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1
2

( |g⟩ + |e⟩)
a. b.

|g⟩

|e⟩
How can we understand this apparent random 
change in the qubit’s internal energy?

⟨Ĥ⟩ = 0

⟨Ĥ⟩ =
ℏωQ

2

⟨Ĥ⟩ = −
ℏωQ

2

Ĥ =
ℏωQ

2 σz

A simple question
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1 photon less

? photon less

cos θ
2 |g⟩ + sin θ

2 |e⟩
θ

‘Superposition of energy transfers’ 0 photon 
consumed

1 photon 
consumed

|e⟩

Energetics of a Single Qubit Gate



a. b.

After interaction
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a. b.

θ

Before interaction

Qubit state is prepared by a coherent field



a. b.

θ

Does this not stop us looking at the energy transfers?

Impacts on fidelity

Energy budget of 
quantum computer?

Enk 2001, Banacloche 2002, 
Ozawa 2002, Ikonen 2017

Auffèves Scipost 2021
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Suggests fundamental 
energy cost of operations

Purity of the qubit’s density matrix

tr[ρ2] = 1 − 2|λgλe|2(1 − |⟨ψe |ψg⟩|2)
|⟨ψe |ψg⟩|2 αin→∞ 1pure if Bertet, Nature 2001

No! |⟨ψe |ψg⟩|2 αin→∞ 1 does not impose ⟨ψe | ̂n |ψe⟩ − ⟨ψg | ̂n |ψg⟩ = 0

Impacts of entanglement



a. b.
Before interaction After interaction
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Record average 
photon number

Idea of experiment



a. b.
Before interaction After interaction

Measure qubit

Record average 
photon number
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Idea of experiment



a. b.
Before interaction After interaction

Measure qubit

Record average 
photon number
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We expect to measure n̄|e⟩ − n̄|g⟩ = − 1

Idea of experiment

quantum heat!



Quantum heat

does it obey a second law?

can it fuel an engine?

[Manzano, Horowitz and Parrondo, PRE 2015] [Alonso, Lutz and Romito, PRL (2016)] 
[Elouard, Auffèves and Clusel, npj QI (2017)] [Naghiloo et al., PRL (2018)] [Manikandan, Elouard, Jordan, PRA (2019)]

yes, fluctuation theorems can be extended with this work and « heat »

yes, repeatedly measuring  on a qubit can provide work on a cycleσX
[Elouard, Herrera-Martí, Huard, Auffèves, PRL (2017)] 

random energy change

= quantum heat

[Yi, Talkner, Kim, PRE (2017)] demonstration?

can it be measured directly and not just inferred?

a. b.

[Elouard, Jordan, PRL (2018)] [Buffoni et al., PRL (2019)] [Ding, Yi, Kim, Talkner, PRE (2018)] 
[Bresque et al., PRL (2021)] [Ronzani et al., Nature Phys. 2018] [Senior et al., Communication Physics 2020]

[Stevens et al., PRL 2022]

[Manikandan et al., PRE (2022)] [Monsel et al., PRL (2020)] 
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yes, fluctuation theorems can be extended with this work and « heat »

yes, repeatedly measuring  on a qubit can provide work on a cycleσX
[Elouard, Herrera-Martí, Huard, Auffèves, PRL (2017)] 

random energy change

= quantum heat

[Elouard, Jordan, PRL (2018)] [Buffoni et al., PRL (2019)] 
[Yi, Talkner, Kim, PRE (2017)] 

[Ding, Yi, Kim, Talkner, PRE (2018)] demonstration?

can it be measured directly and not just inferred?

[Bresque et al., PRL (2021)] 

a. b.

