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Avallable energy is the main object at stake in the
struggle for existence and the evolution of the world.

Ludwig Boltzmann


http://strangewondrous.net/browse/author/b/boltzmann+ludwig

Far from equilibrium statistical
mechanics
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Introduction

» Defining Work and Heat

» Motivations to study the energy information conversion in quantum
systems

e Distribution of dissipated heat in a generic protocol

» Experimental proposal to measure heat in a quantum system

e A curious bound on the heat



_Quantum Work and Heat — definitions under 'quasi-static' transformation

Erwin Schridinger

dU = dQ + dW

o heat work

THERMODYNAMICS




U =tr[Hp

W _
dt

tr

The quantum open system as a model of the heat engine

R Alicki 1979 J. Phys. A: Math. Gen. 12 L103
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Closed processes
or

Unitary processes



All work and no heat

makes it a unitary process

Q= [ ulrlp )
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|
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_Quantum Systems : thermodynamics in finite time

H(N) = Z Epln ><n| > H(\p) = ZEMm >< m|
A

Energy

~_ exp(—PH, f f >
pi = 7 by = exp(—BHy)
Time / Z;

Measure E_n Measure E' m
with probabiliy with probaility
p_n p(m|n)

1. Prepare — 2. Measure - 3. Evolve —4. Measure — 5. Build statistics



Work Distribution for closed quantum systems (Unitary)

>
A U(0, )
Energy ) mi
_ e
Time
Work Distribution : Pp(W) = Zpg Prafnd (W = (B, — En)],
A
P(W) _IBEn(AO)
PP = ———|(n|U (7, 0)lm)
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Heights of delta peaks




Fluctuation Relations

Remarkable relations exist between the fluctuations in the work done in a non-equilibrium
transformation and the equilibrium properties of the system.

Pr(W)
= exp 5 W — AF Tasaki-Crooks Relation
Bt = ep(B(W — AF)
Pp(—=W)
< —
Pr(W)
__ae1q, 2(y)
AF =—0(""1n Z(ti)
(exp(—BW)) = exp(—BAF) Jarzynski equality

Campisi et al, Rev. Mod. Phys. 83, 771 (2011) M. Esposito etal, Rev. Mod. Phys. 81,
1665 (2009).



Emergent Irreversibility

Irreversible entropy change <Z> — /B(<W> — AF)

<W>diss
Crooks Relation
PP}E(@) = exp(B(W — AF)) B((W) — AF) = /PF(W) log P];F(’(_MQ) aw
o (—

(X) = B(W)aiss = K(Pp(W)||[Pp(-W))

Relative Entropy between forward and backward distributions

Second law <Z> > O by Klien's inequality



Irreversibility

A e
row Y “ Use mathematical
eLe s properties of relative
—_— : entropy to look at bounds on
- - ' entropy production:
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Generalised Claussius Inequality
S. Deffner and E. Lutz, Phys. Rev. Lett. 105, 170402 (2010)



Probe the characteristic function of work

Pp(W):= > py Dhind W — (B, — En)],

|

xr (1) = / AW W Pp(W) = t2[01 (7,0)e™ 7 O (7, 0)e =0 g (2]

Phys. Rev. E. 75, 050102, (2007)
Talkner, Lutz, Hanggi



The papers

week ending

PRL 110, 230601 (2013) PHYSICAL REVIEW LETTERS 7 JUNE 2013

£’ @
Extracting Quantum Work Statistics and Fluctuation Theorems by Single-Qubit Interferom L) — 6= 4T—T7 Ox 4’

R. Dorner,"** §.R. Clark,”” L. Heaney,* R. Fazio,™ I. Goold,>* and V. Vedral>*

'Blackent Laboratory, Imperial College London, Prince Consort Road, London SW7 2AZ, United Kingdom
*Clarendon Lahoratory, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom ]
"Centre Jor Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543 (b)
“NEST, Scuola Normale Superiore and Istitiuto Nanoscienze-CNR, 1-56126 Pisa, ltaly
*Department of Physics, Universiry College Cork, Cork, Ireland
(Received 11 February 2013; revised manuscript received 29 April 2013; published 7 June 2013)

=
g
el
o 1]

We propose an experimental scheme to verify the quantum nonequilibrium fluctuation relations using
current technology. Specifically. we show that the characteristic function of the work distribution for
a nonequilibrium quench of a general quantum system can be extracted by Ramsey interferometry of a
single probe qubit. Our scheme paves the way for the full characterization of nonequilibrium processes in
avariety of quantum systems, ranging from single particles to many-body atomic systems and spin chains.
We demonsirate our idea using a time-dependent quench of the motional state of a trapped ion, where the
internal pseudospin provides a convenient probe qubit.

