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As a physicist working on quantum information theory...

 What | usually talk about in a conference

} .E] | L

Repeat = l \T times

Quantum entanglement, Two bits »  Quantum computing, algorithm, complexity
(Bell nonlocality)

16) Eéﬁ’;air
Quantum teleportation
(communication)

 Butl also do care about thermodynamics/non-equilibrium physics
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As a physicist working on quantum information theory...

 Butl also do care about thermodynamics/non-equilibrium physics

Why?

- Extending thermodynamics laws
(e.g., von Neumann “entropy”)

S(p) = —Tr[plogp]

- Understand the role of quantum resources
\ (coherence/entanglement)

/For a better understanding of our nature \

J

We can learn from each other

Quantum noise & non-equilibrium dynamics

- Many interesting talks throughout this conference
- TUR (Thermodynamic uncertainty relation)

- Speed limit

Quantum: Mandelshtam & Tamm (1945), Margolus—Levitin (1998)]
Classical stochastic process: N. Shiraishi, K. Funo, K. Saito, PRL 121, 070601 (2018)
- We can actually work together! [J. Lee, S. Lee, HK, H. Park, PRL 129, 120603 (2022)]
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Quantum information theory and thermodynamics

Information

o9

’%-s"--"'s, N
S iy

YTYYYY.

Thermodynamics process (e.g., heat engine)

. . Landauer's principle
+ Information processing P P

Universal physical law? “The second law of thermodynamics”™
(Macroscopic irreversibility)
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Quantum vs. classical thermodynamics

Heat bath

T (temperature) 0 (heat)

System

S(entropy), E(energy)
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Quantum vs. classical thermodynamics

Environment

Quantum system

Open quantum dynamics (quantum channel):
* A quantum system interacts with external environment
* The dynamics is no more unitary (thus, in general irreversible dynamics)
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Quantum vs. classical thermodynamics

Environment

Quantum system

1. How to define thermodynamic quantities (entropy production & heat)?
2. How to deal with superposition (coherence) during the process?

3. What is a time-reversal process?
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Quantum vs. classical thermodynamics

Environment

Quantum system

1. How to define thermodynamic quantities (entropy production & heat)?
2. How to deal with superposition (coherence) during the process?

3. What is a time-reversal process?

Recent developments (entirely from quantum information perspectives)
M. D. Vidrighin, O. Dahlsten, M. Barbieri, M. S. Kim, V. Vedral, and I. A. Walmsley, PRL 116, 050401 (2016).
J. Aberg, PRX 8, 011019 (2018).
G. Manzano, J. M. Horowitz, and J. M. R. Parrondo, PRX 8, 031037 (2018).
Z. Holmes, S. Weidt, D. Jennings, J. Anders, and F. Mintert, Quantum 3, 124 (2019).
HK and M. Kim, PRX 9, 031029 (2019).
K. Micadei, G. T. Landi, and E. Lutz, PRL 124, 090602 (2020).
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In this talk...

 Main question:
Can we find a fundamental difference between quantum & classical thermodynamic principles?

« Checklist

Fundamental thermodynamic principle?

A simple classical/quantum process?

What makes the difference?

What is the correction?

Classical limit?

How to test it?
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What makes the difference?
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Microscopic reversibility vs. Macroscopic irreversibility

« Consider a (classical) point particle
4

d?x _ F _ .
/ —z = - (Equation of motion)

Zr = (X(0), p(0))

Z@t) = (@), B(®))

One cannot distinguish the reverse trajectory (t - —t) & (x,p) = (x, —p)
from the forward trajectory

z; = (x(0),p(0 . : " thili
% = (2(0),5(0) Time-reversal symmetry (microscopic reversibility)

 However, for a macroscopic object

»
¢

B

Arrow of time (Macroscopic irreversibility)
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Microscopic reversibility (classical)

Heat bath Zr = ((1), (1))

T (temperature)

Q (heat) Z(t) = (X(t),p(t))
Work !
) 4 0 l
AS = — => W = AF
System r )

Free energy

S(entropy), E(energy) Z; = (¥(0),5(0))

 Thermodynamic identity (classical): P_>(2f|zl-) ~B0Q
= e

>k >k
P“(Zi |Zf) Z* = (x,—p): time-reversed coordinate
(Microscopic reversibility condition, or detailed balance)

[S. R. de Groot and P. Mazur, Non-equilibrium Thermodynamics, (North-Holland, Amsterdam, 1962).]
[R. C. Tolman, Phys. Rev. 23, 693 (1924); R. C. Tolman, The Principles of Statistical Mechanics, (Oxford University Press, London, 1938)]

NSPCS2024 @KIAS 2024. 07. 25.




