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coherences are a source of work
(or heat, depending on how they are used)

Ilpj Quantum Information

ARTICLE PEI

The role of quantum measurement in stochastic

thermodynamics

Cyril Elouard', David A. Herrera-Marti', Maxime Clusel? and Alexia Aufféves'

This article sets up a new formalism to investigate stochastic thermodynamics in the quantum regime, where stochasticity and
irreversibility primarily come from quantum measurement. In the absence of any bath, we define a purely quantum component to
heat exchange, that corresponds to energy fluctuations caused by quantum measurement. Energetic and entropic signatures of
measurement-induced irreversibility are then explored for canonical experiments of quantum optics, and the energetic cost of
counter-acting decoherence is studied on a simple state-stabilizing protocol. By placing quantum measurement in a central
position, our formalism contributes to bridge a gap between experimental quantum optics and quantum thermodynamics, and
opens new paths to characterize the energetic features of quantum processing.

npj Quantum Information (2017)3:9; doi:10.1038/s41534-017-0008-4

Coherence and measurement in
quantum thermodynamics

P. Kammerlander! & J. Anders?

Thermodynamics is a highly successful macroscopic theory widely used across the natural sciences
and for the construction of everyday devices, from car engines to solar cells. With thermodynamics
predating quantum theory, research now aims to uncover the thermodynamic laws that govern
finite size systems which may in addition host quantum effects. Recent theoretical breakthroughs
include the characterisation of the efficiency of quantum thermal engines, the extension of classical

(W) = kgT [ S(ny) — S(p)] >0
for initial states
with coherences 7

10) o)

www.nature.com/npjqi 5 gy
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Equivalence of Quantum Heat Machines, and Quantum-Thermodynamic Signatures

Raam Uzdin,” Amikam Levy, and Ronnie Kosloff

Fritz Haber Research Center for Molecular Dynamics,

Experimental Demonstration of Quantum Effects
in the Operation of Microscopic Heat Engines
James Klatzow, Jonas N. Becker, Patrick M. Ledingham, Christian Weinzetl,
Krzysztof T. Kaczmarek, Dylan J. Saunders, Joshua Nunn, lan A. Walmsley, Raam '
Uzdin, and Eilon Poem § 100
Phys. Rev. Lett. 122, 110601 — Published 20 March 2019
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1Ty = |ay =172y ——|n)

1) =0 V/n!
;; with  |a| > 1
1) sothat (0|a) = e~lal’2 4
10) 0)
von Neumann entropy 4 P
SC-) = —tr[- log, - ]
_ (0] (1] (N|
(0] (1] |0/ @ ® o o o S(T) < S(,O)
10y [ ® @ iy © © ° o o
S@H<1 o o o o o S(p) < logy(N + 1)
) ° 0 ® 6 o o o
® 6 o o o

IN)

Janet Anders janet@qipc.org



23

Umver51ty
@Ill@

895 of Exeter” -

Outline

« Physical encoding and noise
 Example: Maxwell demon data
 Formalising the noise

* Problem statement

 Recovery map

 Minimising entropy

 Example: Random samples entropy
 Reading the demon’s mind

e Summary

Janet Anders janet@qipc.org



24

. University - ** 5"
Example ) of Breter’ -, s

Quantum Maxwell demon experiment

Observing a quantum Maxwell demon at work

Nathanaél Cottet®’, Sébastien Jezouin®', Landry Bretheau?, Philippe Campagne-lbarcq?, Quentin Ficheux®,
Janet Anders®, Alexia Aufféves®, Rémi Azouit®®, Pierre Rouchon®®, and Benjamin Huard®"?