DOTL: 1001 103/PhysRevLew. 1 10.230601 FACS numbers: 05.70.Ln

week ending

PRL 110, 230602 (2013) PHYSICAL REVIEW LETTERS 7 JUNE 2013
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Measuring the Characteristic Function of the Work Distribution

L. Mazzola, G. De Chiara, and M. Paternostro

Centre for Theoretical Atomic, Molecular and Optical Physics, School of Mathematics and Physics,
Oneen's University, Belfast BT7 INN, United Kingdom
(Received 11 February 2013; revised manuscript received 25 March 2013; published 7 June 2013)

We propose an interferometric setting for the ancilla-assisted measurement of the characteristic
function of the work distribution following a time-dependent process experienced by a quantum system.
We identify how the configuration of the effective interferometer is linked to the symmetries enjoved by
the Hamiltonian ruling the process and provide the explicit form of the operations to implement in order to
accomplish our task. We finally discuss two physical settings, based on hybrid optomechanical-
electromechanical devices, where the theoretical proposals discussed in our work could find an experi-
mental demonstration.

DOL: 101 103/PhysRevLett. 1 10230602 PACS numbers: 05.70Ln, 05.30Rt, 0540 —a, 64.60.Ht
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Experimental reconstruction of work distribution and verification of fluctuation relations at the full
quantum level

Tago Batalhiio,! Alexandre M. Suu;ui,z Laura ["r'ltl.i".iﬂ]-ltl,':l Ruben Auutaih‘c," Eoberto 5. Sarlht}ur,z Ivan
5. Uliw:ira,! John Gu-uld,"'j'ﬁ Gabniele De 'I.'_"I'J'm.ﬂ:l,':I Mauro l:'}:ll.|:1'ni.1-!-;I_1'i.},':''FII and Roberto M. Serra
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Figure 1@ Forward and backward processes. Upper panels: Quench
of the rf-field on the "C nuclear spin of a chloroform molecule. k =
Lower panels: Sketch of the energy spectrum and possible transitions ' ‘df (‘D@@' r
during the quenched dynamics. Each left (right} panel is relative to [ K
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Centro Brasileiro de
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Open systems and heat

“Energetic fluctuation in an open quantum process”
John Goold and Kavan Modi
ArXiv:1407.4618 (2014)



Probability distribution of energy changes

T

I'(ps) = ; Appidy = 0f \\J? Al A, =1
)

[ _ exp(—PHy)

Xp(—BHi)m = == = mm = m ===y =

i = Z
P 7. f

Probability of changing internal energy in a single run

Pp(AU) =Y <m|Y Axln ><n|pin >< n|Al|m > §(AU — (E}, — E,))

nm k

1. Prepare - 2. Measure - 3. Evolve - 4. Measure — 5. Build statistics



Proposal

BEAFID COMMUNICATIONS

FHY 51CAL REVIEW E W, 02010 1(R) (2014 )

Measuring the heat exchange of a quantum process

John Goold,"" Ulrich Poschinger,”' and Kavan Modi -

' The Abdus Salam International Centre for Theoretical Fhysics (ICTR), Trieste, ftaly
“QUANTUM, Institut fiir Fhysik, Universingt Mainz, Sandgingerweg 7, 35 128 Mainz, CGermany
*Sehool af Plrvsics, Monash Universiry, Vicloria 3800, Australia
(Keceved 31 January 2014 revised manuscript receved 26 April 2014; published 12 August 2014)



Motivation to understand information to energy conversion in quantum systems

VISUALIZING PROGRESS

[
‘ f -t |- ] | l S | S-to |—S We re e O ‘ e If the transistors in a microprocessor were represented by people,
the following timeline gives an idea of the pace of Moore’s Law.

0 S

-\"'\.
.-"-r)
2,300 134,000 32 Million 1.3 Billion
Awerage music hall capacity Large stadium capacity Population of Tokyo Papulation of China
1970 1990 2000 2011

Intel 4004 Intel 286 Pentium I Core i7 Extreme Edition

Now imagine that those 1.3 billion people could fit onstage in the original music hall. That's the scale of Moore’s Law.

“Removal of the heat generated by an integrated circuit has become perhaps the
crucial constraint on the performance of modern electronics™

* MIT course on Nano-electronics



Motivation to understand information to energy conversion in quantum systems

AQ > AS

“From a technological perspective, energy dissipation per logic operation in present-day
silicon-based digital circuits is about a factor of 1,000 greater than the ultimate Landauer
limit, but is predicted to quickly attain it within the next couple of decades” **

**Energy dissipation and transport in nanoscale devices. Nano Res. 3,
147-169 (2010)




Motivation to understand information to energy conversion in quantum systems

Perhaps help settle some foundational issues ?

Exorcist XIV: The Wrath of Maxwell's Demon. Part | and Part Il
From Maxwell to Szilard.
Earman and Norton, Stud. Hist. Phil. Mod. Phys. 1998 1999




Classical experiments

nature

.
PUBLISHED ONLINE:14 NOVEMBER 2010 | DOI: 10.1038/NPHYS1821 p ) EICS

LETTERS

Experimental demonstration of
information-to-energy conversion and validation
of the generalized Jarzynski equality

Shoichi Toyabe', Takahiro Sagawa?, Masahito Ueda??, Eiro Muneyuki'* and Masaki Sano®*
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Experimental verification of Landauer’s principle \f\

linking information and thermodynamics

Antoine Bérut!, Artak Arakelyan', Artyom Petrosyan', Sergio Ciliberto', Raoul Dillenschneider® & Eric Lutz*t

Japanese Journal of Applied Physics 51 (2012) DBFE10
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DOL 101143/ AP 51 06FE1D

Experimental Test of Landauer’'s Principle at the Sub-kz T Level
Alexei O. Orlov, Craig S. Lent, Cameron C. Thorpe, Graham P. Boechler, and Gregory L.