Microscopic reversibility (classical)

possible but happens with
extremely low probability

[G. E. Crooks, PRE 60, 2721 (1999)]

Heat bath Zp = (2(0), (1))
T (temperature) 0 (heat)
Work
AS = - > W > AF
System r f
y Free energy .
S(entropy), E(energy) 7 = (%(0),5(®) )
P(W), A A e [B, Ay [B, e
: : o o % o\
o e ol * » . '. Fluctuation theorems
I I « o [C. Jarzynski, PRL 78, 2690 (1997)]
| E Reverse process is (e—BW) — e BAF
A |
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Quantum microscopic reversibility condition?
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Microscopic reversibility (quantum)

|P(7))
Heat bath

(—i) % |W(t)) = H|W¥(t)): The Schrodinger equation

The Schrodinger equation is also time-symmetric
t - —t &|¥) - |¥)

Let’s consider a very simple system =» a simple harmonic oscillator
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Classical harmonic oscillator

—V

| ! 2
1 1 1
MWW HGem =24 gmae

4D
Heat bath
(X0, Do)
[Without thermalization]
(or at zero temperature)
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Classical harmonic oscillator

—V

1 1 2
1 1 1
MWW HGem =24 gmae

p
Heat bath
(X0, Po)
&(t): White noise Random\process
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Classical harmonic oscillator

4D

Heat bath

[in equilibrium]
(after a long time)

&(t): White noise

— V¥V X

| ! 2
| P T om T2 P(x,p)  e~BHGD)

Probability density
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Quantum harmonic oscillator

Heat bath
A
— V¥V —
_\/\/\f\/\/i— g = h_w(,gz + p2) Gaussian distribution
: : 2 with minimum uncertainty

However, we cannot precisely determine X and p simultaneously as they do not commute to each other
[X,Pp] = ih = AxAp = h/2

We cannot have a point (xg, py) in phase space as in classical theory

The best choice is using the minimum uncertainty state (a.k.a. coherent states): |ay) = |(xg, o))

_lal? g
@) =e 2 Yn—omIn)
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Quantum harmonic oscillator

Heat bath g
o . . e
H;, . : System-bath interaction Thermaljzation process
«V_, x
) |
1 o hw
AW A= e

However, we cannot precisely determine X and p simultaneously as they do not commute to each other
[X,Pp] = ih = AxAp = h/2

We cannot have a point (xg, py) in phase space as in classical theory
The best choice is using the minimum uncertainty state (a.k.a. coherent states): |ay) = [(xg, po))

Will we have the same microscopic reversibility condition as in classical theory?
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In this talk...

 Main question:
Can we find a fundamental difference between quantum & classical thermodynamic principles?

* Checklist
Fundamental thermodynamic principle? Microscopic reversibility
A simple classical/quantum process? Thermalization of a harmonic oscillator
What makes the difference? Uncertainty principle

What is the correction?

Classical limit?

How to test it?
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Transition amplitude under thermalization

Heat bath Hp: Bath Hamiltonian  [H;,,, H + Hg| = 0: Energy preservation condition

H;,. : System-bath interaction @

\ 4 Time-evolution of the total system

:4— —>: . i\’t — e_i(ﬁ'*'ﬁB‘l'Hint)t — e—iﬁte—iﬁgte—iﬁintt
AW [ A= e g
& /77 | Quantum state after evolution
T pe(ay) = Try [U (| e @ pen) U]
i) —] U — pelai)
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Transition amplitude under thermalization

Heat bath Hp: Bath Hamiltonian  [H;,,, H + Hg| = 0: Energy preservation condition
H;,. : System-bath interaction @
\ 4 Time-evolution of the total system
I<— —>I . i\’t — e_i(ﬁ'*'ﬁB‘l'Hint)t — e—iﬁte—iﬁgte—iﬁintt
[ o w
AW [ A= e g
& /77 | Quantum state after evolution
pe(a;) = Trth[ijt(lai)(ail 03¢ ﬁth)U”
up

af

T
/@ \Oéz'>—> lA] _’@
_ |

Transition amplitude: P(ay|a;)
- “Overlap” between the final state and coherent state |ay)

ﬁth P(ays|a;) < (aslp.(a))|ay)
Also known as “Husimi Q function”
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Quantum modification of microscopic reversibility

[Forward process]

;) —>

—)Q:>

>
ﬁ
=

[Backward process] >
Re (x)

‘ k
87

jap)— U —k2]

Pth
The classical microscopic reversibility condition does not hold
P_(ayla;)

P_(aj|a})
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Quantum modification of microscopic reversibility

[Forward process] Im (p)

| s
; af :
‘(X'L>_> U _>@ a; P%(aflai) \—/?
| i

OPth Amplitudes are rescaled for
the reverse process!

[Backward process] l :R )
e(x
af)— Ur—k2 a;
Pth B a2 o am o hwo ey . o
la) = e 2 Zn=oﬁ|n), H—T(x +p?)

: Contains coherence between different energy states |n)
=>» Different energies should be weighted differently!
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Quantum modification of microscopic reversibility

[Forward process] Im (p)

1 o
e L= T
T

OPth Amplitudes are rescaled for
the reverse process!

[Backward process] l
Q;

ap)—> Ur—2 a;

:Re (%)

N\ P(—(allaf)l
Pth )
2
P—)(aflal) — exp | — |af| + |ai|2 _ Ye—BQ . . TR T
Pe(ailaf) = ng +1 ng | ~ : Quantum microscopic reversibility
Quantum correction
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In this talk...

 Main question:
Can we find a fundamental difference between quantum & classical thermodynamic principles?

