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Where in the world is St. Louis?

Experimental research with superconducting qubits. 
Quantum Measurement: Zeno effects, quantum trajectories 
State smoothing and post-selection: weak values, retrodiction, 
optimal routes 
Metrology: frequency metrology, Axion dark matter search 
Quantum Thermodynamics: heat, work, entropy, heat engines 



Thermodynamics…  
             toward the quantum regime 

How do we get fire to do work?

Quantities such as heat and 
work for macroscopic systems

High T Low T, Bosons Low T, Fermions



Thermodynamics…  
             toward the quantum regime 

How do we get fire to do work?

Quantities such as heat and 
work for macroscopic systems

Thermodynamics for a single 
quantum system  

ψ = αψ1+ βψ2

Quantify heat and work



Classical Thermodynamics

Ui

insulation

Work is defined as change in energy of an isolated system

W = ΔU

Uf

Non-isolated systems: heat is the difference

Ui Q = ΔU - W

Thermal isolation is important for 
distinguishing heat form work



At the quantum level…
Systems need not occupy definite states.

-Distribution of total energy change from 
transition probabilities

prepare evolve measure
n=0

n=1

m=0

m=1

Time 0 𝝉

-Verification of fluctuation theorems for closed systems.
Batalhão PRL 2014, An Nature Phys. 2015



Heat or Work?
Open system: cannot in general separate heat from work

(Work is not an observable) Talkner PRE 2007

Except when the environment can be monitored 

Environment

Monitor 
environment

-Environment is weakly 
entangled with qubit. 

-Measurement of environment 
conveys information and 
induces back action on qubit.  
(Not necessarily projection into 
eigenstates)



Quantum trajectories

Environment Monitor 
environment

Drive

-Quantum fluctuations of environment  
      → stochastic evolution + unitary evolution from drive

Quantum trajectory of state 𝝆(t), even for a single experimental 
protocol.

𝝆i

𝝆f

Decompose trajectory into unitary 
and non-unitary components 

Alonso PRL 2016
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Theory

Alonso PRL 2016

Both stochastic and unitary parts

only stochastic part contributes

Work is associated with change in Hamiltonian, heat is 
associated with stochastic changes in state.



• Experimentally determine        and        along single 
quantum trajectories from stochastic and unitary 
components of 𝝆(t).

Goals for this research

• Verify the 1st law. 

• Quantum feedback loop eliminate heat by 
applying additional work.    

• Verify Jarzynski equality from transition probabilities.

~



The experimental system

Atom

Cavity

Transmon qubit resonantly coupled to a waveguide cavity

ECEJ

EJ>>EC

Koch PRB 2007, Paik PRL 2011 
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The experimental system

Atom

Cavity

Transmon qubit resonantly coupled to a waveguide cavity

 Murch Nature 2013

LO

hω0

Fluorescence

Homodyne detector
ω/2π = 6.541 GHz 
T1 = 590 ns

“One dimensional” atom 



The experimental system

Atom

Cavity

Transmon qubit resonantly coupled to a waveguide cavity

 Murch Nature 2013

LO

hω0

Fluorescence

Homodyne detector

 Homodyne detector: Josephson parametric amplifier

JILA, Berkeley, Yale, 
Saclay, WU, MIT…

P
um

p 
P

ow
er

Frequency

paramp

bistable

When Pump freq. = 
signal freq. 
we get “phase sensitive 
amplification”, 
(squeezing).   

Ideal, noiseless 
homodyne detection



Phase sensitive amplification

 Naghiloo Nat. Com. 2013

Input

Quadrature space  
of the electromagnetic 
field

x1

x2 Output

x1

x2 Measure an arbitrary 
field quadrature.

Atom

Cavity



Homodyne measurement of fluorescence

Interaction Hamiltonian:
couples an arbitrary field quadrature,
to the emitter dipole, . If we set
then the homodyne signal is proportional to 

All told, our signal is:

proporal to ⟨σx⟩ + zero mean white noise

Environment Monitor 
environment



A SIMPLE EXPERIMENT TO CHECK:

Average homodyne
signal dV

Ry
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t=0 t=dt
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(the signal is dominated by noise)

“Weak measurement”
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STOCHASTIC MASTER EQUATION
Open up a textbook….

“dissipation” and “jump” superoperators

Stochastic differential equations:
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M. Naghiloo, …, KM, Nat. Comm. 2016, P. Campagne-Ibarcq et al PRX 2016



Resonance fluorescence

Environment Monitor 
environment

Drive

Time dependent Hamiltonian

Stochastic master equation:

 Naghiloo arXiv 2016



Heat and work

Heat and work 
along a single 
quantum trajectory E

ne
rg

y 
(h
ω

q)
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First Law of Thermodynamics
First law of thermodynamics:

E
ne

rg
y 

(h
ω

q)
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Time (μs) 

Instantaneous heat and work 
along a single quantum trajectory.

E
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Integrated over time.

n=0 m=0

m=1

prepare measure

Condition on ΔU~
evolve



First Law of Thermodynamics
First law of thermodynamics:
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Instantaneous heat and work 
along a single quantum trajectory.