Department of Electrical Engineering, University of Notre Dame, Notre Dame, IN 46556, U.S5.A.
Received Movember 21, 2011, accepted January 6, 2012; published online June 20, 2012
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Heat




An operational quantum Landauer principle

initial stata

final stata

System 9% ey
—
e —
Resarvoir (9 = 90 PR ~E e
—
Hamitonian H = Hpg [ = initial inverse
tamparatura

i
“"“ﬂr-r

AS = .‘f[,r;,u:l—-"?".fﬂf:-;]
AQ = tr[H pg|—tr[H pg]
o= ,';_-|'|:Ir.l';-|. — 5 PR :|

We now discuss eacl O these IONr assnmptlons m more detall, argumg that this setip 18 mnnnal.

Entropy production as correlation between

system and reservoir
Esposito et al

New Journal of Physics 12 (2010) 013013

(Im-)Proving Landauer's Principle
David Reeb and Michael M. Wolf
arXiv:1306.4352 (2014)
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The distribution of dissipated heat

Consider the distibution of dissipated heat to the bath

PQ) = Y (ralAilrm) (tm|de|tm) (T |AT[ra)5(Q — (Ex — Em))

l,m,n
ps =D Ajlsi)s;
J

Now have non unitary dynamics on bath described by CPTP map:  A;—;x = /A, (sx|U]s;)

average heat dissipated to bath < Q>= tr[?flgﬁ:g] — tr[ﬂgﬁg]

A non-equilibrium quantum Landauer principle
John Goold, Mauro Paternostro and Kavan Modi
arXiv:1402.4499 (2014)



Characteristic Function of heat distribution

P(Q) = Z(rn|A1|rm>(rm|pR|rm>(I‘m|A;r|I‘n>5(Q — (En — Em))

Imn

o) = / P(Q)e*?dQ = ) pmpnme FnFm)t

O(t) = tr[Uprv' ® psU ']



Modified Ramsey Interferometry

vy = e—’LHRt i /

/ 1 Upr ® psUT U,ORU;r ® psUTvy
PARS = )

vZUprvt 0% ngTvt ’UIU’Ut,OR’UI & psUTUt




Measuring the heat exchange of a quantum process

[4) 4 W
Can probe again
OR - Z characteristic function:
L _ eitQ _ e~ 1(En—Em)t
D i P(Q) = Z <rn|Al|rm><rm|ﬁ8|rm><rm|AT|rn>5(Q — (En — En))
5/2 : I, m,n

Use hyperfine states as qubit and ancilla
and normal mode as resivoir

Exploring quantum Landauer
experimentally?

Measuring the heat exchange of a quantum process
John Goold, U. Poschinger and Kavan Modi
arXiv:1401.4088 (2014)



The role of non-unital channels and fluctuation “like” relations

Non unital channels on the bath

[eap@aq=ule S AR DA
1 [

Apply Jensen inequality

(f(z)) = F({z))

Get non trivial bound: B(Q) > BQ

s
Ei:

Bq = — In(tr[Ups ® 15UT15 ® pg))

A non-equilibrium quantum Landauer principle
John Goold, Mauro Paternostro and Kavan Modi
arXiv:1402.4499 (2014)



A non-equillibrium quantum Landauer principle
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FIG. 1. {a) Schematic representing the system under consideration. (b} Comparison between [{(Q)}. the bound %y derived in Eq. (6). and the
one found in Ref. [4] for a spin-1/2 particle interacting for a dimensionless time Ji with a single-spin environment at inverse temperature ff = 1.
We also plot the change in entropy AS. All the quantities are studied against the initial preparation o1} ¢ + /1 - ol |0} ¢ (e € ) of the system
state. (€} Analogous comparison as in panel (b), but performed against the environmental temperature and for the system being prepared in
the pure state |1} ;.
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FIG. 3. Similarly to Fig. 2 {a) and (b}, we plot the key quantities of
our study for Joy /= By /S =8/J =1, =1, =1 and an enwiron-
ment of N = 4 elements. The curve showing the behaviour of AN is
basically indistinguishable from the one for By .



Conclusion

Lets leave it as a blank page



Go raibh mile maith agaibh!

(Thank you all!)
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“When you can measure what you are speaking about, and express it
In numbers, you know something about it, when you cannot, your
knowledge is of a meager and unsatisfactory kind; it may be the
beginning of knowledge, but you have scarely, in your thoughts
advanced to the stage of science.”

William Thomson, 1st Baron Kelvin, born in Belfast 1824



Fluctuation relation?
[ P@e 72 = (¢752) = qesar

(Q) > AF + 7' In(y) = 87" In(y)

v = tr Z AZAZ peq

A non-equilibrium quantum Landauer principle
John Goold, Mauro Paternostro and Kavan Modi
arXiv:1402.4499 (2014)
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