* Checklist
Fundamental thermodynamic principle? Microscopic reversibility
A simple classical/quantum process? Thermalization of a harmonic oscillator
What makes the difference? Uncertainty principle
What is the correction? Rescaling / Correction term
Classical limit?
How to test it?
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Experimental demonstration using quantum optics

* Electromagnetic wave as a harmonic oscillator

1 ] .
H=2(a"+p) 1 > H=-(q"+p?)
“Harmonic oscillator” > E

. n=n-+ z (Quantization)
(we take w = 1 for simplicity) 2

[n : Photon number]

Coherent states are easy to prepare & measure!
(noting but laser)
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Experimental demonstration using quantum optics

Heat bath

—V

System-bath interaction can be realized by beam-splitter (half-transparent mirror)
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Experimental demonstration using quantum optics

Experimental collaboration with Marco Bellini’s group at CNR-INO (Univ. Firenze)

\ \ L.O. \

Ti:sapphire |— =L )\/2 \/2 _
laser RD == Sy®S |S> 71 Detection

U8 U D .y,
A

J | HP i
Polarization:
® Vertical Polarization-based |}
A Horizontal heterodyne detector;
4 Diagonal

~. R
~. -
-----------------------------
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_|_
ng +1 Ny

P*(“flai) exp[_ |“f|2 |a;|*

P_(@lay)

L [P*]
O —
gP

2r

I | I I I | I I I | I I I | I I I | I I _I/u I

= Ye_BQ

Experimental demonstration using quantum optics

: Quantum microscopic reversibility

S

e — 107

— Theory

o Exp. (nu=1.22)

A Exp. (nu=1.26)
Exp. (nn,=1.62)
Exp. (np=2.71)
Exp. (nn=3.57)

2

Nth +1 Nth

A

;) — U

|

Pth

Holds for any choices of a;, a;, ny, and the beam splitter reflectivity (interaction strength)!
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Experimental demonstration using quantum optics

Polagle) [ oy | lef?

+ = Ye hC
ny,+1 ny N

= exp

pe(aimf) : Quantum microscopic reversibility

Quantum correction

r . (Bhwg)? 2 - Linearly increase with the total coherence |a|%, = |a;|? + |a |2
Deviation from the classical theory: log|Y| = ——— |« tot L !
ry g[ ] 2 | |t°t - Quadratically increase with the inverse temperature fhw,

Log[Y]
6r O DL Lowest order approx.
; e A v PPIOx Log[Y1/lal2,
St g P Second order bound :
i ’/.""//’ 'ﬁ‘_,_.,-,-“-"";/?- 020F ~=°" Lowest order approx. |
-"”",é, ’-‘21111:1"”’;’ -"--’___, o EXp (nth:1.26, a;=—2.40) ________ Second order bound "«"' ’,51 o EXp (nth:1-26)
3; “', ”z “"‘_‘._._,”’,, ‘--___-' 015, "'.‘ ,,1 - _
"."’ -0 s_-__,“,-'-’"g“’____.-" o Exp. (ng,=1.62, a;=—2.03) i "',%”,f ‘-._'_.— A Exp. (ng,=1.62)
2f et oenanezizl 0.10} it Exp. (ng,=2.71)
//,o’/' -____‘_____;:__-_,--__-_'T‘_;_?_;_.’.T-’- __________ _ Exp. (ng,=2.71, a;=-2.49) j /,/' E 357
17:"6'0_— ‘-'f'-":."-‘"E;-:;:-:—---:-::::-:-aa-:-:-re-:-e:—-:e:—:a—:-i:-f-"--' 0.05} P T Xp- (1, =3.57)
0;,7_;_‘-_'-;-‘-‘.-‘{-%7 T o Exp. (n,=3.57, a;=—3.14) s
510 15 20 25 30 35 “ S N E e —— 1
Quantum correction increases when |ai|&|af| increases Quantum to classical transition
|2 o when the temperature becomes high
—e 2 Y  — 1
@) =e 2 XYoo M) (B=r=~00rngT>»1)
B

The larger the |a/, the larger the coherence . detail: PRL 129, 17064 (2022)
. . . or more detail: , 17 -
(More generally, quantum fisher information) APS Physics Synopsis “Microscopic Reversibility Goes Quantum”
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In this talk...

 Main question:
Can we find a fundamental difference between quantum & classical thermodynamic principles?

* Checklist
Fundamental thermodynamic principle? Microscopic reversibility
A simple classical/quantum process? Thermalization of a harmonic oscillator
What makes the difference? Uncertainty principle
What is the correction? Rescaling / Correction term
Classical limit? High temperature, small coherence
How to test it? Using quantum optics
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« Thermodynamic principles in quantum mechanics can be fundamentally different
» In quantum mechanics, phase space cannot be sharply determined (- uncertainty relation)
=» Best choice: coherent states (for a quantum harmonic oscillator system)

» Quantum modification of the microscopic reversibility condition can be found & experimentally tested

Heat bath Hy: Bath Hamiltonian

+ =Y e—ﬁ Q Hine : System-bath interaction
nth + 1 nth

= ex
P (ala) f —
1 (S hw ~ n
. , ! H=7(XZ+P2)
“Rescaling” Quantum correction ! !

Quantum effects contribute severely for the system with large coherence & bath at low temperature

P_,(etsleti) I_ g el

* Possible applications
» Strong symmetry between forward/backward processes in thermal contact
=» Noise characterization, evaluating quantum channel capacity
» Generalization to any quantum process [HK and M. S. Kim, PRX (2019)]
=>» Time-reversal in open quantum dynamics [HK, R. Mukherjee, and M. S. Kim, PRL (2022)]
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Thank you
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Laws of thermodynamics

e

system’s
internal energy work (done “to” the system)
« 1stlaw: AEF = Q + W =» Conservation of (total) energy in the closed-system

heat

« 2stlaw: Many (but equivalent) versions (Carnot, Clausius, Kelvin, Planck ...)

