








Kelvin Planck no-go

Ø « One cannot extract

work continuously

from a single hot 

source »

Carnot engine

Ø Work extraction = 

Expansion in a hot 

source

Ø Need to reset = 
Compression in a 

cold source

T1

T2

W! = −T!Δ𝑆

𝑊! ≤ 0

W" = −T"Δ𝑆

𝑊" ≥ 0





Information thermodynamics

T1 T2

Ø 1 bit of memory 0,1 is

the working substance

Ø New interpretation of 

Carnot engine

0 1

W! = −k ln(2)T!

Szilard engine

W" = k ln(2)T"

Landauer’s

erasure

work



Information thermodynamics

0

1

Ø Toyabe, Ueda, Sano, Nature 

Physics 2011
Ø Information induced rectification

Ø Ciliberto, Lutz, Nature 2011
Ø Readout of Landauer’s erasure

work

𝜔#

Ø A more realistic

realization of a « bit of 

memory »

























































Dynamical insights
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Dynamical insights

𝐻"=+ = 𝐻><? + 𝑉
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< 𝐻"=+ >= ℏ𝜔8 Energy conservation

𝑁8 +𝑁: = 1 Excitation conservation

< 𝐻><? >= ℏ𝛿𝑁8(𝑡) + ℏ𝜔: oscillates
=> < 𝑉 > oscillates

ü < 𝑉 > « binding energy »

ü < 𝑽 >minimal for 𝒕𝟎 = 𝝅/𝜴





Two-qubit engine powered with

entanglement and local measurements

i) Entangling operation

ii) Measurement

iii) Feedback and work extraction

iv) Erasure





Origin of the measurement fuel

Quantum 

meter

Ø Focus on the pre-measurement

𝑉B 𝑡 = ℏ𝜒 𝑡 𝜎:
9𝜎:⨂𝜎$

B

𝑡𝜖[𝑡# = π/Ω, 𝑡B]

Ø Going beyond: model the 

measuring channel using Von 

Neumann two-step approach

Ø Who pays for the fuel?

Ø Is it work or heat?

g



Modeling the pre-measurement

Ψ 𝑡# = (𝑐 10 > +𝑠|01 >)⨂|0B >

|0# > |1# >
A and B 

uncoupled

𝜒(𝑡)

𝜒

𝑡# 𝑡B

Ψ# 𝑡B = 𝑐 100B > +𝑠|011B >

+⊗ ⊗

𝑡B = 𝑡# + 𝜋/𝜒
Ideal measurement



Modeling the pre-measurement

Ψ 𝑡# = (𝑐 10 > +𝑠|01 >)⨂|0B >

|0# > |1# >

A and B 

coupled

𝑔
𝜒

𝜒

𝑡# 𝑡B

+⊗ ⊗

𝑡B = 𝑡# + 𝜋/𝜒|Ψ 𝑡 > = |Ψ # 𝑡 > +|𝛿Ψ 𝑡 >

+... +

𝜀 = 𝑔/𝜒 ≪ 1

Perturbation parameter

Short measurement

compared to Rabi period



Qubits-meter evolution

|Ψ 𝑡 > = |Ψ # 𝑡 > +|𝛿Ψ 𝑡 >

Ψ(#) 𝑡B = 𝑐 100B > +𝑠|011B >

Ψ 𝑡# = (𝑐 10 > +𝑠|01 >)⨂|0B >

|0# > |1# >𝜀 = 𝑔/𝜒 ≪ 1

perturbation 

parameter

𝑔
𝜒(𝑡)

𝜒

𝑡# 𝑡B

|𝛹 𝑡 > = a superposition of |100B >

, |101B >, |010B >, |011B >



Energetic analyzis

𝜒

𝑡# 𝑡B

Thermodynamic system: Qubit A, Qubit B, quantum meter M

• 𝑡 ∈]𝑡#, 𝑡B[: 𝐴𝐵𝑀 isolated system => < 𝐻;<; 𝑡 > constant

• 𝑡 = 𝑡#, 𝑡B: An agent switches on and off the measurement

channel ⇒ Work input < Δ𝐻;<;(𝑡) > = 𝑊 𝑡 =< Δ𝑉B 𝑡 >
• 𝑡 = 𝑡#: < 𝜎$

B>= 0 ⇒ 𝑊 𝑡# = 0

𝐻;<; = 𝐻><? + 𝑉 + 𝑉B, 𝐻"=+ = 𝐻><? + 𝑉

𝑉 =
ℏ𝑔

2
𝜎8
9𝜎: + 𝜎:

9𝜎8 , 𝑉B 𝑡 = ℏ𝜒 𝑡 𝜎:
9𝜎:⨂𝜎$

B

g

𝜒(𝑡)



Energetic flows (𝑡 ∈]𝑡!, 𝑡"[)

< 𝑉 𝑡 > =< Ψ # (𝑡)|𝑉|Ψ # (𝑡)> at first order in 𝜀

Ψ# 𝑡B >= 𝑐 100B > +𝑠|011B >⇒< 𝑉 𝑡B >= 0

⇒< Δ𝑉 > = −𝑉 𝑡# = 𝐸B5IJ =< Δ𝐻"=+ >

ü One recovers the expected behavior for the qubits

system (increase of energy and entropy)

< 𝐻><? > constant during the measurement (𝜒 ≫ 𝑔)

Zoom!



Energetic flows (𝑡 ∈]𝑡!, 𝑡"[)

< 𝑉B 𝑡 > +< 𝑉 𝑡 > constant
⇒< Δ𝑉B >=−< Δ𝑉 >= −𝐸

B5IJ

ü The binding energy initially localized between the qubits

is now localized between the qubits and the meter

< 𝐻;<; > constant during the measurement (isolated system)

Zoom!



Energetic flows (𝑡 = 𝑡")

While the measurement channel is switched off:

< 𝐻><? >,< 𝑉 >,< 𝐻"=+ > remain constant

< 𝜟𝑽𝒎 >= 𝑬𝒎𝒆𝒂𝒔 = Work provided by the agent to the 

𝑨𝑩𝑴 joint system

Zoom!

𝐸B5IJ





Is quantum heat fundamental?
It depends on your favourite interpretation...

𝐴 𝐵 𝑀

ü Measurement = creation of massive entanglement by 

unitary transformations 

ü Reversible, entropy preserving

ü Measurement energy= Work

ü Typical interpretation: Everett

𝑀 𝑀 𝑀

...







Is there a quantum energetic advantage?

Ø Google Sycamore: 25kW

Ø IBM Summit: 10MW

=> Scaling laws for universal

quantum computer? 

Fundamental arguments for 

energetic quantum advantage

u Quantum logic offers gain 

in complexity

u Quantum logic is

reversible



Ideal situation
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Register

preparation,

n physical qubits

Algorithm

programmation

Readout

SUCCESS

No noise =>

Full energetic

quantum 

advantage













Interdisciplinary challenges for energetic

scalability solutions

Information processing

• adiabatic/reversible

computing (« beyond

Landauer » paradigm)

• autonomous scenarios

Architecture

• code connectivity

• qubits addressing
Cryogeny

• improve cooling

efficiency

• lower conduction 

losses

Hardware

• increase the operating 

temperature

• lower the noise level

Ø new qubits engineering

Fundamental physics

• energetic lower bounds (computing, 

cooling) for arbitrary quantum noise



Going further

• A.Auffèves, A short story of classical and quantum 

thermodynamics, arXiv 2102.00920, to appear in « Quantum 

Information Machines; Lecture Notes of the Les Houches Summer

School 2019 », eds. M. Devoret, B. Huard, and I. Pop

• M.Fellous-Asiani, J.H. Chai, R. Whitney, A. Auffèves, H.K. Ng, 

Limitations in quantum computing from resource constraints, arXiv

2107.01966

• A. Auffèves, Optimiser la consommation énergétique des 

calculateurs quantiques – Un défi interdisciplinaire, to appear in 

Reflets de la Physique

• M.Fellous-Asiani, et al, Energetic scalability of a « full stack » 

quantum computer, in prep.