®Laboratoire Pierre Aigrain, Ecole Normale Supérieure, PSL Research University, CNRS, Université Pierre et Marie Curie, Sorbonne Universités, Université
Paris Diderot, Sorbonne Paris-Cité, 75231 Paris Cedex 05, France; “Physics and Astronomy, College of Engineering, Mathematics, and Physical Sciences
University of Exeter, Exeter EX4 4QL, United Kingdom; “Institut Néel, UPR2940 CNRS and Université Grenoble Alpes, 38042 Grenoble, France; “Centre
Automatique et Systémes, Mines ParisTech, PSL Research University, 75272 Paris Cedex 6, France; *Quantic Team, INRIA Paris, 75012 Paris, France;

and ‘Laboratoire de Physique, Ecole Normale Supérieure de Lyon, 69364 Lyon Cedex 7, France

Edited by Steven M. Girvin, Yale University, New Haven, CT, and approved June 5, 2017 (received for review March 23, 2017)
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H,. ~ hw, a' a

large physical space:
photon number basis

+ superconducting transmon qubit=q=3S
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Cottet, ..., Huard, PNAS (2017) qubit encoded in large space
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Noise
Assume:
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with  |a| > 1
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Formalising the noise

Experimental state arises from noise acting on initial qubit state:

ZKkTKT

\/ set of (N+1)x2-dimensional Krausoperators

|N) noise acts on separate subspaces # 4, and # 5,

Ky
with projectors T4 = |0)(0| and II® = 1y, — T4
) ° .
3) K = Z II* K, II"  (subspace-confined leakage)
X=A,B
2) ;
B 1) ZK}; I* K, = I for X = A, B (completeness).
10) 0) k=1

Janet Anders janet@qipc.org
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To summarise, we seek 7’s recovered qubit state o,
that fulfils the following conditions:

Cl. opin Is a d@sitz matrix in the qubit space,
spanned by {[0), 1)}, . .
C2. opin is constructed using the  C3. o, has 7's subspace probabilities tr{omi, IT | =

Kraus operators act on separa px = tr[pIIX] for X = A, B,
B, see Eq. @[) but without re.  C4. op,;n has the smallest possible entropy that is con-
set {Kx}, ! sistent with S(7) < S(omin),

C5. omin is obtained from the noisy state p without
knowledge of the initial state 7.

N)

| 1)
condition C4: §(7) < S(6,,i,)

0) CEZEL)

we also expect: S(0,.:.) < S(p)

Janet Anders  janet@gipc.org
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To reduce dimension, need projection

e candidate qubit matrix

M pM =0y

any (N+1)x2-dimensional matrix

note: coefficients of M
may depend on p (nonlinear map)

https://www.technia.us/blog/3rd-angle-projection/

Expand in qubit basis
MT = e M [0)(0] + g7 1) (¥n|

j & can only map to one, arbitrary

can only map to (0| direction (y;, | in subspace 5

with weight g3, = \/ <¢MI|):|¢M> so that (T | 6M|T> = PB
Obtain qubit state
—A —B o
on — pall +ppll + epr [0)(1] + h.c.
with coherence ¢y = <¢MZ|);3|¢M>6_i“°M (Olplm)

vanc. nnders  janet@qipc.org
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Minimising entropy

Have qubit state

—A —B —
on — pall +ppll + cpr [0){(1| + h.c.

with coherence cps \/<¢M|P|¢ > e~ M (0| p|ar)
Entropy
S(oy) = — A1 logy Ay — 4,108, 4,
where eigenvalues are A, + 4, = 1 / svifif:zz sgnlng;irelnl;;k

A Ay =DpspPp— |CM|2

I Find candidate state with minimum entropy

Omin = argmin(S(oyy))

—A — o
= pall +pBHB + |emin| [0)(1] + h.c..

https://www.technia.us/blog/3rd-angle-projection/

Janet Anders janet@qipc.org
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Minimising entropy

%m
Answer B _ Byrt
where Pdiag = Udiag P Udiag'.
-~ (1) (xIn) with p = 1 11° /pp
|Cm1n| |'r| ; n|pd1ag|n> is the diagonal, trace one, density matrix in %B

1
and IX) - m Udiag TBA |O>

with 784 = II8pII4
and |r|? = tr[p ITBpT14]

is a normalised state in #p

Janet Anders janet@qipc.org
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Problem statement

To summarise, we seek 7’s recovered qubit state o,
that fulfils the following conditions:

Cl. omin is a density matrix in the qubit space, M f P M = oM
spanned by {|0), IT)},‘/

C2. opin is constructed using the knowledge that the
Kraus operators act on separate subspaces A and
B, see Eq. 9) but without reference to a specific
set {Kx}, -

C3. Omin has 7's subspace probabilities tr[omin HX] =
px = tr[pIl¥X] for X = A, B,/

C4. onin has the smallest possible entropy that is con-
sistent with S(7) < S(omin), 7

C5. opmin is obtained from the noisy state p without

knowledge of the initial state 7.

condition C4: §(7) < S(Gmin) ?

