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Preface

What is physics? According to standard definitions in encyclopedias physics is a
science that deals with matter and energy and their interactions1. However, as
physicists what is it that we actually do? At the most basic level, we formulate
predictions for how inanimate objects behave in their natural surroundings. These
predictions are based on our expectation that we extrapolate from observations of
the typical behavior. If typical behavior is universally exhibited by many systems of
the same ‘family’, then this typical behavior is phrased as a law.

Take for instance the infamous example of an apple falling from a tree. The same
behavior is observed for any kind of fruit and any kind of tree—the fruit ‘always’ falls
from the tree to the ground.Well, actually the same behavior is observed for any object
that is let loose above the ground, namely everything will eventually fall towards the
ground. It is this observation of universal falling that is encoded in the law of gravity.

Most theories in physics then seek to understand the nitty-gritty details, for which
finer and more accurate observations are essential. Generally, we end up with more
and more fine-grained descriptions of nature that are packed into more and more
sophisticated laws. For instance, from classical mechanics over quantum mechanics
to quantum field theory we obtain an ever more detailed prediction for how smaller
and smaller systems behave.

Realizing this typical mindset of physical theories, it does not come as a big
surprise that many students have such a hard time wrapping their minds around
thermodynamics:

Thermodynamics is a phenomenological theory to describe the average behavior
of heat and work.

As a phenomenological theory, thermodynamics does not seek to formulate detailed
predictions for the microscopic behavior of some physical systems, but rather it aims
to provide the most universal framework to describe the typical behavior of all
physical systems.

‘Reflections on the motive power of fire’. The origins of thermodynamics trace
back to the beginnings of the industrial revolution [6]. For the first time, mankind
started developing artificial devices that contained so many moving parts that it
became practically impossible to describe their behavior in full detail. Nevertheless,
the first devices, steam engines, already proved to be remarkably useful and
dramatically increased the effectiveness of productive efforts.

The founding father of thermodynamics is undoubtedly Sadi Carnot. After
Napoleon had been exiled, France started importing advanced steam engines from
Britain, which made Carnot realize how far France had fallen behind its adversary
from across the channel. Quite remarkably, a small number of British engineers, who
totally lacked any formal scientific education, had started to collect reliable data about
the efficiency of many types of steam engines. However, it was not at all clear whether
there was an optimal design and what the highest efficiency would be.

1 This and similar definitions can be found, for instance, in Merriam-Webster.
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Nicolas Léonard Sadi Carnot:

Everyone knows that heat can produce motion [2].

Carnot had been trained in the latest developments in physics and chemistry, and it
was he who recognized that steam engines need to be understood in terms of their
energy balance. Thus, optimizing steam engines was not only a matter of improving
the expansion and compression of steam, but actually needed an understanding of
the relationship between work and heat [2].

Sadly, Carnotʼs work [2] was largely ignored by the scientific community until the
railroad engineer Émile Clapeyron quoted and generalized Carnotʼs results.
Eventually 30 years later, it was Rudolph Clausius, who put Carnotʼs insight into
a solid mathematical framework [3], which is the same mathematical theory that we
still use today—thermodynamics.

Thus, thermodynamics is not only unique among the theories in physics with
respect to its mindset, but also with respect to its beginnings. No other theory is so
intimately connected with someone never holding an academic position—Sadi
Carnot. Formulating the original ideas was thus largely motivated by practical
questions and not purely by scientific curiosity. This might explain why more than
any other theory, thermodynamics is a framework to describe the typical and
universal behavior of any physical system.

Quantum Thermodynamics
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Richard P Feynman:

Nature isn’t classical, dammit, and if you want to make a simulation of nature, you’d
better make it quantum mechanical, and by golly itʼs a wonderful problem, because it
doesn’t look so easy [4].

Quantum computing—Feynman’s dream come true. A remarkable quote from
Carnotʼs work [2] is the following:

The study of these engines is of the greatest interest, their importance is
enormous, their use is continually increasing, and they seem destined to produce
a great revolution in the civilized world.

If we replaced the word ‘engines’ with ‘quantum computers’, Carnotʼs sentence
would fit nicely into the announcements of the various ‘quantum initiatives’ around
the globe [7].

Ever since Feynmanʼs proposal in the early 1980s [4] quantum computing has
been a promise that could initiate a technological revolution. Over the last couple of
years big corporations, such as Microsoft, IBM and Google, as well as smaller start-
ups, such as D-Wave or Rigetti, have started to present more and more intricate
technologies that promise to eventually lead to the development of a practically
useful quantum computer.

Rather curiously, we are in a very similar situation to that which Carnot found in
the beginning of the 19th century. Novel technologies are being developed by crafty
engineers that are much too complicated to be described in full microscopic detail.
Nevertheless, the question that we are really after is how to operate these
technologies optimally in the sense that the least amount of resources, such as
work and information, are wasted into the environment.

As physicists we know exactly which theory will prevail in the attempt to describe
what is going on, since it is the only theory that is universal enough to be useful when
faced with new challenges—thermodynamics. However, this time the natural
variables can no longer be volume, temperature, and pressure, which are
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characteristic for steam engines. Rather, in Quantum Thermodynamics the first task
has to be to identify the new canonical variables, and then write the dictionary for
how to translate between the universal thermodynamic framework and practically
useful statements for the optimization of quantum technologies.

Purpose and target audience of this book. The purpose of this book is to provide a
concise introduction to the conceptual building blocks of quantum thermodynamics
and their application in the description of quantum systems that process information.
Large parts of this book arose from our lecture notes that we had put together for
graduate classes in statistical physics or for workshops and summer schools dedicated
to quantum thermodynamics. When teaching the various topics of quantum thermo-
dynamics we always felt a bit unsatisfied as no single book contained a comprehensive
overview of all the topics we deemed essential. Earlier monographs have become a bit
outdated, such as Quantum Thermodynamics by our colleagues Gemmer, Michel, and
Mahler [5], or are simply not written as a textbook suited for teaching, such as
Thermodynamics in the Quantum Regime which was edited by Binder et al [1].

Thus, we took it upon ourselves to write a text that we will be using for advanced
special topics classes in our graduate program. Considering graduate statistical
physics and quantum mechanics as prerequisites the topics of the present book can
be covered over the course of a semester. However, as always when designing a new
course it is simply not possible to cover everything that would be interesting. Thus,
we needed to make some tough choices and we hope that our colleagues will forgive
us if they feel their work should have been a more prominent part of this text.

Longum iter est per praecepta, breve et efficax per exempla.
(Seneca Junior, 6th letter)

Sebastian Deffner
Baltimore, Maryland, USA

Steve Campbell
Dublin, Ireland
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