[Ronzani et al., Nature Phys. 2018] [Senior et al., Communication Physics 2020]
[Monsel et al., PRL (2020)] [Manikandan et al., PRE (2022)] 

[Stevens et al., PRL 2022]



Experimental setup

A
D
C

G

Iout

Qout
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ωR = 2π × 7.69 GHz
ωQ = 2π × 4.81 GHz

= 2π × 20 kHzStark shift pulse
ReadoutReadout

qubit gate Reference
pulseStark shift pulse

ReadoutReadout

qubit gate Reference
pulse

T1 = 6.7 μs



Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse A

D
C

G

Iout

Qout
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ωR = 2π × 7.69 GHz
ωQ = 2π × 4.81 GHz

[Cottet et al., PNAS, 2017]

= 2π × 20 kHz

measure quadratures

·̄n = G (⟨I2
out(t)⟩ + ⟨Q2

out(t)⟩) + N

Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse

TWPA (Lincoln Labs)

How to measure the average photon number?

see quantum Maxwell demon at work
resolution: few aW
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What do the output lines contain?

g

e

input-output theory 
+ 

adiabatic elimination of the cavity

reflected 
driving field

transmitted 
driving field
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Amplitude of fluorescence
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σ− = (σx − iσy)/2

[Cottet et al., PNAS, 2017]
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[Cottet et al., PNAS, 2017]
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How many photons exit into the output lines?

g

e

input-output theory 
+ 

adiabatic elimination of the cavity

stimulated 
emission

spontaneous 
emission

goes back 
with reflected 

drive
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How many photons exit into the output lines?

Power density measured in [Astafiev et al., Science 2010]

[Cottet et al., PNAS, 2017]
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[Cottet et al., PNAS, 2017]
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Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse

Measure reflection with 
qubit disabled

Measure 
vacuum noise

Measure acquisition 
card cross-talk

Calibrate
·̄n = G (⟨I2

out(t)⟩ + ⟨Q2
out(t)⟩) + N

 and  calibrated in independent measurementsΩa Γa

Calibrating the amplification chain



A
D
C

G

Iout

Qout

Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse

Stark shift pulse
ReadoutReadout

qubit gate Reference
pulseStark shift pulse

ReadoutReadout

qubit gate Reference
pulse 20

θ = 2.6π

·̄nρ = |αin |2 + Γa
1 + ⟨ ̂σz⟩ρ

2 − Ωa

2 ⟨ ̂σx⟩ρ

·̄n = G (⟨I2
out(t)⟩ + ⟨Q2

out(t)⟩) + N
Reflected field

Spontaneous emission

Stimulated emission

Ωa ≫ Γa
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[Cottet Thesis 2018]

How to measure the average photon number?



Stark shift pulse
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pulse
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Iout

θ = 2.6π

n̄ ∼ 400 photons ·̄nρ = |αin |2 + Γa
1 + ⟨ ̂σz⟩ρ

2 − Ωa

2 ⟨ ̂σx⟩ρ

Reflected field

Spontaneous emission

Stimulated emission

Ωa ≫ Γa

·̄n = G (⟨I2
out(t)⟩ + ⟨Q2

out(t)⟩) + N

How to measure the average photon number?



Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse

Stark shift pulse
ReadoutReadout

qubit gate Reference
pulseStark shift pulse

ReadoutReadout

qubit gate Reference
pulse

G

Iout

Qout
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Iout

A
D
C

′ ′ g′ ′ 

′ ′ e′ ′ 

Strong qubit readout
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θ = 2.6π

·̄nE,ρ = |αin |2 + Γaℐ(E, ρ) − ΩaReE⟨ ̂σ−⟩ρ

|g⟩ |e⟩

Reflected field

Spontaneous emission

Stimulated emission

Forwards Backwards

t1 t tNρ(t) E(t)

ℐ(E, ρ) =
tr [Eσ−ρσ+]

tr [Eρ]

[Campagne-Ibarcq et al., PRL 2014]

Post-selected fluorescence

for amplitudes:

[Wiseman, PRA 2002; Tsang PRA 2009; 
Gammelmark et al., PRL 2013]