“Heat can never pass from a colder to a warmer body without some other change”
“Perpetual motion machine is impossible”
“Entropy of the entire universe should always increase”

NSPCS2024 @KIAS 2024. 07. 25.




Maxwell's demon

« 2stlaw: Many (but equivalent) versions (Carnot, Clausius, Kelvin, Planck ...)

“Heat can never pass from a colder to a warmer body without some other change”
“Perpetual motion machine is impossible”
“Entropy of the entire universe should always increase”

* Violation of the second law?

e

S (entropy) T S (entropy) {

Entropy decreased! (seemingly without any work)
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Maxwell's demon

« 2stlaw: Many (but equivalent) versions (Carnot, Clausius, Kelvin, Planck ...)

“Heat can never pass from a colder to a warmer body without some other change”
“Perpetual motion machine is impossible”
“Entropy of the entire universe should always increase&

Landauer's principle

* Violation of the second law? [ 010]0]0J0]0]010 ) g s k,Tlog2
(per bit)
i A ) B
S (entropy) T S (entropy) |

Entropy decreased! (But additional work is needed to erase the memory)
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Testing fluctuation theorem in classical thermodynamics

Recent optical trap experiment

(@) Force Optical Trap
. b I3 b )
foff ﬂ—» ﬂ—» [ ]
t I/ l L
(b) «x (nm)
50 -50 0 0.5 1
o5l 3
)
I= :
R
>
25 . i £
t Forward I I3 Reverse ty, Time

[Phys. Rev. Lett. 120, 080602 (2018)]

« Main challenges
v Precise control of microscopic system
v’ Sufficiently many trajectories should be
collected to get “probability distributions”

(d)

PDF

—
—r
~—"

loge(Pr(-W,x2->x1)/ PF(W,x1X2))

5F

Pr(=W|x2-x1)

10 ' xy=—=19 nm X>=55 nm
| ,m_
0

Pe(W|x1-x2)

10-8 -6 -4 -2 0 2 4 6

Pr(-W|-v2>-v4) Pe(W|vi-v2)
10 vy==7 mm/s Vo=7 mm/s
5 L
0

10-8 -6 -4-20 2 4 6

(9 5. ‘
——: —-B(W-AF) —: —-B(W-AF)
®:x;=—19Nnm,xo=55nm| T | ®:vi=—7 mm/s,vo=7 mm/s
1
2
i‘ .
I 0
L
T
5
£
s
kL i ; —5'\ i :
4 2 0 4 2 0
W(ks T) W(ks T)
P_(%) 5 [P<_(—Z)
= =3 = —BY =—F(W — AF
re-n ¢ T8 B B( )
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Quantum information theory and thermodynamics

The second law The second law
Thermodynamics | > Quantum thermodynamics
_ F. G.S. L. Brandao et al., (2015)
Boltzmann, Gibbs 2/~ \\ Fluctuation theorem AN M. Lostaglio et al., (2015)
Jarzynski (1997) HK et al., (2018)
Crooks (1999)
Quantum
Entropy Quantum Entropy
Coherence

“Information is physical”
Szilard's engine (1929)

Shannon VLandauer's principle (1961) v/ von Neumann
Information theory | > Quantum information theory
Data processing inequality Quantum data processing inequality
“post-processing cannot increase information” E. H. Lieb and M. B. Ruskai (1973)

M. Junge et al. (2018)
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Quantum modification of microscopic reversibility

[Forward process]

‘ o 1. A quantum system is initially prepared in |a;).
. 2 @ 2. The system evolves under a unitary interaction U with a thermal bath py,.
‘Oz@> U 3. We then measure the overlap between the final state and |ay)
ﬁT Transition probability then leads to P (ar|a;) = Tr[U(Ja;}ai| @ pun) Tt (Jas)ar] @ 1)]
th

[Backward process]

| k
87

* ~ < Repeat 1-3 with the time-reversed initial/final states and unitary interaction Ug,.
af)— U —
T Transition probability then leads to P_(aj|a;) = Tr[Ur(laf}e}| ® pm) UL (la; }ai| @ D]
Pth
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Quantum entropy production

« Consider a two-level system

S = (—log(p)), = X;pi (—logp;)

E=(H),=Y;piH;
W=0=Q=AE
Both entropy and heat are obtained

from the same distribution p;
X = AS — BAE

[Classical]

S =(—logp), > S = — 2ulogpy |¢u>(¢u|
E= () > A =5E il \

Eigenstate of p

[Quantum]

Energy eigenstate
Y = AS — BAE
but S and H may not commute in QM!
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Quantum entropy production

* Quasi-probability distribution of quantum entropy production

S =(=logp), > S =—X,logpy |pu)¢ul

(c.f.) Negativity in the Wigner function
1 (© 2ipy
N Wep) = — | 9t W E-ye t dy

E = <H>p9 H = ZiEi I Eigenstate of p

Energy eigenstate /// AB
Y = AS — BAE /
but S and H may not commute in QM!

v" Incompatible observables cannot be simultaneously measured = P_ (X) is not well defined classically
v' Possible solution: Introducing a quasi-probability distribution (allowing negative probabilities)

« Does this quasi-probability of entropy production also satisfy the fluctuation theorem?
PL(E) _
= e

P<— (_Z) [HK and M. Kim, PRX 9, 031029 (2019)]

Even if P_(X) can be negative
(in which case P_(—X) also becomes negative)

Yes!
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Experimental realization of QF T