) S < S(p).

we also expect: §(0,:.) < S(p) ?

Janet Anders  janet@gipc.org
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Example: Random samples

generate L = 500 random initial qubit states 7

of Exeter

ri® University -~ 2
3 g

generate L random sets of subspace-confining Krausoperators { K, ,’z ?

construct L noisy states p = )’ K; r K/
k

apply recovery method to each p to obtain L recovered qubit states 6,

O entropy [log;]

- 74

s condition C4: S(T) < S(Gmin)

: S(z) < S(p)
74

00 02 04 06 08 10 12 14 wealsoexpect: S(0;,) < S(p)
entropy difference

Janet Anders janet@qipc.org
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Example: Random samples

generate L = 500 random initial qubit states 7

NErg,
(\3 ’9,

=18 University -
of Exeter «: !E"!

m

generate L random sets of subspace-confining Krausoperators { K, };— P 1

construct L noisy states p = )’ K; r K/

apply recovery method to each p to obtain L recovered qubit states 6,

—_—
(@)
SN

counts (a.u.)

IP((Tmin)

entropy [log;]

counts(a.u.)

(‘n‘e) sJunod

counts (a.u.)

00 02 04 06 08 10 12 14 06 0.7 0.8 0.9 1.0
entropy difference fidelity

Janet Anders  janet@gipc.org
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Reading the demon's mind '\

Tomography of the demon (cavity) state p

N
iS/) = 1.0k ()'(J.".n Sp = 0.07x 0. (‘h

expected:

| ) §=0
expected:
0+l ¢

\/5

Cottet, ..., Huard, PNAS (2017)

m

10 \ |o:4
0

[{sp=11+015 (Sp =1.290.1

0 5 n 10 150 5 n 10 15
' (m|pp|n) "

converting to entropy to base-2

‘\\\ Erslz

% University - N
: .g 1!»

59/

- ; of Exeter

O:i;n

expected:

0y S=0

expected:

] ]
5|0><0|+5|0{><“|

S=log,2 =1

Janet Anders janet@qipc.org
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Reading the demon’s mind  §

Tomography of the demon (cavity) state p

expected:
| ) §=0
actual, noisy:

S, = S(p) = 1.34

N
1,5',_-, — 1.();:().()."..5,) — 0.07 tn(‘h

({sp = 11015 [Sp =1.24 0.1
expected:

0+l ¢ 10
NG m

actual, noisy:

Sy, = S(p) = 1.50

0 5 n 10 150 5 n 10 15
| (m|pp|n) "

Cottet, ..., Huard, PNAS (2017)

converting to entropy to base-2

‘\\\E’r&l,

% University - N
: .g 1!»

s, S of Exeter

O:i;n

expected:

10) S=0
actual, noisy:

S, = S(p) = 0.08
expected:

1001+ a)al
S=log,2 =1

actual, noisy:

S, =S(p) = 1.73

Janet Anders janet@qipc.org
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Reading the demon’s mind

Tomography of the demon (cavity) state p

actual, noisy:

S, = S(p) = 1.34 10

actual, noisy:
S, = S(p) = 1.50 0 5 10 150 5 10 15

0.00 025 050 075 1.00
[ {nlpp [m) |

entropy to base-2

fra1s University - 2
F5 of Exeter -z @ﬁj
n

0

. Yo
@,
.

actual, noisy:

S, = S(p) = 0.08

actual, noisy:

S, =S(p) = 1.73

Janet Anders janet@qipc.org
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Reading the demon’s mind
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Tomography of the demon (cavity) state p

actual, noisy: actual, noisy:

— — 10 — —
S, = S(p) =1.34 l] - ] S, = S(p) = 0.08
) = 0.00 (Omin) = 0.00 (Tmin) = 0.00 S(o mm) = 0.00