[Mafei et al., PRA 2022]
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Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse

Qubit drive Qubit readout In situ  measurementT1
Noise & amplification 

calibration

Main experiment In situ calibration

Average photon 
number measurement

Allows post-selection 
of photon numbers

Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse

Stark shift pulse
ReadoutReadout

qubit gate Reference
pulse

5 μs

Corrects for fast drifts in Γ1
Corrects for fast drifts in 

gain of amplification chain

Total pulse sequence
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? photons

θ
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nin = ∫
td

0
|αin(t) |2 dt

Measured outgoing 
photon number Average incoming 

photon number

Δn = n − nin

? photon less

θ

Post-selection of outgoing photon number
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nin = ∫
td

0
|αin(t) |2 dt

Measured outgoing 
photon number Average incoming 

photon number

Δn = n − nin

? photon less

θ

Post-selection of outgoing photon number
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nin = ∫
td

0
|αin(t) |2 dt

Measured outgoing 
photon number Average incoming 

photon number

Δn = n − nin

? photon less

θ

Post-selection of outgoing photon number
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nin = ∫
td

0
|αin(t) |2 dt

Measured outgoing 
photon number Average incoming 
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Initial energy undetermined
Not so fast…

Exchange of more than a single photon?



qubit gate Readout

A
D
C

A
D
C

weak
strong

(a)

(c)

(d)

(e)

(b)
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Interpretation as backaction of weak measurement

Ĥ = iℏg( ̂a ̂σ+ − ̂a† ̂σ−)

g = Γa

td

M̂g = cos ( Γatd ̂a† ̂a)
M̂e = (∑

n
|n⟩⟨n + 1 |) sin ( Γatd ̂a† ̂a)
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Ĥ = iℏg( ̂a ̂σ+ − ̂a† ̂σ−)

g = Γa

td

Pedagogical model
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850 900 950 1000 1050

n

0.00

0.01

0.02

P (n|θ)

Ĥ = iℏg( ̂a ̂σ+ − ̂a† ̂σ−)

g = Γa

td

n̄ = θ2

4Γatd
Pθ(n) = n̄ne−n̄

n!

Pedagogical model
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Pedagogical model
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Ĥ = iℏg( ̂a ̂σ+ − ̂a† ̂σ−)

g = Γa

td

Bayes Rule
Pθ(n |e) ∝ P(e |n) × Pθ(n) n̄ = θ2

4Γatd
Pθ(n) = n̄ne−n̄

n!
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Pedagogical model
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Ĥ = iℏg( ̂a ̂σ+ − ̂a† ̂σ−)
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td

Bayes Rule
n̄ = θ2

4Γatd
Pθ(n) = n̄ne−n̄

n!

Pθ(n |e) ∝ n̄ne−n̄

n! sin2 ( nΓatd)

Pθ(n |e) ∝ P(e |n) × Pθ(n)
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Pedagogical model
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Ĥ = iℏg( ̂a ̂σ+ − ̂a† ̂σ−)

g = Γa

td

n̄ = θ2

4Γatd
Pθ(n) = n̄ne−n̄

n!

Bayes Rule

Pθ(n |e) ∝ n̄ne−n̄

n! sin2 ( nΓatd)
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Pθ(n |g) ∝ n̄ne−n̄

n! cos2 ( nΓatd)

Pθ(n |e) ∝ P(e |n) × Pθ(n)

P(e |n)P(e |n) = sin2 (g ntd)
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Well explained by weak values

[Maffei, Elouard et al., PRA 2023]
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n̄E,ρ = ∫
T

0
|αin |2 + Γaℐ(E, ρ) − ΩaReE⟨ ̂σ−⟩ρdt

Weak value theory

Energy exchanged with the drive 
contains two terms:
1) quantum heat 
2) information impact on initial energy



41

measurement backaction on a cavity

information update 
about photon number

a photon came out 
so energy update

pfin(n) ← p(n + 1 |click)

final state

p(n |click) = p(click |n)
p(click) pini(n)