+ How do we obtain the quasi-probability in experiments? 5=/ > 5= Zuloenlo,)(eul

E = (H>p9 H = ZiEi |l>(l| Eigenstate of p

= Perform POVMs before and after the quantum channel

Energy eigenstate

X =AS - BAE

p— M} — N M3 = Panm)) = Tr [ M, N (Mol )]

= We can find {M,,}, {M,,,}, and some complex coefficients «,,,,,» such that

/
P_)(Z) = Zm m' ammrP(m, m ) (Classical post-processing)
For more detail: [PRX 9, 031029 (2019) & arXiv:2207.06106]

* Main ingredients for testing quantum fluctuation theorems "
0L = 1))

v Preparation of superposition state @1y
v" Quantum channel inducing coherence AN ._j ( /o

v POVM measurements to construct the quasi-probability of entropy production o

V2
[0)—]1)
|1> - V2
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Experimental realization of QF T

« Experimental setup (state preparation)

(a) D - --J'[unc Lagger

Quantum chanael (N)
------------------------- QWP
| '
» g ' / '
' B-HH ' ' HWP
| P !
1 1
> . . Polanzer
Prepa 1
, MmN L NBES
Pl P2 - B
l PR
o . '
i , P arm
--------------------------------- J
NPBSI NPBS2 4 Fiber Coupler

Initial state: p! =Y, 01Pu|¢u><
with p}, = 2 pl =§and |pd) = cos( )|0)+Lsm( )Il) 1) = sm( )lO)—lCOS( )Il)

» Final state: p" = N (p') = X, 0100 [P (P |
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Experimental realization of QF T

« Experimental setup (implementing the quantum channel)

(a) D - --J'[unc Lagger

Quantum chansel (V)

------------------------- QWP
[ !
» g ' / '
BBO | ' HWP
i g ! P !
! 1
> | 1 Polanzer
Preparat 1 1
nod ' B NBP:
,,,,,,,,,,,,,,,, gre-——
Pl P2 - B
' PR
o , D
t ; P am
--------------------------------- 4
NPBS NPBS2 4 Fiber Coupler

(Noisy) quantum channel: N (p) = pp + (1 —p)[(1 — s)R(p) + sD(p)]

Stationary state: y = (?) |0)(0] + (1—25) 111 = %e_ﬁ"z (V) =7)

The backward process is the same as the forward process
(a.k.a. detailed balance condition)
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Experimental realization of QF T

« Experimental setup (implementing the quantum channel)

(a) D { Tune Lagger

Quantum chansel (V)

------------------------- QWP
| |
> - [ / 1
( HWP
=3 :
> : : Polanzer
Preparat [ 1
PR &k s . B el NBPS
o . | 1 .
Pl P2 g D4R
' | PR
. P am
------------ .\-."l-‘l.\.-'. A A A -N.:'B-.\.’- e o ’ 4 Fiber Coupler
rotation reduction postselection

1Y) ,

—
o I — U U j//—g W
> N ’ >
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Experimental realization of QF T

« Experimental setup (POVM measurements)

(a) D - --J'[unc Lagger

Quantum chansel (V)

------------------------- QWP
| |
. BERO : / : HWP
' i ! P '
> : l Polanzer
Preparation : :
ORI sl e . 2B ™ A NBPS
' nw PIP2 1, w Paps,
' ! " v PR
: L - oy - — - = oy - 1‘__—DA<
. : * - ; D am
------------- .\-i'l-i.\-'. A A A -.\i-'H-S.'- BT ‘ 4 Fiber Coupler
Moy i= —=TlIL,, |y, e Mo
: wO T d S : I &
v To get P,(X), 8 POVM elements are needed at each time % Y § e e e et
Mol O -%a
— U |
M([,L,O) - NG My = =Ty, | My, = 7]11 e
T 3
e BB
— — g R g ] '
M w1) — 7 ! !
M, 4y = \/211(11.. + 101, My = EIIW,(IIW +10y)

(Mo+T17)T 4 | -
M(M:"‘) - 2 - ﬂﬁ'%— - 4% .

(ITg +iH1)H¢ﬂ Mo 1= =0l +iMh)I,, My 1= =T, (Tl +i)

B T
2 o , I Aé—F - %%—ﬁl

* Mg, projection to the eigenstate of p
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Experimental results

 Reconstructing the quasi-probability distribution

(a) D - --J'[unc Lagger

Quantum chansel (V)

BRO

|
|
|
I
» !
I
I
|

Preparation

' ] ] ]
p! for the forw ' ' " t f |}

PEF =N (P 0. v i eeean

i) =16}

Classical post-processing

P, (m,m)
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QWP

HWP

Polanzer

NBPS

PR

APD

NPBSI NPBS2 4 Fiber Coupler

82 = Theory
! e Exp

~ 04

Ho3

o 0.2

0.1

I |

Forward |

Bl

0.5 . Theory

0.4 ® Exp
Elio.s
~ 0.2
% 0.1 -I-

0.0

-0.1

[I]TT

L

X

T -1-'r,'

15 -1.0 -05 00 05 1.0



Experimental results

« Verification of quantum fluctuation theorem

(a) 82 = Theory T - (b) g
0'4 e EXp _; Yt---- Theory § [Noisy quantum channel]

2%103 1.0} o Exp. /%"

o 0.2 | = =
0.1 I T T 2 os Qx'§

S —————————-~N ) ) ko

0.5 . Theory = Q'J'

04« Exp Q' -0.5

a 0.3 = B

0.2 | 1.0 ¥

% 0.1 T T | e
0.0 L T+ T IT + T - T -1.5},~

: ‘ B
Gl -15 -10 -05 0.0 05 1.0 -1.5-10-05 0.0 05 1.0 1.5
) )
Integral fluctuation theorem (Jarzynski equality) log [ﬂ] =Y P er
(e ) =YsP . (De*=YzP (-X) =1 P(-%) P(=1)
Fluctuation theorem also holds
(e*) =10.99+0.02 in the quantum regime!
exp
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But this is not the whole story...

