministic description

At steady state:

Rectification is impossible 
at the deterministic level

Also, the system becomes bistable for                                   with  



  

Stochastic description

Conduction through each transistor is 
modeled as a bidirectional jump process

The rates can be fully determined from the I-V curve characterization 
and the local detailed balance conditions (see Phys. Rev. X 11, 031064 ) 

Circuit state

Steady states for



  

Islam et. a
l.

L fixed & increasing W

Rectification (             ) is possible only if:

Maximum scale

Equivalently, it is possible if:
Minimum
powering
voltage

Rectification is possible if         is high enough 

Macroscopic limit

W

L

It disappears in 
the macro limit



  

For fixed  with            

Rectification can survive the macroscopic limit if one scales power with size !!!

Esposito, Freitas, 
PRL 129,120602 (2022) 

& PRE 107, 014136 (2023) 

… but efficiency drops down



  

Bilancioni, Esposito, Freitas, 
J Chem Phys 159, 204103 (2023)

The chemical demon 
does not survive the 
macroscopic limit 

Chemical Maxwell Demon

Key difference: 
Response is bounded

Inverter



  

Perspectives

Strategies to transfer phenomena that are typical of the micro scale to the macro scale 
(breaking the macro limit by other mechanisms than equilibrium phase transitions)

Electrons in circuits             Molecules in chemical reactions networks

Interplays between nonequilibrium fluctuations and nonlinear dynamics 
very rich phenomenology
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