̂a |ψ⟩
⟨ ̂n⟩|ψ⟩

|ψ⟩ click!
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measurement backaction on a cavity

|k⟩ click!

information update 
about photon number

a photon came out 
so energy update

p(n |click) = nκτ
kκτ

δn,k = δn,k = pini(n)

pfin(n) ← p(n + 1 |click)

|k − 1⟩

final state

p(n |click) = p(click |n)
p(click) pini(n)

pfin(n) = δn,k−1

̂a |ψ⟩
⟨ ̂n⟩|ψ⟩

click!|ψ⟩
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measurement backaction on a cavity

|k⟩ click!

information update 
about photon number

a photon came out 
so energy update

p(n |click) = nκτ
kκτ

δn,k = δn,k = pini(n)

pfin(n) ← p(n + 1 |click)

|k − 1⟩

final state

|α⟩ click!

p(n |click) = p(click |n)
p(click) pini(n)

pfin(n) = δn,k−1

p(n |click) = nκτ
nκτ

nne−n

n! = pini(n − 1)

̂a |ψ⟩
⟨ ̂n⟩|ψ⟩

pfin(n) = pini(n) |α⟩

click!|ψ⟩
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measurement backaction on a cavity

information update 
about photon number energy update final state

|α⟩ click! p(n |click) = nκτ
nκτ

nne−n

n! = pini(n − 1) pfin(n) = pini(n) |α⟩

the qubit readout is a weak measurement of the pulse that drives it!

|ψg⟩

|ψe⟩

g

e
nfin = n

e
− 1

nfin = n
g

+ 0p(n |g) = ?

p(n |e) = ?

quantum heat!



Quantum heat

does it obey a second law?

can it fuel an engine?

[Manzano, Horowitz and Parrondo, PRE 2015] [Alonso, Lutz and Romito, PRL (2016)] 
[Elouard, Auffèves and Clusel, npj QI (2017)] [Naghiloo et al., PRL (2018)] [Manikandan, Elouard, Jordan, PRA (2019)]

yes, fluctuation theorems can be extended with this work and « heat »

yes, repeatedly measuring  on a qubit can provide work on a cycleσX
[Elouard, Herrera-Martí, Huard, Auffèves, PRL (2017)] 

random energy change

= quantum heat

[Elouard, Jordan, PRL (2018)] [Buffoni et al., PRL (2019)] 
[Yi, Talkner, Kim, PRE (2017)] 

[Ding, Yi, Kim, Talkner, PRE (2018)] demonstration?

can it be measured directly and not just inferred?

[Bresque et al., PRL (2021)] 

a. b.

[Ronzani et al., Nature Phys. 2018] [Senior et al., Communication Physics 2020]

[Stevens et al., PRL 2022]

yes, but subtle back action on initial photon number

[Monsel et al., PRL (2020)] [Manikandan et al., PRE (2022)] 



Measurement powered engineMeasurement power engine

⟨nout⟩ = ∫ dt⟨ ̂a†
out ̂aout⟩

⟨nin⟩ = ∫ dt⟨ ̂a†
in ̂ain⟩

[Elouard et al., PRL (2017)]

| + X⟩



Measurement powered engineMeasurement power engine

⟨nout⟩ = ∫ dt⟨ ̂a†
out ̂aout⟩

⟨nin⟩ = ∫ dt⟨ ̂a†
in ̂ain⟩

W = ℏωq (⟨nout⟩ − ⟨nin⟩) = ℏωq
sin(θ)

2θ

[Elouard et al., PRL (2017)]



Measurement powered engineMeasurement power engine

W = ℏωq (⟨nout⟩ − ⟨nin⟩) = ℏωq
sin(θ)

2θ

a. b.

σX
−1 +1

Qm = W
quantum heat

[Elouard et al., PRL (2017)]

p = sin2 θ p = cos2 θ



a. b.