( 1’1’111’1

15
0
5
10
Sp = 1.50
actual, noisy: - S(Omin) = 0.00 S(Omin) = 0.98 actual, noisy:
S, =S(p) =1.50 0 5 10 150 5 10 15 S, =8(p)=1.73
5(Omin) = 0.00 0.00 025 050 0.75 1.00 (0] (1] 5(Omin) = 0.98
[(nl pp [m) | 0) (@ o
entropy tO base'2 |T> ¢ < Janet Anders janet@qipc.org
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Published in partnership
with: Deutsche Physikalische
Gesellschaft and the Institute
of Physics

New Journal of Physics @~ - Pore

10P Institute of Physics

The open access journal at the forefront of physics

FASTTRACK COMMUNICATION

Time-reversal symmetric work distributions for closed quantum
dynamics in the histories framework

Harry Miller

Harry ] D Miller and Janet Anders Exeter -> Manchester
CEMPS, Physics and Astronomy, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom

HJD Miller, J Anders,
New J. Phys. 19, 062001 (2017)

Einstein’s enquiry to Bohr if ‘the Moon does
not exist if nobody 1s looking at it” questions
the indeterminate nature of a quantum state
when it 1S not measured [1].

Janet Anders janet@qipc.org
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Published in partnership
with: Deutsche Physikalische
Gesellschaft and the Institute
of Physics

New Journal of Physics et Pors

10P Institute of Physics

The open access journal at the forefront of physics

FASTTRACK COMMUNICATION

Time_r varcal cummatrie winrle dictribiitinne far cloacad nniantiim :
Table 1. Comparison between the work quasx-probabzl:ty distributions p(w) glven inequation (17) and pMH (w) given in equation (40) and
dyna Ml the work probability distributions p'P™ (w) given in equation (7) and p(w) given in equation (29).

Harry] DM (1) (1) (i) operator  (iv)steps (V) energy conservation (vi) time-reversal symmetric (vii) JE satisfied
CEMPS, Physi
p**(w) + H 2 Vp,[Hu(r), HO0)] =0 Vp,[Hy (1), H0)] =0 VH(t)
or VHu (1), [p, H0)] =0  or VHu(7),[p, H(0)] =0
p(w) — X K — o0 YV p, VH(t) Vp, VH(t) [Hy(T), HO0)] =0
p(w) + X 1 V p, Hy (1) = H (1) Tr [Ciey [Ci Cl1pl =0, Vw  Hy(r) = H(7)
pMH(w) — H 2 YV p, VH(t) Vp, VH(t) VH(t)

Note. The columns refer to: (i) symbol of work distribution, (ii) work distribution is positive in general (+) or can be negative for some
states and evolutions (—), (iii) operator used to establish the work distribution: power operator X or Hamiltonian H, (iv) number of
points in time considered in the construction of the work distribution for At—0. Columns (v), (vi) and (vii) list conditions under which
the work distributions satisfy energy conservation in the limit At—0, time-reversal symmetry, and the Jarzynski equality (JE) assuming
an initial thecrmal statc and the limit At—0. All four work distributions become cqual in the classical limit where p, Hy; (0) and Hy ( 7)
commute.

Fluctuating work performed on an undisturbed
guantum system is described by a quasi-probability
distribution rather than a probability distribution.

Janet Anders janet@qipc.org
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, '1' 3 "f. £

dynamical steady state

(1) Pss
_p MA A~
o |V t

equilibration
Gibbs state
Tme%% |
James (Jim) Anton Marco Merkli
Cresser Trushechkin

[2] Trushechkin, Merkli, Cresser, Anders, AVS Quantum Sci. 4, 012301 (2022) Janet Anders  janet@aipo.or
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Steady state

bath with inverse
temperature [

p(1)

dynamical steady state

system with 0
Hamiltonian Hy

equilibration

Gibbs state
T X e‘ﬁHS

[2] Trushechkin, Merkli, Cresser, Anders, AVS Quantum Sci. 4, 012301 (2022)

Pss
/\/\/\/\/\f
Vv /

Janet Anders

janet@qipc.org



123 WOWErs,,
=% University -~ &
&P of Exeter’ -3 E@E

. o:-f}n

Steady state

bath with inverse
temperature [

dynamical steady state

p(l‘) Pss
system-bath /\ /\/\ yadn
. >
system with coupling 4 0 Vv {
Hamiltonian Hy
H,, =Hg+ Hg+ AV,
equilibration
mean force Gibbs state (MFGS) forA — 0
Ty p X trg[e =] ~ trgle s e P o e7PHs