« Entropy production can be even complex-valued! = X = Xp + iX;

(@) re[r—i(m] Re[PP="% (3) ] (b)

= = Theory = = Theory

e e EXxp

P,(X) _ eZR—210%
P? (-Z%)
Im[PP=75 (%) ] z t
mP T E) = = Theor In[P3=7% = = Theor .
T L e | L No classical counterpart

(purely quantum effect)

For more detail: HK & M. Kim, PRX 9, 031029 (2019) & Jie Xie et al. (in preparation)
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Quantum correlation function and quasi-probability

« Quantum correlation function

Suppose that we want to obtain the correlation between observables 4 = (A®M,A®), ..., 4AM)
at multiple time points t = (t,, t,,**, ty)

Then, a general form of quantum correlation function is given as
Ca(t) = Tr[pAD (£) AP (t5) - AW ()]

where A(t) = U(;r_,tAUO% is an operator in the Heisenberg picture.

V' Ao () = AW (t)DAP (L) --- AN (ty) is in general non-Hermitian operator

v C4(t) is complex-valued = Cannot be directly obtained from a single observable

Atot(t)+A] () Atot(t)=Af ()
v' One way to evaluate this: C,(t) = Tr [p< -~ > o >] + iTr [p< o py o >]
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Measurement induced back-action

« Some indirect approaches

[ (Am<t>+Alot<t>)] (Ama)—AIot(t))]
P 2

v Separately measure the real and imaginary parts: C4(t) = Tr + (Tr [p >
If the system dynamics changes observables should be constructed differently

v Weak measurement: Not entirely free from measurement-disturbance relation

Some ways to detour: 1) combining various types of measurements PRA 76, 012119 (2007)
2) Using multiple copies: PRL 118, 070601 (2017)
v" Quantum circuit

[Characteristic function

[Multl pomt Hadamard test - PRL 113, 020505 (2014)]
- PRL 110, 230602 (2013)]
10) 4 oo T ‘>\¢>-> —10) > —>U010)|—> le)+1g) |p)le)+Z|P)lg)
A i} e-Tre-GHE |¢>( 9l o WA
Tl e o= ylg)le)+UzIlg)
S G1—G: V2
4= LT L vle+zuzig)lg)
x(u,v) :Tr[Utl_,tzpe“‘“‘U;rl_)t2 ~iAv] J J M B X V2
- ((Ulp) + ZUZ|p))le) + (Ulp) — ZUZ|pN | g))
Qiyi, (t1,t2) 2> P = (1+Re[Czz(t1,t5)])/2

Requires long time coherence between the system and ancilla states
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Back-action free extraction of guantum statistics

N —

S

The protocol:

{|m, )}

Ca(t) = E[ym(4)]
Prepare the system state p Prnyma ey (b1 ta, = tn) D Oiii (£) = E[ypy (T1))]
1000 m\ 11

Ancilla-assisted measurement

a. Initialize the ancilla state to |0)

b. Apply interaction between the system and ancilla states

c. Measure the ancilla state with respect to {|¢,,,)}

Let the system evolve

Repeat 2-3 and record the measurement trajectory m = (mq, my, -+, my)

Collect many trajectories of m by repeating 1-5

By ensemble averaging the trajectory data with a proper weight y,,,, evaluate the quantum statistics
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Back-action free extraction of guantum statistics

 The protocaol:

{|m, )}

Ca(t) = Elym(A)]

Py gy (st oty )P
Pros: impem b b F g ) = @]
1) Only require a single-copy state preparation at the same time

2) Short coherence time between system-ancilla is enough

3) Measurement protocol is independent of the system dynamics

Cons:
1) More samples are needed to get an accurate result € (# of Samples) « (max|y,,|)?

(c.f. measurement-disturbance trade-off)
2) Ancilla states should be initialized and measured repeatedly

NSPCS2024 @KIAS 2024. 07. 25.




Experimental realization

« Dual species (Yb-Ba) trapped ion system

@, _
1 B field

(5.8 Gauss)

DC

[s32

[3s5 + [y
(6 +f2)

(6 +f2)
0y,

System qublt

355 nm 532 nm
Raman Raman
4 ’ » .
=
*} fZ 5 £ —ho-

1)y et
7 f532 + fBa fok — 25,

ot

= J_

Ancilla qubit

R(®,¢)

}fBa

1762 nm
(shelving)

|0>Ba

|1>Ba

v' Different frequencies are used to control two different atoms =» Minimal influence
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Experimental realization

« Realizing ancilla-assisted measurement protocol

(u \ G) Evolution of system qubit\ 6 Initialization of ancilla qu@
-1 tn-1"tn

N 1_), |ptn >Yb ‘O>Ba

: 0 OPT:

| O) Raman: "
k d’ v ) k 355 nm ) k 6T

650 nm

(c) Entangling operation 6Measurement of ancilla qua

5
L
=
| |
&

v Post-selection of the dark state (to minimize heat)

