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Foreword to the First Edition

Quantum theory, born at the beginning of the twentieth century,

represents one of the biggest revolutions ever performed in science.

Led by Niels Bohr, the reputed physicist Werner Heisenberg and

others devoted their careers both to formulate quantum mechanics

in a consistent way, constructing what is known as the Copenhagen

or orthodox formulation of quantum mechanics, and to extend

it to other realms such as thermodynamics, solid-state physics,

relativity, particle physics, and quantum field theory, to cite only a

few. Thus, the orthodox formulation of quantum mechanics became

the standard formulation to understand the quantum world. In

parallel, Louis de Broglie and David Bohm showed that there is an

alternative formulation of quantum mechanics, nowadays named

Bohmian mechanics, that addresses the problem from a different

perspective and provides exactly the same results as the orthodox

formulation. However, Bohmian mechanics has been almost ignored

by the scientific community until now.

During the second half of the twentieth century, a significant

number of physicists dedicated strong efforts to look for practical

applications of quantum mechanics. For example, the development

of the laser brought a new scenario for precision experiments

with an extremely high control on the atomic manipulation.

Thus, quantum mechanics evolved from a theory focused on the

fundamental principles of nature into an engineering discipline

directly involved in the timely needs of our society. One enlightening

example in this evolution of the use of quantum mechanics is

the emerging field of quantum information science. Can Bohmian

mechanics help in applied quantum physics?

I have to admit that before reading this book, I only had a vague

knowledge of Bohmian mechanics. Now, after having the pleasure
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xviii Foreword to the First Edition

of reading it, the persistent question that bothered John S. Bell

appears also in my mind: Why has Bohmian mechanics been so

ignored among the scientific community when the most devastating
criticism against it is just that we are all too busy with our own work
to spend time on something that doesn’t seem likely to help us make
progress with our real problems? In fact, this book shows that even

this criticism is not at all evident. It is mainly a consequence of the

very few efforts that have been done to explore the possible utility

of the door opened by Louis de Broglie almost a century ago.

Contrarily to others, one of the most original and attractive

features of this book is the description of Bohmian mechanics

from an engineering point of view. It is time to convert all the

physical and mathematical ideas developed by Louis de Broglie,

David Bohm, John S. Bell, and many others into applied tools for

thinking, computing, and understanding quantum phenomena. Not

as the only way, but as a complementary and useful alternative. In

my opinion, this is the main message of this book.

In addition, since the progress in scientific and engineering

research feeds from unexplored routes, I hope that this book

will be very welcomed by the scientific community. Students and

researchers have a new door to pass through (without closing the

others) for playing with the Schrödinger and continuity equations

in terms of waves and particles when addressing their particular

quantum problems.

March 2012 Ignacio Cirac
Garching
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Preface to the Second Edition

Quantum engineering, a giant with feet of clay

More than five years after the first edition of our book on applied

Bohmian mechanics, our original motivations for writing it are still

present. Certainly, today, a lot of publicity about the abilities of the

Bohmian theory is still needed among the scientific community.

In fact, over these last few years, many research programs have

been devoted to the so-called quantum engineering with the goal

of developing new materials, new sensors, or new computing

strategies based on pure quantum phenomena. Thus, this book can

be understood as a promotional presentation on how the Bohmian

theory, among others, can help in the design and development

of such applications. However, Bohmian mechanics is not a mere

computational tool in terms of quantum trajectories, but a complete

and ontological theory that provides a consistent explanation on

how nature works. In this regard, this book can also be seen as

a useful exercise to sincerely question our present understanding

of the physical laws that govern the quantum world. After a bit of

reflection on this point, many of us will probably conclude that our

knowledge about the fundamentals of the quantum world are much

more immature and imprecise than what we previously thought.

In this sense, we want this book to be a warning on the risks of

constructing the new and exciting discipline of quantum engineering

as a giant with feet of clay.