[2] Trushechkin, Merkli, Cresser, Anders, AVS Quantum Sci. 4, 012301 (2022) Janet Anders  ianet@aine.or
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Steady state

bath with inverse
temperature [

dynamical steady state

,0( t) Pss
system-bath /\\/\V/\V/\/\t
[

coupling A 0

system with
Hamiltonian Hy

H,,, = Hg+ Hg + A Vins

equilibration

mean force Gibbs state (MFGS)

Tyr X trB[e_ﬁHtot] can one give the MFGS in terms of

system operators alone?

and is it the steady state?

[2] Trushechkin, Merkli, Cresser, Anders, AVS Quantum Sci. 4, 012301 (2022) Janet Anders  ianet@aine.or
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Coupling regimes

ultraweak weak couplin

=t University - ©

most master

Coupling regime

intermediate coupling ultrastrong
coupling  (2nd order in J) coupling
NS — N
. , >
AN 2
Gibbs state strong coupling system-bath
statistical physics thermodynamics coupling
A—=0

Field of study

-~

\

general analyt. expression
for quantum mean force state

J

[1] Cresser, Anders, PRL 127, 250601 (2021)

[2] Trushechkin, Merkli, Cresser, Anders, AVS Quantum Sci. 4, 012301 (2022)

equations

1
— 50
A

' of Exeter” -z !ﬁ!

H,, = Hg+ Hp + A Vint

Janet Anders

janet@qipc.org
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1% University -
5 of Exeter” -z
o By
_ﬁ<H§ + [ do w (bj)bw + %) + 1 X ® [ dw/I@) (b, + bj))
general bosonic coupling: system operator X
i system bath to bath osci positions |
corrections to second order in A
(2) _
TMF =7 g
standard
Gibbs state
[1] Cresser, Anders, PRL 127, 250601 (2021)

Janet Anders janet@qipc.org
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Weak coupling Iimit ‘4 <1)

‘\\\trslf

% University -~ 2"
: 'g Cw’

¢ of Exeter

0:5‘1'

_ﬁ<H§ + [ do w <bj)bw + %) + 1 X ® [ dw/I@) (b, + bj))
¢ f

general bosonic coupling: system operator X
system bath to bath osci positions

corrections to second order in A

1 = 7o 4 ,1252 7 (XX — trg |z nX,,ﬂ) D j(@,)
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Coupling regimes
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eigenstates of Xg: X¢|x,) = x,|x,)

projectors: P, = | x,)(x, |

conjectured
steady state:

?
Pss = ZPnTSPn
n

Goyal, Kawai, Phys. Rev. Res. 1, 033018 (2019)
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general bosonic coupling: system operator X
system bath to bath osci positions

eigenstates of Xg: X¢|x,) = x,|x,)

projectors: P, = | x,)(x, |

quantum conjectured
ultrastrong MF state steady state:

TMF =

?
;é pSSZZPnTSPn
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Goyal, Kawai, Phys. Rev. Res. 1, 033018 (2019)
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guantum

ultrastrong MF state

— P H.P Trushechkin, arXiv:2109.01888 (2021)
e ﬁzn n*tS*tn
T — Now proven to be the steady state of an
MF trle —p zn P, Hg Pn] ultrastrong coupling master equation
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Outline

« Physical encoding and noise
 Example: Maxwell demon data
 Formalising the noise

* Problem statement

 Recovery map

 Minimising entropy

 Example: Random samples entropy
 Reading the demon’s mind

e Summary
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Formalised common problem in quantum experiments
and technology: noise is always there, Ki=Y XK, IT° (subspace-confined leakage)
but often has subspace structure. X=A,B

Solved recovery problem.

Have provided a formula of how to compute the
|coherence| for the absolute best guess qubit state

0..;n cOmpatible with a given noisy state p.

T pa Y pPA Omin

Provided numerical illustration of
recovery method on random samples.

counts (a.u.)

Proof of two entropy bounds.

00 02 04 06 08 1.0 12 14
entropy difference

Uncovered “buried” experimental
ﬁ Maxwell demon qubit states.
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our paper will be on arxiv this March - talk to me for more information
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