Measurement powered engineMeasurement power engine

W = ℏωq (⟨nout⟩ − ⟨nin⟩) = ℏωq
sin(θ)

2θ

σX
−1 +1

[Elouard et al., PRL (2017)]

p = sin2 θ p = cos2 θ

Qm = W
quantum heat

feedback
free of charge!

[Campagne-Ibarcq et al., PRX (2013)]



Measurement powered engineMeasurement power engine

[Elouard et al., PRL (2017)]



a. b.

Measurement powered engineMeasurement power engine

W
θ

σX
−1 +1

Qm = W
quantum heat

[Elouard et al., PRL (2017)]

feedback
free of charge!



Measurement powered engineDevice

1 mm Γa = 2π × 0.4 kHz

a. b.

fidelity ~99% 
in 280 ns T2 = 30 μs

ωq = 2π × 5 GHz



Measurement powered engineMeasurement sequence

cycle

cycle

average

while

while

AC-Stark shift

tw ≈ 0.7 μs
θ = Ωtw

Pout = 1
tw ∫

tw

0
|aout(τ) |2 dτ

a. b.

σX



Measurement powered engineMeasurement sequence

cycle

cycle

average

while

while

AC-Stark shift

tw
θ = Ωtw

≈ 0.7 μs

Pout = 1
tw ∫

tw

0
|aout(τ) |2 dτ

Pin = 1
tw ∫

tw

0
|ain(τ) |2 dτ



Measurement powered engineMeasurement sequence

cycle

cycle

average

while

while

AC-Stark shift

tw
θ = Ωtw

initialization in | + X⟩ ≈ 0.7 μs



Measurement powered engineMeasurement sequence

cycle

cycle

average

while

while

AC-Stark shift

tw
θ = Ωtw

initialization in | + X⟩ ≈ 0.7 μs

·W = Pout − Pin



Dynamics of the qubit
57

Ω/2π = 14.2 kHz

feedback OFF

Tomography of the qubit as a function of time
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feedback ON

Dynamics of the qubit
Ω/2π = 14.2 kHz

Tomography of the qubit as a function of time

feedback OFF
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feedback ON

Dynamics of the qubit
Ω/2π = 14.2 kHz

Tomography of the qubit as a function of time

feedback OFF

Pout − Pin
ℏωqΩ

⟨σx⟩
2

 + Direct measurement of the work power



Measurement powered engineMeasurement powered engine at work

Ω/2π = 3.4 kHz

·W
ℏωqΩ

·W = Pout − Pin

feedback OFF

Ω/2π = 20.1 kHz

cycles

T1 = 25 μs
T2 = 30 μs

tw = 4 μs



Measurement powered engineMeasurement powered engine at work

·W
ℏωqΩ

·W = Pout − Pin

feedback ON

feedback OFF

cycles

T1 = 25 μs
T2 = 30 μs

tw = 4 μs
Ω/2π = 3.4 kHz
Ω/2π = 20.1 kHz



Dependence on rotation angle
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·W
ℏωqΩ

·W
ℏωqΩ

= 1
2tw ∫

tw

0
cos(Ωt)e−Γ2tdtideally, θ = twΩ

tw



Dependence on rotation angle
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·W
ℏωqΩ

= 1
2tw ∫

tw

0
cos(Ωt)e−Γ2tdtideally, θ = twΩ

deviations to ideality might

come from about 150 kHz

qubit frequency jumps

·W
ℏωqΩ

tw



Energetics of a single qubit gate
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excitation on average

Post-selected energy transfer contains both 
quantum heat and measurement backaction 
of the qubit measurement on the drive pulse

measurement powered engine works        

[Stevens et al., PRL 2022]

work directly measured not inferred

Pout − Pin
ℏωqΩ

⟨σx⟩
2

[Mafei et al., PRA 2023]
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