The beginning of the twentieth century saw the first quantum

revolution where novel and original theories were developed to

understand unexpected nonclassical phenomena. What determines

the structure of the periodic table? Why are some materials metals

and some dielectrics, while others behave like semiconductors?
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xx Preface to the Second Edition

Nowadays, having established answers to these basic questions, a

second quantum revolution is starting to take place, focusing on

actively capitalizing on our quantum knowledge to alter the face of

the physical world, developing a myriad of new quantum technolo-

gies. The difference between these two quantum revolutions is just

the difference between science and engineering. The first revolution

tried to properly understand our physical surroundings, the natural

objects around us, while the second one intends to manipulate these

surroundings to our own benefit. This is the typical evolution of

most scientific disciplines. When scientific knowledge is mature

enough, and the necessary technological means are available,

engineers can use this knowledge for practical applications.

It is a common belief in our society that quantum theory,

after more than a century, is ready to take a leap towards the

engineering field. We have certainly outstanding technological

means to manipulate quantum systems, even individual atoms, at

the nanometer and femtosecond scales. Therefore, many national

or international research organizations are focusing their programs

towards the effective development of quantum technologies, trying

to ensure that money spent on science has a direct impact on

our society and its challenges for a better life. This is indeed a

legitimate and compelling goal. However, is the quantum theory

mature enough to blindly jump from science towards engineering?

The pressure from society (in terms of research programs, grants,

citing indices, etc.) is so effective that it forces most of the scientists

to forget about the maturity of the quantum theory and just focus on

(what really matters) the fast development of practical applications

in the new and exciting field of quantum engineering.

We argue that the development of quantum engineering cannot

be done at the price of forgetting the need for a deeper understand-

ing of the physical laws governing the quantum world. One of the

forgotten discussions by the new generation of quantum engineers

is the measurement problem, which remains inside the backbone

of the quantum theory. The measurement problem is manifested

in the orthodox theory by its failure in explaining which physical

interactions among particles constitute a measurement and which

do not. In fact, there are many more examples of the immaturity of

our quantum knowledge. Our inability to properly describe many-

body systems due to their exponential complexity (the so-called
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many-body problem) makes that most of our understanding is based

on a puerile single-particle description. We do not have a clear

physical picture on the quantum-to-classical transition. What makes

a quantum system to behave classically in some circumstances? The

fact that there are several quantum theories which are empirically

equivalent but radically different at the ontological level is a

clear evidence of our bad understanding. The Copenhagen theory

is the most extensively investigated and presently the one with

more support among the scientific community. Others include

spontaneous collapse theories or the many-worlds theory. The one

studied in this book, Bohmian mechanics, provides a description

of quantum phenomena by particles choreographed by the wave

function. In general, neither of these theories is more mature than

the orthodox one, but they remove the need of an observer, which

relaxes some of the difficulties to understand the measurement at

a quantum level. Some of these alternative theories are not free

of problems, including the quantum-to-classical transition and the

many-body problem, while others still need to be dealt with. We do

not mean to imply that these alternative theories are better (how

does one quantify better here?), but that there is still a lot of work

needed to certify that our comprehension of the quantum world is

unproblematic.

Let us try to exemplify the risks of developing quantum

engineering alone without worrying on its fundamentals. In the

orthodox theory, every time we make a measurement a random

process occurs. But, as we do not really know what makes

a physical interaction to be a measurement, we really do not

know the origin of such randomness. In the Bohmian theory, for

example, this randomness comes from an uncertainty in the initial

position of the particles. With further efforts to clarify the quantum

theories, we can perhaps achieve a better understanding of the

origin of quantum randomness and then, the exciting new building

of application developed along the new discipline of quantum

cryptography, based on the unavoidable presence of such intrinsic

quantum randomness, will simple melt as a giant with feet of

clay. The reader can argue that there are a lot of scientific works

supporting the actual status of quantum cryptography. Perhaps

this particular warning is completely unfounded and quantum

cryptography will certainly remain as robust as we know today.
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But, perhaps not. It is enlightening to remember here the theorem