1 ! 1 U {|+x>' |_x)}

! 1 : .I

E P PZ : ! P le: G) Bright state dotectkm e 1 Py ) f(b) Dark state detoctlon\ 27 é Py i
' el B ' Ely ) ! N : 1 o : A"

E 1 E Or E Y E [ -4'IY|'_3 1.: 150, A ’ - .-,-_.“ H vh {) :'HM » -

1 1

: | O> d i : | 0) d i \{ I“:'Ba- bl 0 d Io;"l- bl

! Calt) {pm)} = {10}, 1)} ! (b} = (10}, [1)} “Dﬂ:n‘ 4 L “Df:;n‘ - (1 —

! CoullR) ) 1QPD: U {|+y)]-) : X £50 nm ek L g - £50 nm 2 S Y o
________________________________ . 1762 nm 1762 nm
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Experimental results — Two-point quantum statistics

. Im (Exp.) {

« Two-point quantum statistics v System dynamics: U;,_,;, = R,(0)
v' Correlation function v" Quasi-probability
Czz(t1,t2) = TI‘[PZ(Q)Z(tz]?] Qi,i,(t1,t2) = Tr[pl'll-1 (t)I;, (tz)]
= Tr[UtlﬁtszUtl—wzz] = TI'[Utl_)tszil U,;I_l_)tzniz]
1.0y~ — Re (Theory) ! 6/m=0.30
. 04F — — [ 1Theo
: — Im (Theory) 7 % : Expe[iyment
0'5:' . Re (Exp.) !
0.2F |
I
|

0.0}

Czz(t1,t2)

05} - FW% :
NS S0 ) §

()
o

Quasi-probability

o
N
T

0.0 0.2 0.4 0.6 0.8 1.0 | R?al vallue | Imaginary value
ol S RN & A S N & A
NAEENUEENEEN NSEENUEENEEN
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Experimental results — Three-point quantum statistics

« Three-point quantum statistics v/ System dynamics: U;,_,;, = R,(0)
Ut,ot; = Ry(OZ)

v Correlation function v" Quasi-probability
Czzz(ty,t2,t3) = TF[PZ(t1)Z(t2)Z(t3)] . Qi i,i,(t1, tos t3) = Tr[PHil (I, (frZ)ng (tS)T]
- Tr[Utz—WE, Utl*tszUt —>tZZUt2—>t3Z] = Tr[Utz—”% Ut1—>t2pH Uy —>t2H Ut2—>t3H ]
1.0} | R -
{ 0.6 F | %nThgéx
{ —h : 1 Experiment
. 05 £ 04} |
:‘{‘ { l § |
< 0.0/ T 1 S 021 @% : %
N L4 |
) { { 3 0.0 rrﬂ!‘ﬁ mfrﬁ : Fﬁ’—a—ﬁa '
-0.5f | 5 I @UM
02k 7T S
-1.0L . . . . N Real value : Imaginary value

0.0 0.2 0.4 0.6 0.8 1.0
o/m @9\9"@”@”\5"(\”(\”(\” @"@“@”@‘Q”Q”Q‘Q‘
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Experimental results — Marginal distributions

Qiiyiy @ = Tr [pV (eI (1) - I ()|

V' Yiviginog Qiyiyiy (@ =Tr [le.(l’\\,’) (tN)] : Correct marginal distribution (at each point) (== );; II; =)

Marginal distributions (P,(t;) & P;(t3)) at the final time t;
/ ]

1.0'5- N /

If the projective measurement is performed at t,

), loxol+inal _ 1

|+
2

Dyt =1 i i
U (2) Ut =2 for any unitary evolution

0 2 N - Population is always balanced
O'O .-I . . . L . . . L . . . L . . . L . . . L
0.0 0.2 0.4 0.6 0.8 1.0
o/t The QPD preserves the marginal distribution!
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Experimental results — Leggett-Garg inequality

v Leggett-Garg inequality (1985)

= (E(t1)E(t)) + (E(t2)E(t3)) — (E(t1)E(t3)) < 1 (for classical joint probability distributions)
Coherent evolution of the system can reach K > 1

IS e
Quantum Bound K~117

Pl L N
Classical Bound

-1.9f Exp (QuaS| prob.)

E(ty) = (=1 : : -

E(t,) =1 O. 0. 2 0. 4 0.6 0.8 1.

E(t3) = (1" o/7t Non-classicality of the QPD is verified!
k € {0,1}
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Thermodynamic potential

H h
eat bat The second law (classical, formal statement)
T (temperature) Q 8Q = Tds
v Q (heat) AS > T (Equality holds only for a reversible process)
System =>TAS >AE-W (Q+ W = AE)

S(entropy), E(energy) = W = AE —TAS = AF

* (Helmholtz) free energy: F =FE —TS
= Maximum amount of that can be from the system
=>» Free energy is minimized when the system is at equilibrium
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Thermodynamic potential

Heat bath

The second law (classical, formal statement)

Q (heat) AS > g 5Q = TdS

(Equality holds only for a reversible process)

T (temperature)

_________ ). /SN T
>TAS>AE-W (Q+W = AE)
Quantum system =W > AE — TAS = AF

S(entropy), E(energy)

* (Helmholtz) free energy: F =FE —TS
= Maximum amount of that can be from the system
=>» Free energy is minimized when the system is at equilibrium