E
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Integrated over time.

hωqΔU

Matches the energy changes 
of obtained from transition 
probabilities.



Second Law of Thermodynamics

Jarzynski PRL 1997

Jarzynski equality: 

F = U-TS (Ability of a system to do work)

in general:     ΔF≤W   (equality for quasi-static)

i

f
ΔF?dW dW

dW

Irreversible work along an 
ensemble of trajectories

Closed system: dQ=0

Infer work distribution 
from total energy change

Batalhão PRL 2014, An Nature Phys. 2015,



Quantum feedback to isolate qubit
Goal: determine work distribution from projective energy 
measurements (transition probability).
Use quantum feedback loop to cancel heat contributions 
to the transition probability.

Alonso PRL 2016

Heat

Drive
Detector

Work

Feedback Work

Feedback



x

z

Quantum feedback loop

Bloch sphere representation of qubit state

x

z A

θ
R

B

Break evolution into infinitesimal steps

-unitary evolution due to the 
drive (work)

-stochastic evolution due to 
heat

-Inefficient detection: 
average over stochastic 
evolution

θ
Q

-Apply addition unitary rotation to maintain original phase



Quantum phase locked loop

Heat

Feedback Work

Drive
Detector

Feedback

Work
to digitizer

I

QAmplification

chain

Input Output

Detector ωq

dV
t

to digitizer

Input z=xy
zx

y

Feedback

Ωf

ΩR

Output

Drive

ωq
Input

Vijay, Nature 2012, Campagne-Ibarcq PRL 2016 



Quantum phase locked loop
State update in Bloch components

Cancel these terms
With unitary rotations:

Focus on z component small for weak measurement

to digitizer

Input z=xy
zx

y

Feedback

Ωf

ΩR

dVt



Isolating the qubit with quantum feedback

-0.1

0.0

0.1

0.2

86420
Time (μs)

 δQ  δWF
~~

E
ne

rg
y 

(h
ω

q)

-0.1

0

0.1

δQ

-0.1 0.0 0.1
δWF
~

~
(h
ω
q)

(hωq)

r=-0.68

0.02

0.01

0.00

-0.01
86420

Time (μs)

δP0,0δP

F

 δP0,0
Q

 δP0,0
F+Q0,

0

-Additional work at each time point to 
compensate for the exchanged heat

-Quantum efficiency (η = 0.3) means the 
compensation is not perfect.



Persistent Rabi oscillations
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P
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No feedback

Ensemble transition probabilities:

Closed system

Feedback

With feedback, transition probabilities oscillate as with 
closed system, lower contrast.

Vijay, Nature 2012



Jarzynski Equality

n=0 m=0

m=1

prepare measureevolve

P00

P10

n=1

m=0

m=1

prepare measureevolve

P01

P11

Time 0 𝝉

(P1=3%)



Jarzynski Equality
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Initial and final Hamiltonians are the same so expect ΔF=0

Feedback reduces deviations by factor of 2

Residual deviation is due to finite quantum efficiency



Summary so far
E
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Identify heat and work along single quantum 
trajectories.

P
0,

0

P0,0+ P0,0

1.00.50.0
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0.5
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~ ~W Q

Verify that the sum of the integrated heat and 
work along single quantum trajectories is 

equal to the total energy change

Heat

Feedback Work

Drive

Work

Quantum feedback loop to compensate for 
heat with additional work.
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Jarzynski equality based on 
projective energy measurements.



Thermodynamics from the statistical 
mechanics angle.
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Path Probability
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A most likely path?

Borrow some ideas from 
Feynman: 

Classical mechanics: 
principle of least action 

Stochastic trajectories: 
extremize the stochastic action 
(maximize the path probability)

S. Weber et al.  Nature (2014), A. Chantasri, PRA 88, 042110 (2013)   
M. Naghiloo et al. arXiv 2016: “Quantum caustics in resonance fluorescence 
trajectories”  



Path Probability is related to entropy.

SYS
Environment

ΔSSYS  ∼ ln(Pfinal/Pinitial)
ΔSenv?
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Seifert: look at the path probability!
ΔSenv ∼ ln(Pforward/Pbackwards)

⟨e-ΔStot⟩ = 1
Fluctuation theorem:

J. Dressel (2016) Seifert PRL 2005

Are measurement 
dynamics 
reversible? 
Arrow of time?



Are quantum measurements reversible?

Coherent cavity probe

qubit-state-dependent  
phase shift on the cavity probe

Projective measurements: No 
Weak measurements: Yes

qubit
cavity

Example: dispersive σz measurement.



State Tracking: intuitive example

Prepare:

X

Z



Janus sequences

A.Jordan, A. Chantasri, KWM, J. Dressel, A. Korotkov (2017)



zi = 0

zi = 0.87

ForwardReverse

Statistical arrow of time in quantum measurement



The Arrow-of-time Ratio
zi = 0

zi = 0.87

seemingly “backwards in time”



What’s next?

Current case is completely classical: Probability 
depends only on populations.

•Include a Rabi drive: populations ⇄ coherences
•Different measurement operator (σ-)

Fluctuation theorem, entropy ⇄ heat, temperature
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