that John von Neumann stated in 1932 about the impossibility

of explaining quantum mechanics with hidden variables (such as

quantum trajectories). This theorem remained an unquestionable

truth, and part of the essence of the quantum world, until David

Bohm (with an explanation of quantum phenomena in terms of

waves and particles) showed that the theorem was wrong (as its

own preliminary assumption precludes the existence of Bohmian

trajectories). The curious spectacle is not that John von Neumann

(an outstanding scientist in many disciplines) made a mistake in

a theorem, but that the community (with the exception of Grete

Hermann in 1935 that was totally ignored) blindly accepted the

theorem for almost half a century.

There are many more examples which certify that our under-

standing of the quantum world is still immature. The wave function,

the basic element in most theories, can be prepared for instance by

forcing the quantum system into its ground state, but it cannot be

directly measured in a single experiment. The wave function can be

measured through a weak protocol, but also Bohmian velocities can

be measured though such protocol. We do not even know what is

really the wave function at the most fundamental level: A law? A

field? A probability transporter.

In summary, the quantum world is so complicated that one

century has not been enough for the scientific community to clearly

elaborate an unproblematic description of the laws of quantum

mechanics. We are not arguing here that research on quantum

engineering needs to stop. Just the contrary. The development of

quantum engineering and the research on the foundations of the

quantum theory has to evolve intimately connected to benefice from

each other in achieving better practical applications and a deeper

understanding of the quantum world. Otherwise, we will build a

giant with feet of clay. We hope that the present book can be viewed

as a modest contribution in both directions.

March 2019 Xavier Oriols
Jordi Mompart

Cerdanyola del Vallès, Barcelona
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New cutting-edge ideas come from outside of the
main stream

Most of our collective activities are regulated by other people who

decide whether they are well done or not. One has to learn some

arbitrary symbols to write understandable messages or to read

those from others. Human rules over collective activities govern

the evolution of our culture. On the contrary, natural systems,

from atoms to galaxies, evolve independently of the human rules.

We cannot modify physical laws. We can only try to understand

them. Nature itself judges, through experiments, whether a plausible

explanation for some natural phenomena is correct or incorrect.

Nevertheless, in forefront research where the unknowns start

to become understandable, the new knowledge is still unstable,

somehow immature. It is supported by few experimental evidences,

or the evidences are still subjected to different interpretations.

Certainly, novel research grows up closely tied to the economical,

sociological, or historical circumstances of the involved researchers.

A period of time is needed in order to distil new knowledge,

separating pure scientific arguments from cultural influences.

The past and the present status of Bohmian mechanics cannot

be understood without these cultural considerations. The Bohmian

formalism was proposed by Louis de Broglie even before the

standard, that is, Copenhagen, explanation of quantum phenomena

was established. Bohmian mechanics provides an explanation of

quantum phenomena in terms of point particles guided by waves.

One object cannot be a wave and a particle simultaneously,

but two can, especially if one of the objects is a wave and
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the other is a particle. Unfortunately, Louis de Broglie himself

abandoned these ideas. Later, in the fifties, David Bohm clarified the

meaning and applications of this original explanation of quantum

phenomena. Bohmian mechanics agrees with all non-relativistic

quantum experiments done up to now. However, it remains almost

ignored by most of the scientific community. In our opinion, there

are no scientific arguments to support its marginal status but only

cultural reasons. One of the motivations for writing this book is

helping in the maturing process that the scientific community needs

about Bohmian mechanics.

Certainly, the distilling process of Bohmian mechanics is being

quite slow. Anyone interested enough to walk this causal road of

quantum mechanics can be easily confused by many misleading

signposts that have been raised in the scientific literature, not

only by its detractors, but, unfortunately, very often, also by

some of its advocates. Nowadays, following opinions from other

reputed physicists (we are easily persuaded by those scientists with

authority) is far from being a proper scientific strategy to get our

own opinion about Bohmian mechanics.