Can we define free energy for a quantum system?
[Nat. Commun. 4, 2059 (2013); PRL 111, 250404 (2013); PNAS 112, 3275 (2015); Nat. Commun. 6, 6383 (2015)]
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Various definitions of entropy

Thermodynamic definition Information-theoretic definition Quantum Information
(by Boltzmann) (by Shannon) (by von Neumann)

Equal Diagonal state

1 probability S WY (without coherence)
1< ' Head: p Tail: 1-p < lg‘
2 --11(1/0(1{0(1]{0(0]--- 2

I1)

LV 3\\ G

501 MANN
4 e)

HX)

= (o1 u)

_ (P 0 +
i 1 ‘V<0 1—p)"

0.5
PriX=1)

S = kylogQ Sp) == ) p()logp(x)
Q: Number of microscopic states x

0.5

x $(p) = —Trlplogp]
p(x): Probability distribution p: Quantum density matrix
over events/states
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Quantum and classical entropy

« Major difference between quantum and classical system Heat bath
=» Superposition principle

« Consider an example of a two-level system
(1

.y . 1 1+e—ﬁha)0 (E = 0)
= At equilibrium, P,,(E) =<e BE ={""°
q 7 e Bhwo .
\1+e_3h“)0 (E _ th)
=>» Classical (Shannon) entropy of the system: S (P (E)) = B(E)eq +logZ = Phao (1 + ePhao)
Py y : eq =p eq 084 = 1+eBhwo 08 e

» For a quantum state, [y} = /P.q(E)|0) + /Peq (E1)|1) = /Dgl0) + /P1]1)

- Energy distribution is the same as the equilibrium distribution F,;(E) = (E)y, = (E)¢q
=> However, quantum (von Neumann) entropy of the system: Sy = S(|Y)(|) =0 < S (Peq(E)) = Seq

FQ = <E>¢ — TSQ = <E>eq — TSeq = —lOgZ == Fcl
Quantum free energy can be larger
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Quantum modification of microscopic reversibility

[Forward process]

==

o )—>

of 1. A quantum system is initially prepared in |«;).

U _>@ 2. The system evolves under a unitary interaction U with a thermal bath py,.

|

Pth

3. We then measure the overlap between the final state and |ay)

Transition probability then leads to P, (as|a;) = Tr[U(la; )| ® pu)UT (las)ar] @ )]

[Backward process]

e

Ur

* < Repeat 1-3 with the time-reversed initial/final states and unitary interaction Uj.

87

_>@ Transition probability then leads to P_(a; |a;) = Tr|Ug(laf)af| & Pen) Ut (| M| @ D]

|

Pth
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Microscopic reversibility in quantum mechanics

(7))
Heat bath P_,

_________ .

| |

: & & & : (=) 2 |W(t)) = H|¥(t)): The Schrédinger equation
&Y W@ % ! at |

T T T e T T m T ' I¥(0)) The Schrodinger equation is also time-symmetric

Quantum system o —t & [¥) > |9

However, we cannot precisely determine X and p simultaneously as they do not commute to each other
| @ |X, 9] = ih = AxAp = h/2

i’o}” The best description (with minimal uncertainty) we can make is using coherent states

. , . e )
(in a harmonic oscillator system: H = %(xz + p?))
< la) = la, + ia;) = |x + ip)
Will we have the same microscopic reversibility condition as in classical theory?
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Experimental demonstration using quantum optics

2
2
P—>(“f|“i) = exp |“f| N la;] Ye-B0 ,
Pe(ailaf) ng,+1 ny laltor = la|® + |af|
Deviation from the classical theory: log[Y] = [cosh(Bhw,) — 1]| a2, — [sinh(BAwy) — Bhw,|A|al? ~ E120° g2
eviation from the classical theory: log|Y| = [cosh(fhw, a|tor — |SINh(fhwg) — Phwy|A|la|” = . a|tot
Log[Y]
6_ ) - §/ | Lowest order approx. Log[Y1/lof2,
5¢ ’,/' P Second order bound ;
4f PP ’?- 020L —==-- Lowest order approx.
- ‘ ‘/6/'_‘_ "'//—‘- o Exp. (ny,=1.26, a;=-2.40) SRR Second order bound ,«"';,Q', o Exp. (ng,=1.26)
3; "', ”,’ “"‘__-_—.’ ”””””” -___-' 015, "'.‘ ,,1 - _
: S - e 0 Exp. (ny=1.62, ¢;=-2.03) : e A Exp. (n,=1.62)
2f B Rt 0.10} s S Exp. (n3,=2.71)
L e e emspESTETEIT Exp. (n,=2.71, a;=-2.49) i e T
1/:0,0’0 s _.-———"_'_'___ e HeRHIR 0.05/ R Exp. (ny,=3.57)
A Exp. (n3y=3.57, ¢;=—3.14) R
0 o :
5 10 15 20 25 30 s T Bhw,
0.3 0.4 0.5 0.6
Quantum correction increases when |ai|&|af| increases Quantum to classical transition when
| o the temperature becomes high
—e 2 Y® 1
|a> € Zn:O\/m |n> (ﬁ = ﬁ ~ (0 or ny, > 1)
B

The larger the |a/, the larger the coherence

For more detail: M. Bellini, HK, et al., to appear in PRL
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Quantum thermodynamics

Microscopic description of the second law

Quantum microscopic reversibility condition

« Conclusion
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* Quantum thermodynamics
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 Quantum microscopic reversibility condition
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« Microscopic description of the second law
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« Conclusion
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