In any case, since the mathematical structure of Bohmian me-

chanics is quite simple, it can be easily learned by anyone with only

a basic knowledge of classical and quantum mechanics who makes

the necessary effort to build his own scientific opinion based on

logical deductions, free from cultural influences. The introductory

chapter of this book, including a thorough list of exercises and easily

programmable algorithms, provides a reasonable and objective

source of information in order to achieve this later goal, even for

undergraduate students.

Curiously, the fact that Bohmian mechanics is ignored and

remains mainly unexplored is an attractive feature for some

adventurous scientists. They know that very often new cutting-edge
ideas come from outside of the main stream and find in Bohmian

mechanics a useful tool in their research activity. On the one hand,

it provides an explanation of quantum mechanics, in terms of

trajectories, that results to be very useful in explaining the dynamics

of quantum systems, being thus also a source of inspiration to look

for novel quantum phenomena. On the other hand, since it provides

an alternative mathematical formulation, Bohmian mechanics offers
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new computational tools to explore physical scenarios that presently

are computationally inaccessible, such as many-particle solutions of

the Schrödinger equation. In addition, Bohmian mechanics sheds

light on the limits and extensions of our present understanding of

quantum mechanics towards other paradigms such as relativity or

cosmology, where the internal structure of Bohmian mechanics in

terms of well-defined trajectories is very attractive. With all these

previous motivations in mind, this book provides ten chapters (apart

from the introduction in the first chapter) with practical examples

showing how Bohmian mechanics helps us in our daily research

activities.

Obviously, there are other books focused on Bohmian mechanics.

However, many of them are devoted to the foundations of quantum

mechanics emphasizing the difficulties or limitations of the Copen-

hagen interpretation for providing an ontological description of our

world. On the contrary, this book is not focus on the foundations

of quantum mechanics, but on the discussion about the practical

application of the ideas of de Broglie and Bohm to understand and

compute the quantum world. Several examples of such practical

applications written by leading experts in different fields, with an

extensive updated bibliography, are provided here. The book, in

general, is addressed to students in physics, chemistry, electrical

engineering, applied mathematics, and nanotechnology, as well as

to both theoretical and experimental researchers who seek new

computational and interpretative tools for their everyday research

activity. We hope that the newcomers to this causal explanation of

quantum mechanics will use Bohmian mechanics in their research

activity so that Bohmian mechanics will become more and more

popular for the broad scientific community. If so, we expect that,

in the near future, Bohmian mechanics will be taught regularly

at the Universities, not as the unique and revolutionary way of

understanding quantum phenomena, but as an additional and useful

interpretation of all quantum phenomena in terms of quantum

trajectories. In fact, Bohmian mechanics has the ability of removing

most of the mysteries of the Copenhagen interpretations and,

somehow, simplifying (or demystifying) quantum mechanics. We

will be very glad if this book can contribute to shorten the time

needed to achieve all these goals.



March 30, 2019 14:23 JSP Book - 9in x 6in 00-Oriols-Prelims

xxvi Preface to the First Edition

Finally, we want to acknowledge many different people who have

allowed us to embark on and successfully finish this book project.

First of all, we want to thank Alfonso Alarcón and Albert Benseny,

who became involved in the book project from the very beginning,

as two additional editors. We also want to thank the rest of the

authors of the book for accepting our invitation to participate in this

project and writing their chapters according to the general spirit of

the book. Due to page limitations, only nine examples of practical

applications of Bohmian mechanics in forefront research activity are

presented in this book. Therefore, we want to apologize to many

other researchers who could have certainly been also included in

the book. We also want to express our gratitude to Pan Stanford

Publishing for accepting our book project and for its kind attention

during the publishing process.

March 2012 Xavier Oriols
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